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(57) ABSTRACT 
A total air temperature sensor includes an airfoil body 
extending from an airfoil base to an opposed airfoil tip along 
a longitudinal axis. The airfoil body defines a leading edge 
and opposed trailing edge. The airfoil body defines an 
interior flow passage with an inlet for fluid communication 
of fluid into the interior flow passage and an outlet for 
exhausting fluid out from the interior flow passage, and 
wherein the airfoil body defines a bleed passage through the 
airfoil body between the leading edge and the interior flow 
passage. A temperature probe is mounted within the interior 
flow passage for measuring temperature of flow through the 
interior flow passage to determine total air temperature. 
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TOTAL AIR TEMPERATURE SENSORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of priority to U.S. 
Provisional Patent Application No. 61/884,673 filed Sep. 30, 
2013 which is incorporated by reference herein in its 
entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present disclosure relates to temperature sensors, and 

more particularly to total air temperature sensors, such as 
used in aerospace applications. 

2. Description of Related Art 
Modern jet powered aircraft require very accurate mea 

Surement of outside air temperature for inputs to the air data 
computer, engine thrust management computer, and other 
airborne systems. For these aircraft types, their associated 
flight conditions, and the use of total air temperature probes 
in general, air temperature is better defined by the following 
four temperatures: (1) Static air temperature (SAT) or (TS), 
(2) total air temperature (TAT) or (Tt), (3) recovery tem 
perature (Tr), and (4) measured temperature (Tm). Static air 
temperature (SAT) or (TS) is the temperature of the undis 
turbed air through which the aircraft is about to fly. Total air 
temperature (TAT) or (Tt) is the maximum air temperature 
that can be attained by 100% conversion of the kinetic 
energy of the flow. The measurement of TAT is derived from 
the recovery temperature (Tr), which is the adiabatic value 
of local air temperature on each portion of the aircraft 
Surface due to incomplete recovery of the kinetic energy. 
Recovery temperature (Tr) is obtained from the measured 
temperature (Tm), which is the actual temperature as mea 
sured, and which can differ from recovery temperature 
because of heat transfer effects due to imposed environ 
mentS. 

Total air temperature sensors used at the inlets of gas 
turbine engines, for example, can use airfoil shaped mem 
bers with slots positioned so the gas stream to be sensed 
passes through one of the slots, and the temperature sensor 
element is mounted in the slot. Examples of Such systems 
are disclosed in U.S. Pat. No. 3.512.414 which is incorpo 
rated by reference herein in its entirety. Such sensor designs 
can mitigate the effects of high Velocity foreign objects 
being ingested by the engine, and can include provisions for 
deicing. 
One ongoing challenge for total air temperature measure 

ments is associated with operation at higher Mach numbers. 
Compressibility effects occurring at higher Mach numbers 
can alter the desired flow pattern through traditional sensors, 
with potential reduction in response time, for example if 
there is reduced flow bathing the actual sensor element. 

Another phenomenon which presents difficulties to some 
conventional TAT probe designs has to do with the problem 
of boundary layer separation, or "spillage.” at low mass 
flows. Flow separation creates two problems for the accurate 
measurement of TAT. The first has to do with turbulence and 
the creation of irrecoverable losses that reduce the measured 
value of TAT. The second is tied to the necessity of having 
to heat the probe in order to prevent ice formation during 
icing conditions. Anti-icing performance is facilitated by 
heater elements embedded in the housing walls. Unfortu 
nately, external heating also heats the internal boundary 
layers of air which, if not properly controlled, provides an 
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2 
extraneous heat source in the measurement of TAT. This type 
of error, commonly referred to as deicing heater error 
(DHE), is difficult to correct for. 

Such conventional methods and systems have generally 
been considered satisfactory for their intended purpose. 
However, there is still a need in the art for systems and 
methods that allow for improved total air temperature sensor 
performance, including improved time response at elevated 
Mach numbers. There also remains a need in the art for such 
systems and methods that are easy to make and use. The 
present disclosure provides a solution for these problems. 

