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[57] ABSTRACT

Two techniques for detecting vortices and their associated
circulation are disclosed. The first is termed a closed path
configuration, and the second is termed the dual path con-
figuration. These techniques are useable for the detection of
wake turbulence especially in the vicinity of airport
runways, which results from wing tip vortices generated by
aircraft during take-off and landing. The systems are similar
in that they use ultrasonic measurement techniques to deter-
mine the circulation about defined areas. The circulation is
reflective of the vorticity associated with trailing vortices,
which are manifest within the area.

37 Claims, 10 Drawing Sheets
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ULTRASONIC MONITORING METHOD AND
SYSTEM FOR WAKE TURBULENCE
USEFUL AT RUNWAYS

RELATED APPLICATION

This application claims priority from U.S. Provisional
Patent Application Ser. No. 60/048,448, Jun. 6, 1997, the
entire teachings of which are incorporated herein by this
reference.

BACKGROUND OF THE INVENTION

The traveling vortex system generated by an aircraft
constitutes the principal ingredient to wake turbulence at
airports. Typically, twin, counter-rotating vortices originate
from the wings of the aircraft, near the wing tips. The
rotational air flows are capable of upsetting, damaging, or
causing loss of control to other aircraft. The problem is most
acute in the airport environment, especially when successive
planes are taking-off and landing on the same runway or
adjacent runways.

Airport runway usage procedures have been established to
minimize the threats to safety from wake turbulence. Mini-
mum separations are used for aircraft on the same runway or
runways, which are near to each other. The safety specifi-
cations limit the takeoff and/of landing rates.

The spacings required by these regulations are tied to the
worst-case dissipation of the vortexes. The separation times
are typically on the order of two minutes. This is related to
the time it takes the vortices produced by an airplane to be
substantially dissipated such that they will not harm a
subsequent airplane on the runway, even if it is much lighter,
and smaller, than the preceding plane.

These separation times, however, are maintained even
though the vortices may have been blown clear of the
runway by crosswinds, for example. The separation times
must be maintained because there is no knowledge of vortex
position.

Systems have been proposed that utilize ultrasound to
detect wing-generated vortices. Ultrasonic-based systems
have a number of advantages including a well understood
core technology, and that existing ultrasonic transducers can
be located on the airport runway and survive the associated
environmental extremes of temperature and moisture.

SUMMARY OF THE INVENTION

The proposed ultrasonic-based systems for monitoring
wake turbulence suffer from either or both of two problems.
First, they are inaccurate and cannot well measure the
position and/or size/intensity of vortices surrounding the
runway. Moreover, other systems are extremely complex
and rely on laser systems, for example, to detect the ultra-
sonic signals after they have propagated through a region of
interest.

The present invention is directed to two techniques for
detecting vortices and their associated circulation. The first
is termed a closed path configuration, and the second is
termed the dual path configuration. These techniques are
useful for the detection of wake turbulence especially in the
vicinity of airport runways, which results from wingtip
vortices generated by aircraft during take-off and landing. It
will be appreciated, however, that the systems are also
applicable to vortex detection at or near structures, such as
buildings or stadiums, or other vehicles, such as large trucks
or boats, including sailboats. The systems are similar in that
they use ultrasonic measurement techniques to determine the
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circulation about defined areas. The circulation is reflective
of the vorticity associated with trailing vortices, which are
manifest within the area.

In general, according to one aspect, the invention features
a system for detecting airplane wake turbulence at a runway.
The system utilizes what is termed the closed path tech-
nique. Specifically, it comprises at least one ultrasonic
generator. At least one substantially closed path is defined by
at least one ultrasonic reflector. The path surrounds a region
possibly containing wake turbulence, around which ultra-
sonic signals from the generator are transmitted. At least one
ultrasonic detector is then used to detect the signals that have
traveled the closed path. Based upon the travel times. around
the closed path, a system controller predicts the existence of
wake turbulence in the region.

In specific embodiments, the substantially closed path has
a leg incorporating the runway or ground. As a result since
this leg is coincident with a solid boundary, velocity is zero
and the ultrasonic signals do not need to traverse this leg.

