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SYSTEM AND METHOD FOR DIRECT NON-
INTRUSIVE MEASUREMENT OF CORRECTED
AIRFLOW

ABSTRACT OF THE DISCLOSURE

A method for determining corrected gas flow values from
measured physical gas flow values is provided. A laser-based sensor system

(30) is deployed in a duct (26) through which the gas moves. The sensor

| system (30) includes two or more pairs of photoemitters/photodetectors

(42,44,50,52) that emit and detect light beams. Spectral changes in the light
beams associated with the laser sensor system (30) caused by the properties
of the gas passing through the duct (26) are referenced to known gas physical
properties, including density. That information as well as the velocity of the
gas and the temperature in the duct (26) are analyzed and manipulated in a
programmed processing unit (38). The processing unit (38) is programmed to
calculate a corrected gas flow value from the information obtained directly and
Indirectly from the detected light beams. The system and the method for
obtaining the corrected flow value are suitable for use in the determination of
corrected airflow through a duct (26), including a duct (26) of an aircraft

engine (10).
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SYSTEM AND METHOD FOR DIRECT NON-
INTRUSIVE MEASUREMENT OF CORRECTED
AIRFLOW

BACKGROUND OF THE INVENTION

This invention relates generally to systems and methods for
measuring airflow in ducts and more particularly to a system and a method for

determining corrected airflow, including in aircraft turbines.

Turbines used for powering an aircraft in flight typically include,

In serial communication, an air inlet duct, a fan, a compressor, a combustor, a

' turbine, and an exhaust duct. The combustor generates combustion gases

that are channeled to the turbine where they are expanded to drive the fan
and compressor. The turbine is drivingly connected to shafts coupled to the
fan and compressor. Combustion is achieved by mixing ambient air with fuel
and igniting the mixture. The efficiency and effectiveness of operation of the
engine are dependent upon compression system pressure ratio and the
air/fuel mixture and so an understanding of the airflow and the regulation of

that airflow are of importance.

As indicated, the operation of the turbine engine relies on
suitable ratios of air and fuel in the combustion process. It is particularly
important in the field of aircraft engines that operating conditions are
maintained as accurately and safely as possible. For that reason, airflow
measurements are of value in assessing operating conditions of the engine.
Parameters that may be assessed using airflow values under operating
conditions_.include engine control, en‘gine stability, engine monitoring and

performance evaluations.

For a steady-state operating condition of a turbine engine, such
as at a fixed throttle setting, physical airflow varies significantly as intake flow
properties change. This airflow variability may be associated with changes in
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air density, temperature, and the like, most often associated with changes of
altitude, speed and/or movement from one location to another. The variability
of measured physical airflow can be reduced substantially through the
process of standardizing flow data to produce a corrected airflow. The
process of establishing a corrected airflow involves the manipulation of
physical airflow values measured directly or indirectly to generate
standardized values referenced to a common condition. For aircraft engine
evaluation, the reference condition may be established by taking physical

measurements through steady state operation at sea level in a stationary

position.

As previously indicated, airflow values, corrected ones in
particular, are of use in engine control functions, engine stability analysis,
engine health monitoring, and performance evaluations. Obtaining accurate
airflow data during engine design deveIOpmeht and testing is a difficult and
costly task. However, those data are necessary to verify design hypotheses
and engine integrity. Moreover, they are required to create quality engine

status models, engine control logic functions, and in-flight performance

models.

- Although accurate and reliable on-wing aircraft engine airflow
measurement systems are generally considered most desirable, such
systems are either not available or if available, simply not always feasible to
deploy. Model-based correlation methods are therefore generally used Ito
quantity airflow conditions. Unfortunately, these models, when relying upon
physical flow data, are susceptible to multiple sources of error. As a result,
modeling accuracies are limited for engines evaluated in off-line performance
examinations and for real-time engine control. For this reason, additional

engine stability margins must be established to ensure stall-free operation.
Unfortunately, engine performance suffers when stability margins are
increased. All of this leads to reduced performance for the engine user and

