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[57] ABSTRACT
A method of detect the onset of turbulence in connec-

22

tion with a body moving through a fluid medium. First,
the body is supplied with sensors each for generating a
signal suitable for measuring amplitude of pressure fluc-
tuations of the medium proximate a region of said side-
wall of the body in at least a region of the body in which
turbulence is expected to occur. During a reference
stage during which the body moves through the fluid
medium when it is known that turbulence is occurring
around at least a portion of said body , the sensors each
generate reference temporal pressure data representing
fluctuations in pressure of the fluid medium around said
body. In response to reference temporal pressure data
generated by sensors in a turbulence zone at which
turbulence is occurring and sensors in a transition zone
between the turbulence zone and a laminar flow zone, a
method-of-delay phase portrait is generated for each of
a progression of selected delay intervals. These opera-
tions are repeated during an operational stage, and
phase portraits generated during the operational stage
are compared to phase portraits in response to the refer-
ence temporal pressure data from the transitional zone
and the turbulence zone, for corresponding ones of said
selected delay intervals,, and a determination of the
onset of turbulence is made in response to such compari-
son.

7 Claims, 8 Drawing Sheets
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FIGURE 2

100. RECORD SET OF REFERENCE TEMPORAL
PRESSURE DATA ALONG BODY WHEN FULL
TURBULENCE IS KNOWN

I

l
101. FILTER REFERENCE TEMPORAL PRESSURE
DATA TO REMOVE FREQUENCY COMPONENTS
OUTSIDE OF T-S REGION

I

1
102. DERIVE METHODS-OF-DELAY PHASE
PORTRAIT EMPLOYING MULTIPLES OF AN
ARBITRARILY-CHOSEN TIME DELAY

103. IN OPERATION, RECORD EXPERIMENTAL SET
OF OPERATIONAL TEMPORAL PRESSURE DATA
AT SAME POSITIONS ALONG BODY WHEN ONSET
OF TURBULENCE IS SUSPECTED

I

l
104. FILTER THE OPERATIONAL TEMPORAL
PRESSURE DATA TO REMOVE FREQUENCY
COMPONENTS OUTSIDE OF T-S REGION

I

I

¢
105. DERIVE METHODS-CF-DELAY PHASE
PORTRAIT OF OPERATIONAL TEMPORAL
PRESSURE DATA EMPLOYING MULTIPLES OF
SAME ARBITRARILY-CHOSEN TIME DELAY AS
WAS USED IN CONNECTION WITH REFERENCE
DATA

|

1
106. BASED ON COMPARISON OF REFERENCE
AND OPERATIONAL PHASE PORTRAITS, IDENTIFY
ONSET OF TURBULENCE FROM SIMILARITIES IN
SHAPE OF PHASE PORTRAITS OF
CORRESPONDING TIME DELAYS
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FIG.34

AMPLITUDE

PRESSURE SPECTRA

FIG. 3B

AMPLITUDE

PRESSURE SPECTRA

FIG. 3C

AMPLITUDE

PRESSURE SPECTRA
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FIG 3D

AMPLITUDE

PRESSURE SPECTRA
FIG3E

AMPUTUDE

PRESSURE SPECTRA
FIG3F
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TRANSITION ZONE TURBULENCE ZONE

SENSOR LOCATION

FIG. 4
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METHOD AND SYSTEM FOR IDENTIFYING THE
ONSET OF A TURBULENT BOUNDARY LAYER
INDUCED BY A BODY MOVING THROUGH A
FLUID MEDIUM

STATEMENT OF GOVERNMENT INTEREST

The invention described herein may be manufactured
by or for the Government of the United States of Amer-
ica for Governmental purposes without the payment of
any royalties thereon or therefor.

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

The instant applications is related to two-co-pending
U.S. Patent Applications entitted METHOD AND
SYSTEM FOR SUPPRESSING NOISE INDUCED
IN A FLUID MEDIUM BY A BODY MOVING
THERETHROUGH U.S. patent application Ser. No.
117,513 filed on Sep. 2, 1993 (Navy Case No. 75551; and
METHOD AND SYSTEM FOR REDUCING
DRAG ON A BODY MOVING THROUGH A
FLUID MEDIUM U.S. patent application Ser. No.
117,512 filed on Sep. 2, 1993 (Navy Case No. 75552),
both by the same inventor and filed on the same date as
this patent application.

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The invention is generally related to the field of sig-
nal processing, and more specifically to the determina-
tion of the onset of turbulence in connection with a
body moving through a fluid medium.

