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Abstract

Flight tests were conducted to demonstrate the
feasibility of simultaneous determination of:

(a) boundary-layer instability and transition
characteristics;

(b) flow separation region; and

(c) the location of the leading-edge stagnation
point.

Surface mounted, multi-element, micro-thin, hot-
film sensors were used in conjunction with a bank of
constant-temperature anemometers and a PC-based 8-
channel simultaneous data acquisition system.
Conventional techniques were used to determine the
boundary-layer instability and transition characteristics
while the flow separation and the stagnation points
were determined through the presence of phase reversal
signatures.

Intr ion

The aerodynamic performance of a flight vehicle
critically depends on the state of the boundary layer on
its lifting and non-lifting surfaces. A dramatic increase
in aircraft range and endurance can be realized by
maintaining an extensive region of laminar boundary
layer which results in a significant reduction in drag and
an increase in its lift-to-drag ratio (I-3) (see reference
4.for a recent survey on this subject). The presence of
flow separation can lead to significant increase in drag
and a consequent deterioration in aircraft performance.
These boundary-layer characteristics become
particularly significant for high-speed transport aircraft.
Accurate demarcation of the state of the boundary layer
in flight is essential for improved aircraft design and
flight research. The demarcation of the laminar,
transitional, and turbulent zones and their detailed
characteristics would also be valuable for the
verification of Computational Fluid Dynamics codes
and models.

The determination of boundary-layer transition
and flow separation in both wind tunnel and flight
experiments has occupied the attention of researchers
for decades. Sophisticated flow visualization
techniques such as liquid crystals (56) and infrared
imaging (D have been extensively used to obtain
qualitative information on transition. The analysis of
the response history from hot-wire or hot-film sensors is
an established method of determining the laminar (low
amplitude, low rms), transitional (high intermittence,
peak rms), and turbulent (high intermittence, high rms)
regions of the boundary layer. For a recent survey of
the research on transition, see reference 8. Furthermore,
while the turbulent boundary layer is characterized by a
broad-band spectrum, most of the energy in a laminar
boundary layer is contained in the low frequency end
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of the energy spectrum. Thus, boundary-layer transition
is conventionally determined on the basis of one or
more of the following: (a) the amplitude of raw signals
from the sensors; (b) the rms voltage levels of the sensor
signals; (c) the spectral content of the signals; and (d)
intermittency factor ®). Heated film gages operated
with constant-temperature anemometers have been
widely used to detect the onset and the extent of
transition in subsonic and supersonic flows (10-15),
Flush-mounted hot-film gages have also been
extensively used in flight test research (15-22), Flush-
mounted hot-film gages which gave a measure of heat
transfer and shear stress fluctuations at the surface
became the sensor of choice for transition detection and
for the determination of heat transfer and skin friction.

A Dbreakthrough in flow diagnostics was
accomplished by Mangalam and Stack in 1986 with the
discovery of the phase reversal signature at the laminar
separation point on an airfoil (15, When the phase
relations between signals from surface hot-film sensors
were compared, it was found that there was a phase
shift of 1800 between the signals from sensors located
across the separation point. The first author followed
this discovery with a series of wind tunnel tests to
determine the flow separation and reattachment points
on airfoils, and the technique was later extended to the
determination of shock location (14, 23-26) The first
author also developed a physical model for the
occurrence of the phase reversal signature and
successfully verified it with tests conducted to
determine the stagnation point on a circular cylinder(13),

In parallel, further advances were made by
Mangalam and his team to integrate the instrumentation
system with PC-based data acquisition hardware and
analysis software (27), This system consists of multi-
element thin-film sensors, a bank of constant-
temperature anemometers, the data acquisition system,
and a data analysis software for flow diagnostics. A
number of studies (Table I) were conducted with this
system to capture boundary-layer characteristics. The
PC-based data acquisition and instrumentation system
(DAISy) was modified for flight tests on a sailplane to
simultaneously determine the boundary-layer
characteristics and the stagnation point location(22),

The flight tests were conducted on an AS-K21
sailplane (22), This two place, fiber glass sailplane has a
clean wing with a proprietary Wortmann airfoil
designed to provide laminar flow up to about the mid-
chord region at design conditions. Rapid transition to
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turbulence occurs downstream to ensure a good
pressure recovery. Laminar separation occurs at off-
design conditions. This vehicle was thus well suited to
establish the boundary-layer flow diagnostics
techniques.

