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ABSTRACT

A system and method of non-intrusive thrust measurement of a gas turbine
engine. The system comprises a transmitter disposed at a boundary of fluid flow
and at least one receiver adapted to receive transmissions from the transmitter. A
processor is coupled to the receivers to determine a parameter from a characteristic
of the transmission at the receiver suite and adapted to determine a thrust
parameter from the parameter. A method for non-intrusively measuring engine
thrust includes transmitting a wave across the exhaust plume, receiving the
transmitted wave and determining a measurement parameter of the exhaust plume
based on a characteristic of the received wave, and comparing the measurement
parameter to a reference parameter and determining the thrust based on the

comparison.
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SYSTEM AND METHOD OF NON-INTRUSIVE THRUST
MEASUREMENT

FIELD OF THE DISCLOSURE

[0001] The present disclosure relates generally to anemometry, and more
specifically to measurement of flow velocity without the use of instrumentation in

the mass flow.

BACKGROUND

[0002] In the field of fluid mechanics, engineers have long sought a velocity
measurement technique that avoids the complications associated with intrusive
probes. In the present application, an acoustic velocity measurement technique,
based upon sonic anemometry, is presented which can be used for high subsonic
Mach number measurements. Contrasting with existing acoustic techniques, this
method has been developed for and demonstrated in flow Mach numbers above
0.3. To facilitate further discussion of this technique, and its improvements over
current acoustic methods, an overview of the state of the art is first provided.
[0003] In practice, two fundamental acoustic techniques exist for non-
intrusively measuring flow velocities. These two techniques are Acoustic Doppler

Velocimetry (“ADV”) and Sonic Anemometry (“SA”). The major difference
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between these two techniques is the domain in which they are analyzed. ADV, for
example, uses the Doppler Shift Effect, which is analyzed in the frequency domain,
to characterize flow velocity. To perform this measurement, an acoustic pulse with
a known frequency is first emitted into the flow field. Particles, moving in the
stream-wise direction, then reflect the acoustic signals back to a detector. The
reflected signal, which now has a Doppler shifted frequency, is then compared

with the initial frequency to determine the particle’s velocity as given by equation

(1) below.
_¢*fa
[0004] Vo= ()
[0005] Above, Vp is the velocity of the particle, ¢ is the speed of sound in the

medium, f; is the Doppler shift frequency, and £, is the initial frequency.
[0006] SA, on the other hand, uses time of flight measurements in order to
determine the flow’s velocity using the time domain, with sensitivity to the flow

velocity exhibited in the line integral equation for the time of flight of an acoustic

wave.
[0007] t=¢1%! (TOF)
c+V-ds
[0008] To perform an SA measurement, two acoustic path measurements are

made between emitter and receiver pairs. The first measurement set follows a

downstream acoustic propagation path (V - d5 > 0), and the second set follows the
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upstream propagation path (V - d§ < 0). Using the fact that the acoustic signal
takes longer to propagate in the upstream direction due to the reduced denominator
in equation (TOF), the medium’s velocity can be determined “relatively
independently of the flow properties (spatial and time variations, density,
temperature, etc.).” By using precisely the same path but with opposite wave

directions, the SA velocity equation is shown as equation (2) below.

[0009] Va=< (—1— - i) (2)

2 \ty ty
[0010] In equation (2), ¥V, is the velocity of the medium in the direction
parallel to the component distance vector, L is the distance between the transmitter
and receiver (should be approximately the same for upstream and downstream
measurements), 7, is the downstream propagation time delay, and ¢, is the upstream
propagation time delay.

[0011] While both SA and ADV measure velocity using acoustics, there are
drawbacks of using ADV which make it unfeasible in a high noise environment.
Perhaps the greatest among these is the need for entrained particles. These
particles, if not readily available in the flow, must be introduced into the flow
stream—impractical for in situ applications. The other significant drawback of
using ADV is the relatively low signal-to-noise ratio (SNR) inherent in scattered
acoustic signals. In order to measure velocities using ADV, an optimal SNR of 10

dB must be obtained. Other research has found that a 20 dB SNR assures reliable
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velocity measurement. This signal-to-noise ratio would be difficult to obtain in a
noisy environment, typical of high subsonic Mach number jets, because SNR is a
function of entrained particle diameter and concentration. For the given reasons,
emphasis in this article will be placed on the time delay based velocity
measurement approach instead.

[0012] The existing SA technique also poses several challenges that make
immediate implementation in high subsonic Mach number jets difficult. Perhaps
the most pertinent challenge is that this technique has only been proven for low
Mach numbers. A survey of the literature reveals that reported applications are
restricted to velocities less than 100 m/s, while reported uncertainties are widely
varied. One study reports a typical sonic anemometer’s velocity range is =30 m/s
with accuracies in the range of +0.02-0.05 m/s. Kaijo-Denki type DA310 devices,
on the other hand, have been used to measure wind velocities up to 60 m/s with an
accuracy of + 1 % of the measurement values. In an experimental setting,
Mylvaganam et al. performed an investigation in gaseous flows from 0 m/s to 100
m/s, but were only able to report velocity measurements up to 70 m/s with a 3%
uncertainty reported across the measurement span. Assuming 20°C ambient
conditions, the 100 m/s limitation of the aforementioned SA device corresponds to

a Mach number of 0.3.
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[0013] This Mach number limitation is, in large part, a product of the
upstream acoustic propagation requirement. Although this implementation results
in optimized uncertainties by maximizing the velocity-dependent time delay
difference [c.f. equation (2)], signal degradation due to propagation curvature and
impedance grows with Mach number. This argument is supported by an
investigation performed by Tack & Lambert (1965). The overall effect of this
increased acoustic attenuation is a decrease in SNR which has a significant
negative impact on time delay estimation accuracy. In order to successfully
perform a non-invasive acoustic velocity measurement in a high subsonic Mach
number, SNR must be maximized to ensure accurate time delay and, ultimately,
velocity estimation.

