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1
MEMS-BASED CONFORMAL AIR SPEED
SENSOR

BACKGROUND

The present disclosure relates generally to sensors for mea-
suring the speed of an aircraft relative to its surrounding air
mass (hereinafter “air speed”).

Aircraft require ownship air speed measurements in flight
for aircraft handling, aerodynamics and potential stalling.
This is usually done with a Pitot tube, which consists of a tube
pointing directly into the air flow. Using internal fluid which
is compressed under air pressure, the fluid pressure can be
measured and used to compute the stagnation pressure of the
air. To compute the air velocity, a comparison is made against
the static pressure measured from static ports feeding a
barometer. Then using Bernoulli’s equation, the dynamic
pressure (hence the air speed) can be computed.

Modern Pitot tubes are heated but still have problems with
icing and blockage that make their usage problematic under
certain conditions. More specifically, the Pitot tube can be
blocked by external matter while the plane is grounded, the
Pitot tube can still ice up even with heating, and the Pitot tube
increases drag relative to a solution that is able to conform
more closely to the exterior shape of the aircraft.

There is a need for an alternative methodology for measur-
ing air speed that is not affected by icing or other blockage
issues and that decreases drag.

SUMMARY

The subject matter disclosed herein is directed to systems
and methods for measuring air speed which avoid the draw-
backs of Pitot tubes. The systems disclosed in detail below
solve the problem of icing or blockage of Pitot tubes by
creating an exterior surface on an aircraft that channels air and
measures the pressure difference of the pressure through the
airflow and the static pressure. This exterior surface cannot be
blocked easily as a tube can be since air is always flowing
when the aircraft is in motion, any external matter that could
be on the exterior surface is readily visible, and the exterior
surface can be heated to prevent icing. In addition, the exterior
surface is made of a flexible material that is able to conform
more closely to the exterior shape of the aircraft.

In accordance with embodiments disclosed herein, the sys-
tem comprises microelectromechanical system (MEMS)
pressure sensors placed under the air channels for measuring
the pressure difference in each channel and an air speed
processor for transforming the pressure differences from the
pressure sensors into an air speed estimate. This approach has
the following advantages:

(1) The one or more MEMS pressure sensors installed
under each air channel directly measure air pressure differ-
ence of air under flow and static pressure underneath a con-
formal surface.

(2) All external surfaces can be heated, reducing the pos-
sibility of ice build-up.

(3) A conformal surface can reduce drag as compared to an
external Pitot tube.

(4) The air channels are not enclosed (as are Pitot tubes),
thereby reducing the likelihood of blockage.

(5) The air channels always have air flow when the aircraft
is in motion, further reducing the possibility of blockage.

(6) Any external matter or damage on the channeled sur-
face is visible before take-off.

These provide benefits to any aerospace applications mea-
suring air speed that has risks of icing or blockage.
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One aspect of the subject matter disclosed in detail below is
an apparatus comprising: a flexible structure having an exte-
rior surface with an open air channel formed therein; and a
pressure sensor installed in the flexible structure in a position
underneath and in fluid communication the open air channel.
The flexible structure comprises a static pressure input and a
static pressure chamber in fluid communication with a static
pressure input, the pressure sensor being in fluid communi-
cation with the static pressure chamber. In accordance with
some embodiments, the pressure sensor is a capacitive differ-
ential pressure sensor comprising a microelectromechanical
system. More specifically, the pressure sensor comprises a
deformable diaphragm membrane having a first electrode
formed thereon and a substrate having a second electrode
formed thereon, the first and second electrodes being sepa-
rated by a distance which is a function of a deflection of the
deformable diaphragm membrane. The open air channel
comprises a constricted portion, the pressure sensor being
disposed underneath the constricted portion of the first open
air channel.

In accordance with some embodiments, the apparatus fur-
ther comprises a heating element which is thermally coupled
to the exterior surface of the flexible structure. The exterior
surface of the flexible structure can be made of metal or
plastic. In cases where the exterior surface of the flexible
structure is made of a non-thermally conductive material,
such as plastic, the apparatus further comprises thermally
conductive gel by which the heating element is thermally
coupled to the exterior surface of the flexible structure.

In accordance with some embodiments, the exterior sur-
face of the flexible structure has first and second open air
channels formed therein, the apparatus further comprising
first and second pressure sensors installed in the flexible
structure in positions underneath and in fluid communication
the first and second open air channels respectively. In these
cases, the apparatus further comprises: a first signal condi-
tioning circuit connected to condition an analog signal output
by the first pressure sensor; a first analog-to-digital converter
connected to convert a conditioned analog signal output by
the first signal conditioning circuit into a first digital signal; a
second signal conditioning circuit connected to condition an
analog signal output by the second pressure sensor; a second
analog-to-digital converter connected to convert a condi-
tioned analog signal output by the second signal conditioning
circuit into a second digital signal; and a processor pro-
grammed to calculate an air speed estimate taking into
account the first and second digital signals.

