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(57) Abstract: A flow measurement apparatus comprising an elongated mounting stem having an inner stem cavity, the mounting stem
configured to be mounted in an area of flow to be measured. A probe housing is mounted to an outer surface of the mounting stem
and positioned on an upstream side of the mounting stem. The probe housing has a first hole near a center point of the housing and a
second, third and fourth hole positioned near the perimeter of the housing. A fifth hole is located on a downstream side of the mounting
stem. At least five pressure sensors and a plurality of pressure tapping tubes connecting the holes to the corresponding pressure sensors

are included.
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DIRECTIONAL PROBE FOR HIGH TEMPERATURE FLOWS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application is related to and claims the priority benefit of U.S. Provisional
Patent Application Serial No. 62/571774, filed October 12, 2017, the contents of which is hereby

incorporated by reference in its entirety into the present disclosure.

TECHNICAL FIELD
[0002] The present disclosure generally relates to a high temperature flow measurement devices,

such as those used to measure flow in gas turbine engines.

BACKGROUND

[0003] Aerodynamic probes are ubiquitous in gas turbine monitoring due to their robustness and
easiness of operation. However, the intrusion into the flow path creates a steady-state pressure
distortion, unsteady phenomena associated to the vortex shedding. To protect the sensor from a
harsh environment (hot flow and particles), and allow a higher spatial resolution (the smallest
sensor is in the mm-scale), the sensors are typically mounted within the probe, recessed from the
surface. However, these sub-surface mounted sensors cause a significant reduction in the time
resolution of the probe, compared to the flush-mounted sensors. Therefore, improvements are

needed in the field.
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SUMMARY
[0005] According to various aspects, a flow measurement apparatus is provided, comprising an
elongated mounting stem having an inner stem cavity, the mounting stem configured to be
mounted in an area of flow to be measured, a probe housing mounted to an outer surface of the
mounting stem and positioned on an upstream side of the mounting stem, the probe housing
comprising a first hole near a center point of the housing and a second, third and fourth hole
positioned near the perimeter of the housing. A fifth hole located on a downstream side of the
mounting stem and at least five pressure sensors are also provided. A plurality of pressure

tapping tubes connect the holes to the corresponding pressure sensors.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0001] The above and other objects, features, and advantages of the present invention will
become more apparent when taken in conjunction with the following description and drawings
wherein identical reference numerals have been used, where possible, to designate identical

features that are common to the figures, and wherein:

[0002] Fig. 1 shows a flow measurement apparatus according to one embodiment.

[0003] Fig. 2A shows a front outer view of the flow measurement apparatus of Fig. 1.

[0004] Fig. 2B shows a rear outer view of the flow measurement apparatus of Fig. 1.

[0005] Fig. 3 shows a dual wire thermocouple apparatus according to one embodiment.

[0006] Fig. 4 shows the inner tubing and sensor arrangement of the flow measurement apparatus
of Fig. 1.

[0007] Fig. 5 shows a pressure tapping having a chamfered cavity according to one embodiment.
[0008] Fig. 6 shows a probe stem having an undulated exterior surface according to one
embodiment.

[0009] Fig. 7 shows a diagram of a heat pipe according to one embodiment.

[0006] Fig. 8 shows a probe apparatus with cooling heat pipe channels incorporated into the
apparatus according to one embodiment.
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DETAILED DESCRIPTION
[0007] For the purposes of promoting an understanding of the principles of the present
disclosure, reference will now be made to the embodiments illustrated in the drawings, and
specific language will be used to describe the same. It will nevertheless be understood that no
limitation of the scope of this disclosure is thereby intended.
[0008] In response to the need for a more accurate and reliable flow measurement system,
disclosed herein is a novel flow measurement device having five pressure sensors mounted
within a housing, with the housing mounted on an exterior surface of a support structure, such as
a tube stem, within an area containing a flow to be measured.
[0009] Referring to FIG. 1, a flow measurement apparatus 100 is shown according to one
embodiment, having a plurality of pressure sensors in an arrangement 114, (in one example, a
minimum of five high frequency pressure sensors 117, 119, 121, 123 and 125), and dual junction
thermocouples, mounted in a layout that minimizes the probe diameter and length of the
pneumatic line between the probe head housing 112 and pressure sensors. Figs. 2A and 2B show
front and rear external views, respectively of the apparatus 100. The apparatus 100 optionally
incorporates cooling passages to ensure adequate cooling of the pressure sensors. The apparatus
100 allows for mounting current available pressure sensors, operational only at low temperature
with a couple of pressure sensors mounted side by side as shown to ensure minimum probe
volume. In certain embodiments, the sensors 117, 119, 121, 13 and 125 are Kulite sensors,
having a diameter in the range of 1-5mm. FIG. 3 illustrates a dual wire thermocouple apparatus
130 wherein the thermocouples 132 provide temperature feedback and measurement to allow
further flow velocity and flow calculations to be made by the apparatus 100. FIG. 4 shows the