[0014] The present application discloses one or more of the features recited
in the appended claims and/or the following features which, alone or in any

combination, may comprise patentable subject matter.

SUMMARY
[0015] According to an aspect of the present disclosure, in a gas turbine
engine having a partially bounded exhaust plume a method of non-intrusively

determining thrust in real time comprises transmitting a wave across the bounded
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exhaust plume; receiving the transmitted wave; determining a measurement
parameter of the exhaust plume based on a characteristic of the received wave;
comparing the measurement parameter to a reference parameter; and determining
the thrust based on the comparison.

[0016] In some embodiments the measurement parameter is a function of the
velocity of the exhaust plume. In some embodiments the measurement parameter
is a function of the velocity and temperature of the exhaust plume. In some
embodiments the reference parameter is a prior measurement parameter. In some
embodiments the reference parameter is a predetermined parameter. In some
embodiments the reference parameter is a function of inlet velocity and
temperature.

[0017] In some embodiments the transmitted wave is a sound or a light. In
some embodiments the characteristic is time of arrival, frequency, or refraction. In
some embodiments the step of receiving the transmitted wave comprises receiving
the wave at a plurality of receivers each axially displaced from one another.

[0018] According to another aspect of the present disclosure, a non-intrusive
thrust measurement system comprises a boundary defining a passage along an axis
adapted to contain a fluid flowing from upstream to downstream; a transmitter at
the boundary; a receiver suite at the boundary and adapted to receive a

transmission from the transmitter; and a processor in communication with the
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transmitter and receiver suite adapted to determine a parameter from a
characteristic of the transmission at the receiver suite and adapted to determine a
thrust parameter from the parameter.

[0019] In some embodiments the thrust parameter is a function of velocity.
In some embodiments the transmitter is a laser or is acoustic. In some
embodiments the receiver suite comprises a first acoustic receiver at the boundary
and adapted to receive a transmission from the acoustic transmitter; a second
acoustic receiver at the boundary and adapted to receive the transmission from the
at least one acoustic transmitter; wherein the characteristic determined by the
processor is the time of arrival of the transmission at the first receiver and second
receiver; wherein the first and second acoustic receivers and the acoustic
transmitter define a plane substantially parallel to the axis and wherein the second
acoustic receiver is downstream from the first acoustic receiver and the first
acoustic receiver is downstream from the acoustic transmitter.

[0020] In some embodiments the acoustic transmitter operates at 40khz and
above. In some embodiments the processor is further adapted to compare the
parameter to a baseline in determining the thrust parameter. In some embodiments

the passage is a bypass flow.

CA 2970189 2017-06-09



BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The following will be apparent from elements of the figures, which
are provided for illustrative purposes and are not necessarily to scale.

[0022] Fig. 1 is a schematic diagram illustrating the arrangement of acoustic
components in an non-intrusive anemometer in accordance with some
embodiments of the present disclosure.

[0023] Fig. 2 is a schematic diagram illustrating a first acoustic path in an
non-intrusive anemometer in accordance with some embodiments of the present
disclosure.

[0024] Fig. 3 is a schematic diagram illustrating a second acoustic path in an
non-intrusive anemometer in accordance with some embodiments of the present
disclosure.

[0025] Fig. 4 is a schematic diagram illustrating the arrangement of acoustic
components in an non-intrusive anemometer in accordance with some
embodiments of the present disclosure.

[0026] Fig. 5 is a schematic diagram illustrating the arrangement of acoustic
components in an non-intrusive anemometer in accordance with some
embodiments of the present disclosure.

[0027] Fig. 6 is a graph of experimental results obtained using the disclosed

systems and methods.
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[0028] Fig. 7 is a graph of experimental results obtained using the disclosed
systems and methods.

[0029] Fig. 8 is a schematic diagram of the control volume of a gas turbine
engine as used for non-intrusive anemometry.

[0030] Fig. 9 is a flow diagram of a method in accordance with some
embodiments of the present disclosure.

[0031] Fig. 10 is a flow diagram of a method in accordance with some
embodiments of the present disclosure.

[0032] While the present disclosure is susceptible to various modifications
and alternative forms, specific embodiments have been shown by way of example
in the drawings and will be described in detail herein. It should be understood,
however, that the present disclosure is not intended to be limited to the particular
forms disclosed. Rather, the present disclosure is to cover all modifications,
equivalents, and alternatives falling within the spirit and scope of the disclosure as
defined by the appended claims.