Another aspect of the subject matter disclosed in detail
below is a system comprising an airplane having an exterior
surface and a conformal air speed sensor attached to the
exterior surface of the airplane, wherein the conformal air
speed sensor comprises: a flexible structure having an exte-
rior surface with a first and second open air channels formed
therein; a first capacitive differential pressure sensor installed
in the flexible structure in a position underneath and in fluid
communication the first open air channel; a second capacitive
differential pressure sensor installed in the flexible structure
in a position underneath and in fluid communication the sec-
ond open air channel; and electronic circuitry which is pro-
grammed or configured to estimate an air speed of the aircraft
based at least in part on signals output by the first and second
capacitive differential pressure sensors. In some embodi-
ments, the flexible structure comprises a static pressure input
and first and second static pressure chambers in fluid com-
munication with the static pressure input, the first pressure
sensor being disposed between the first open air channel and
the first static pressure chamber, and the second pressure
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sensor being disposed between the second open air channel
and the second static pressure chamber. Each of the first and
second open air channels comprises a respective constricted
portion, the first capacitive differential pressure sensor being
disposed underneath the constricted portion of the first open
air channel and the second capacitive differential pressure
sensor being disposed underneath the constricted portion of
the second open air channel. In accordance with one imple-
mentation, the electronic circuitry comprises: a first signal
conditioning circuit connected to condition an analog signal
output by the first capacitive differential pressure sensor; a
first analog-to-digital converter connected to convert a con-
ditioned analog signal output by the first signal conditioning
circuit into a first digital signal; a second signal conditioning
circuit connected to condition an analog signal output by the
second capacitive differential pressure sensor; a second ana-
log-to-digital converter connected to convert a conditioned
analog signal output by the second signal conditioning circuit
into a second digital signal; and a processor programmed to
calculate an air speed estimate taking into account the first
and second digital signals.

A further aspect of the disclosed subject matter is a method
of estimating a speed of a craft that is operable to move
through a fluid medium, the method comprising: attaching a
flexible structure on an exterior surface of the craft, the flex-
ible structure having an exterior surface with one or more
open air channels formed therein; transmitting signals from
one or more differential pressure sensors installed underneath
constricted portions of the one or more open air channels; and
calculating the speed of the craft relative to a surrounding
fluid medium during movement of the craft, which speed
calculation is based on a density of the fluid medium and the
signals transmitted by the one or more differential pressure
sensors. Each signal transmitted by each differential pressure
sensor represents a difference between a static pressure
underneath a respective open air channel and a total pressure
in the same open air channel. The method may further com-
prise conditioning analog signals transmitted by the differen-
tial pressure sensors and converting those analog signals to
digital signals. In one implementation, the calculating step
comprises: transforming the digital values into respective
speed estimates based in part on the density of the fluid
medium; calculating a mean speed estimate based on those
speed estimates; and filtering out subsequent speed estimates
which differ from the mean speed estimate by more than a
specified threshold. In the disclosed embodiments, the fluid
medium is air and the craft is an aircraft.

Other aspects of MEMS-based conformal air speed sensors
are disclosed and claimed below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram representing a sectional view of a
typical Pitot tube air speed sensor.

FIG. 2 is a diagram representing a sectional view of a
capacitive differential MEMS pressure sensor which is suit-
able for use in a conformal air speed sensor. This MEMS
pressure sensor has a diaphragm membrane which is shown in
an undeformed state in FIG. 2.

FIG. 3A is a diagram representing a top view of a portion of
an air channel with placed MEMS pressure sensors in accor-
dance with one embodiment. The arrows represent airflow
through the channel, with thicker arrows representing higher
air velocity.
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FIG. 3B is a diagram representing a sectional view of the
air channel partly depicted in FIG. 3A, the section line being
taken through the center of one of the MEMS pressure sen-
SOIS.

FIG. 4 is a block diagram showing operations of a redun-
dant air speed estimation process in accordance with one
embodiment.

FIG. 5 is a diagram representing a sectional view of a hull
(i.e., fuselage) of an aircraft having a MEMS-based confor-
mal air speed sensor mounted on an exterior surface thereof.

FIG. 5A is a diagram representing a top view of the
MEMS-based conformal air speed sensor mounted on the
exterior surface of the aircraft hull depicted in FIG. 5.

FIG. 5B is a diagram representing a sectional view of the
MEMS-based conformal air speed sensor having a conformal
surface made of plastic material, the section being taken
through a plurality of MEMS pressure sensors installed under
respective air channels.

FIG. 6 is a diagram showing components of'a conformal air
speed sensor having a conformal surface made of metal in
accordance with an alternative embodiment. The upper por-
tion of FIG. 6 represents a sectional view (not drawn to scale;
exaggerated in depth) of a conformal surface equipped with a
plurality of MEMS pressure sensors (not showing curved
tapered shape as mounted), while the lower portion of FIG. 6
is a block diagram showing associated electrical components.