increased development, analysis, and service costs to the manufacturer.
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Physical airflow measurements are made for aircraft engines in
a number of ways. The most common method is by pressure-based sensors
installed within the turbine (engine) intake. Another method is by non-
intrusive low-power laser-based sensors installed proximate to, but not
directly in, the air stream to be measured. The pressure-based sensors are
typically rake- or venturi-based flow meters that must be operated at steady-
state flow conditions to be effective. They provide direct and highly accurate
airflow measurement information. They also require the deployment of
additional multi-probe rake systems to obtain the type of data, including air
temperature, required to generate corrected airflow. Because of the expense
associated with these rake or venturi systems, pressure-based sensors are
unfeasible for use in mass-produced engines and can make ground-based
development test structures prohibitively expensive. There are other '
limitations associated with the pressure-based sensors. Specifically, they
cannot be used to collect meaningful ﬂow.data at high sampling rates
because of probe response limitations and pneumatic lag. These are issues

that do not affect laser-based sensors.

Diode laser-based airflow sensbrs are tuned to emit light at a
frequency corresponding to a specific oxygen absorption feature within the
electromagnetic spectrum. The laser beam is directed across an airflow path
of interest, such as the engine inlet, and the emitted light is collected on the
opposing side of the flow path. The resulting signal is proportional to the
density of the air as evaluated by a signal analyzer. The laser-based sensors
provide path averaging of the emitted light signal. This results in accurate

outputs relatively unaffected by axisymmetric radial distortion associated with

the airflow duct, regardless of laser beam orientation.

. The non-intrusive laser-based flow sensor, typically diode
configured, has the ability to measure simultaneously static temperature and
physical airflow. Moreover, it is relatively easier to install for ground-test

applications and for on-wing measurements in real-time conditions with little
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loss of accuracy. It therefore eliminates the need for complex airflow models

designed to correlate test parameters with real-time conditions. The resulting

~data may be used directly in an engine control processing system.

Existing pressure-based airflow sensors are subject to providing
unreliable physical airflow information under many test and real-time
operating conditions. Corresponding correction of the physical airflow

parameters obtained from such sensors requires complex modeling and

' supplemental multi-probe rake arrangements. Suitably accurate pressure-

based sensors are therefore often too expensive to place in production or use
in development testing. Laser-based sensors foer a desirable technique for
feasibly obtaining reliable physical airflow information. However, what is
needed is a feasible system and method for obtaining corrected airflow using

laser-based sensors.

SUMMARY OF THE INVENTION

The above-mentioned need is met by the present iInvention,

- which provides a system and methodology for obtaining reliable corrected gas

flow, and for aircraft engines in particular, airflow, values. The method
Includes generating a corrected gas flow value from a physical gas flow value
for a gas moving through a duct of a gas turbine engine. This is'achieve\d by
applying a laser-based sensor to an interior of the duct and measuring the

physical gas flow value Wenysical Of the gas with the laser-based sensor. The

programmed to calculate the corrected gas flow value Wegr.

The system to enable the described methodology includes the
laser-based sensor system placed non-intrusively in the duct that is the gas

flow passageway. The system also includes the processing unit coupled to

the sensor system. In particular, the system of the present invention
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measures the physical gas flow value Wpyysica 0f the gas flowing through the
duct and calculates the corrected gas flow value Weq,r from Whenysica. The
laser-based sensor is affixed to the interior of the duct and measures
characteristics associated with physical parameters of the gas moving in the
duct. The processor is coupled to the laser-based sensor for controlling
operation of the sensor, receiving signal information from the sensor, and

calculating Wenysica and Weqrr. The sensor system includes two or more pairs

- of photoemitters/photodetectors aligned to one another in a way that

generates gas flow velocity using a Doppler shift. The beams created by the
pairs are also analyzed to generate absorption features that are used to
generate gas density information. The processor may also be programmed to
measure static temperature in the duct using a second laser beam and based

on relative variations of absorption features between the two beams.

The present invention and its advantages over the prior art will

become apparent upon reading the following detailed description and the

appended claims with reference to the accompanying drawings.