DETAILED DESCRIPTION

[0033] For the purposes of promoting an understanding of the principles of
the disclosure, reference will now be made to a number of illustrative embodiments

in the drawings and specific language will be used to describe the same.
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[0034] The present disclosure is directed to systems and methods of non-
intrusive anemometry and thrust measurement that overcome the deficiencies in
the prior art noted above. More specifically, the present disclosure is directed to a
systems and methods for anemometry and thrust measurement that are feasible in a
high noise environment, do not rely on entrained particles, avoid a relatively low
signal-to-noise ratio, and may be implemented in high subsonic Mach number jets.
[0035] Figure 8 is a schematic diagram of the control volume CV of a gas
turbine engine as used for non-intrusive anemometry. The control volume CV
extends between an inlet plane i and exhaust plane e. Airflow entering the control
volume CV at the inlet plane i may have characteristics such as inlet density p;,
inlet velocity u;, and inlet area A;. Airflow exiting the control volume CV at the
exit plane e may have characteristics such as exit density pe, exit velocity u., and
exit area A..

[0036] As developed in equations (A) through (G) below, in subsonic jets the
thrust of an engine is a function of flow velocity (v), temperature (T), and their

spatial distribution at the inlet and exhaust plane.

[0037] SF, = J, [Z22| av + f, v(p0) - fidA (A)

[0038] SF = [v(pv) - ndA = [, pv®dA] —[f,pv?d4] (B

[0039] YE, = [fA;;Tvsz]e - [fA;;Tvsz]i (©)

10
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[0040] In subsonic jets the pressure is approximately equal to atmospheric
pressure, and it can be assumed that ideal gas constant (R) is approximately equal
to the ideal gas constant of air (R,;) since the mass flow rate of the air is much

greater than the mass flow rate of fuel. Therefore:

- Patm _ ﬁ

[0041] et I A—dA |1, dA]i

. _ Patm v
[0042] th = e [ [, dA]i (E)

. _ Patm v
[0043] th, = e I A?dA]e (F)
[0044] Thf =m, —m; (G)
[0045] The disclosed subject matter addresses acoustic measurement of flow

velocity in a high subsonic Mach number jet with high signal-to-noise ratios which
are imperative for overcoming background noise associated with high speed flow.
In order to circumvent the existing SNR limitations associated with upstream
acoustic propagation, a non-instrusive sonic anemometry technique is described.
Figure 1 depicts the new arrangement of acoustic components for the disclosed
technique.

[0046] Figure 1 illustrates a boundary 10 that defines a passage 12 adapted to
contain a fluid flowing from an upstream side 14 to a downstream side 16.
Boundary 10 may be annular, defining a cylindrical passage 12. Boundary 10 may

therefore have a diameter D and a central axis A. In engine applications, the

11
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central axis A may align with the axis of the engine. However, boundary 10 may
additionally have a rectangular or polygonal cross-section.

[0047] Fluid flowing in the passage 12 may be an exhaust plume from a
turbine engine, or may be the engine bypass flow. The fluid may comprise air,
entrained fuel, and/or particulates.

[0048] As shown in the embodiment of Fig. 1, one sound source and two
receiving microphones are used. In some embodiments, the sound source
(transmitter T1) may be located on one side of the flow field (passage 12) and may
be positioned at or proximate boundary 10. Transmitter T1 may be adapted to
transmit an acoustic wave at 40 kHz or higher. In some embodiments the
transmitter T1 is either piezoelectric or pneumatic.

[0049] Two acoustic receivers (microphones M1 and M2) may be located
opposite the sound source T1, displaced from each other in the stream-wise
direction (i.e. displaced along the axis of mass flow). Microphones M1 and M2
may be positioned at or proximate the boundary 10.

[0050] In some embodiments microphones M1 and M2 define a plane
substantially parallel to the axis A. Microphone M2 may be positioned
downstream from microphone M1, and microphone M1 may in turn be positioned
downstream from sound source T1. The axial distance between microphone M1

and microphone M2 may be less than the diameter D of boundary 10. In some

12
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embodiments The axial distance between microphone M1 and microphone M2
may be greater than the diameter D of boundary 10 but less than two times the
diameter D.

[0051] Microphones M1 and M2 may be coupled to a processor (not shown).
The processor may be adapted to determine the time of arrival of a transmission at
the first microphone M1 and adapted to determine the time of arrival of a
transmission at the second microphone M2. Microphones M1 and M2 may further
be coupled to a correlator, which may be integral to the processor. The correlator
may be adapted to determine order and/or timing of receipt of a transmission at
microphones M1 and M2.

[0052] In some embodiments additional pairs of microphones like M1 and
M2 may be positioned at or proximate the boundary 10. Microphone pairs may be
spaced about the circumference of boundary 10 and may be axially aligned or may
be axially unaligned. In some embodiments a plurality of microphones and/or
microphone pairs form a receiver suite or a receiver set.

[0053] In some embodiment non-acoustic receivers are positioned in place of
microphones M1 and M2 in Figure 1. Non-acoustic receivers may be positioned in
receiver pairs, in axially-offset receiver pairs, or as a plurality of receivers in a

receiver suite.

13
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[0054] In some embodiments the receivers are coupled to a processor. The
processor may be adapted to determine the time of arrival of the transmission at a
first receiver and at a second receiver.

[0055] The processor may be adapted to determine a parameter from a
characteristic of the transmission at the receiver suite and adapted to determine a
thrust parameter from the parameter. The thrust parameter may be a function of
velocity. The processor may be further adapted to compare the parameter to a

baseline when determining the thrust parameter.