FIG. 7 is a graph showing MEMS theoretical air speed
resolution versus air speed at sea level (- ¢ * -) and at 40 kft

Reference will hereinafter be made to the drawings in
which similar elements in different drawings bear the same
reference numerals.

DETAILED DESCRIPTION

For the purpose of illustration, embodiments of a system
and method for measuring air speed that utilize MEMS-based
pressure sensors will now be disclosed in detail. However,
alternative pressure sensors of suitable size and sensitivity,
not fabricated using modified semiconductor device fabrica-
tion technologies, could be utilized.

In accordance with the embodiments disclosed herein, the
system comprises an array of MEMS capacitive differential
pressure sensors with their associated signal conditioning,
and a partially flexible conformal surface structure with air
channels and holes for MEMS capacitive differential pressure
sensor input as well as static air intake. The system further
comprises a processor that computes a final air speed esti-
mate. Preferably, means for heating the conformal surface (to
prevent icing of the air channel) are provided. If the confor-
mal surface is made of metal or other thermally conductive
material, the heating means may comprise resistive heating
wires attached to the underside of the conformal surface. If
the conformal surface is made of plastic or other non-ther-
mally conductive material, the heating means may comprise
heating elements (e.g., resistive heating wires) embedded
within a thermally conductive gel that fills the space under-
lying the conformal surface and thermally couples the con-
formal surface to the heating elements. These components are
described in more detail with reference to the drawings in the
following sections.

1. MEMS Capacitive Differential Pressure Sensor Array

The system in accordance with preferred embodiments
uses an array of MEMS capacitive differential pressure sen-
sors to sense dynamic air pressure, which can be used to
compute air speed based on the measured dynamic air pres-
sure. This process can be done using the well-known Ber-
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noulli’s principle (sometimes called the Venturi effect),
which can be used to calibrate any air speed indicator so that
it displays the indicated air speed appropriate to the dynamic
pressure.

The traditional means of air speed measurement uses a
Pitot tube 10 which measures the dynamic pressure through
use of a tube 12 pointed into the air flow and which measures
the difference between the static pressure P, and total pressure
P, through differently positioned air intakes 16 and 18,
together with a fluid measurement using a pressure transducer
14 as shown in FIG. 1.

MEMS pressure transducers generate an electrical signal
output thatis in some way proportional to the applied pressure
of a given medium. There are three main pressure measure-
ment types: absolute, gage and differential pressure sensors.
The application disclosed herein employs one or more difter-
ential pressure sensors, which will measure the difference
between the outer air flow pressure in an air channel and the
static pressure inside the conformal surface. The ability to
detect small pressure changes makes MEMS differential
pressure sensors ideal for applications which must translate
small pressure differences into accurate air speed measure-
ments.

There are also different technologies used for MEMS pres-
sure sensors. The most common type of MEMS pressure
sensor is based on piezoresistive technology, which imple-
ments a strain gage that experiences a change in resistivity
when exposed to physical pressure stimuli, i.e., the strain
force in an ion-implanted resistor over a diaphragm. Unfor-
tunately, these sensors are inherently sensitive to temperature
changes, making their use on aircraft problematic. The other
common technology used is capacitive.

A capacitive differential pressure sensor measures changes
in pressure by the deflection of a deformable conductive
diaphragm due to the applied pressure. Typically a capacitive
differential pressure sensor is based on two conductive elec-
trodes with a small gap between them. One of the conductive
electrodes is movable relative to the other in response to
changing pressure differential. The electrical field (and
capacitance) will change linearly as a function of the distance
between the two electrodes. The smaller the gap, the higher
the capacitance value until they touch and short-circuit the
capacitor. Capacitive sensors are also insensitive to tempera-
ture effects, which is a great advantage over the piezoelectric
versions. In accordance with the embodiments disclosed
herein, MEMS capacitive differential pressure sensors are
employed.

A cross section of a MEMS capacitive differential pressure
sensor 20 in accordance with one embodiment is shown in
FIG. 2. This sensor comprises a silicon substrate (i.e., base)
22, a peripheral wall 24 which extends upward from the
substrate 22, and a deformable diaphragm membrane 30 hav-
ing a peripheral portion attached to the peripheral wall 24.
The volume of space bounded by substrate 22, peripheral wall
24, and diaphragm membrane 30 forms a cavity 26 which, as
explained in more detail below, will be occupied by air at a
static pressure. The diaphragm membrane 30 is shown in an
undeformed state, meaning that the internal and external pres-
sures (indicated in FIG. 2 by respective sets of opposing
arrows) acting on the opposites sides of the membrane are
equal.