DESCRIPTION OF THE DRAWINGS

The subject matter that is regarded as the invention is
particularly pointed out and distinctly claimed in the concluding part of the
specification. The invention, however. may be best understood by reference

to the following description taken in conjunction with the accompanying
drawing figures in which:

Figure 1 is 3 simplified longitudinal cross-sectional view of a gas

29

turbine engine including a portion of the laser-based sensor system of the
present invention. '

Figure 2 is a simplified schematic diagram of the laser-based
sensor system of the present iInvention showing the sensor system controller

and the emitters and detectors coupled to a duct.
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Figure 3 is a waveform diagram of the normalized amplitude
values for a sweep of measurement frequencies associated with operation of

the sensor system of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings wherein identical reference numerals
denote the same elements, Figure 1 illustrates a longitudinal cross-sectional
view of a high bypass ratio turbofan engine 10. The engine 10 includes, in
serial axial flow communication about a longitudinal centerline axis 12. a fan
14, a booster 15, a high pressure compressor 16, a combustor 18, a high
pressure tu-rbine 19, and a low pressure turbine 20. The high pressure turbine
19 s drivingly connected to the high pressure compressor 16 with a first rotor
shaft 21, and the low pressure turbine 20 is drivingly connected to both the
booster 15 and the fan 14 with a second rotor shaft 22. which is disposed

within the first rotor shaft 21.

During operation of engine 10, ambient air 24 passes through
the fan 14, the booster 15, and the compressor 16 to be pressurized in
succession. Some of the ambient air 24 is bled off for supplemental functions
while the primary pressurized air stream enters the combustor 18 where it is
mixed with fuel and burned to provide a high energy stream of hot combustion
gases. The high-energy gas stream passes through the high-pressure turbine
19 where it is further expanded, with energy being extracted to drive the first
rotor shaft 21. The gas stream then passes through the low-pressure turbine
20 where energy is extracted to drive the second rotor shaft 22 and, thus, the

fan 14. Spent products of combustion and unused gas pass out of the engine
10 through an exhaust duct 28.

Of course, depending upon the specific dimensions and duties
of the turbine engine 10, there may be a plurality of the various components

shown. For the purpose of the description of the corrected airflow
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measurement and analysis system of the present invention, certain aspects of
the operation of the turbine engine 10 will be given detailed attention. The
focus of the description will be centered on data obtained through a laser-
based sensor system 30 coupled to the air inlet duct 26 of the turbine engine
10. Specifically, the physical properties of that ambient air 24 entering the
engine 10 are measured and analyzed by the sensor system 30. Itis to be
noted that the sensor system 30 may be deployed on the airframe, a fan

bypass duct, or other region where airflow conditions are of interest.

Figure 2 presents a simplified representation of the sensor
system 30 coupled to the air inlet duct 26. The sensor system 30 includes a
sensor operation and analysis unit 32 used to regulate operation of laser
components of the system 30 and to analyze the outputs from those
components. The unit 32 includes a diode-based laser generator 34 operated
by a laser controller 36. The laser controller 36 is controlled by a central
processing unit 38 that may form an integral portion of the unit 32 or that may
be coupled remotely, either through wired or wireless means, to the laser

controller 36.

With continuing reference to Figure 2, the processing unit 38 is
programmed to propagate through laser controller 36 signals to the laser

generator 34 to produce a low-power laser beam. That beam is processed

- through a beam splitter 40 that, for illustration purposes only, is a one-to-four

beam splitter. The beam splitter 40 transmits the signaled beam to a first
photoemitter 42 and a second photoemitter 44. The amplitude and frequency
of the laser beams passing to emitters 42 and 44 is determined through the
programming of processing unit 38 and the operation of controller 36,
generator 34, and splitter 40. The beam splitter 40 also transmits the split

beam signal to a first beam detector unit 46 and a second beam detector unit
480

The first beam detector unit 46 and the second beam detector

unit 48 include transmission means, such as optic fibers or wiring to transmit
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~and receive either light or electrical transmissions to and from a first

photodetector 50 and a second photodetector 52, respectively. Units 46 and
48 further include signal amplification means for increasing the amplitude of
the electrical signals associated with the optical signals received from
nphotodetectors 50 and 52. The amplified signals received from the
photodetectors are propagated to the processing unit 38 for subsequent

analysis and manipulation in conformance with the analysis methodology to

be described.