[0056] Transmitter T1 may be a non-acoustic type transmitter, such as a
laser,
[0057] In the development described to follow, the flow is assumed to be

uniform. This assumption is often violated in practice since it is not normally
practical to place the microphones into the flow due to hydrodynamic pressure
fluctuations that normally result from the flow. Therefore, the measurement
typically includes propagation through a shear layer, and the resulting velocity
measured is often referred as the ‘virtual velocity’. For many applications, this
virtual velocity remains useful for bulk flow field sensing such as overall flow rate.
[0058] To determine the flow velocity, simultaneous time delay
measurements may be collected in conjunction with the vertical and horizontal

displacements between acoustic components. Separating each acoustic path into

14
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vertical and horizontal propagation vectors, the flow velocity may be cast as a

function of time delays and distances:

B2+ (22) - ()"~ (22)]

[0059] v, = ey 3)
T2 T1
[0060] Where v, is the virtual flow velocity in the stream-wise direction, Dy,

represents the stream-wise displacement between the transmitter and the »n”
microphone, D,, represents the radial displacement between the transmitter and the
n™ microphone, and ¢, is the acoustic propagation time delay between the
transmitter and the »” microphone.

[0061] As shown in equation (3), the effects of flow properties are absent in
this new velocity formulation as well. It is important to note that in order to
successfully perform this velocity measurement, several important conditions must
be satisfied. The first condition is that the true speed of sound through the medium
(absent the medium’s velocity effects) be approximately the same along each
acoustic path. The second condition is that the velocity in the vertical direction be
negligible when compared to the horizontal flow velocity, or the vertical velocity is
known.

[0062] Using a novel kinematic manipulation, velocity can be determined
using two downstream measurements. Like the existing technique, the

measurement of velocity becomes a function of time delays and distances, but the

15
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SNR of the measurement is significantly improved by removing the Upstream
measurement requirement.

[0063] Fig. 1 portrays the equipment associated with the novel acoustic
velocity measurement technique. In order to conduct the novel acoustic time-delay
velocimetry measurement, three major pieces of equipment may be used in some
embodiments. A transmitter T1, which may be placed on one side of the flow, and
two microphones M1 and M2, which may be placed on the other side of the flow.
The two microphones may be located on the same horizontal axis and may be
displaced in the streamwise direction. An acoustic pulse is emitted from the
transmitter and the signal is picked up at the two microphone locations. Using the
measured acoustic propagation time delay for each of the two acoustic paths, as
well as the distances between the equipment, it is possible to determine the average
flow velocity of the medium.

[0064] Consider the first acoustic path, which is illustrated in Fig. 2 and

described in equation (3A) below:
[0065] Cicosp + V= =2 (3A)

[0066] Figure 2 portrays the variables associated with the first acoustic path

propagation measurement. The equivalent speed of sound C, can be described as

a combination of the medium’s average velocity, ¥, and the average speed of

16
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sound along the acoustic path C; . Furthermore, this relationship can be described

in terms of vector components as shown in equations (B1) and (B2) below.

[0067] C,*xcos(B) + V, = %‘—1— (B1)
1
[0068] C, * sin() = % (B2)
1
[0069] Using the components of the equivalent speed of sound above, the

velocity measurement’s dependency on angle of propagation can be discarded by

using the trigonometric relationship as shown below.

[0070] 1=cos?f +sin?f  (B3)

G2 -w)
[0071] cos(B) = —1C— (B4)

&)
[0072] sin(B) = 21 (B5)

1
M_V—x 2 Dy1 2

[0073] 1= (M) + (ﬁ> (B6)
0074 c? = (22— 17)2 + (—Dy—l)z B7
074l CF=(2-7) +(2) @7
[0075] Next, consider the second acoustic path which is illustrated in Figure

3 and described in equation (3B) below:

[0076] Cycosy+¥, = 22 (3B)
2

[0077] Figure 3 portrays the variables associated with the second acoustic

path propagation measurement. The equivalent speed of sound C,, can once again

17
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be described as a combination of the medium’s average velocity, V,, and the
average speed of sound along the acoustic path C,. Using the same manipulation
described for path one, we can discard the velocity measurement’s dependency on

angle of propagation as shown below.

[0078] Cy# cos(y) + T = == (B8)
2
[0079] C, = sin(y) = % (B9)
2
[0080] 1 = cos?y + sin?y (B10)
G- %)
[0081] cos(y) = ZC— (B11)
2
)
[0082] sin(y) = 22 (B12)
2
Dxz_g- 2 Dy2y\ 2
[0083] 1= (Q) + (( ‘2 )> (B13)
Cz C,
[0084] CZ = (% - _)2 + (@)2 (B14)
2 iz x ty
[0085] Finally, the assumption is made that C; = C,. Using this assumption,

equation (B7) and equation (B14) can be combined to determine velocity as shown

below.

oo (2R ()= (20 4 () s

18
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o (B g (- () B (2

t1 1 1 t, t, t,
(B16)
0088 (%)2 _ Wl (@)2 = (2’9-)2 2Dz o (%)2 (B17)
[0088] t, t, t)  \t, t t2
10089] 2VDy2 _ 2ViDy1 _ (D_)2 + (@)2 _ (@)2 _ (22)2 (B18)
t, t,  \¢t, ts t1 ty
= (2Dy; 2Dy _ (D22 |, (Dy2\°  (Dx1\®  (Dy1)?
ool (- = (5) + () -G -G e
(e -Coy-()
[0091] Vi = & (E;)_,Q_y;l) - (B20)
ty t1
[0092] As seen from equation (B20) above, the novel acoustic technique

enables the determination of average flow velocity using two acoustic paths
without requiring the use of an upstream measurement.