The MEMS capacitive differential pressure sensor 20
depicted in FIG. 2 further comprises a bottom electrode 28
formed on the upper surface of the substrate 22 and a top
electrode 32 formed on the inner (i.e., lower as seen in FIG. 2)
surface of the diaphragm membrane 30. Both electrodes are
made of electrically conductive material. As will be described
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in more detail later with reference to FIG. 3B, during flight of
the aircraft the outer (i.e., upper as seen in FIG. 2) surface of
the diaphragm membrane 30 will be subjected to the external
pressure being exerted by the air flow in the channel while the
inner surface of the diaphragm membrane 30 will be sub-
jected to the internal static pressure being exerted by the air in
cavity 26, which air is in fluid communication with the static
air within the body of the conformal surface (not shown in
FIG. 2, but see static pressure chamber 36 in FIG. 3B).

For convenience, the operation of the MEMS capacitive
differential pressure sensor 20 depicted in FIG. 2, during
flight of the aircraft on which it is mounted, will be briefly
described here. When the external pressure being exerted on
the outer surface of diaphragm membrane 30 is greater than
the internal pressure (i.e., the pressure inside cavity 26) being
exerted on the inner surface of diaphragm membrane 30, the
top electrode 32 deflects towards the bottom electrode 28 and
the effective capacitance increases. The electrical field (and
capacitance) will change linearly as a function of the distance
between the two electrodes. The smaller the gap, the higher
the capacitance value. The air speed can be estimated based in
parton such changes in capacitance, which changes in capaci-
tance are in turn a function of the pressure difference across
the diaphragm membrane 30.

MEMS pressure sensors are calibrated by applying one
pressure while capturing the raw data from the pressure sen-
sor and an accurate measurement from a high-accuracy NIST
(National Institute of Standards and Technology) calibrated
reference sensor. This sequence is repeated for many pressure
set points and the captured sensor data are then run through a
compensation algorithm to determine a linear fit for the sen-
sor output. Calibration coefficients, such as offset and gain,
are calculated in this process. The air speed measuring system
disclosed herein uses integrated devices in which these coef-
ficients are stored in onboard non-volatile memory to very
accurately report a measured pressure which has been fully
compensated for external factors. These pressure values can
then be communicated to an air speed processor, as will be
described in detail later with reference to FIGS. 4 and 6.

Miniaturized capacitive sensors, such as MEMS-based
sensors, have one potential problem, that is, parasitic effects
such as environmental noise, parasitic capacitance and leak-
age resistance. These effects are much less pronounced for
piezoresistive devices. These parasitic effects are inherently
related to miniaturization in the case of a capacitive device.
Downscaling of the sensor dimensions implies downscaling
of'the active capacitance values to a few femtofarads. Hence,
high output impedance and noise sensitivity cannot be
avoided and the effects of stray capacitance becomes more
dominant. Thus, signal conditioning must be done in close
proximity to the pressure sensor, i.e., within the sensor pack-
age itself.

2. Conformal Surface Structure with Air Channels

The conformal air speed sensors in accordance with the
embodiments disclosed herein further comprise a partially
flexible conformal surface structure with air channels and
holes for MEMS capacitive differential pressure sensor input
as well as static air intake. The conformal surface 40 is made
of a flexible material, such a metal or a plastic. As depicted in
FIG. 5, the flexible conformal surface 40 of the conformal air
speed sensor 38 (with multiple air channels) can be posi-
tioned on the curved surface 48 of an airplane fuselage (i.e.,
hull) with the air channels positioned so that the air stream
flows parallel to the air channel direction to ensure correct
measurement of air speed. The flexibility of the conformal
surface 40 allows the conformal air speed sensor 38 to con-
form to the contour of the exterior surface 48 of the aircraft
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fuselage. When the air flows as a result of motion through the
air by the airplane, some air flows through each air channel.
This air then is subject to the design of the air channel, which
can be designed to transform the air velocity (and hence the
air pressure) into a pressure within the measurement range of
the MEMS capacitive pressure sensor in that air channel.

FIG. 3A shows a top view of a portion of an air channel 34
with a pair of placed MEMS capacitive differential pressure
sensors 20 in accordance with one embodiment. (In the alter-
native, one pressure sensor or more than two pressure sensors
can be placed in each air channel.) The arrows in FIG. 3A
represent airflow through the air channel 34, with thicker
arrows representing higher air velocity. The air velocity
decreases parabolically with increasing distance from the
center of the air channel 34 to zero. The MEMS capacitive
differential pressure sensors 20 are positioned so that the
maximum differential pressure falls within the sensor range
but with minimal turbulence.

FIG. 3B represents a sectional view of the air channel 34
depicted in FIG. 3A, the section line being taken through the
center of a MEMS capacitive differential pressure sensor 20.
The air channel 34 is formed in the conformal surface. Por-
tions 40a through 40d of a conformal surface are shown in
FIG. 3B, wherein exterior portions 40a and 404 form part of
the exterior of the conformal surface, and air channel wall
portions 405 and 40c¢ form a pair of walls of the channel 34. In
this example, the air channel 34 is designed with air channel
wall portions 405 and 40c¢ that restrict the air flow in a
designed manner such that when the width of the air channel
34 is decreased, the air velocity increases and hence the air
pressure decreases at certain designed locations. This is used
to match the pressure range of the selected MEMS pressure
sensor (in this case the MEMS sensor range is less than the
total pressure minus static pressure at the highest air speed
being designed for). The air channels can even use multiple
reduction stages as well as other shape manipulations such as
small ridges or dimples that not only reduce air flow velocity,
but also reduce or change air turbulence to help with consis-
tent air pressure measurement.