(2) Description of the Prior Art

The boundary layer flow over a body which has an
axisymmetric exterior surface moving through a sta-
tionary fluid, in which the motion is steady and directed
parallel to the longitudinal axis of the body, may be
characterized by three spatially separated, but some-
what over-lapping, flow zones. These zones may be
described as a laminar zone, a transitional zone and a
turbulent zone. In the laminar zone, which is generally
located toward the leading edge of the body, there are
no appreciable disturbances of the pressure of the fluid
on the surface of the body, and hence any measured
pressure fluctuations within this zone are appreciably
negligible. As the flow develops downstream of the
leading edge of the body, it enters into the transition
zone. The transition zone evolves from the latter stages
of the laminar flow, where infinitesimal, linear wavelike
disturbances, so-called Tollmien-Schlichting (T-S)
waves, develop and begin to amplify both temporally
and spatially with distance downstream of the leading
edge of the body. The position along the wall at which
small disturbance waves begin to amplify is related to
both the shape and size of the body, as well as inertial
characteristics of the flow of the medium in the vicinity
of the wall. A re9ion of decreasing velocity (or increas-
ing pressure) of the fluid relative to the surface of the
body downstream of the leading edge of the body marks
the beginning of a zone where an adverse pressure gra-
dient sets in. This adverse pressure gradient has a desta-
bilizing effect. At or shortly downstream of this posi-
tion, T-S disturbance waves would be expected to start
to grow.

The amplitude of the T-S waves becomes larger as
they convect downstream, and as a result their evolu-
tion becomes nonlinear and turbulent bursting is ob-
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served. The bursts initially are local and occur intermit-
tently over each point over this portion of the surface of
the body. The number of bursts per unit time increases
with distance along the surface from the leading edge of
the body. Downstream, the bursting finally coalesces in
such a way that the flow reaches a fully turbuient state.
The position along the wall where bursting fully coal-
esces is the dividing line between the end of the transi-
tional zone and the start of the turbulent zone.

Nonlinear coupling of energetic modes in the spectra
of fluctuations in the velocity of the medium proximate
the sidewall of the body, or of fluctuations in the pres-
sure exerted by the medium on the sidewall of the body
following T-S wave amplification. The nonlinear nature
of the transition produces a temporal power spectrum
of frequencies of the T-S waves and combinations of the
sums and differences of the respective frequencies. In
the time domain, the time scales of interest are the recip-
rocals of the associated T-S frequencies. These principal
time scales are characterized by a value corresponding
to the wavelengths of the T-S waves divided by their
convective velocities.

SUMMARY OF THE INVENTION

The invention provides a new and improved method
of predicting the dynamics of a wall-bounded shear
flow of a fluid along an axisymmetric body exhibiting
steady motion through the fluid.

In brief summary, the method in accordance with the
invention detects the onset of turbulence in connection
with a body moving through a fluid medium. First, the
body is supplied with sensors each for generating a
signal suitable for measuring amplitude of pressure fluc-
tuations of the medium proximate a region of said side-
wall of the body in at least a region of the body in which
turbulence is expected to occur. During a reference
stage during which the body moves through the fluid
medium when it is known that turbulence is occurring
around at least a portion of said body , the sensors each
generate reference temporal pressure data representing
fluctuations in pressure of the fluid medium around said
body. In response to reference temporal pressure data
generated by sensors in a turbulence zone at which
turbulence is occurring and sensors in a transition zone
between the turbulence zone and a laminar flow zone, a
method-of-delay phase portrait is generated for each of
a progression of selected delay intervals. During an
operational stage, during which the body moves
through the fluid medium, the sensors each generate
operational temporal pressure data representing fluctua-
tions in pressure of the fluid medium around said body.
In response to the operational temporal pressure data, a
method-of-delay phase portrait is generated for each of
a progression of selected delay intervals. The phase
portraits generated in response to the operational tem-
poral pressure data during the operational stage are
compared to phase portraits generated in response to
the reference temporal pressure data from the transi-
tional zone and the turbulence zone, for corresponding
ones of said selected delay intervals. This is done to
determine whether the phase portraits generated in
response to the operational temporal pressure data have
selected characteristics present in the phase portraits
generated in response to the reference temporal pres-
sure data from the transitional zone and the turbulence
zone. In turn, a determination of the onset of turbulence
is made in response to such comparison.
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In another aspect, the invention provides a system for
detecting the onset of turbulence in connection with a
body moving through a fluid medium. The body is
supplied with sensors each for generating a signal suit-
able for measuring amplitude of pressure fluctuations of
the medium proximate a region of said sidewall of the
body in at least a region of the body in which turbulence
is expected to occur. During a reference stage during
which the body moves through the fluid medium when
it is known that turbulence is occurring around at least
a portion of said body , the sensors each generate refer-
ence temporal pressure data representing fluctuations in
pressure of the fluid medium around said body. In re-
sponse to reference temporal pressure data generated by
sensors in a turbulence zone at which turbulence is
occurring and sensors in a transition zone between the
turbulence zone and a laminar flow zone, means gener-
ate a method-of-delay phase portrait for each of a pro-
gression of selected delay intervals. During an opera-
tional stage, during which the body moves through the
fluid medium, the sensors each generate operational
temporal pressure data representing fluctuations in pres-
sure of the fluid medium around said body. In response
to the operational temporal pressure data, means gener-
ate a method-of-delay phase portrait for each of a pro-
gression of selected delay intervals. Comparators com-
pare the phase portraits generated in response to the
operational temporal pressure data during the opera-
tional stage to phase portraits generated in response to
the reference temporal pressure data from the transi-
tional zone and the turbulence zone, for corresponding
ones of said selected delay intervals, to determine
whether the phase portraits generated in response to the
operational temporal pressure data have selected char-
acteristics present in the phase portraits generated in
response to the reference temporal pressure data from
the transitional zone and the turbulence zone, with the
comparator further making a determination of the onset
of turbulence is made in response to such comparison.