While the sensor system 30 is shown in Figure 2 to include two
pairs of photoemitters/photodetectors, it is to be understood that alternative
numbers of pairs may be employed, or that each pair may be formed of a
plurality of sets of emitters/detectors. Further, the pair of units 42/50 and
44/52 are shown in Figure 2 placed at an angle of about 45° from normal to
the flow; however, they may be placed at angles as low as about 10° or as
much as about 60°, dependent upon the particular required data quality and
physical location constraints. Introduction of a second crossing beam aids in

the calculation of gas flow velocity using a Doppler shift.” A suitable system is

‘made available by Physical Sciences, Inc., of Andover, Massachusetts. The

present invention includes the programming of the processing unit 38 to
generate suitable corrected airflow values using the laser-based components

of the sensor system 30.

In use, the sensor system 30 operates as follows. A laser beam
s directed by photoemitters 42 and 44 across a gas flow path 54. The '
emitted light is collected by photodetectors 50 and 52, respectively. The line
shape of the absorption feature of the detected beam is extracted and stored
as data by processing unit 38. In particular, the integrated area of that
absorption feature is known to be proportional to the density of the gas, in the
manner to be described with respect to Figure 3. The use of the second
beam associated with the path between photoemitter 44 and photodetector

52, aligned at some selectable angle with respect to the first beam pair,
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creates a Doppler shifting of the data and provides for more reliable
absorption waveform characterization. Direct flow velocity values are
obtainable from the Doppler shifting. Upon calculation of the flow density, that
information, the measured cross-section of the duct, and the measured flow
velocity are used to calculate the path-averaged airflow through the duct. The
path-averaged static temperature of the airflow may also be calculated based
upon the relative sizes of integrated areas of neighboring absorption features,
and requiring a second diode-based laser generator, such as generator 34, in
order to produce the additional feature. Such a second generator operates at
a frequency different from the operating frequency of the generator 34. The
ratio of the absorption features resulting form the use of the two generators,

compared to a reference value, permits the calculation of static temperature.

The processing unit 38 of Figure 2 is programmed to calculate
first physical airflow (units of mass per time) and then corrected airflow using .
the method described below. The physical airflow, Wpnysicai, through the duct
26 Is measured with the sensor system 30 using the continuity equation
Wehysical = VPA. The sensor system 30 determines the Doppler shift between
the beams established by emitter/detector 42/50 and emitter/detector 44/52 to

generate flow velocity v.

Figure 3 presents an exemplar representation of curves
generated by the ampilified signals detected by photodetectors 50 and 52. As
shown in Figure 3, the frequency offset between Beam 1 associated with the
emitter/detector pair 42/50 and Beam 2 associated with the emitter/detector
pair 44/52, defines the flow velocity. Specifically, shifts in the frequencies of
the two beams based on relative velocity differences between-the beams and
fluid may be used to calculate the flow velocity v. Next, the processor 38 of
sensor system 30 Is programmed to compare the integrated area under the
beam curves of exemplar Figure 3 to known calibration references associated
with gas density. From that comparison, gas density p at the measurement

location is determined. Finally, the cross-sectional area A of the duct 26 is

- 9.
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measured and incorporated into the equation to define the physical airflow at

the measurement location using the sensor system 30.

Data obtained by using the sensor system 30 are input to
processing unit 38 and the data retrieval and analysis programmed into the
processing unit 38 based on the equations to be described herein generate
corrected airflow information. One or more equations are used to determine
the corrected airflow from the direct measured and calculated physical airflow
values. In its most basic form, Equation (1), through reference Equations (2)

and (3), establishes a first relationship between measured physical airflow

and corrected airflow:

WCorr - WPhysicaIX(‘/ /6) | Eq (1)
— TT/TO Eq (2)
O = PT/PO | | Eq' (3)

where Weqr is corrected airflow, Wpnysical IS the actual or observed airflow, Ty
and Py are constant standard day values for static temperature and static
pressure respectively at sea-level. Further, Ty and Pt are stagnation
temperature and pressure, respectively. Stagnation measurements are made
by conventional measurement devices with detection mechanisms positioned
axially and intrusively in the flow stream. Static measurements are those
taken normal to, and out of, the flow stream. Static temperature may be
calculated using the sensor system 30 and the addition of a second diode-
based laser geherator that may be substantially equivalent to generator 34.
Specifically, the relative areas of neighboring spectral absorption features
change with changes in temperature. Comparison of measured \kalues to

Known absorption feature ratios for given reference temperatures may be

- made to calculate static temperature using the sensor system 30.