In FIG. 3B, a MEMS capacitive differential pressure sen-
sor is indicated symbolically by a pair of horizontal lines
respectively representing the diaphragm membrane 30 (with
top electrode 32 not shown) and the silicon substrate 22 (with
bottom electrode 28 not shown). As seen in FIG. 3B, the air
channel 34 is occupied by air flow having a total pressure,
which air flow is in fluid communication with a space above
the diaphragm membrane 30. The cavity 26 between dia-
phragm membrane 30 and silicon substrate 22 is in fluid
communication with a respective static pressure chamber 36.

FIG. 5A is a diagram representing a top view of a MEMS-
based conformal air speed sensor 38 comprising a conformal
surface 40 having three air channels 34a-34c¢. During flight of
the aircraft to which the air speed sensor is mounted, air flow
atapressure P, and a velocity V, enters the air channels at the
forward end of the air speed sensor 38, as indicated by a set of
parallel arrows on the right-hand side of FIG. 5A. Each of the
air channels 34a-34c¢ has a constriction. A respective port is
provided in the bottom of each air channel at the respective
constriction. Respective MEMS air pressure sensors 20a-20c¢
are installed below these ports. In the constricted portion of an
air channel, the air flow will have a pressure P, (less than P,)
and a velocity V, (greater than V). The air speed sensor 38
further comprises one or more static input ports (not visible in
FIG. 5A) at the back end of the air speed sensor. These static
input ports are in fluid communication with the static pressure
chambers 36a-36¢ shown in FIG. 6. The ambient air entering
the static input ports has a pressure P and a velocity V.
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FIG. 5B is a diagram representing a sectional view of the
MEMS-based conformal air speed sensor 38 depicted in FIG.
5A, the section being taken through the MEMS pressure
sensors 20a-20c which lie below respective air channels 34a-
34c. In the embodiment depicted in FIG. 5B, the conformal
air speed sensor 38 comprises a conformal surface 40 and a
backside surface 42 connected by a multiplicity of interior
ribs 44, which structures are made of flexible plastic material.
The interior spaces of the conformal air speed sensor 38
depicted in FIG. 5B may be filled with thermal gel 46 for
heating purposes, as explained in detail below. The conformal
air speed sensor 38 is tapered on both sides and at the leading
and trailing edges thereof. The MEMS pressure sensors 20a-
20c shown in FIG. 5B are in fluid communication with a static
pressure channel 35, which may in turn be in fluid commu-
nication with a plurality of static pressure chambers (not
shown in FIG. 5B) similar in structure to static pressure
chambers 36a-36¢ shown in FIG. 6.

FIG. 6 depicts components of a conformal air speed sensor
having a conformal surface made of metal in accordance with
an alternative embodiment. The upper portion of FIG. 6 rep-
resents a sectional view (not drawn to scale; exaggerated in
depth) of a conformal surface equipped with a plurality of
MEMS pressure sensors 20a-20c¢ (not showing curved
tapered shape as mounted), while the lower portion of FIG. 6
is a block diagram showing associated electrical components.
In the embodiment depicted in FIG. 6, the conformal surface
40 and the backside surface 42 (as well as a plurality of
interior ribs not shown) are made of a flexible metal. (As used
herein, the term “metals” includes pure metals and metal
alloys.) The conformal surface 40 is formed with three air
channels 34a-34c¢. In FIG. 6, the section is taken in a plane
that passes through the plurality of MEMS pressure sensors
20a-20c¢ in the constricted regions of the respective air chan-
nels 34a-34c. The conformal air speed sensor depicted in
FIG. 6 further comprises a plurality of static pressure cham-
bers 36a-36¢ disposed underneath respective MEMS pres-
sure sensors 20a-20c¢. The static pressure chambers 36a-36¢
are in fluid communication with each other via static pressure
channels 35¢ and 35b. A multiplicity of resistive heating
wires 58 are attached to the metallic conformal surface 40 for
heating purposes, as described in detail below.

3. Air Speed Estimation Processor

As depicted in FIG. 6, the analog signals from each of the
MEMS differential pressure sensors 20a-20c are conditioned
by arespective MEMS differential pressure signal condition-
ing circuit 60. The conditioned analog signals are then con-
verted into digital signals by an analog-to-digital converter
62. The system further comprises an air speed sensor digital
processor 64 that processes the digital signals. This digital
processing includes determining the changes in capacitance
of the plurality of MEMS differential pressure sensors 20a-
20¢ and computing a final air speed estimate. Calibration
coefficients, such as offset and gain, are stored in non-volatile
memory 66, which calibration coefficients are used by the air
speed sensor digital processor 64 to very accurately report a
measured pressure which has been fully compensated for
external factors. The electronic circuitry depicted in FIG. 6 is
powered by an electrical power supply 68, which in turn
receives electrical power from the aircraft.