In one embodiment, the reference temporal pressure
data and operational temporal pressure data are low-
pass filtered prior to generation of the phase portraits.
In that operation, the data generated by each sensor
over a selected time window is Fouriertransformed to
9enerate power spectra, and an inverse-Fourier trans-
form is applied to the Fourier coefficients associated
with

frequencies below a selected cut-off frequency, the
result being used in generating the respective phase
portraits. In addition, further indicia of the turbulence
state of the medium is generated from the power spectra
generated during both the reference stage and the oper-
ational stage.

BRIEF DESCRIPTION OF THE DRAWINGS

This invention is pointed out with particularity in the
appended claims. The above and further advantages of
this invention may be better understood by referring to
the following description taken in conjunction with the
accompanying drawings, in which:

FIG. 1A is a diagram of an axisymmetric body with
which the inventive method is used, and FIG. 1B is a
diagram of a pressure sensor mounted on the body
which is used to gather data used in practicing the
method:

FIG. 2 is a flow chart illustrating the new method in
accordance with the invention;
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4
FIGS. 3A through 3F are a series of curves depicting
pressure spectra values as a function of sensor location
in a series of sensors successively located in the down-
stream direction along the axisymmetric body of FIG.
I
FIG. 4 depicts a value which is a measure of overall
power (P,ms) as a function of such series of sensors; and
FIGS. 5A dna 5B respectively are two different fami-
lies of phase portraits generated using signals from
one of such series of sensors, with the individual
portraits of each family representing a series of
phase delay itnervals, the family of portraits of
FIG. 5A being with the sensor in a transition zone
and the family of portraits of FIG. 5B being with
the sensor in a turbulence zone. -

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Prior to describing the new method, it would be
helpful to describe an axisymmetric body with which
the invention is used. FIG. 1A is a diagram of such a
body 10, in particular representing the leading edge 11
of the body 10 and a portion of the body 10 downstream
of the leading edge. The body 10 moves through a fluid
medium (not shown) along a direction parallel to an axis
12, around which the body 10 is symmetric. As shown
in FIG. 1A, flow of the medium around the body is
generally laminar in a zone proximate the leading edge
11. Downstream of the laminar zone is a transition zone
where Tollmein-Schichting (T-S) waves, which begin
near the border between the laminar zone and the tran-
sition zone, tend to grow in amplitude according to a
growth characteristic which is typically exponential.
The waves represent fluctuations in pressure of the
medium against the sidewall of the body 10 at points in
the transition zone. In the transition zone, the waves are
generally well defined combinations of particular fre-
quencies which may depend on a number of variables,
including the viscosity of the fluid forming the medium,
the geometry (the particular size and shape) of the body
10, and the speed of the body 10 through the medium.
The waves become fully turbulent, exhibiting a broad-
band spectrum of frequencies in the pressure fluctua-
tions around the body, in a turbulence zone located
downstream of the transition zone.