Alternatively, however, the generator and detector may be
essentially collocated to perform a complete closed path
analysis.

Preferably, the closed path extends perpendicularly or at
an angle relative to the centerline of the runway and encloses
a region of the airspace above the runway. This allows the
system to detect vortices generated by the wingtips of
airplanes taking-off or landing on the runway.

At least two ultrasonic generators and transducers can be
used to transmit ultrasonic signals in both directions around
the substantially closed path. Usually, the region is triangu-
lar with the detector and generator being located at or near
ground level and a reflector positioned above the runway for
transmitting the signals between the detector and generator.

In other embodiments, at least two closed paths are
defined by at least two ultrasonic reflectors surrounding two
regions. These two substantially closed paths are preferably
centered on either side of the runway and enclose a cross-
section of the airspace above the runway. The regions may
or may not be overlapping.

Further, sometimes a wind detector useful to sense wind
direction so that the system controller has additional infor-
mation as to how the vortices will move relative to the
runway and relative to other runways.

In general, according to another aspect, the invention also
features a system for detecting airplane wake turbulence.
This second system, however, uses what is termed the
two-path approach. Specifically, at least four ultrasonic
transducers are used to detect and generate ultrasonic signals
propagating in both directions along at least two paths,
which are displaced with respect to each other. A system
controller is then used to control the transducers and predict
the existence of wake turbulence in response to the travel
times for the ultrasonic signals in both directions over the
two paths.

In specific embodiments, the system controller is able to
determine a center of the wake turbulence in a region by
reference to the travel times. The two paths can be located
on either side of the runway. In the preferred embodiment,
however, four paths are used, two on either side of the
runway.

The above and other features of the invention including
various novel details of construction and combinations of
parts, and other advantages, will now be more particularly
described with reference to the accompanying drawings and
pointed out in the claims. It will be understood that the
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particular method and device embodying the invention are
shown by way of illustration and not as a limitation of the
invention. The principles and features of this invention may
be employed in various and numerous embodiments without
departing from the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters refer to the same
parts throughout the different views. The drawings are not
necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention. Of the drawings:

FIG. 1 is a schematic diagram showing a system for
closed path vortex detection according to the present inven-
tion;

FIG. 2 is a schematic diagram showing an inventive
vortex detection system using a substantially closed path;

FIG. 3Ais a schematic diagram illustrating deployment of
the inventive vortex detection system at an airport runway to
detect vortices generated by a plane at its wingtips;

FIG. 3B is a top plan view of the inventive vortex
detection system;

FIGS. 4A—4D show the movement of the vortices due to
a crosswind at successive time intervals relative to the
vortex detection system of FIGS. 3A and 3B;

FIG. 4E shows the At or circulation as a function of time
recorded by the system controller based on the response
from the detectors of the vortex detection system of

FIGS. 3A and 3B with the crosswind shown in FIGS.
4A—4D;

FIG. 5 is a schematic diagram illustrating a twin closed
path embodiment of the inventive vortex detection system;

FIGS. 6A and 6B show the position of the vortices with
a crosswind relative to the vortex detection system of FIG.
5;

FIG. 6C is a plot of At as a function of time for each path
of the vortex detection system of FIG. § with the crosswind
shown in FIGS. 6A and 6B;

FIG. 7 is a schematic drawing showing a twin off-set
closed path embodiment of the inventive vortex detection
system,

FIG. 8A and 8B show the progress of the vortices at
successive time intervals, assuming a crosswind relative to
the inventive vortex detection system of FIG. 7;

FIG. 8C is a plot of At as a function of time for the vortex
detection system of FIG. 7 with the crosswind shown in
FIGS. 8A and 8B;

FIG. 9 is a schematic drawing showing a closed-path
outside-the-runway embodiment of the inventive vortex
detection system;

FIG. 10 is a graph of the At measured along paths P1 and
P2 with a crosswind by the inventive vortex detection
system of FIG. 9;

FIG. 11 is a dual path embodiment of the inventive vortex
detection system in which two paths are located on either
side of the runway; and

FIG. 12 shows the At measured between the inside and
outside paths as a function of time for the vortex detection
system of FIG. 11.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The trailing vortices from airplanes contain compact
regions v of intense vorticity. This is, in fact, the cause of the

4

rotating flow. It is possible to determine the amount of
vorticity through a related measure, termed circulation.
Circulation is determined by the line integral:

5 F=56le

where dl is the small length element along the path.
Equivalently:

I'=[,wdA
where A is the area enclosed by the path, dA is an infini-
tesimally small element of area enclosed by the path, and w
is the vorticity at the location.