FIG. 4 is a block diagram showing the redundant air speed
processing. The air speed sensor digital processor takes the
corrected differential air pressure measurements P, through
P,, (either in analog or digital form) from the array of n MEMS
sensors and produces a single air speed estimate. To make an
accurate estimate requires closely coupling the air speed cal-
culation with a computational fluid dynamics (CFD) simula-
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tion that produces the pressure field at the location of each
MEMS sensor under specific air flow conditions. The process
is as follows:

1. Design the air channel shape to achieve the desired
pressure reduction ratio.

2. Develop a CFD simulation (typically using either
Navier-Stokes equations or the lattice-Boltzmann method) of
the air channel that produces pressure field estimates across
the air channel.

3. Generate air flow at a number of representative velocities
and estimate simulated pressure fields at the MEMS pressure
sensor locations.

4. Design a mathematical transform T,(P,,p) that takes
differential pressure measurements P, at position k and air
density p (which can be estimated in various ways, including
using the pressure measurements P, and temperature mea-
surements T at the static port), and produces air speed esti-
mates from the CFD simulation model.

5. Perform a calibration step with measured air speed on
the actual air channel mounted on an aircraft or aircraft struc-
ture in a wind tunnel.

6. Modify the mathematical transform T, (P,.,p) to account
for measured performance.

The air speed sensor digital processor then implements
these transforms on the differential pressure measurements
from MEMS pressure sensor by throwing out outliers to
produce a more accurate mean value of the final air speed
estimate. The details are shown in the block diagram of FIG.
4. The air speed sensor digital processor receives the differ-
ential pressure measurements P, through P, from the first
through n-th MEMS pressure sensors and applies the trans-
forms in step 50 to produce respective air speed estimates.
These air speed estimates are output to switches 52 and, if
those switches are open, received and processed by a software
module 54 that computes the mean of the respective air speed
estimates for each set during successive intervals of time. The
resulting mean values are output as successive air speed esti-
mates over time. The state of the switches 52 is controlled by
a switch control circuit 56 that is configured to delete air
speed estimates which are too far from the previous mean air
speed estimate, thereby filtering out outlier values.

4. Thermal Transfer with Heating Elements

To prevent build-up of ice on the externally mounted con-
formal air speed sensors disclosed herein, the conformal sur-
face can be heated. Since the conformal surface structure is
flexible to accommodate mounting on aircraft with varying
external curvature on its surfaces, the surface heating should
not interfere with that flexibility. The following two options
may be employed:

(1) As depicted in FIG. 6, a resistive heater may be pro-
vided which comprises a multiplicity of wires 58 attached to
the underside of the exterior portions of the conformal surface
and/or adjacent to the air channel wall portions of the confor-
mal surface. This is appropriate if the conformal surface 40 is
made of metal or some other thermally conductive material.
Heating of the wires 58 is controlled by an air speed sensor
heater control circuit and drive circuit 70. The control circuit
is responsible for turning the heating circuit on or off, tracking
the temperature and sending out heater status to the control-
ling computer; the drive circuit is a high-ampere circuit that
delivers electricity directly to the heating wires 58.

(2) Referring now to FIG. 5B, a heating element (not shown
in FIG. 5B) may be provided within a thermally conductive
gel 46 that fills the spaces between the conformal surface 40
and backside surface 42 (except for cavities within which the

20

25

30

35

40

45

50

55

60

65

10

static pressure resides). This is appropriate for non-thermally
conductive conformal surfaces such as those made from plas-
tics.
Design Calculations

Bernoulli’s equation in the form used for Pitot tube calcu-
lations states that

P
z vi= Piotat = Psraric

where p is the air density at a given altitude, V is the air flow
speed at a given point on a streamline, P_,,.... is the static air
pressure of the aircraft under the particular atmospheric
weather conditions, and P, ,, is the total air pressure experi-
enced as a result of the air flow caused by the motion of the
aircraft. As a result of the squared velocity factor, the total air
pressure can be significantly higher than the static atmo-
spheric pressure when an aircraft is traveling at 600 mph or
269 meters per second (m/sec), as is quite typical during most
of an airliner’s cruise phase.

Suppose that the MEMS pressure sensor has a pressure
range 0 to R kPa. Here R=0.5 Torr or 3.25 kPa for some very
sensitive sensors with a five decades resolution or R=7 kPa
with a 4000x resolution. Using the 7 kPa range with an air
speed range of 0 to 300 m/sec with a 4000x resolution, the
result is the air speed resolution estimate (as a function of air
speed) shown in FIG. 7. Here the air channel design must
reduce the total pressure by a factor of 3x at 300 nm/sec to
place the total pressure within the range of the pressure sen-
sor.