In practicing the method, pressure sensors are
mounted in the sidewall of the body 10, one of which,
namely, sensor 20, is shown mounted in the sidewall in
FIG. IB. In one embodiment, the pressure sensor 20 is
of the piezoelectric type having a cylindrical shape. The
senso 20 is inserted in and bonded to an opening in the
sidewall 21. The exterior end of the opening through
sidewall 21 is provided with an inwardly tapered stain-
less steel grommet 21a which is in direct contact with
sensor 20. An insert sleeve 214 of a suitable packing
material is bonded within the opening through sidewall
21 and extends from the exterior end of grommet 21 to
the interior end of the opening through sidewall 21. An
elastomeric covering 22 extends over sidewall 22 and
over the end face of pressure sensor 20. A microdot
connector 23 on the pressure sensor 20 facilitates con-
nection of the pressure sensor 20 to data processing
equipment 24 which practices the method. In one em-
bodiment, the sensors are mounted in rows along the
length of the body 10, the rows being parallel to the axis
12 and separated around the circumference of the body
10 by approximately ninety degrees. The pressure sen-
sors 20 in each row are separated by a uniform separa-
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tion, approximately two inches in one embodiment. As
between rows, the sensors 20 are staggered to preclude
mutual interference between sensors, yet provide mini-
mal separation alon9 the axis 12, so that a full set of
measurements can be obtained from the early transition
zone (that is, the portion of the transition zon proximate
the laminar zone) fully into the turbulence zone. In one
embodiment, the rows are staggered so that the posi-
tions of the pressure sensors 20 in rows on opposite sides
of the body 10 are displaced by approximately one-half
inch, and pressure sensors in proximate rows along
body 10 are displaced by approximately one-quarter
inch. 4. With this background, the method for detecting
the onset of turbulence will be described in connection
with FIGS. 2 through 5B. With reference initially to
FIG. 2, the method is generally performed in two
stages, namely, a reference stage, comprising steps 100
through 102, and an operational stage, comprising steps
103 through 106. In the reference stage, reference data
is collected using the body 10 when turbulence is
known to be taking place, and processed to produce
graphical displays or numerically computed values of
the processed data taken from the transitional zone and
from the turbulence zone. In this way, differences be-
tween displays of processed data taken from the transi-
tional zone and those taken from the turbulence zone
can be identified. In addition, characteristics of the
displays of processed data taken from the turbulence
zone can also be identified. In the operational stage,
operational data is collected, processed and displayed in
a manner similar to the reference stage, and a determi-
nation is made as to whether turbulence is developing
along the body 10 based on a visual comparison be-
tween corresponding displays of the processed data
obtained during the operational stage and the reference
stage, or alternatively the comparison may be numeri-
cally computed. The operations performed during the
operational stage may be performed continually, to
continually provide updated information as to the state
of turbulence around the body 10.

More specifically, during the reference stage, the
body 10 is moved through the fluid medium in a direc-
tion parallel to its axis 12. During operations performed
in the reference stage, movement of the body 10 is such
that a turbulence zone is developed at some point along
the body 10, so that all three zones described above,
including the laminar zone, the transition zone and the
turbulence zone are present along the body 10 from the
leading edge 11 in the downstream direction along the
axis 12. During such movement, fluctuations in the
pressure of the fluid against the sidewall of the body 10
is sensed by the various sensors 20 positioned there-
along, and the amplitude of the pressure fluctuations is
recorded digitally at successive points in time to pro-
vide pressure amplitude data values p(t) (step 100). The
pressure amplitude data values p(t) recorded during
step 100 are processed to generate both a temporal
power spectrum (step 101) and phase portraits (step
102) for each sensor. The temporal power spectrum
indicates the amplitude of various frequencies in the
variations and fluctuations in pressure as sensed by the
particular sensor 20. The phase portraits, generally,
provide a visual display or numerically computed indi-
cation of the degree of correlation of phases of the
variations and fluctuations in pressure as sensed by the
sensor 20, and thus provides a visual indication of
whether a turbulence zone is present along the body 10.
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In particular, in step 101, a power spectrum is gener-
ated for each sensor. The power spectrum corresponds
to the Fourier transform of the pressure amplitude data
values, and, for each sequence p(t,) (n=1, 2, ... N) of
pressure amplitude data values for “N” successive
points in time, the Fourier transform is

P(om)=(1/N) Zp(ty) exp(2imnm/n) (Egn. 1)
(sum taken over “n” from 1 to N, that is, for each pres-
sure amplitude data value in the sequence) where each
P(om) represents a Fourier coefficient, and

om=mQ2n/T), (Egn. 2)
where T it the total time along which the sequence p(t)
was taken. In one particular embodiment, the Fourier
transform is performed using a conventional fast Fou-
rier transform (FFT) operation. The spectrum values
are normalized, and the result is windowed and
smoothed in a conventional manner.