4
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inner tubing and sensor apparatus of the probe which is mounted within the housing 112. The
probe head geometry incorporates a plurality of pressure tappings located at positions that
maximize the sensitivity to flow angle, while minimizing sensitivity to pressure and temperature.
A frontal central tapping hole 124 in the housing delivers a pressure reading close to the total
pressure via tube 165 and sensor 125. At least three more pressure tapping holes (116, 118 and
120) are located in the probe frontal side of the housing 112 and directed to corresponding tubes
161, 162 and 163 and sensors 117, 119 and 121 as shown to maximize the sensitivity to yaw and
pitch angles. A minimum of one pressure tapping from hole 122 in the rear of the tube stem 110
delivers the base pressure via tube 164 and sensor 123, which is used to correct the angular data,
and measure flow angles in the transonic range with higher accuracy. (Figure 1-right). The
diameter of the holes 116, 118, 120, 122 and 124 may be in the range of 0.1-0.5mm.

[0010] In certain embodiments, the probe head housing 112 may be hemispherical, for example
in applications that require maximum accuracy in the total pressure and minimization of the
vortex shedding effects. In other embodiments, the probe head housing 112 may have a conical
shape to maximize the angular sensitivity. The head housing 112 shape may optionally have a
smooth surface, with dimples, wavy, or distributed roughness to adapt the operation to the
adequate range of Reynolds numbers as required by a particular application.

[0011] The main pressure tapping tube 125 is preferably perpendicular to the probe head housing
surface, to deliver a wide calibration map without any overlapping in a wide range of flow
angles. The cavity of the pressure tapping is chamfered as shown in FIG. 5 to maximize the
accuracy at high angles, minimize the inaccuracies created during the manufacturing, and reduce

the Reynolds effects created by separation bubbles anchored at the pressure tappings. The
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pressure taping tubes, probe stem and probe housing may be constructed from stainless steel,
Iconel, Monel or other suitable material depending on the needs of the application.

[0012] In certain embodiments, the pressure tapping lines may be filled with fluids denser than
air, such as liquids, to increase the frequency response, due to an increase in speed of sound. In
such embodiments, a diaphragm may be used in the cavity of the pressure sensor. The included
diaphragm in the inner portion between the liquid and the high temperature air being measured
protects the sensor and the fluid from any external harsh environment to the probe.

[0013] The probe stem 110 shape may optionally comprise a wavy or undulated exterior shape
113, as shown in FIG. 6, to reduce and potentially eliminate the disturbance created by the vortex
shedding, and therefore reduce the distortion created at that frequency on the pressure tapping
locations, and pressure sensors. The stem design is wavy or undulated, adapting the radius of
curvature to the probe diameter, and the range of velocities. The stem shape may also incorporate
other shapes such as dimpled, sinusoidal, and edgy.

[0014] In certain embodiments, the probe apparatus 100 may comprise one or more heat pipes to
thermally protect the sensors. In such embodiments, the cooling fluid enters the probe through
cooling channels, changes phase and is absorbed by the porous material and extracted from the
probe due to the difference in pressure. Additionally, the working fluid is a closed loop circuit.

For high temperature applications, lithium is one example suitable liquid, with properties listed

below
T t
5 g Nli(r)lﬁls :ll’ Lithium not compatible with
: : um. :
1100 1825 = Lithium . superalloys. Refractory metals react
Molybdenum, h air
TZM v
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[0015] FIG. 7 illustrates the working principle of a heat pipe. FIG. 8 shows an example layout
of a probe apparatus with cooling heat pipe channels incorporated into the apparatus 100 as
described above. The fluid used for cooling (e.g., lithium) improves the frequency response in
the probe cavity as described above, as well as providing cooling. In certain embodiments, the
cooling fluid may comprise the fuel being used or burned in the application, the combustion of
which produces the exhaust flow being measured by the apparatus 100.

[0016] In certain embodiments, the probe material may include carbon nanotubes or a carbon
matrix composite (CMC) in the material that may or may not be aligned to the longitudinal
direction of the probe to increase the mechanical resistance and modify thermal conductivity. In
other embodiments, the probe may be formed of a porous material filled with a liquid due to
capillarity, thereby enhancing the cooling of the probe by evaporating the liquid through the
pores of the material. This provides transpiration cooling which decreases the heat load on the
probe. In certain embodiments, a continuous cooling circuit may be used instead of a heat pipe
to provide cooling to the probe. The refrigerant may be cooled with a continuously injected
coolant, whereby the heated coolant is afterwards ejected into the main flow.

[0017] The pressure sensor may be coated with a high temperature resistive coating to allow a
decrease in the heat flux towards the directional probe.

[0018] In certain embodiments, a cavity of the probe may be used to eject particles for optical
measurements. The particles can be used to determine the skin friction or provide other
measurements.