SUMMARY OF THE INVENTION 

A total air temperature sensor includes an airfoil body 
extending from an airfoil base to an opposed airfoil tip along 
a longitudinal axis. The airfoil body defines a leading edge 
and opposed trailing edge. The airfoil body defines an 
interior flow passage with an inlet for fluid communication 
of fluid into the interior flow passage and an outlet for 
exhausting fluid out from the interior flow passage, and 
wherein the airfoil body defines a bleed passage through the 
airfoil body between the leading edge and the interior flow 
passage. A temperature probe is mounted within the interior 
flow passage for measuring temperature of flow through the 
interior flow passage to determine total air temperature. 

In certain embodiments, the airfoil body defines a high 
pressure Surface and an opposed low pressure Surface each 
extending longitudinally from the airfoil base to the airfoil 
tip. Each of the high and low pressure surfaces extends 
downstream from the leading edge to the trailing edge of the 
airfoil body. The inlet of the interior flow passage can be 
defined in the high pressure Surface. The bleed passage can 
have an inlet in the high pressure surface between the 
leading edge and the inlet of the interior flow passage. The 
outlet of the interior flow passage can be defined in the low 
pressure surface. The bleed passage can have an outlet in the 
low pressure Surface between the leading edge and the outlet 
of the interior flow passage. 

It is contemplated that in certain embodiments, the inlet of 
the interior flow passage defines an elongate aperture 
extending axially along an exterior longitudinal Surface of 
the airfoil body. The outlet of the interior flow passage can 
define an elongate aperture extending axially along an 
exterior longitudinal surface of the airfoil body. The bleed 
passage can be cylindrical. 
A heater can be disposed upstream of the bleed passage 

for discouraging ice buildup on the airfoil body. A radiation 
shield can be disposed partially about the temperature probe 
within the interior flow passage for inhibiting radiative heat 
exchange between the airfoil body and the temperature 
probe. The airfoil body can define a supercritical airfoil with 
a characteristic normal shock location downstream of the 
inlet and outlet of the interior flow passage. 

It is contemplated that there can be a plurality of outlets 
for exhausting fluid out from the interior flow passage, and 
a plurality of bleed passages through the airfoil body 
between the leading edge and the interior flow passage. In 
Such embodiments, each bleed passage can have an inlet in 
the high pressure Surface between the leading edge and the 
inlet of the interior flow passage. The outlets of the interior 
flow passage can be defined in the low pressure Surface. The 
bleed passages can each have a respective outlet in the low 
pressure Surface between the leading edge and the outlets of 
the interior flow passage, and each bleed passage can be 
cylindrical. 



US 9,624,787 B2 
3 

These and other features of the systems and methods of 
the subject disclosure will become more readily apparent to 
those skilled in the art from the following detailed descrip 
tion of the preferred embodiments taken in conjunction with 
the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

So that those skilled in the art to which the subject 
disclosure appertains will readily understand how to make 
and use the devices and methods of the subject disclosure 
without undue experimentation, preferred embodiments 
thereof will be described in detail herein below with refer 
ence to certain figures, wherein: 

FIG. 1 is a perspective view of an exemplary embodiment 
of a total air temperature sensor constructed in accordance 
with the present disclosure, showing the sensor mounted to 
the inlet of a gas turbine engine; 

FIG. 2 is a perspective view of the total air temperature 
sensor of FIG. 1, showing the bleed passage inlets and the 
temperature probe within the radiation shield, viewed 
through the inlet into the interior flow passage; 

FIG. 3 is a perspective view of the total air temperature 
sensor of FIG. 1, showing the outlets of the bleed passages 
and the outlets of the interior flow passage; 

FIG. 4 is a cross-sectional end elevation view of the total 
air temperature sensor of FIG. 1, showing the heater 
upstream of the bleed passages; 

FIG. 5 is a schematic end elevation view of the total air 
temperature sensor of FIG. 1, showing the angle of attack of 
the airfoil body; 

FIG. 6 is a schematic end view of another exemplary 
embodiment of a total air temperature sensor constructed in 
accordance with the present disclosure, showing fore and aft 
heaters within the airfoil body; and 