The in-flight flow diagnostics installation required
no structural changes to the aircraft, no modifications or
changes to the aircraft pitot-static system or the aircraft
control surfaces/linkages. Initial flights of the aircraft in
its instrumented test configuration showed no unusual
control or stability problems. An experimental

Airworthiness Certificate was issued for the duration of
the flight testing by the Federal Aviation Administration
Office.

Prior to the installation of sensors, flow
visualization was done with tufts placed on the wing
surface to determine the best location for the
multielement sensor on the wing. The tuft pattern was
recorded by a video camera mounted on an existing
vertical tail mount. Audio leads from the camera were
routed along the fuselage into the cockpit to provide
the pilot with a microphone capability. These flight
tests indicated the presence of flow separation in the
mid-chord region for low speed flight.

The flight test data was acquired with DAISy
which consisted of a portable computer with a hard
disk, mouse, network card, and a custom designed data
acquisition card 22). The computer was powered by a
DC/AC inverter operating off a dedicated set of

batteries. The system also contained the data
acquisition software and network software. The
computer was capable of recording approximately 100
sets of data per flight. Each flight data set consisted of
time-series signals from 64 sensors sampled in groups of
8. The hard disk was used to store the data during the
flight test. The network card was used so that the data
collected could be downloaded upon landing into a
ground-based DAISy. A schematic of the flight test
instrumentation is shown in Figure 1.

Two multi-element hot film sensors were mounted
on the wing, one on the leading edge for stagnation
point studies and the second in the mid-chord region for
separation and transition measurements. The multi-
element sensor (Sts) to determine the transition and flow
separation characteristics extended from 42.8% chord
to 53.6% chord on the upper surface of the port wing,
1.22 m. outboard of the fuselage. This sensor was also
used to obtain the boundary-layer instability
characteristics and to study the influence of roughness
on transition.

The second multi-element sensor (Ssp) was placed
closer in-board on the starboard wing and was wrapped

around the leading edge to determine the location of
the stagnation point.

The configuration of the 60-element sensors used
in the flight tests is shown in Figure 2. The multi-
element sensor consists of an array of Nickel films, that
have been electron-beam deposited onto a 50 um
polyimide substrate. Each Nickel film element is 0.9 mm
long, 0.15 mm wide and .15 um high. Copper-coated
Nickel leads were used to provide wire attachment
strips that were led into the cockpit. The element sensor
spacing is about 2.5 mm which provides a measurement
resolution of 0.17¢% for a 1.42 m chord wing. This
resolution is more than an order of magnitude better
than that obtained with existing flight test techniques
such as pressure measurements or flow visualization.
The substrate was bonded onto the wing surface with
artist spray adhesive so that the sensors were aligned in
the streamwise direction. The sensors were then

connected to a bank of constant-temperature
anemometer bridges.

The anemometers were setup to operate the
sensors at an overheat of approximately 1.2. Since all
the tests were conducted at low altitudes and low
speeds, all anemometer adjustments were made on the
ground and there was no need for further in-flight
adjustments. The data record for each channel
consisted of 2048 data points sampled at rates of 500
Hz, 5,000 Hz, and 10,000 Hz. These rates were selected
by the pilot by means of three computer mouse buttons.
An average of 30 data runs were made in each flight
before landing. The behavior of the tufts near the
sensor location when data was acquired was recorded
by the video camera.

The DAISy instrumentation package and the
power supply were installed in the rear cockpit using a
specially built wooden pallet and secured with the
existing five-point seat-belt system. The computer
mouse was mounted on the instrument panel. In some
tests a video camera mounted in the cockpit was used
to directly record the flight conditions from the
instrument panel.

The instrumentation package consisted of 16.
individual constant-temperature anemometers, a 16 to 8
crossbar switch (multiplexer), signal conditioners, and a
rechargeable gel-cell battery pack. This is shown in
Figure 3. All of these were built into a special rack with
suitable backplane cards designed and built for
compactness and ease of installation in the sailplane.
The front panel provided access to the adjustment
controls for the bridge resistance, offset voltage, and
cable compensation. The computer controlled crossbar
switch allowed the selection of 8 simultaneous outputs
from the 16 anemometer channels available. These were
then routed to the signal conditioner through a low
pass filter to prevent aliasing during sampling. This
arrangement made it possible to acquire simultaneous
signals from any 8 sensors. The multiplexer allowed 8
data groups to be acquired, thus providing a total of 64
signals in one acquisition cycle.
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Eleven research flights were made. The purpose of
each flight is listed in Table II. Each flight averaged
about 20 minutes. The flight measurements were made
at altitudes between 750 m and 2,000 m above mean
sea-level.. Most were slow speed flights terminating in
nonaccelerated stalls.