[0019] The pressure sensors or transducers contained within the probe may optionally comprise

wireless communication modules to transmit the sensed pressure readings wirelessly to an

7
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external receiver for further processing. In other embodiments, the pressure sensors are
connected to the external receiver by a wired connection.

[0020] The probe, pressure sensors, and external receiver may be connected to one or more
computer processors and associated memory for processing, storing, and outputting various data
and measurements as described herein.

[0021] In certain embodiments, a filtering and/or recording function of the pressure readings
may be provided by software running on the one or more computer processors. The software
may be built upon progressive, gradient, or progressive gradient methods depending on the needs
of the application. In order to calculate the flow quantities using the unsteady pressure
measurements received from the probe, a calibration algorithm may be applied to the received
signals to determine one or more properties of the fluid being measured, including velocity
magnitude, velocity direction, mach number, unsteady total pressure, unsteady static pressure,
turbulence intensity, three-dimensional velocity component fluctuations, turbulence length scale,
and/or humidity. Such postprocessing may further comprise an artificial neural network or a
Kalman filter and sensor fusion. Inverse methodologies may also be used to retrieve flow
quantities in the rotating frame of reference using measurement in the stationary frame in the
postprocessing tool or software.

[0022] Those skilled in the art will recognize that numerous modifications can be made to the
specific implementations described above. The implementations should not be limited to the
particular limitations described. Other implementations may be possible. While the inventions
have been illustrated and described in detail in the drawings and foregoing description, the same

is to be considered as illustrative and not restrictive in character, it being understood that only
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certain embodiments have been shown and described and that all changes and modifications that

come within the spirit of the invention are desired to be protected.
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CLAIMS:

1. A flow measurement apparatus, comprising:

a. an elongated mounting stem having an inner stem cavity, the mounting stem
configured to be mounted in an area of flow to be measured;

b. a probe housing mounted to an outer surface of the mounting stem and positioned
on an upstream side of the mounting stem, the probe housing comprising a first
hole near a center point of the housing and a second, third and fourth hole
positioned near the perimeter of the housing;

c. afifth hole located on a downstream side of the mounting stem;

d. at least five pressure sensors; and

e. a plurality of pressure tapping tubes connecting the holes to the corresponding
pressure sensors.

2. The apparatus of claim 1, wherein the probe housing is hemispherical.

3. The apparatus of claim 1, wherein the probe housing is conical.

4. The apparatus of claim 1, wherein the probe housing surface is smooth.

5. The apparatus of claim 1, wherein the probe housing surface is dimpled.

6. The apparatus of claim 1, wherein the probe housing surface is wavy.

7. The apparatus of claim 1, wherein the probe housing surface has a distributed roughness.

8. The apparatus of claim 1, wherein the pressure tapping is perpendicular to the surface of
the probe housing.

9. The apparatus of claim 1, wherein the pressure tapping portion of the tube is chamfered,

with the larger diameter of the chamfer connected to the associated hole.

10
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10. The apparatus of claim 1, wherein the pressure tapping lines are filled with a fluid denser
than air.

11. The apparatus of claim 10, wherein the fluid is a liquid.

12. The apparatus of claim 1, wherein a diaphragm is positioned in the pressure tapping tube
to increase frequency response.

13. The apparatus of claim 1, wherein the mounting stem has an undulated surface profile.

14. The apparatus of claim 13, wherein the radius of the undulation is substantially equal to
the radius of the probe housing.

15. The apparatus of claim 1, further comprising at least one heat pipe to provide cooling to
the pressure sensors.

16. The apparatus of claim 15, wherein a cooling fluid is provided through the heat pipe, the
cooling fluid changing phase and being absorbed by a porous material in the heat pipe and
extracted from the probe.

17. The apparatus of claim 1, further comprising carbon nanotubes or carbon matrix
composite within the material of the mounting stem or the probe housing.

18. The apparatus of claim 1, wherein the mounting stem or probe housing comprise a porous
material.

19. The apparatus of claim 18, wherein the porous material is filled with a liquid to enhance
cooling of the probe.

20. The apparatus of claim 1, wherein the probe is cooling via a continuous cooling circuit.

21. The apparatus of claim 1, wherein the pressure sensors are coated with a high

temperature resistive coating.

11
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22. The apparatus of claim 1, wherein a coolant is continuously injected into the probe
housing and is removed through a flow of liquid being measured.

23. The apparatus of claim 1, wherein optically visible particles are ejected from a cavity of
the probe housing for measurement.

24. The apparatus of claim 1, wherein the pressure sensors are connected to one or more
wireless communication modules which transmit data from the pressure sensors wirelessly to an
external receiver.

25. The apparatus of claim 1, wherein an external receiver receives data from the pressure

sensors and applies a filtering function.

12
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Tube 5 with chamfered hole to minimize the error at
large flow angles
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