FIG. 7 is a schematic end view of another exemplary 
embodiment of a total air temperature sensor constructed in 
accordance with the present disclosure, showing a slit divid 
ing a thermally conductive airfoil portion with a heater 
therein from a thermally resistive airfoil portion for reducing 
deicing heater error (DHE). 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Reference will now be made to the drawings wherein like 
reference numerals identify similar structural features or 
aspects of the Subject disclosure. For purposes of explana 
tion and illustration, and not limitation, a partial view of an 
exemplary embodiment of a total air temperature sensor in 
accordance with the disclosure is shown in FIG. 1 and is 
designated generally by reference character 100. Other 
embodiments of total air temperature sensors in accordance 
with the disclosure, or aspects thereof, are provided in FIGS. 
2-7, as will be described. The systems and methods 
described herein can be used for total air temperature 
measurements, for example in aerospace applications. 
As shown in FIG. 1, total air temperature sensor 100 can 

be mounted in the inlet of a gas turbine engine 10 on an 
aircraft 20, for example. Those skilled in the art will readily 
appreciate that this application is exemplary only, and that 
sensors in accordance with this disclosure can be used in any 
other suitable position on an aircraft or in any other suitable 
application without departing from the scope of this disclo 
SUC. 

Referring now to FIG. 2, total air temperature sensor 100 
includes an airfoil body 102 extending from an airfoil base 
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4 
104 to an opposed airfoil tip 106 along a longitudinal axis A. 
Airfoil body 102 defines a leading edge 108 and opposed 
trailing edge 110. Airfoil body 102 is depicted as defining a 
supercritical airfoil, however those skilled in the art will 
readily appreciate that any other airfoil of cross-sectional 
profile can be used without departing from the scope of this 
disclosure. 

Referring to FIGS. 2-3, airfoil body 102 defines a high 
pressure Surface 120 and an opposed low pressure Surface 
122 each extending longitudinally from airfoil base 104 to 
airfoil tip 106. Each of the high and low pressure surfaces 
120 and 122 extends downstream from leading edge 108 to 
trailing edge 110. 

Airfoil body 102 defines an interior flow passage 112 with 
an inlet 114 for fluid communication of fluid into interior 
flow passage 112. Inlet 114 of interior flow passage 112 is 
defined in high pressure surface 120. Inlet 114 defines an 
elongate aperture extending axially along an exterior longi 
tudinal surface of airfoil body 102 relative to longitudinal 
axis A. As shown in FIG. 3, a plurality of outlets 116 are 
defined in low pressure surface 122 of airfoil body 102 for 
exhausting fluid out from interior flow passage 112. The 
supercritical airfoil profile of airfoil body 102 can be con 
figured so that the characteristic normal shock location is 
downstream of inlet 114 and outlets 116 to provide reliable 
flow through interior flow passage 112 even at Mach num 
bers high enough to form a normal shock. While interior 
flow passage 112 is shown and described as having multiple 
outlets 116, it is also contemplated that the outlet of interior 
flow passage 112 can define a single elongate aperture 
extending axially along an exterior longitudinal Surface of 
the airfoil body, much like inlet 114. 
As shown in FIG. 4, airfoil body 102 also defines a 

plurality of cylindrical bleed passages 118 through airfoil 
body 102 between leading edge 108 and interior flow 
passage 112. Each bleed passage 118 has an inlet 124 in high 
pressure surface 120 between leading edge 108 and inlet 114 
of interior flow passage 112. Inlets 124 of the bleed passages 
118 are also shown in FIG. 2 where for sake of clarity not 
all of the inlets 124 are labeled with a reference character. As 
shown in FIGS. 3 and 4, each of the bleed passages 118 has 
an outlet 126 in low pressure surface 122 between leading 
edge 108 and the outlets 116 of interior flow passage 112. 
For sake of clarity, not all of the outlets 126 of the bleed 
passages 118 are labeled with a reference character in FIG. 
3. 