The instrumentation system was turned on during
the take-off and the computer completed its boot-up
process. The sailplane was towed to an altitude of
1,000 m above ground level. The video monitor
showed the state of the wing tufts and so allowed the
pilot to choose the right moment to acquire data. The
audio connection to the camera was used by the pilot to
note the flight conditions on the video tape.

The first type of flight maneuver was a steady,
straight and level run at a trimmed airspeed. Runs were
made at airspeeds from 40 to 80 knots in increments of
10 knots. The second set of flight maneuvers used are
steady turns for the same range of airspeeds. For each
data acquisition test condition, turns were made to both
the left and to the right. The third type of maneuver
used was the slow-entry stall. Data were acquired at
each of the three sample rates for the stall maneuvers.
Combinations of these flight maneuvers were also used
in some flights. A brief description of the flight-test
measurements, their analyses, and flow diagnostics are
given in the following sections.

In the operation of a typical constant-temperature
anemometer (CTA), a high-gain electronic feedback
network tries to maintain the flush-mounted sensor at a
constant temperature (28) while the convective heat
transfer in the boundary layer tends to cool it. If the
boundary layer is laminar, the surface shear stress and
the convective heat transfer levels are low and hence
the voltage fluctuations to maintain a constant
temperature are also low. Thus, the signals from a
sensor in the laminar boundary layer will have a low
amplitude, slightly above the electronic noise level. As
the boundary layer becomes unstable, periodic
turbulent bursts begin to appear with associated
increase in the signal amplitude. The amplitude reaches
a maximum at peak transition. It is followed by a slight
decrease in the amplitude level in the trbulent region.
A typical sequence of events from laminar-to-turbulent
transition is shown in Figure 4. These time traces of
signals from sensors are obtained simultaneously with
the use of multi-element sensors and thus provides a
convenient method to simultaneously demarcate the
laminar, transitional, and turbulent regions in the flow.

Figures 5 & 6 present plots of the instances where
most amplified disturbance frequencies leading to
transition were observed. The frequency content of the
signals was analyzed to characterize the boundary layer
instability. A visual inspection of the data in Figure 5
indicates significant activity in the raw signal from
sensor 6. The signal appears to have large amplitudes at
certain frequencies. The power spectral density plots
for the signals from sensors 4 and 6 (Figures 5(b) & (c))

show that the most amplified Tollmien-Schlichting (TS)
frequency is approximately 650 Hz. in both cases. The
airfoil co-ordinates were not available for the
proprietary Wortmann airfoil and hence a theoretical
analysis could not be made for comparison. The most
amplified TS-disturbance frequency obtained at another
flight condition is identified to be at about 1050 Hz
from Figure 6. The data in Figure 5 was obtained at a
speed of about 40 knots, while for Figure 6 it was about
50 knots.

The location of the beginning and end of transition
from the raw signal data involved the following : (a)
observation of gradual increase in the amplitudes across
the frequency range, (b) the variation of intermittency
factor, and (c) the variation of rms voltage of the sensor
signals. Technique (a) is a visual inspection of the
signals and tends to be subjective in fixing the
locations.

Figure 7 shows signals from sensors 2-16 (flight
003.012). The signal amplitude begins to increase from
sensor 8, marking the beginning of transition. Peak
values are observed in the signals from sensor 14,
indicating the end of transition. These trends are

‘confirmed by the variation in their rms levels shown in

Figure 8 which indicates that the beginning of
transition was just downstream of sensor 6, positioned
at 0.45c. The peak transition occurs at sensor 15,
positioned at 0.482c.

The intermittency factors are shown in Figure 9.
These factors confirm that the beginning of transition is
at sensor 6, but the end of transition, as marked by an
intermittency factor of ome, occurs at sensor 14,
positioned at 0.478c. Location of the end of transition,
based on the intermittency factor, is the more accurate
determination . Thus, for this case (flight #3), the
laminar boundary layer extends up to 0.45c, where
transition begins. The transitional zone is located
between 0.45¢ and 0.478c.