Equation (1) prbvides a suitable method for obtaining directly

from the laser-based sensor system corrected airflow without the complex
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systems associated with pressure-based sensors. That corrected airflow is a
more valuable environmental parameter than physical airflow to provide
improved correlation between engine testing and engine operation and to
provide simplified engine control. An alternative technique for obtaining
corrected airflow while continuing to use readily available data obtained from
the sensor system is presented in the following equation developrnent. By
applying the ldeal Gas law and isentropic flow equations, Equation (1) can be
expanded into a form that does not rely on pressure and stagnation
temperature measurements. Simply stated, the Ideal Gas law provides a
correlation of the physical characteristics of a gas, such as air. such that a

change in one or more of those characteristics can be used to determine a

change in one or more of the other values. The Ideal Gas Law equation is
PV =nRT ' Eq. (4)

Where P is the pressure of the gas, V is the volume of the gas, n is the
number of moles of the gas, R is the universal gas constant. and T is the
temperature of the gas. Since n/Vis essentially the density of the gas, the

ldeal Gas Law can be restated in terms of the physical characteristic density,

0, as
P=pRT ' Eq. (5)

~or isentropic flow of a gas, which for the purposes of this

analysis is deemed to be a perfect gas,
P+/P = (Tr/T)Yv 1) Eq. (6)
Tr=v/(2Ce)+ T ' Eq. ('7)

P and T are the static pressure and temperature, respectively, at the
measurement location of interest, Y is the ratio of specific heats for the gas, v

is the flow velocity at the location of interest, and Cp is the change of enthalpy
with respect to temperature. Cp can be re-defined as follows:

- 11 -
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Cp = (YR)/(Y-1) ' Eq. (8)

Y varies with temperature, but can be set equal to about 1.40 for air within the
opefating envelope of a typical gas turbine engine. However, it is to be

understood that any calcula{ed or estimated value for y may be inserted into
the equation. Substituting the right side of Equatidn (8) for Cp in Equation (7)
results in Equation (9) suitable for use with the average turbine engine

operating envelope:
Tr=V/7TR+T - Eq.(9)

Re-arranging Equation (6), substituting the right side of Equation (5) into
Equation (6), and setting Y equal to 1.4 as earlier noted, resuilts in Equation
(10):

Pr = pR(TH*9/T29) Eq. (10)

Applying the correction Equations (2) and (3) to Equation (1) and substituting
the right side of Equation (9) for Tt and the right side of Equation (10) for P+

results in Equation (11):

Weor = WenysicaX(Po/v To)X(T4*/(oR(V/TR + T)%)) Eq. (11)

Equation (11) enables calculation of the corrected airflow from static

' temperature measurements, such as by using the sensor system 30 in the

manner previously stated. Equation (12) provides an alternative method for
determining corrected airflow from physical airflow measurements using

conventional stagnation temperature measurement methods:
Weorr = WenysicaiX(Po/v To)x((Tr - (VI/7R)?%)/(p RT)) Eq. (12)

As those skilled in the art are aware, the processing unit 38 may be
programmed to incorporate these derived equations into a method for

determining Weorr from the information gathered from the photodetectors

50/52.
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The foregoing has described a method for obtaining reliable

corrected airflow values from direct and calculated physical airflow

measurements. Additionally, it has described a sensor system programmed

to make such measurements and make such corrected airflow calculations.
The corrected airflow values may be employed for real-time engine control,
engine stability information, engine operation monitoring, and performance
calculations. While specific embodiments of the present invention have been
described, it will be apparent to those skilled in the art that various
modifications thereto can be made without departing from the spirit and scope

of the invention as defined in the appended claims.
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WHAT IS CLAIMED I[S:

1. A method of generating a corrected gas flow value from a
physical gas flow value for a gas moving through a duct, the method
comprising the steps of:

applying a laser-based sensor to an interior of the duct;

measuring the physical gas flow value W ppysicar Of the gas with the
laser-based sensor;

measuring with said laser-based sensor a static temperature T, a gas
density p, and a velocity v of the gas in said interior of said duct:

obtaining a standard day-value temperature Ty and a standard day-
value pressure Pg; and

calculating the corrected gas flow value W¢,r from the measured
physical gas flow value, the static temperature T, the gas density p, the

velocity v of the gas in said interior of said duct, the standard day-value

temperature Ty, and the standard day-value pressure Pq.

2. The method of claim 1 wherein the value of W, is calculated

from the following equation:
W cor=W physica<(Po/NTo)x (T4 /(pR(VIITR+T)?)),

wherein R is the ldeal Gas Constant.

3. The method of claim 1 wherein the step of applying said laser-
based sensor system to the interior of the duct includes the steps of:

placing a first photoemitter at a first position of the interior of the duct;

placing a first photodetector at a second position of the interior of the
duct opposite and at an angle upstream from said first photoemitter and facing
said first photoemitter;

placing a second photoemitter at a third position of the interior of the
duct on the same side and upstream from said first photoemitter;

placing a second photodetector at a fourth position of the interior of the

14
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duct opposite and at an angle downstream from said second photoemitter and
facing said second photoemitter; and
coupling said photoemitters and said photodetectors to a central

processing unit programmed to convert signals therefrom into physical

parameters of the gas.

4. The method of claim 3 wherein the step of calculating Wcorr
includes the steps of:

programming said processing unit to generate through said first
photoemitter a first light beam and through said second photoemitter a second
light beam, wherein said first beam and said second beam are of a selectable
frequency associated with characteristics of the gas;

extracting absorption features of the gas based on light detection
characteristics received from said photodetectors;

numerically characterizing said absorption features and integrating the
area associated with said absorption features; and

calculating a density p of the gas from said absorption feature

integrating said area under said curve.

5. The method of claim 4 wherein the step of calculating Wcor
further includes the steps of:

determining a Doppler shift associated with a difference of the
absorption features of said first beam and said second beam; and

calculating a velocity of the gas from said Doppler shift.

6. The method of claim 5 wherein said photoemitters and said
photodetectors are positioned at an angle with respect to the flow of the gas in

the duct in the range from about 10° to about 60° from normal to the flow.

7. The method of claim 6 wherein said angle of said photoemitters

and said photodetectors is about 45° from normal to the flow.
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8. A sensor system for measuring a physical gas flow value
Wenysicar Of @ gas flowing through a duct of a gas turbine engine and for
calculating a corrected gas flow value W, from Wepysicar, the sensor system
comprising:

a laser-based sensor affixed to an interior of the duct, wherein the
laser-based sensor measures a static temperature T, a gas density p, and a
velocity v of the gas in said interior of said duct;

means for obtaining a standard day-value temperature Ty and a
standard day-value pressure Py; and

a processor coupled to the laser-based sensor for controlling operation
of the sensor, receiving signal information from the sensor, and calculating
Woenysicar @and Weor, Wherein W, is calculated from the measured physical
gas flow value, the static temperature T, the gas density p, the velocity v of

the gas in said interior of said duct, the standard day-value temperature Ty,
and the standard day-value pressure Pq.

9. The sensor system of claim 8 wherein said laser-based sensor
includes:

a first photoemitter at a first position of the interior of the duct;

a first photodetector at a second position of the interior of the duct
opposite and at an angle upstream from said first photoemitter and facing said
first photoemitter;

a second photoemitter at a third position of the interior of the duct on
the same side and upstream from said first photoemitter; and

a second photodetector at a fourth position of the interior of the duct
opposite and at an angle downstream from said second photoemitter and

facing said second photoemitter.