Referring still to FIG. 4, a temperature probe 128, e.g., a 
resistive temperature device or any other suitable type of 
temperature probe, is mounted within interior flow passage 
112 for measuring the temperature of fluid flowing through 
interior flow passage 112 to determine total air temperature. 
A heater 130 is disposed, e.g., a cartridge embedded in 
airfoil body 102, upstream of bleed passages 118 for dis 
couraging ice buildup on airfoil body 102. A radiation shield 
132 is disposed partially about temperature probe 128 within 
interior flow passage 112 for inhibiting radiative heat 
exchange between airfoil body 102 and temperature probe 
128. Radiation shield 132 has an inlet and an opposed outlet 
corresponding to the inlet and outlets 114 and 116. It is 
contemplated that radiation shield 132 can also act as a flow 
control tube. Those skilled in the art will readily appreciate 
that the ratio between the inlet and the outlet of radiation 
shield 132 can be adjusted to change performance param 
eters. Such as, time response and recovery error. As indicated 
schematically in FIG. 4, airflow passing over leading edge 
108 is heated by heater 130 to discourage or prevent ice 
buildup along leading edge 108. The heated boundary layer 
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is effectively sucked into bleed passages 118 upstream of 
inlet 114 of interior flow passage 112. This prevents heated 
air from encountering temperature probe 128, where it could 
otherwise cause deicing heater error (DHE). The air flowing 
into interior flow passage 112, around temperature probe 
128, and out outlets 116 is indicative of the ambient air. 

It is contemplated that sensor 100 can be mounted with 
airfoil body 102 having a small, positive angle of attack to 
help ensure differential pressure is maintained from the high 
and low pressure surfaces 120 and 122 throughout flight 
angle of attack variation to maintain a high flow over 
temperature probe 128. Ample flow over temperature probe 
128 provides good time-response for total air temperature 
measurements. For example, FIG. 5 schematically shows 
airfoil body 102 having a 5° angle of attack C. Those skilled 
in the art will readily appreciate that any other Suitable angle 
of attack can be used without departing from the scope of 
this disclosure. 

The airfoil shape of airfoil body 102 can be configured 
with deicing power requirements in mind on an application 
by application basis. Droplets tend to flow around the airfoil 
shape. Typically, droplets only impact the front one-quarter 
of the chord and that is typically where the heat is needed to 
prevent icing. A heating cartridge, e.g., heater 130 described 
above, or a surface heater can be used in this leading portion 
of the chord. Other application-specific considerations 
include run back icing and the corresponding impact on 
performance. In choosing an appropriate airfoil shape for a 
given application, generally a larger pressure differential is 
better for response time. A thicker airfoil is generally better 
to help maintain a short chord. Those skilled in the art will 
readily appreciate that a short cord can be beneficial because 
it requires a smaller penetration hole through the aircraft 
engine nacelle, for example. It is also beneficial to configure 
the airfoil body, interior flow passage, and its inlets and 
outlets to keep the temperature probe safe from particle 
impingement over the sensor's operational angle of attack 
range. 

With these design principles, sensors in accordance with 
this disclosure can be tailored for specific applications. 
Referring to FIG. 6, another exemplary embodiment of a 
total air temperature sensor 200 is shown. Sensor 200 is 
similar in many aspects to sensor 100 described above. 
Heater 230 has an increased cross-sectional area relative to 
heater 130 described above. Heater 230 is aspirated using 
hot air, with outlets 231 in the low pressure side of airfoil 
body 202. There is an extra row of bleed passages 218, for 
a total of three, compared to two rows in sensor 100 
described above. Finally, a heater 233 is added to the trailing 
portion of airfoil body 202 to address run back icing. If 
needed for specific applications, the position of probe 228 
can be shifted forward or aft along the chord, as indicated by 
the double headed arrow in FIG. 6, to change the pressure 
distribution and/or improve DHE, and the diameters of the 
bleed passages 218 and outlets 216 can be increased and/or 
chamfered on the low pressure side of airfoil body 202. It 
should be noted that in some configurations the edge 250 of 
the inlet leading to probe 228 can be key to performance, and 
care should be used in its design and manufacture. It is 
contemplated that the ratio between an inlet, e.g. inlet 112 or 
312, on the high pressure side and outlets, e.g. outlets 116 or 
216, on the low pressure side can be adjusted for perfor 
mance customization. For example, an inlet, e.g. inlet 112 or 
312, and outlet, e.g. outlet 116 and 216, with nearly equal 
flow areas will tend to lead to better response time but there 
may be a trade-off of poorer recovery error. On the other 
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6 
hand, an inlet with a larger flow area than the outlet will tend 
to provide better recovery error but there may be a trade-off 
of poorer response time. 