[0093] Opverall, the primary benefit of using this method over prior art Sonic
Anemometry techniques lies in the arrangement of the acoustic components. By
removing the requirement for an upstream propagation measurement, the measured
acoustic signal’s sound pressure level is improved, enabling higher SNR
measurements. This added benefit will prove instrumental when the technique is
implemented in a high noise environment.

[0094] Another embodiment is shown in Fig. 4, in which a series of

transcievers (acoustic transmitters and receivers) are positioned around an exhaust

19
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plume. In this manner a three dimensional velocity contour of the exhaust plume
may be determined from the respective velocities Vij across each path Sij, where 1
is the transmitter and j is the receiver.

[0095] In some embodiments, mass flow may be through a cylindrical
passage having a diameter D and axis A oriented along the direction of mass flow.
Transmitter T1 disposed across the mass flow from microphones M1 and M2, and
these acoustic components may be disposed such that they are axially spaced by a
distance of between ¥ D and 2 D from the transmitter. In some embodiments,
transmitter T1 may be upstream of microphone M1 by a distance of between ¥4 D
and 2 D. In some embodiments microphone M1 may be upstream of microphone
M2 by a distance of between ¥4 D and 2 D. In still further embodiments,
transmitter T1 may be upstream of microphone M2 by a distance of between ¥ D
and 2 D. The selection of distance may be a function of the homogeneity of the
medium and space limitations. While greater distances may provide more accurate
results, the homogeneity of the flow and the physical requirements (weight, drag,

cost) of containing the flow over the distances weigh heavily against excessive

spacing.
[0096] Signal Processing
[0097] As with other implementations of sonic anemometry, the accurate

determination of time delays between measured signals is a crucial performance

20
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requirement. Since signals in real environments are often polluted by acoustic
noise, the accuracy of this determination can vary. In high noise applications, such
as encountered for flows with Mach numbers approaching 1, determination of the
true acoustic time delays will require a robust and proven signal processing
technique.

[0098] An embodiment of the present disclosure uses an amplitude

modulated sinusoid output in a burst with duration of two modulation periods.

sin(2nf,t) sin(2nf.t), |t| < 2/f, }
0099 s(t) = { C1
[ ] ( ) (), |t| :> :Z/(fz ( )
[0100] Due to the desire to operate in a part of the acoustic spectrum with

minimal flow noise interference, the carrier signal frequency was chosen with f. =
40 kHz, a commonly available ultrasonic source frequency. The modulation
frequency, f,,, was chosen to be one tenth, ., or 4 kHz modulation, resulting in an
emitted burst duration of 0.5 milliseconds.

[0101] The short burst allows for more distinct acoustic signatures to be
transmitted during the measurement duration. The increase in number of acoustic
events ultimately reduces the uncertainty of the mean time delay estimation.
However, due to the relatively large distance between transmitter and microphone
for practical applications, the signal time-of-flight exceeded a single 40 kHz wave
period, negating the use of a continuous signal. The amplitude modulation, on the

other hand, helped to reduce this source of error associated with high frequency
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signals. When amplitude modulation was not used, time delay estimations
exhibited 27t ambiguities that appeared as errors in increments of 1/(40 kHz)
seconds (one carrier signal period). By implementing these two techniques, the
signals may be better optimized for time delay estimation for the signal processor.
[0102] In some embodiments, sound pulses or chirps may be used to assist in
identifying the signal to the receiver. As a receiver receives a wide spectrum of
noise, the receiver must match a received signal such as a sound pulse or chirp
against the profile of a sound pulse or chirp the receiver expected to receive.

[0103] Cross correlation

[0104] A cross-correlation approach for acoustic event time determination
was used to estimate time delays between the transmitter and microphone signals.
Before performing this procedure on the signals, each measurement set was pre-
conditioned to improve the accuracy of the estimator. This pre-conditioning was
performed by setting to zero any signal regions known not to have originated from
the sound source. A range of conceivable time delays were determined using
maximum and minimum flow velocities and temperatures and used to isolate
signal-containing portions of the time series. This technique minimized the
influence of flow noise on the cross correlation algorithm.

[0105] After conditioning the measurement data to remove flow noise, cross

correlation of the entire one second signal was performed. It is important to note
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that the full signal was cross-correlated rather than binning each individual
acoustic burst. While binning the bursts would provide a greater number of time-
resolved measurement samples, single-shot measurements were not desired and
additional signal validation would be required to implement such temporally-
resolved measurements in the presence of background noise. Monte Carlo
simulations to be presented support these conclusions for the present methodology
and application.

[0106] In the first approach, referred to as “Full Correlation,” the full one
second transmitter signal was cross-correlated with the entire one second
microphone signal. After the time delay estimate was obtained, the process was
repeated for the remaining 99 signal pairs. Using 100 time delay samples, the
standard deviation of the samples was determined and specified for the set SNR
value.