Various spectra for pressure amplitude data values
collected from various sensors 20 in the transitional and
turbulence zones in one embodiment are generally de-
picted in FIGS. 3A through 3F. Each of FIGS. 3A
through 3F depicts pressure spectra based on data taken
from sensors 20 ranging from those near the leading
edge 11 progressively downstream, with the FIG. 3A
depicting pressure spectrum based on data taken from a
sensor 20 relatively near the leading edge 11 and each
successively one of FIGS. 3B through 3F depicting
pressure spectra based on data taken from a sensors 20
in successively downstream locations. The graph in
FIG. 3A depicts pressure spectra based on data taken
from a sensor in the transitional zone, and the graph in
FIG. 3F depicts pressure spectra based on data taken
from a sensor well into the turbulence zone. The ab-
scissa of each graph represents frequency, with fre-
quency increasing from left to right, and the ordinate of
each graph represents a function of the normalized,
windowed and smoothed Fourier coefficients (both
abscissa and ordinate are represented in arbitrary umits).

Several points are evident from an examination of the
series of graphs depicted in FIG. 3. First, the increase in
the peak values from the top-most graph in FIG. 3A to
the second graph in FIG. 3B, both of which are based
on data provided by sensors 20 in the transitional zone,
corresponds to observed increases in overall root-mean-
square values for the spectra. The root-mean-square
values, which are shown graphically in FIG. 4, are
derived from the Fourier coefficients according to the
relation

an=sqff(|P(Pm)|2) (Egn. 3)
where |P(pm)|? is the dot product of the sequence of
Fourier coefficients, considered as a vector, with itself,
and “sqrt” is the square-root function. The root-mean-
square value associated with the data provided by each
sensor 20 provides a measure of the overall power con-
tent of the pressure fluctuations as sensed bY the sensor
20. As shown in FIC. 4, the root-mean-square values
increase markedlY in the upstream portion of the transi-
tion zone, then decrease toward the turbulence zone,
and increase again in the turbulence zone, although the
increase in root-mean-square values in the turbulence
zone is much more gradual than in the transition zone.
The top two graphs in FIG. 3 in one embodiment are
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taken from sensors 20 in the portion of the transition
zone for body 10 in which the root-mean-square values
shown in FIG. 4 are increasing, and the increase in the
peak values from the top graph to the second graph
shown in FIG. 3 conforms to the increase in root-mean-
square values shown in FIG. 4 for the associated sen-
sors.

As a second point, broadband spectra such as are
shown in the progression evident from the graphs in
FIGS. 3A and 3B are common for natural transition
processes even when the transition is in an early stage.
This follows from two factors. First, general, broad-
band background disturbances are being amplified as a
result of the movement of the body 10 through the fluid
medium, so that lower powered pressure waves or fluc-
tuations detected by the sensors 20 located progres-
sively downstream but disposed toward the leading
edge 11 of the body 10 are in the transition zone. The
second factor is that there is little or no phase coherence
in the pressure waves or fluctuations, resulting in a
broadening of the frequency content of the pressure
waves or fluctuations as detected by sensors located
progressively downstream over the body 10.

A third observation from the power spectra curves
shown in FIGS. 3A through 3F is that both the low-
and high-frequencies fill in as detected by the sensors 12
located progressively downstream over the body 10.
This observation follows from the fact that FIGS. 3A
and 3B, for example, representing the power spectra as
detected by sensors located toward the leading edge 11
of body 10 in the early transition zone, the curves have
several well-defined peaks, showing that the frequency
content of the waves detected by those sensors are
generally well defined by the peaks. The peaks gener-
ally smooth out progressively from the curves in FIGS.
3A and 3B toward the curves in FIGS. 3E and 3F,
which represent power spectra as detected by sensors
20 in the turbulence zone. The curves in FIGS. 3E and
3F, representing the spectra detected in the turbulence
zone, is characterized by a broadband continuum of
frequencies, of generally uniform amplitude distribu-
tion, over a wide band of frequencies.

As the Fourier coefficients which represent the
power spectra are developed in step 101 for the signal
generated by each sensor 20, “m”-dimensional phase
portraits are also generated for each signal from the
time series representation of each signal using a conven-
tional “‘method-of-delays’ technique (step 102). In con-
junction with that operation, in one embodiment the
signal is low-pass filtered and, for each time “t4”, a point
in the phase portrait is generated defined with the coor-
dinates:

(LG, LG+ T), LOx+2D), Litk+3D), . . .
L(tg+(m—-1)T)) (Egqn. 4)
where “m” is the number of dimensions of the phase
portrait, “L(1)” is the amplitude of the signal received
by the sensor 20 at time *t”, and “T” is an arbitrarily-
selected time delay (hence the name of the technique as
the “method-of-delays” technique). In one particular
embodiment, in which the body 10 is moving through a
water medium, delay intervals of less than the period of
the Tollmein-Schichting frequency was used; in partic-
ular, “T” is generally selected as a percentage of the
zero-crossing of the auto-correlation function of the
signals or the minimum value of the mutual information
function which is consistent with the selected values.
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In one particular embodiment, prior to actual genera-
tion of the actual phase portraits, the signals from the
sensors 20 are low-pass filtered. In this operation, the
results generated in step 101, namely, the Fourier coeffi-
cients, may be used as an input to step 102, instead of
using the actual digitized temporal signal data obtained
from the sensors 20 in step 100. In that operation, an
inverse-Fourier transform operation is performed using
only the Fourier coefficients associated with frequen-
cies below a selected cut-off frequency to regenerate .
digitized temporal signal data. By ignoring the coeffici-
ents associated with frequencies above the selected
cut-off frequency, those frequencies are filtered out of
the temporal signal data, effectively providing low-pass
filtered temporal signal data.

A phase portrait associated with a signal from a sen-
sor 20 effectively represents, the time evolution of the
signal. FIGS. 5A and 5B depict two-dimensional phase
portraits generated from one embodiment of the inven-
tion, FIG. 5A being associated with a signal from a
sensor 20 in the transition zone, and FIG. 5B being
associated with a signal from a sensor 20 in the turbu-
lence zone. Each figure includes six phase portraits,
each of an incrementally lon9er delay parameter, that is
of incrementally-longer time lag. Thus, FIG. 5A in-
cludes phase portraits 50(1) through 50(6), which are
symbolically identified 4. in this text by reference nu-
meral 50(i), with each phase portrait 50(i) representing a
delay parameter, or time lag, “T” (from equation Eqn.
4) corresponding to a time interval proportional to the
index “i.” Similarly, FIG. 5B includes phase portraits
51(1) through 51(6), which are in a similar manner sym-
bolically identified by reference numeral 5i(i). In both
FIGS. 5A and 5B, in the phase portraits whose index
“i” equals 1 [that is, in both phase portraits §0(1) and
51(1)] the delay parameter “T” used corresponds to one
sampling period used by the sensor 20 to generate the
pressure amplitude data values p(t) used in generating
the phase portrait. In one embodiment “T” corresponds
to a time period of on the order of a tenth of a millisec-
ond.

Each phase portrait geometrically portrays the evo-
lutionary dynamics of the associated signal without any
temporal averaging or processing (except for that
which may be performed by low-pass filtering of the

- signals) and showing non-linear coupling of the dynam-

ics and inherent phase relationships up to the dimen-
sional order of the embedded signal. FIG. 5A depicts
six (6) phase portraits 50(1), 50(2), 50(3), 50(4) and 50(5)
and 50(6). The phase portrait 50(1) exhibits a high cor-
relation of measured signal levels at a delay interval
corresponding to the sampling period of the sensor. It
will be appreciated that phase portrait 50(1) is generally
ellipsoidal in shape, with the major axis of the ellipse
lying at approximately a forty-five degree angle to the
horizontal [L(t)] axis, and the minor axis being orthogo-
nal to the major axis. Phase portrait 50(2), which is
generated using a delay interval twice that used in phase
portrait 50(1), is expanded somewhat along the minor
axis (becoming more circular in shape, with a reduction
in the ratio of major axis length to minor axis length)
from the phase portrait 50(1). The next phase portrait
50(3) was generated using a delay interval thrice that
used in phase portrait 50(1), and it shows a further ex-
pansion along the direction of the minor axis of phase
portrait 50(1). Indeed, phase portrait 50(3) becomes an
ellipsoid whose major axis corresponds to the minor
axis of phase portrait 50(1).
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Phase portraits 50(4) and 50(5), generated using step-
wise progressively longer delay intervals, show pro-
gressive flattening of the ellipses, with increases of the
ratios of major axis lengths to minor axis lengths. Phase
portrait 50(6) generated using a step-wise longer delay
interval than that used for phase portrait 50(5), tends to
show a broadening of the minor axis from the phase
portrait 50(5). Phase portraits (not shown) generated
using successive step wise longer delays would be ex-
pected to show a further expansion along the minor
axes, with eventual return to the orientation of phase
portrait 50(1). It should be noted that the ellipsoidal
shape is generally reflective of the fact that the time
delay “T” is a multiple of one-half wavelength of the
T-S waves in early transition, and the well-formed ellip-
soidal shapes generally reflect the fact that the pressure
fluctuations detected by the sensor 20 are generally of
well defined frequencies, which conforms to the shapes
of the power spectra graphs in the transition zone as
shown in, for example, FIGS. 3A and 3B.