With reference now to FIG. 7, another exemplary embodi 
ment of a total air temperature sensor 300 is described. 
Sensor 300 includes a bleed slot 318 in lieu of multiple bleed 
passages. Bleed slot 318 is co-extensive in the longitudinal 
direction with inlet 312, see, e.g., inlet 112 shown in FIG. 2, 
to bleed the heated boundary layer off of the high pressure 
side of airfoil body 302 upstream of inlet 312. The portion 
352 of airfoil body 302 forward of slit 318 is made of a 
relatively high thermal conductivity material, and the por 
tion 354 of airfoil body 302 downstream of slit 318 is made 
of a relatively low thermal conductivity material. This 
allows for a high degree of anti-icing over the leading 
portion 352 of airfoil body 302 where it is needed, and 
reduces the DHE by shielding probe 328 from the de-icing 
heat. 

Those skilled in the art will readily appreciate that total air 
temperature sensors, e.g. total air temperature sensors 100, 
200 or 300, are configured to reduce the aerodynamic wake 
trailing from the sensor, therein reducing noise emitted by 
engine fan blades hitting the wake. 

While shown and described in the exemplary context of 
air flow, those skilled in the art will readily appreciate that 
total air temperature measurements are exemplary only. 
Similar measurements can be made for any other suitable 
fluid using the techniques described herein without depart 
ing from the scope of this disclosure. 
The methods and systems of the present disclosure, as 

described above and shown in the drawings, provide for total 
air temperature sensors with Superior properties including 
improved time response at elevated Mach numbers and 
improved DHE relative to traditional sensors. While the 
apparatus and methods of the Subject disclosure have been 
shown and described with reference to preferred embodi 
ments, those skilled in the art will readily appreciate that 
changes and/or modifications may be made thereto without 
departing from the spirit and scope of the Subject disclosure. 
What is claimed is: 
1. A total air temperature sensor comprising: 
an airfoil body extending from an airfoil base to an 

opposed airfoil tip along a longitudinal axis and defin 
ing a leading edge and opposed trailing edge, wherein 
the airfoil body defines a high pressure surface and an 
opposed low pressure Surface each extending longitu 
dinally from the airfoil base to the airfoil tip, wherein 
the airfoil body defines an interior flow passage with an 
inlet for fluid communication of fluid into the interior 
flow passage and an outlet for exhausting fluid out from 
the interior flow passage, and wherein the airfoil body 
defines a plurality of bleed passages through the airfoil 
body between the leading edge and the interior flow 
passage, wherein each bleed passage has an inlet in the 
high pressure Surface and an outlet in the low pressure 
Surface; and 

a temperature probe mounted within the interior flow 
passage for measuring temperature of flow through the 
interior flow passage to determine total air temperature. 

2. A total air temperature sensor as recited in claim 1, 
wherein the inlet of the interior flow passage defines an 
elongate aperture extending axially along an exterior longi 
tudinal surface of the airfoil body. 

3. A total air temperature sensor as recited in claim 1, 
wherein the outlet of the interior flow passage defines an 
elongate aperture extending axially along an exterior longi 
tudinal surface of the airfoil body. 
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4. A total air temperature sensor as recited in claim 1, 
wherein at least one of the bleed passages is cylindrical. 

5. A total air temperature sensor as recited in claim 1, 
further comprising a heater disposed upstream of the bleed 
passage for discouraging ice buildup on the airfoil body. 