10. The sensor system of claim 9 wherein said photoemitters and
said photodetectors are positioned at an angle with respect to the flow of the

gas in the duct in the range from about 10° to about 60° from normal to the

flow.
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11.  The sensor system of claim 10 wherein said angle of said

photoemitters and said photodetectors is about 45° from normal to the flow.

12.  The sensor system of claim 11 wherein said processor is
programmed to generate through said first photoemitter a first light beam and
through said second photoemitter a second light beam, wherein said first

beam and said second beam are of a selectable frequency associated with
characteristics of the gas.

13.  The sensor system of claim 12 wherein said processor is
programmed to determine a Doppler shift associated with a difference of the
absorption features of said first beam and said second beam and to then

calculate a velocity of the gas from said Doppler shift.

14. The sensor system as claimed in claim 13 further comprising a
second laser-based sensor operating at a frequency different from an
operating frequency of said laser-based sensor, wherein said processor is
programmed to determine a ratio of absorption features associated with the
outputs from said laser-based sensor and said second laser-based sensor, tO
compare said ratio to a temperature reference value and calculate static

temperature therefrom.

15. A method of generating a corrected gas flow value from a
physical gas flow value for a gas moving through a duct, the method
comprising the steps of:

applying a laser-based sensor to an interior of the duct;

measuring the physical gas flow value Wgpsices Of the gas, a gas
density p, and a velocity v of the gas in said interior of said duct with said '
laser-based sensor;

measuring with a conventional sensor system a stagnation temperature
Tr
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obtaining a standard day-value temperature Ty and a standard day-
value pressure Pg; and

calculating the corrected gas flow value W¢,r from the measured

physical gas flow value, the gas density p, the velocity v of the gas in said

Interior of said duct, the stagnation temperature T, the standard day-value
temperature Ty and the standard day-value pressure Py.

16. The method of claim 15 wherein the value of W, is calculated
from the following equation:

W cor=W physica<(Po/NTo)x ((T~(V/TR)>2)/(pRT %)),

wherein R is the Ideal Gas Constant.

17. A sensor system for measuring a physical gas flow value
Wenysicar Of @ gas flowing through a duct of a gas turbine engine and for
calculating a corrected gas flow value W¢,r from Weysicar, the sensor system
comprising:

a laser-based sensor affixed to an interior of the duct, wherein the
laser-based sensor measures the physical gas flow value Wpepysicas Of the gas,
a gas density p, and a velocity v of the gas in said interior of said duct with
said laser-based sensor;

a conventional sensor system for measuring a stagnation temperature
Tr

means for obtaining a standard day-value temperature To and a
standard day-value pressure Pg; and

a processor coupled to the laser-based sensor for controlling operation
of the sensor, receiving signal information from the sensor, and calculating
Woenysicat and W corr, Wherein Weor is calculated from the measured physical
gas flow value, the gas density p, the velocity v of the gas in said interior of

said duct, the stagnation temperature T+, the standard day-value temperature

To and the standard day-value pressure Py.
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18. The system of claim 17 wherein the value of W¢, Is calculated

from the following equation:
W cor=Wenysicar<( PoNTo)x((Tr-(VITR)**M(pRT 7)),

wherein R is the Ideal Gas Constant.

19. The system of claim 8 wherein the value of W¢, is calculated

from the following equation:
W cor=W physicai< (Po/NTo)x (T2 /(pR(VY/TR+T)?)),

wherein R is the |deal Gas Constant.

19



CA 02357942 2001-09-27

~8l

—

YER Y
._..5...!, \ § )

L OI3

N

\ 7
| e
l-/ﬂl.lfll-

9l




¢ Ol

- ceitil— spepepess  AETRSTTS SUTWEATS | G-t SReSWETE STEmees=a—m gl

| QI N«,.‘_

T O X T

ve




CA 02357942 2001-09-27

¥ 0

¢ 0

__Wo “ADN3ND3YS 3AILYI3Y
- 0°0 20~

}7(’ el
Py

L WV 34

¢ NV Id

b g

¢ 0

v O

190

80

!

NORMALIZED AMPLITUDE




o0 '

02
NS

A A A A A A AL A

~

b

42 44
- 40 t ,
38 '




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - abstract drawing