[0107] In the second approach, referred to as “Binned Correlation,” the one
second signal pairs were first divided into 30 different bins, each containing an
acoustic burst measurement. Each transmitter bin was then cross correlated with
its corresponding microphone bin to find 30 time delay estimates for the one
second transmitter and microphone signal. The 30 time delays from binned signals

were averaged, and one time delay estimate was found for a one second signal pair.
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The process was repeated for the remaining 99 signal pairs, and the standard
deviation was determined for the set SNR value.

[0108] While binning and full signal cross correlation provided similar
results above an SNR of -5 dB, high noise (SNR < -5dB) causes errors in some of
the binned time delay estimates, resulting in a less accurate overall time delay
estimation. It is evident that the full signal cross-correlation approach is more
practical in a high noise environment due to its lower standard deviation, and
logarithmic error behavior at low SNR. By reducing the variability of the signal,
time delay estimation uncertainty is reduced, which ultimately provides for a more
accurate mean velocity measurement. The velocity measurement results, obtained
using the full correlation approach, are discussed in the following section.

[0109] Aspects of the disclosed subject matter

[0110] To generate the acoustic tone, an ultrasonic American Piezo 40 kHz
transmitter may be used, which is capable of transmitting sound pressure levels up
to 117 dB (measured 30 cm from source) with a driving voltage of 10 Vrms. At
the 40 kHz carrier frequency, the signal is much easier to detect due to the
relatively reduced flow noise present at high frequencies. The signal may also be
produced in other manners, such as a Hartmann generator utilizing bleed air,

electrical arcs, or other known acoustic producing methods.
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[0111] Corrections

[0112] Velocity measurements were obtained by using equation (3), while
accounting for the propagation distance through the relatively quiescent air around
the jet. Combining the known distances and the measured time delays, average
flow velocities were then determined across the 10.16 cm distance using equation
(3). Assuming the measured velocity was due solely to the 5.08 cm diameter jet,
the time delay measurements were corrected by subtracting the time-of-flight

through the quiescent air at a known temperature:

Dri-m1~Dje
[0113] ticorrected = timeasured — Tl—nztlz_]_t (4)
[0114] Results and Discussion
[0115] The new form of sonic anemometry currently developed was applied

for measurements near the nozzle exit of a high speed jet at varying set Mach
numbers.

[0116] The raw results obtained by the instrument—acoustic wave time of
flight—exhibit the sensitivity of the technique with Mach number (Figure 6). As
expected, the time delay between the transmitter and microphone M1 increases as
the jet Mach number rises due to the refractive effects induced by the flow Mach
number. Conversely, the time delay between the transmitter and microphone M2
decreases with increasing Mach number because the flow “carries” the acoustic

wave towards microphone 2. The downstream motion of the medium results in a
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larger effective speed of sound, which ultimately reduces the acoustic time of flight
detailed in equation (TOF).

[0117] The jet velocities were determined by evaluating equations (3) and (4)
for the measured time delay values and the relative distances between the acoustic
components. The Modified Sonic Anemometry (MSA) measurements were
validated using the jet isentropic Mach number based upon the measured nozzle
pressure ratio, and the facility total temperature was used to obtain sound speed
and, thus, jet velocity.

[0118] Using the distance measurement uncertainties, as well as the Monte
Carlo results discussed above, the velocity measurement uncertainty was

quantified using the propagation of errors formulation:

e N L VL (% N (9% )
0119] = (a—t1 uy) + (a—tz u;) + (ﬁ up,) + (a—@ uDy) (5)
[0120] In equation (5), the partial derivative terms were determined using

equation (3), and the u terms represent the uncertainty in the subscripted term’s
measurement. The subscripts D, and D,, in equation (5), refers to the stream-wise
and transverse (radial) displacement between microphones.

[0121] The key validation results of the study are provided in Figure 6. The
plenum conditions were used to obtain velocity values for isentropic expansion to

atmospheric pressure as the standard of comparison. The velocity uncertainties
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obtained using equation (5) are reported as error bars. For all Mach numbers
measured, the expected velocities fell within the predicted error range. Additional
analysis of the velocity errors exhibited in Figure 6 is described to follow.

[0122] A basic dimensional analysis informed by standard low speed SA

techniques yields that velocity uncertainty is simply

[0123] uy = 52‘%& (6)
[0124] In equation (6), ¢ is the speed of sound, L is the distance between
microphone and source, and uy is the uncertainty in velocity, and 6t is the
uncertainty in time delay estimation. While the above relationship is based on the
assumption that V2 « c?, velocity uncertainty in the modified approach is

expected to scale with distance and equivalent speed of sound, as well. After some

manipulation, namely, replacing 8t with the equivalent relationship in terms of

carrier signal phase, %, uncertainty relationship becomes:
C2
[0125] V=80 (D)
[0126] In equation (7), f, is the carrier frequency, and 6¢ is the phase angle

uncertainty. For a given SNR and number of signal periods measured, it is

C2

— should scale the

expected that 6¢ is relatively universal, such that the term "

velocity uncertainty. The evaluation of this term for the carrier frequency (40

kHz), L and room temperature sound speed was 0.82 m/s. This relationship
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enables instrumentation scaling and parametric studies of performance parameters,
such as changing f,,. For instance, in the latter example, a doubling of f, is seen to
halve the scaled velocity uncertainty. The same can be said for scaled increases of
the propagation length L. Finally, it is interesting to note that since the sound
speed is proportional to VT, the velocity uncertainty scales directly as the flow
static temperature.