The phase portraits 51(1) through 51(6) in FIG. 5B
were generated using a signal from a sensor 20 in the
turbulence zone at the same delay intervals of the corre-
spondingly-indexed phase portraits 50(1) through 50(6)
in FIG. 5A. It should be noted that the generally-ellip-
soidal shapes of the phase portrait 51(1) through 51(6)
generally suggests a persistence of the T-S wave in the
turbulence region which is not as readily apparent from
the power spectra shown in, for example, FIGS. 3E and

After obtaining the phase portraits (FIGS. SA and
5B) in step 102 during the reference stage, the body 10
may be used in an operational stage, and the results
generated during the reference stage may be used to
detect the onset of turbulence about the body 10. With
further reference to FIG. 2, in the operation mode, the
sensors 20 generate operational sets of temporal pres-
sure data in the same way as during the reference stage
(step 103). The operational temporal pressure data is
filtered (step 104) in the same way as in step 101, and
method-of-delay phase portraits are generated (step
105), again in the same way as during the reference
stage (specifically step 102).

The phase portraits generated during the operational
stage are examined and compared to corresponding
phase portraits generated during the reference stage to
determine whether turbulence has been established in
the fluid medium around the body 10 (step 106). In this
operation, visual comparisons may be made of phase
portraits based on the operational temporal pressure
data with phase portraits of corresponding delay inter-
vals generated during the reference stage and likely
presence of turbulence detected from similarities in
shape of phase portraits of corresponding time delays,
or alternatively comparisons may be numerically com-
puted. Stated another way, what criterion is being used
for visual or numerical detection of onset of turbulence
is the presence of charaoteristics of the method-of-delay
phase portraits associated with presence of turbulence
discussed hereinbefore. The comparison may be per-
formed visually, or alternatively pattern matching appa-
ratus, such as a suitably trained neural network, may be
used in making the comparison.

The operations described in connection with steps
103 through 106 may be performed iteratively, to facili-
tate the detection of onset of turbulence.

An expanded description of the theoretical basis of
the foregoing may be found in Ricard A. Katz, “Transi-
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tions to Turbulence: Determinism in Nature”, a disser-
tation in the Division of Applied Mathematics, Brown
University, Providence, R. 1., which was published on
May 15, 1993 and which is hereby incorporated by
reference.

The new method provides a number of advantages.
In particular, it provides a relatively inexpensive and
very reliable method for detecting the onset of turbu-
lence in a fluid medium caused by a body moving in the
medium.

It will be appreciated that the reliability of the
method 4. may be somewhat limited by noise which
may be produced by, for example, sources of vibration
internal to the body, such as engines which may be used
to power the body 10 through the fluid medium. It may
be advantageous, prior to beginning the use of the
method, to obtain a power spectrum of such sources at
each of the sensors 20, which may be used to process the
data obtained from the sensors after the data is acquired,
but prior to performing steps 101 and 102 in the refer-
ence stage or steps 104 through 106 in the operational
stage.

It will be appreciated by those skilled in the art that
some or all of the inventive method may be performed
using suitably programmed digital computing equip-
ment, or special-purpose hardware.

The foregoing description has been given for a spe-
cific illustrative embodiment of this invention, but the
scope of the invention is not limited to the illustrative
embodiment described herein. In general, the invention
will be applicable to similar flow geometries and dy-
namics as for the described embodiment. It will be fur-
ther apparent that various variations and modifications
may be made to the invention, with the attainment of
some or all of the advantages of the invention. It is the
object of the appended claims to cover these and such
other variations and modifications as come within the
true spirit and scope of the invention.

What is claimed is:

1..A method of detecting the onset of turbulence in
connection with a body moving through a fluid medium
comprising the steps of:

supplying in the sidewall of the body, in at least a
region of the body in which turbulence is expected
to occur, sensors each for generating a signal suit-
able for measuring amplitude of pressure fluctua-
tions of the medium proximate a region of said
sidewall;

during a reference stage during which the body
moves through the fluid medium when it is known
that turbulence is occurring around at least a por-
tion of said body,

(i) enabling the sensors to each generate reference
temporal pressure data representing fluctuations in
pressure of the fluid medium around said body, and