At the point of separation ( or reattachment ) , the
dividing streamline emanates from ( or attaches to ) the
body. Aside from reflecting the local laminar or
turbulent nature of the flow, the shear stress signals
contain information regarding the unsteady features of
the external flow. These unsteady features can be due
to various reasons including wake oscillations, body
geometry and attitude changes, flow instability, etc.
Fluctuations in the oncoming mean flow cause the
dividing streamline to move back and forth about a
mean location over contiguous sensor elements at
regular time intervals. At the separation point itself, the
shear stress is a minimum, i.e., the convective heat
transfer is a minimum. As we move farther away from
the separation point, the shear stress (convective heat
transfer) is expected to increase monotonically. The
closely spaced sensor elements measure the surface
shear stress fluctuations. The movement of the point of
local minimum shear stress over a surface, shows up as a
fluctuation in the local shear stress. This movement is
generally restricted to a very small region. When hot-
film sensors are used in such a way that they cover the
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region of the movement and are aligned with the line of
the movement, the signals from the hot-films will reflect
the movement. When the point of minimum shear stress
is at one extreme the signal is a minimum from the hot-
film at that point, while the signal from the hot-film at
the other extreme has a local maximum at that instance.
This situation is reversed when the point of minimum
shear siress moves to the other extreme. Thus, the
signals from the hot-films just beyond the extremities of
the region will show a phase difference of 180°. Also,
the signals from the hot-films within the region of the
movement will show frequencies which are double that
of the frequencies seen in the signals beyond the
region.

When spectral analysis is used to examine the time
traces, the following picture emerges :

o The presence of phase reversal signature between,
signals from sensors across the mean separation point.
o The presence of the first harmonic in the signal
obtained from the sensor located at the separation
point.
« The presence of a negative maximum in cross-
correlation of signals from the sensors across the
separation point. :
o A reduction in the mean signal amplitude at the
separation location,
o The presence of a dominant frequency in the signals
from any or all of the sensors in the separation region.

True phase relations can be obtained only when
signals are obtained through simultaneous
measurements. The use of multielement sensors and
the multi-channel, simultaneous data acquisition system
enables us to ensure simultaneous measurements.

The important assumptions made in developing the
above model are: (i) the boundary-layer is inherently
unsteady which results in a spatial oscillation of the
separation point, and (ii) the shear stress fluctuations are
a minimum at the instantaneous separation point and
increase monotonically, in the neighborhood, with
distance from the separation point. Since the separation
point is essentially a stagnation point, similar behavior
should also be expected at the leading-edge stagnation
point. This physical explanation for the phase reversal
signature was verified in a wind-tunnel experiment (13),
Laminar flow separation point was determined in flight
using the above described flow diagnostics technique
based on the presence of phase reversal signature.

Figure 5(a) shows raw data from the first research
flight, Run No. 12 (see Table II) where the measurement
resolution was 0.67%c. In this representation of the
data the phase reversal between signals is not apparent.
These signals were processed using Fast Fourier
Transform to perform spectral analysis on the signals.
Phase angle, the quantity of interest from the speciral
analysis, between hot-film signals 1-2, 2-3, 1-4, 4-5 and
5-6 are presented in Figure 10. A phase reversal can be
observed between signals from sensors 2-3 and 1-4.
Figure 10 also shows that signals from sensors 1-2 are in
phase, as are 4-5 and 5-6. From this analysis it is clear
that laminar boundary-layer is attached up to sensor 2
and separates between sensors 2 and 3. This
corresponds to a position of .4485¢ on the wing Stg
Sensor.
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The stagnation point location was obtained from
the multi-element sensor wrapped around the leading
edge. All signals from these sensors have low
amplitudes as seen in Figure 11 showing the presence of
a laminar boundary layer.

In order to extract the information on the location
of the leading-edge stagnation point that must be
present in these signals, the phase relations between
adjacent pairs of sensor signals were examined for a
phase reversal signature (PRS). Figure 11 shows time
traces of signals from sensors 9-16 for Run 10, Flight 8.
These signals show the unsteadiness of the flow in a
relatively small amplitude. This is due to the inability of
the anemometers employed in this study to give
sufficient sensitivity and frequency response at the
same time. However, a clear phase reversal is observed
between the signals 13 and 14 which is evident from a
closer look depicted in Fig. 11(b). The cross-spectral
analysis plots, shown in Figure 12, for these signals
confirm the presence of a phase reversal. Thus, for this
flight condition, the leading-edge stagnation point lies
between the sensors 13 and 14. The physical location
of sensor 11 was the geometric center of the leading-
edge curve of the wing. For comparison, the phase
relations between other pairs of signals from sensors
located on either side of the stagnation point are shown
in Figs. 13 and 14 which clearly indicate that there is
zero phase difference between them.

The stagnation point can be, in principle, related to
the angle-of-attack of the wing. Changes in the aircraft
attitude produce changes in the stagnation point
location. The angle-of-attack was not measured but a
significant change in stagnation point location was
observed in these flight tests when the aircraft attitude
was changed. Thus, the stagnation point moved from
sensor No. 5 to sensor No. 15 for the range of angles-of-
attack flown.Thus, the diagnostic technique described
here can be used to find the stagnation point travel
during maneuvers.