Principle of Operation

The principle of operation of the devices disclosed herein is
a modification of the Venturi effect for measuring flow in
liquids and gases. The Venturi effect is based on using a
“funnel” to constrain the flow of fluid. As the cross-sectional
area of a funnel-shaped air channel decreases, the velocity of
the fluid increases and the pressure correspondingly
decreases. This is because, according to the laws governing
fluid dynamics, a fluid’s velocity must increase as it passes
through a constriction to satisty the principle of continuity.
Conversely, its pressure must decrease to satisfy the principle
of conservation of mechanical energy. Thus any gain of the
fluid’s kinetic energy due to its increased velocity through a
constriction is negated by a drop in its pressure. This principle
is used to create Venturi meters to measure volumetric flow
rate. This effect is modified by only having a partially con-
strained flow as shown in FIGS. 3A and 5A, so that this effect
is reduced, but still present.

Specifically a near conformal shape should be designed
with air channels formed in the conformal surface to constrain
the air flow transverse to the conformal surface, but not per-
pendicular to the conformal surface. This “open-air Venturi
surface” has been studied in other contexts, such as with
constrained building configurations. By designing a near-
conformal air speed sensor surface with restrictive channel
shapes as shown in FIGS. 3A and 5A, one can increase the air
velocity amplification factor K to a designated value. This
may be done using one or more designed channel restrictions
in series. By increasing the air flow rate, the pressure can be
decreased by the same factor. Thus one can achieve (for
example) the 3x reduction mentioned in the example dis-
closed above. From measurements within the air channels, a
final air speed velocity can be estimated. This is explained
mathematically below.
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Using the notation in FIG. 5A for air flow velocities and Nor should they be construed to exclude two or more opera-
pressures, Bernoulli’s principle states that tions being performed concurrently or alternatingly.

The invention claimed is:

1. An apparatus comprising:

a flexible structure having an exterior surface with a first
open air channel having a bottom with first port; and

P
Pi=Pr=5(Vi-V)

Thus the desired air speed V, is related to the higher con- a first pressure sensor installed in said flexible structure in
strained velocity V, and their inversely related pressures, a position underneath and in fluid communication with
along with the atmospheric density p. Now p can either be 10 said first port.

estimated using other altitude and temperature measurements 2. The apparatus as recited in claim 1, wherein said flexible
or measured directly using the pressure P, and temperature T, structure comprises a static pressure input and a static pres-
at the static air port and the ideal gas law relationship sure chamber in fluid communication with said static pressure

15 input, said first pressure sensor being in fluid communication
with said static pressure chamber.
=p 3. The apparatus as recited in claim 1, wherein said first
pressure sensor is a capacitive differential pressure sensor
comprising a microelectromechanical system.
where R .. is the specific gas constant for air. Also, P, and P, 20 4. The apparatus as recited in claim 1, wherein said first
are related via Bernoulli’s principle as pressure sensor comprises a deformable diaphragm mem-
brane having a first electrode formed thereon and a substrate
having a second electrode formed thereon, said first and sec-
ond electrodes being separated by a distance which is a func-
25 tion of a deflection of said deformable diaphragm membrane.
5. The apparatus as recited in claim 1, wherein said first
Thus one can find V., as open air channel comprises a constricted portion, said first
port being disposed at a bottom of said constricted portion of
said first open air channel.

P 30 6. Theapparatus as recited in claim 1, wherein said exterior
2= Fs
Y p/2

el
Pr=P=3(VD)

V= surface of'said flexible structure has a second open air channel
having a bottom with a second port, said apparatus further
comprising a second pressure sensor installed in said flexible
By designing a velocity amplification factor into the air speed structure in a position underneath and in fluid communication

sensor surface channel of K=V,/V,, the final estimate for V, 35 with said second port. L . ..
is obtained. 7. The apparatus as recited in claim 6, further comprising:

These calculations are for ideal incompressible gases. To afirst signal conditioning circuit connected to condition an

account for the additional non-linear effects of both the CFD analog signal output by said first pressure sensor;
. . : a first analog-to-digital converter connected to convert a
simulation results and compression as well as real world .. . . .
. . . . 40 conditioned analog signal output by said first signal
effects of turbulence, the simple linear relationship defined by e Lo S .
K b laced with th form T.(P conditioning circuit into a first digital signal;
a constant can be replace with the transform T¢(P,,p) at a second signal conditioning circuit connected to condition
each sensor location.