The line integral can be carried out mechanically using
sound propagation along the path. The path of sound deter-
mines the line and the velocity is automatically resolved into
the path direction. The degree to which the sound propaga-
tion time is lengthened or shortened in one circuit of the path
is a direct measure of the circulation.

FIG. 1 shows a closed path vortex detection system,
which implements features of the present invention. Source
110 generates the ultrasonic signal and reflectors 112, 114,
116 guide the signal 118 around the closed path P surround-
ing the vortex v to reach the receiver 120.

Since the speed of sound may vary as, for example, due
to pressure, or temperature, it is beneficial to transmit
ultrasound in both directions simultaneously. Such a modi-
fication is made to the FIG. 1 embodiment by adding a
generator 110" near detector 120 and a detector 120" near
generator 110 and using reflectors 112, 114 to guide the
signals going in both directions. In one direction, the sound
speeds up while in the other direction it slows down due to
the air flow associated with the vortex. The net result for the
circulation is independent of the speed of sound and hence
temperature.
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60  FIG. 2 is a schematic diagram showing vortex detection

along a substantially closed path P surrounding a vortex.
When a portion of a path is coincident with a solid boundary,
runway 10, then the velocity is zero and there is no contri-
bution to the integral. This fact can be used to simplify the
detection scheme by not requiring a fill path.

The main advantage of the closed path technique gener-
ally is that it does not assume any prior knowledge regarding

65
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the vortex or its location, as long as the closed path is large
enough to cover the possible areas where the vortex may
exist. The ground acts as the third segment closing the path.
One or two pairs of ultrasound transducers as well as at least
one reflector 112, 114 for each pair are needed in the
arrangement shown. The reflector has to be mounted on top
of a pole on the side of runway. If two pairs of transducers
are utilized, they would be closely spaced and each
transmitter/receiver pair only fires in one direction (cw or
ccw). On the other hand, if only one pair is used, the
transmitter/receiver pair has to fire alternatively in the cw
and ccw directions to get the two travel times of t; and t,
respectively. The difference between these two times, At,
provides the circulation if the local sound speed is known.

FIG. 3A is a schematic diagram illustrating the deploy-
ment of a vortex detection system at an airport runway
according to the present invention. Specifically, a plane 11
traveling down the runway 10 generates vortices v at its
wing tips. These vortices will rotate counter to each other.
The plane passes through a region surrounded by path P and
defined by an ultrasonic generators 110A 110B. ultrasonic
detectors 120A, 120B, and two ultrasonic reflectors 112,
114. (The combination of a detector and generator is refer-
enced by number 111.) The reflectors are supported on poles
113.

As shown in FIG. 3B, in order to maximize the sensitivity
to the wing tip vortices, the path P is at least partially
perpendicular to the axis of the runway 10 and the direction
of the airplane’s travel. However, the path P could be angled
at an acute angle relative to the runway’s axis.

As shown in FIGS. 4A—4C, if a crosswind from the left
side of the runway 10 to the right side of the runway is
assumed, the difference in the transit times for the ultrasonic
sound in each direction along path P will change with time.
Specifically, while both vortices are still within the region R
defined by path P. as shown in FIG. 4A, the total circulation
is or near zero because the vortices in effect cancel each
other out.

As the right vortex, spinning in the counterclockwise
direction, begins to leave the region R, a difference in transit
times in each direction will begin to be detected by system
controller 130. This will become large as shown in FIG. 4C
when the center of one of the vertexes has completely exited
the region R and then will tend towards zero as both vortices
leave the region R as shown in FIG. 4D.