[0127] The errors between MSA measured velocity and the facility indicated
velocity were scaled using the results from equation (7) and plotted in Figure 7.
Typical values were on the order of unity, although some extreme cases were

greater. The root mean square error between measured and expected values was 4

CZ

m/s, or 4.9 T It is clear from the results of Figure 7 that, just as indicated by

[o]

the SA uncertainty formulation, the error exhibits no clear trend with velocity.
[0128] The systems and methods disclosed herein for measuring mass flow
velocity have wide ranging applications. As discussed above, these systems and
methods can be used to measure flow velocity exiting an aircraft engine during
operation. Similarly, the systems and methods could be applied, using a towed
array system, to measure flow velocity from the propeller of a ship.

[0129] The present disclosure thus provides a method 900 of non-intrusive
anemometry as shown at Figure 9. Method 900 begins at block 901. At block 903

at least one acoustic transmitter T1 is positioned at or proximate the boundary of a
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flow passage containing a flowing medium. The flow medium may be air, or air
mixed with exhaust gases, or exhaust gases with entrained particulate. The
flowing medium may be flowing at greater than 0.3 Mach. The flowing medium
may be the bypass fan exhaust of a turbine engine.

[0130] At 905, at least two acoustic receivers are positioned at or proximate
the boundary. A first acoustic receiver may be positioned downstream from the
acoustic transmitter, and a second acoustic receiver may be positioned downstream
from the first acoustic receiver. The acoustic receivers may be positioned across
the flow passage from the acoustic transmitter.

[0131] At block 907 the acoustic transmitter transmits an acoustic signal
across the flowing medium in the flow passage. The acoustic signal may be an
amplitude modulated sinusoid and/or a chirp. The acoustic signal may have a
frequency of 40 kHz or greater. In some embodiments the step of transmitting an
acoustic signal at block 907 may further comprise bleeding air from a compressor
for generation of the acoustic signal.

[0132] The acoustic signal is received at the first acoustic receiver at block
909 and at the second acoustic receiver at block 911. At block 913 a first transit
time between the acoustic transmitter and the first acoustic receiver is determined,
and a second transit time between the acoustic transmitter and the second acoustic

receiver is determined. Based on the first and second transit times a velocity of the
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flowing medium is determined at block 915. The determining steps at 913 and 915
may be performed by a processor coupled to each of the acoustic transmitter and/or
first and second acoustic receivers. The method 900 ends at block 917.

[0133] The present disclosure additionally provides a method 1000 of non-
intrusively determining thrust in real time in a gas turbine engine having an
exhaust plume that is at least partially bounded. The method 1000 begins at block
1002. At block 1004, a wave is transmitted across the partially bounded exhaust
plume. The wave is received at block 1006. The transmitted wave may be a sound
or a light. The step of receiving the wave may comprise receiving the transmitted
wave at a plurality of receivers, with the receivers axially displaced from each
other.

[0134] At block 1008 a measurement parameter of the exhaust plume is
determined based on a characteristic of the received wave. The measurement
parameter may be a function of the velocity of the exhaust plume, or may be a
function of the velocity and temperature of the exhaust plume, or may be a
function of the temperature of the exhaust plume. The characteristic of the
received wave may be time of arrival, frequency, or refraction.

[0135] At block 1010 the measurement parameter is compared to a reference

parameter. The reference parameter may be a prior measurement parameter, and
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may be a predetermined parameter, and may be a function of inlet velocity and/or
inlet temperature.

[0136] At block 1012 the thrust is determined based on the comparison
performed at block 1010.

[0137] The method 1000 ends at block 1014.

[0138] The terms non-intrusive and non-invasive are used interchangeably
throughout this disclosure.

[0139] While embodiments of the disclosed subject matter are described with
respect to acoustic waves, transmitters, and receivers, electromagnetic and other
forms of transmission and reception are envisioned in other embodiments.

[0140] Although examples are illustrated and described herein, embodiments
are nevertheless not limited to the details shown, since various modifications and
structural changes may be made therein by those of ordinary skill within the scope

and range of equivalents of the claims.
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CLAIMS

What is claimed is:

1. A non-intrusive thrust measurement system comprising:

a boundary defining a passage along an axis adapted to contain a fluid

flowing from upstream to downstream;
an acoustic transmitter at said boundary;

a receiver suite at said boundary and adapted to receive a transmission from

the transmitter;

a processor in communication with the transmitter and receiver suite adapted
to determine a parameter from a characteristic of the transmission at the receiver

suite and adapted to determine a thrust parameter from the parameter;
wherein the receiver suite comprises:

a first acoustic receiver at said boundary and adapted to receive a

transmission from the acoustic transmitter;

a second acoustic receiver at said boundary and adapted to receive the

transmission from the acoustic transmitter;

wherein the characteristic determined by the processor is the time of arrival

of the transmission at the first receiver and second receiver;

wherein the first and second acoustic receivers and the acoustic transmitter

define a plane substantially parallel to the axis and wherein the second acoustic
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receiver i1s downstream from the first acoustic receiver and the first acoustic

receiver 1s downstream from the acoustic transmitter.