. an analog signal output by said second pressure sensor;
In summary, the concept of a MEMS-based conformal air a second analog-to-digital converter connected to convert a

speed sensor has been disclosed to address the icing and 4 conditioned analog signal output by said second signal
blockage problems inherent in standard Pitot tube air speed conditioning circuit into a second digital signal; and
sensors. This MEMS-based conformal air speed sensor chan- a processor programmed to calculate an air speed estimate
nels air flow over its channeled surface and measures relative taking into account said first and second digital signals.
air pressure between the air flowing in the channel and the 8. The apparatus as recited in claim 1, further comprising a
static pressure under the channel to estimate the air speed of 50 heating element which is thermally coupled to said exterior
an aircraft. The conformal surface structure is made of flex- surface of said flexible structure.

ible material and can be attached to the side or bottom of an 9. The apparatus as recited in claim 8, further comprising
aircraft as an adjunct or main air speed sensor. thermally conductive gel by which said heating element is

While air speed sensors have been described with reference thermally coupled to said exterior surface of said flexible
to various embodiments, it will be understood by those skilled 355 structure.
in the art that various changes may be made and equivalents 10. The apparatus as recited in claim 1, wherein said exte-
may be substituted for elements thereof without departing rior surface of said flexible structure is made of metal or
from the scope of the teachings herein. In addition, many plastic.
modifications may be made to adapt the teachings herein to a 11. A system comprising an airplane having an exterior
particular situation without departing from the scope thereof. 60 surface and a conformal air speed sensor attached to said
Therefore it is intended that the claims not be limited to the exterior surface of said airplane, wherein said conformal air
particular embodiments disclosed herein. speed sensor comprises:

The method claims set forth hereinafter should not be a flexible structure having an exterior surface with a first
construed to require that the operations recited therein be and second open air channels formed therein;
performed in alphabetical order (alphabetical ordering inthe 65  a first capacitive differential pressure sensor installed in
claims is used solely for the purpose of referencing previously said flexible structure in a position underneath and in

recited operations) or in the order in which they are recited. fluid communication said first open air channel;
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a second capacitive differential pressure sensor installed in
said flexible structure in a position underneath and in
fluid communication said second open air channel; and

electronic circuitry which is programmed or configured to
estimate an air speed of said aircraft based at least in part
on signals output by said first and second capacitive
differential pressure sensors.

12. The system as recited in claim 11, wherein said flexible
structure comprises a static pressure input and first and sec-
ond static pressure chambers in fluid communication with
said static pressure input, said first pressure sensor being
disposed between said first open air channel and said first
static pressure chamber, and said second pressure sensor
being disposed between said second open air channel and said
second static pressure chamber.

13. The system as recited in claim 11, wherein each of said
first and second capacitive differential pressure sensors com-
prises a deformable diaphragm membrane having a first elec-
trode formed thereon and a substrate having a second elec-
trode formed thereon, said first and second electrodes being
separated by a distance which is a function of a deflection of
said deformable diaphragm membrane.

14. The system as recited in claim 11, wherein each of said
first and second open air channels comprises a respective
constricted portion, said first capacitive differential pressure
sensor being disposed underneath said constricted portion of
said first open air channel and said second capacitive differ-
ential pressure sensor being disposed underneath said con-
stricted portion of said second open air channel.

15. The system as recited in claim 11, wherein said elec-
tronic circuitry comprises:

a first signal conditioning circuit connected to condition an
analog signal output by said first capacitive differential
pressure sensor;

a first analog-to-digital converter connected to convert a
conditioned analog signal output by said first signal
conditioning circuit into a first digital signal;

asecond signal conditioning circuit connected to condition
an analog signal output by said second capacitive differ-
ential pressure sensor;

asecond analog-to-digital converter connected to convert a
conditioned analog signal output by said second signal
conditioning circuit into a second digital signal; and

a processor programmed to calculate an air speed estimate
taking into account said first and second digital signals.
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16. The system as recited in claim 11, further comprising a
heating element which is thermally coupled to said exterior
surface of said flexible structure.
17. The system as recited in claim 16, further comprising
thermally conductive gel by which said heating element is
thermally coupled to said exterior surface of said flexible
structure.
18. The system as recited in claim 11, wherein said exterior
surface of said flexible structure is made of metal or plastic.
19. A method of estimating a speed of a craft that is oper-
ableto move through a fluid medium, the method comprising:
attaching a flexible structure on an exterior surface of the
craft, the flexible structure having an exterior surface
with one or more open air channels formed therein;

transmitting signals from one or more differential pressure
sensors installed underneath constricted portions of the
one or more open air channels; and

calculating the speed of the craft relative to a surrounding

fluid medium during movement of the craft, which speed
calculation is based on a density of the fluid medium and
the signals transmitted by the one or more differential
pressure sensors.

20. The method as recited in claim 19, wherein each signal
transmitted by each differential pressure sensor represents a
difference between a static pressure underneath a respective
open air channel and a total pressure in the same open air
channel.

21. The method as recited in claim 19, further comprising
conditioning analog signals transmitted by the differential
pressure sensors and converting those analog signals to digi-
tal signals.

22. The method as recited in claim 21, wherein the calcu-
lating step comprises:

transforming said digital values into respective speed esti-

mates based in part on the density of the fluid medium;
calculating a mean speed estimate based on those speed
estimates; and

filtering out subsequent speed estimates which differ from

said mean speed estimate by more than a specified
threshold.

23. The method as recited in claim 19, wherein the fluid
medium is air and the craft is an aircraft.

#* #* #* #* #*