FIG. 4E graphs the change in At, which is defined as the
difference in the ultrasonic sound propagation time in each
direction along path P. It peaks at time intervals correspond-
ing to FIG. 4C when one of the vortices is within and the
other is without the region R defined by the closed path.
These results are compared to the expected vortex move-
ment based on the wind direction data from sensor 115.

FIG. 5 shows another embodiment in which the system
controller 130 detects the vortices using bidirectional ultra-
sonic signal propagation along two substantially closed
paths, termed the twin closed path embodiment.

Specifically, a left closed path P1 is defined by two pairs
of transducers, generators 110A, 110B, detectors 120A,
120B, and reflector 112. Specifically, generator 110A gen-
erates a signal detected by detector 120A and generator
110B generates a signal which is detected by detector 120B.
This arrangement enables detection of the propagation times
of the signals in both directions along path P1. Similarly,
generators 110D, 110D, detectors 120D, 120E, and reflector
114 enable the controller 130 to determine the propagation
times around path P2.

If a crosswind is assumed as shown in FIGS. 6A and 6B,
the time difference At measured by path P1 will peak and
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then slowly drop as the left vortex leaves the path P1. Path
P2 will show large changes in the At around the closed path
as the counter-clockwise rotating vortex leaves the region of
path P2 and the clockwise vortex enters the region of path
P2.

FIG. 6C is a plot of At for paths P1 and P2 as a function
of time showing the differences in the propagation times
measured by the system controller 130. The resulting sig-
nature is used by the controller 130 to determine if the
vortices have left the region of the runway 10, and thus
allowing the controller to signal the next airplane that it is
safe to take-off or land. Further information from a wind
direction indicator is used in some embodiments to augment
the information to the controller 130.

FIG. 7 shows a twin offset closed path embodiment of the
inventive vortex detection system. In this embodiment, two
substantially closed paths P1, P2 are used, which overlap
each other, each being triangular and extending across the
runway 10. As before, generators 110A, 110B, detectors
120A, 120B, and reflector 112 are used to detect signal
propagation times in both directions along path P1.
Similarly, generators 110D, 110E, detectors 120D, 120E and
reflector 114 enable the controller 130 to determine the
propagation times around path P2

FIGS. 8A and 8B show the positions of the vortices
relative to the paths P1 and P2 if a crosswind is assumed.

As shown in FIG. 8C, initially, the At detected by each
path are small but the At detected by path P1 increases but
then drops to zero as the left vortex remains within the
region of the path P1 but the right vortex moves out of the
path P1. The At of path P2 increases gradually and peaks
when the left vortex is within the path and the right vortex
is without the path as shown in FIG. 8B.

FIG. 9 shows an embodiment of the vortex detection
system in which the regions defined by both closed paths P1
and P2 are outside the runway 10. Specifically, generators
110A, 110B, detectors 120A, 120B, along with reflector 112
detect At for path P1, and generators 110D, 110E, detectors
120D, 120E, and reflector 114 detect At for path P2.

As shown in FIG. 10, the FIG. 9 embodiment has the
disadvantage that it will not initially detect any vortices.
Only as the vortices are blown into region P2 is a At along
the path of P2 detectable as the right and left vortices
successively pass through the region of path P2.

FIG. 11 shows an arrangement in which four sets of
transducers 111 are located on either side of the runway to
establish four straight line bidirectional paths.

In this scheme two pairs of transducers 111-1, 111-3 are
spaced a specific distance s (of the order of a few meters)
apart at the level of the runway 10 and another two pairs of
transducers 111-2, 111-4 are spaces a distance s apart above
the runway over the first two pairs of transducers. Each pair
comprises an ultrasonic generator and detector that
transmits/receives in both up and down directions. By
assuming a certain relationship for the decrease of the vortex
tangential velocity, such as v=I'/2mr away from the vortex
center, both the vortex center as well as its strength can be
determined by this arrangement. Of course other tangential
velocity profiles in the far field of the vortex can also be used
provided that they match the observed data.

Case i, single pair of transducers: need to know: 1)
distance between vortex center, a, and path between
@%@, L, i.e., distance between transducer pairs 111-1 and
111-2, inside of path P2:
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If we assume Ve = T

where I' is circulation and r is the radial distance from the
vortex center.