2. The system of claim 1, wherein the acoustic transmitter operates at 40 khz
and above.
3. The system of claim 1, wherein the processor is further adapted to compare

the parameter to a baseline in determining the thrust parameter.
4. The system of claim 1, wherein the passage is a bypass flow.

5. A method to non-intrusively determine thrust in a gas turbine engine having
a partially bounded exhaust plume in real time comprising:

transmitting an acoustic wave from a transmitter (T1) across the bounded
exhaust plume;

receiving the transmitted wave at a plurality of acoustic receivers (M1, M2)
each axially displaced from one another and positioned downstream of the
transmitter (T1);

determining a measurement parameter of the exhaust plume based on a time
of arrival of the received wave, wherein the measurement parameter is a function
of the velocity of the exhaust plume;

comparing the measurement parameter to a reference parameter, wherein the
reference parameter is a function of inlet flow velocity and inlet temperature; and

determining the thrust based on the comparison.

6.  The method of Claim 5, wherein the measurement parameter is also a

function of the temperature of the exhaust plume.

33

Date Recue/Date Received 2023-01-06



I~_ 16

[——————— ( ——————————

_Flow_
Velocity

\

A—| —

14\/\

FIG. 1



¢ Old

CA 2970189 2017-06-09



¢ Ol

CA 2970189 2017-06-09



v Old




G Ol

or
zeyL U z/dL
Leyl U L2¥1

}sneyxg sulbugner

MIIA dot

CA 2970189 2017-06-09



9 'Old

JaquwinN yoen 1op

L 80 90 0 zo 0
L LTI
| M.
1 zn-11 O 5
u .W\V aalas
1 - 32 3 Y
MV
1
g
(V
W
by d
A
>
jam|
o
B
fam |
[

p-Ob X

(s) 401

CA 2970189 2017-06-09



2N

P
U

37

30

CA 2970189 2017-06-09

20

oGP

= =
= 1

-20
-30

(05117 ,0) (P'A - A)

0.8

06

0.4

0.2

Mach Number

FIG. 7



®<~®3.®Q

d

augid 1sneyxa = @

8 Ol

(AD) swnjop jo5u0D

!

,\

\

(/Iaaaaaasd

/] 1] T 77)

errirr7r7q

IJJJJ ] 1]

-4

/{

- M<__3. _Q

.

auejd oIl = |

CA 2970189 2017-06-09



6 'Ol e

sallf} JIsuel] puooas
pue jsiy ay) uo Ises| je paseq wnipaw Buimoy aut jo AloojeA ayy Buluiulaiag

A

G516 —

JOAI9D31 D1JSNOOE PUODSS SU) O] JORIWISUEL} D13SNodE ay)
€16 —{ Woly [eubis a)snooe 8y} 10} BWI} JSURI) PUODISS B PUB ISAID0D] D1ISNOJE ISUi) 9Y) O)
Jepiwsuel) olisnode ay) wody [eubis ol}SNooe ay} Joj swi Jisued) Jsiy e Buiuiuualag

A

L6 4\_ J2AI9031 2l}sNooe puooas ay} Je [eubis onisnooe ay) Bulaisosy

A

606 —{JaAi@0a1 olsSNooe Isilf 8y} Je Jeubis osnooe ay) Buinieoey

1

wnipaw Buimoyy ay) ssoloe
Joniwsuel; o1snode ey} wouy [eubls ogsnooe ue Bunywsuel

1

106 —

JOAIS0D1 D1ISNOO. JS1l BY) JO WRBIISUMOP
506 — pue fiepunog ay) ajewixo.ld J9AIR091 SISNOOR PUODSS puUE WNipalu
Buimoy auy Jo Alepunog ayj o} ajewixoid Jaai@dal 213snooe Jsily Buluo]Isod

i

€06 —{ Wnipaw Buimoys e jo Arepunog e 0} sjewixoid Janiwsuen sysnode Bujuonisod

106 — Heis | >

006

CA 2970189 2017-06-09



0l Ol

10l — HSINIA

!

210l — uosuedwoo sy uo paseq sniy} ay} buiuiuisieq

A

010} —{ Je1owWeled aouaiajal e 0} Jajsweled Juswainseaw ay) buuedwon

A

SABM PBAISaI U} JO JISLIBIoBIBYD
800} —1 & uo peseq awnd 1sneyxe sy} 4o Jejeweled juswainsesw e Buluuwiela

A

900L —{ aABM paplwsuel ay) Buinlesay
A

001 —4 ewnid }sneyxe pepunoq Ajjered e ssosoe anem g Buniwisues |

1

2001 14viS

0001

CA 2970189 2017-06-09



400

~~ (S |~ o01

l Positicning acoustic transmitter proximate to a boundary of a flowing medium |" 803

Positioning first acoustic receiver proximate to the boundary of the flowing
medium and second acoustic receiver proximate the boundary and -~ 905
downstream of the first acoustic recsiver

Transmitting an acoustic signal from the acoustic transmitter
. " 907
across the flowing medium

Recaiving the acoustic signal at the first acoustic reueiver}r— 909

| Receiving the acoustic signal at the second acoustic reoeiver[fA 91

Determining a first transit time for the acoustic signal from the acoustic transmitler
fo the first acoustic receiver and a second transit time for the acoustic signal from — 913
the acoustic transmitter to the second acoustic recaiver

Determining the velocity of the flowing medium based at least on the first and 915
second transit times
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