(ii) generating, in response to reference temporal
pressure data generated by sensors in a turbulence
zone at which turbulence is occurring and sensors
in a transition zone between the turbulence zone
and a laminar flow zone, a method-of-delay phase
portrait for each of a progression of selected delay
interval,s; and

during an operational stage during which the body
moves through the fluid medium, (i) enabling the
sensors to each generate operational temporal pres-
sure data representing fluctuations in pressure of
the fluid medium around said body, and generating
in response a method-of-delay phase portrait for
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each of a progression of selected delay intervals,
and (ii) comparing the phase portraits, for corre-
sponding ones of said selected delay intervals, gen-
erated in response to the operational temporal pres-
sure data during the operational stage to phase
portraits generated in response to the reference
temporal pressure data from the transitional zone
and the turbulence zone to determine whether the
phase portraits generated in response to the opera-
tional temporal pressure data have selected charac-
teristics present in the phase portraits generated in
response to the reference temporal pressure data
from the transitional zone and the turbulence zone.

2. A method as defined in claim 1 further including
the steps of low-pass filtering said reference temporal
pressure data and said operational temporal pressure
data prior to generating respective phase portraits.

3. A method as defined in claim 2 in which low-pass
filtering of said reference temporal pressure data is ac-
complished according to the steps of:

performing a Fourier transform operation in connec-

tion with said reference temporal pressure data to
generate a set of Fourier coefficients each associ-
ated with a frequency;

eliminating from said set of Fourier coefficients, those

of said Fourier coefficients associated with fre-
quencies above a predetermined cut-off frequency;
and

performing an inverse Fourier transform operation in

connection with remaining Fourier coefficients in
said set of Fourier coefficients.

4. A method as defined in claim 2 in which low-pass
filtering of said operational temporal pressure data is
accomplished according to the steps of:

performing a Fourier transform operation in connec-

tion with said operational temporal pressure data to
generate a set of Fourier coefficients each associ-
ated with a frequency;

eliminating from said set of Fourier coefficients, those

of said Fourier coefficients associated with fre-
quencies above a predetermined cut-off frequency;
and

performing an inverse Fourier transform operation in

connection with remaining Fourier coefficients in
said set of Fourier coefficients.

5. A method as defined in claim 2 in which low-pass
filtering of said reference temporal pressure data and of
said operational temporal pressure data are both accom-
plished according to the steps of:

performing Fourier transform operations in connec-

tion with said reference temporal pressure data and
said operational temporal pressure data to generate
respective sets of Fourier coefficients each associ-
ated with a frequency;

eliminating from said respective sets of Fourier coef-

ficients, those of said Fourier coefficients associ-
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ated with frequencies above a predetermined cut-
off frequency; and

performing inverse Fourier transform operations in

connection with remaining Fourier coefficients in
said set of Fourier coefficients.

6. A method as defined in claim 5 in which said re-
spective sets of Fourier coefficients are further used to
generate power spectra, said turbulence onset determi-
nation further being made in response to a comparison
of said power spectra generated in response to (i) said
reference temporal pressure data from sensors in said
turbulence zone and sensors in said transition zone, and
(i) said operational temporal pressure data.

7. A system for detecting the onset of turbulence in
connection with a body moving through a fluid me-
dium, the sidewall of the body, in at least a region of the
body in which turbulence is expected to occur, includ-
ing sensors each for generating a signal suitable for
measuring amplitude of pressure fluctuations of the
medium proximate a region of said sidewall, said system
including:

first and second means operative during a reference

stage during which the body moves through the
fluid medium when it is known that turbulence is
occurring around at least a portion of said body,
said first means being operative to enable the sen-
sors to each generate reference temporal pressure
data representing fluctuations in pressure of the
fluid medium around said body, said second means
being operative to generate in response to refer-
ence temporal pressure data generated by sensors
in a turbulence zone at which turbulence is occur-
ring and sensors in a transition zone between the
turbulence zone and a laminar flow zone, a meth-
od-of-delay phase portrait for each of a progression
of selected delay intervals;

third means operative during an operational stage

during which the body moves through the fluid
medium for enabling the sensors to each generate
operational temporal pressure data representing
fluctuations in pressure of the fluid medium around
said body, and generating in response a method-of-
delay phase portrait for each of a progression of
selected delay intervals; and

fourth means operative during the operational stage

for comparing the phase portraits, for correspond-
ing ones of said selected delay intervals, generated
in response to the operational temporal pressure
data during the operational stage to phase portraits
generated in response to the reference temporal
pressure data from the transitional zone and the
turbulence zone to determine whether the phase
portraits generated in response to the operational
temporal pressure data have selected characteris-
tics present in the phase portraits generated in re-
sponse to the reference temporal pressure data

from the transitional zone and the turbulence zone.
* * * * *