L la
Time of travel @ - @ Iop = — — ——t
¢ 7e?A

()
an~ ! —
2A
la

where ¢ = local sound speed & A% = 4% + —
2nc

e

la

L
Time of travel @ - @ Thoy=—-——
¢ wcrA

AT=T,, - T 2o *1( L
=To —Tiop = ——tan | —
1 122 = T2a ZA]

. . 7c? Ala
or vortex circulation I' = —(AT){i}
2 tan"}(L/2A)

Therefore, need to know L, a, ¢, measure either AT or

T2

Toey

Assumed V,,,..=I'/2mr
Case ii two pairs of transducers, a distance s, apart dual path
approach.

r
If we assume V10 is —
2rr

la
Tip=—-

L -
tan’l(—] where A = \/a2 +Ta/2rc
¢ mcta 2A

or

2la

L
AT =T ~Tin = —tan’l(—] but we don't know a.
ncta 2A

In similar manner relative to transducer pairs 111-3 and
111-4 for outside path P2:

T34 =

L T(a+s)

c 7c?B

[la +s)]Y2

C

(a+s)2 +

(L
tan (—] where B =
2B

Ma+s) (L
ATy =Ty 3 - T34 = tan ( ]

7ctB 2B

If we measure AT, and AT;,, we can calculate both I" and
a. Note that s cannot be too small in comparison with a. If
it is, then AT, and AT;, become nearly identical. One can
also use only T, _,, and T,_,, or any 2 relationships out of
the four for T, ., T, ,;, T5 .4, T, .5to getboth I and a. But
we expect using AT, and AT;, to result in the most accurate
data.

FIG. 12 shows the (AT,,-AT,,, for paths P1 (inside and
outside) and (AT,,-AT,,, for paths P2 (inside and outside)
as a function of time assuming a crosswind, from left to right
in FIG. 11.

This embodiment supports the four bidirectional paths,
two on each side of the runway. Separation between the
transducers in each pair should not be too small otherwise
interference for the difference between the two paths will be
detectable. The time differences between the inside and
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outside paths for paths P1 slowly diminishes as the left
vortex slowly moves away from the path. In contrast, for
path P2, there is a positive peak as the right vortex moves
through path P1 and then a negative peak as the left vortex
moves through paths P2.
Lastly, the closed paths and the two-single path schemes
may be combined where a single pole on each side of the
runway can support the two single transmitters as well as the
closed path reflector. This way the circulation obtained by
the closed path can be compared against that found from the
two single paths to verify the latter measurements.
While this invention has been particularly shown and
described with references to preferred embodiments thereof,
it will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the spirit and scope of the invention as
defined by the appended claims. For example, those skilled
in the art will recognize or be able to ascertain using no more
than routine experimentation, many equivalents to the spe-
cific embodiments of the invention described specifically
herein. Further, it should be appreciated that a combined
generator/sensor could be implemented is a single device.
Such equivalents are intended to be encompassed in the
scope of the claims.
What is claimed is:
1. A system for detecting airplane wake turbulence at a
runway, the system comprising:
at least one ultrasonic generator;
at least one substantially closed path defined by at least
one ultrasonic reflector surrounding a region possibly
containing wake turbulence, around which ultrasonic
signals from the at least one generator is transmitted;

at least one ultrasonic detector that detects the ultrasonic
signals traveling the closed path; and

a system controller that predicts an existence of wake

turbulence in the region in response to travel times for
the ultrasonic signals over the closed path.

2. Asystem as described in claim 1, wherein the substan-
tially closed path has a leg incorporating the runway.

3. Asystem as described in claim 1, wherein the ultrasonic
generator and ultrasonic detector are nearly collocated to
provide a closed path.

4. A system as described in claim 1, wherein the substan-
tially closed path extends at least partially perpendicular to
the runway.

5. A system as described in claim 1, wherein the substan-
tially closed path encloses airspace above the runway.

6. A system as described in claim 1, further comprising at
least two ultrasonic generators and ultrasonic detectors for
transmitting the ultrasonic signals in both directions around
the substantially closed path.