6. A total air temperature sensor as recited in claim 1, 
further comprising a radiation shield disposed partially 
about the temperature probe within the interior flow passage 
for inhibiting radiative heat exchange between the airfoil 
body and the temperature probe. 

7. A total air temperature sensor as recited in claim 1, 
wherein the airfoil body defines a supercritical airfoil with a 
characteristic normal shock location downstream of the inlet 
and outlet of the interior flow passage. 

8. A total air temperature sensor as recited in claim 1, 
wherein each of the high and low pressure surfaces extends 
downstream from the leading edge to the trailing edge of the 
airfoil body, and wherein the inlet of the interior flow 
passage is defined in the high pressure surface. 

9. A total air temperature sensor as recited in claim 8, 
wherein the inlet of each bleed passage defined in the high 
pressure surface between the leading edge and the inlet of 
the interior flow passage. 

10. A total air temperature sensor as recited in claim 8. 
wherein the outlet of the interior flow passage is defined in 
the low pressure surface. 

11. A total air temperature sensor as recited in claim 10, 
wherein the outlet of each bleed passage is defined in the low 
pressure surface between the leading edge and the outlet of 
the interior flow passage. 

12. A total air temperature sensor comprising: 
an airfoil body extending from an airfoil base to an 

opposed airfoil tip along a longitudinal axis and defin 
ing a leading edge and opposed trailing edge, wherein 
the airfoil body defines a high pressure surface and an 
opposed low pressure surface each extending longitu 
dinally from the airfoil base to the airfoil tip, wherein 
the airfoil body defines an interior flow passage with an 
inlet for fluid communication of fluid into the interior 
flow passage and a plurality of outlets for exhausting 
fluid out from the interior flow passage, and wherein 
the airfoil body defines a plurality of bleed passages 
through the airfoil body between the leading edge and 
the interior flow passage, wherein each bleed passage 
has an inlet in the high pressure surface and an outlet 
in the low pressure surface; and 
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a temperature probe mounted within the interior flow 

passage for measuring temperature of flow through the 
interior flow passage to determine total air temperature. 

13. A total air temperature sensor as recited in claim 12, 
wherein the inlet of the interior flow passage defines an 
elongate aperture extending axially along an exterior longi 
tudinal surface of the airfoil body, and wherein each bleed 
passage is cylindrical. 

14. A total air temperature sensor as recited in claim 12, 
further comprising: 

a heater disposed upstream of the bleed passage for 
discouraging ice buildup on the airfoil body; and 

a radiation shield disposed partially about the temperature 
probe within the interior flow passage for inhibiting 
radiative heat exchange between the airfoil body and 
the temperature probe. 

15. A total air temperature sensor comprising: 
an airfoil body extending from an airfoil base to an 

opposed airfoil tip along a longitudinal axis and defin 
ing a leading edge and opposed trailing edge, wherein 
the airfoil body defines an interior flow passage with an 
inlet for fluid communication of fluid into the interior 
flow passage and a plurality of outlets for exhausting 
fluid out from the interior flow passage, and wherein 
the airfoil body defines a plurality of bleed passages 
through the airfoil body between the leading edge and 
the interior flow passage, wherein the airfoil body 
defines a high pressure surface and an opposed low 
pressure surface each extending longitudinally from the 
airfoil base to the airfoil tip, wherein each of the high 
and low pressure surfaces extends downstream from 
the leading edge to the trailing edge of the airfoil body, 
wherein the inlet of the interior flow passage is defined 
in the high pressure surface, wherein each bleed pas 
Sage has an inlet in the high pressure surface between 
the leading edge and the inlet of the interior flow 
passage, wherein the outlets of the interior flow passage 
are defined in the low pressure surface, and wherein the 
bleed passages each have a respective outlet in the low 
pressure surface between the leading edge and the 
outlets of the interior flow passage; and 

a temperature probe mounted within the interior flow 
passage for measuring temperature of flow through the 
interior flow passage to determine total air temperature. 