7. A system as described in claim 1, wherein one or
multiple transducers are used that simultaneously function
as the at least one ultrasonic generator and the at least one
ultrasonic detector.

8. Asystem as described in claim 1, wherein the region is
triangular with the at least one detector and generator being
located at ground level and the reflector being located above
the runway.

9. A system as described in claim 1, wherein an axis
connecting the generator and detector extends at least par-
tially transversely to a center line of the runway.

10. A system as described in claim 1, further comprising
at least two substantially closed paths defined by at least two
ultrasonic reflectors surrounding two regions, possibly con-
taining wake turbulence, around which ultrasonic signals
from generators are transmitted.
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11. Asystem as described in claim 10, wherein the at least
two substantially closed paths are centered on either side of
the runway.

12. A system as described in claim 10, wherein the two
regions both extend at least partially perpendicularly to the
runway.

13. A system as described in claim 10, wherein the two
regions are triangular with detectors and generators being
located at ground level and reflectors being located above
the runway.

14. A system as described in claim 13, wherein the
reflectors are located on either side of the runway.

15. Asystem as described in claim 10, wherein the regions
are overlapping.

16. A system as described in claim 1, further comprise a
wind detector of detecting predominate wind direction.

17. A system for detecting airplane wake turbulence,
comprising:

at least four ultrasonic transducers which generate and

detect ultrasonic signals propagating in both directions
along at least two paths spaced with respect to each
other; and

a system controller that controls the at least four ultra-
sonic signal transducers and predicts an existence of the
wake turbulence in response to travel times for the
ultrasonic signals over both directions of the at least
two paths.

18. A system as described in claim 17, wherein the system
controller determines a center of the wake turbulence in a
region by reference to the travel times in both directions
along both paths.

19. A system as described in claim 17, wherein the two
paths are located on either side of a runway.

20. A system as described in claim 17, further comprising
at least four paths, two paths on either side of a runway.

21. Asystem as described in claim 20, wherein the system
controller determines a center of the wake turbulence in a
region by reference to the travel times in both directions
along both paths.

22. A method for detecting turbulence, the method com-
prising:

transmitting ultrasonic signals in both direction around a
substantially closed path;

reflecting the ultrasonic signals using reflectors to estab-
lish the closed path;

determining travel times for the ultrasonic signals in both
directions of the closed path; and

comparing the travel times to predict an existence of
turbulence in airspace enclosed by the path.
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23. A method as described in claim 22, wherein in the
airspace is above a runway.
24. A method as described in claim 22, wherein the
airspace is near a structure.
25. A method as described in claim 22, wherein the
airspace is near a vehicle.
26. A method as described in claim 22, wherein the
substantially closed path has a leg incorporating a runway.
27. A method as described in claim 22, wherein the
substantially closed path extends at least partially perpen-
dicular to a runway.
28. A method as described in claim 22, wherein the
substantially closed path encloses airspace above a runway.
29. A method as described in claim 22, further comprising
transmitting the ultrasonic signals in both directions around
at least two substantially closed paths defined by at least two
ultrasonic reflectors.
30. A method as described in claim 29, further comprising
centering the at least two substantially closed paths on either
side of a runway.
31. A method for detecting airplane wake turbulence,
comprising:
transmitting ultrasonic signals in both directions along at
least two paths spaced with respect to each other; and

predicting an existence and location of the wake turbu-
lence in response to travel times for the ultrasonic
signals over both directions of the two paths.

32. A method as described in claim 31, further comprising
determining a center of the wake turbulence in a region by
reference to the travel times in both directions along both
paths.

33. A method as described in claim 31, further comprising
locating the two paths on either side of a runway.

34. A system as described in claim 1, wherein the at least
one ultrasonic reflector is mounted above the runway on a
pole.

35. A method as described in claim 22, further comprising
the step of mounting the reflector above the runway on a
pole.

36. A system as described in claim 1, wherein the travel
times of the ultrasonic signals traveling over multiple legs of
the closed path are integrated to predict an existence of wake
turbulence.

37. A method as described in claim 22, further comprising
the step of integrating the travel times of the ultrasonic
signals over multiple legs of the closed path to predict an
existence of wake turbulence.