The capability to locate forced transition was
demonstrated with a sand particle used as a small three-
dimensional roughness. The sand particle was glued to
the multi-element sensor substrate. It was placed 1.3
mm outboard of the sensor array in the spanwise
direction, it lay between sensor 3 and 4 in the
chordwise direction. Raw signals from these sensors
shown in Figure 15 clearly indicate laminar boundary-
layer characteristics up to sensor 3 (small amplitude - mV
range) and turbulent flow characteristics beyond (larger
amplitude - 0 V -0.35 V range). The rms levels and
intermittency factors are shown in Figure 16, confirming
this observation. However, Figure 17 (a) shows the
phase relations of the sensor signals indicating the
presence of laminar separation between sensors 3 and 4.
The use of the PRS technique shows that the
turbulence has actually occurred in a separated shear
layer. Figures 17 (b) & 17 (¢) show the phase angle
plots for signals from sensors 5 & 11 and 7 & 11 (sensor
9 was inoperative during this flight), indicating another
phase reversal between sensors 7 & 11. This verifies




that turbulent attachment occurred in this region. The
entire transformation, from an attached laminar
boundary layer to laminar separation, transition, and
turbulent reattachment took place within a chordwise
distance of only 2 cm It is almost impossible to detect
such minute details with other measurement techniques.
Thus, the flow diagnostics technique based on phase
reversal signatures is a powerful tool to detect the
details of the state of the boundary layer, including the
presence of flow separation and reattachment.

Conclusions

The flight tests clearly demonstrated the feasibility
of simultaneous detection of boundary-layer separation
and reattachment points as well as the stagnation
points. The ability to demarcate the boundary layer
transitional zone as well as the capability to detect the
effects of artificially induced surface roughness on the
boundary layer was demonstrated by the flow
diagnostic tool. This was achieved by using the PRS
technique along with the portable flow diagnostic
DAISy. Flow separation and reattachment regions were
located by using the PRS technique whereas transition
was determined using conventional techniques.

The flight test study hence demonstrated that the
following flow characteristics can be simultaneously
determined in flight:

1) The location of the leading-edge stagnation
point.

2) The location of boundary layer separation and
reattachment points.

3) The frequencies of the most amplified Tollmien-
Schlichting disturbances in wunstable laminar
boundary layers.

4) The influence of three-dimensional roughness on
transition and separation.

This work was conducted under the NASA SBIR
Program (Contract NAS2 - 13252) with Ms. Bianca
Anderson of Ames-Dryden Flight Research Facility as
the Technical Monitor.
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Facility Flow Feature Detected
NASA-Langley Shear Flow Tunnel  Stagnation - Shedding (Ref, 13)

(1989) - Cylinder

Boeing (1989) - Swept Wing

RAE Farnborough (1989) - Swept
Wing High-Lift Configuration
ASU (1990) - Swept Wing

ASU (1991) - Swept Wing

SBIR Flight Test (1990) - Sailplane

Attachment Line Flow
Attachment Line Flow

Cross-flow, Attachment Line Flow (Ref. 12)
Cross-flow, Attachment Line Flow (Ref. 29)
Separation, Instability, Transition, Stagnation
‘(Ref. 22)

NASA-Langley Flight Test (1990) ~ Boundary-Layer Instability (Ref. 30)
NASA-Langley Flight Test (1991) -
Lear Model 28/29

Table I, Wind Tunnel and Flight Tests conducted with
DAISy.

Boundary-Layer Disturbances (Ref. 31)

calct001.002-.036
calct001.037-.056
calct003.000-.029
calct003.030-.053

calct003.054-.078
No Data

No Data
calct008.000-.034

O ~J O\ W W g

9. c¢alct009.000-.031
10 calct010.000-.040

11 Nodata

40 - 60 knots
40 - 60 knots
40 - 60 knots
40 - 60 knots

40 - 60 knots
70 - 80 knots

60 - 80 knots
40 - 80 knots

40 - 80 knots
40 - 80 knots

40 - 80 knots

rinti

TSS, Alternate @4
TSS, Alternate @4
TSS, Sequential @2
TSS, Sequential @2
Tripon 7

TSS, Sequential @2
Stalls

Battery Failure
Battery Failure

SDS at leading edge
Straight and

level & left and
right turns.

TSS, Alternate @4
SDS at leading edge
Straight and

level & left and
right turns.

Stalls.

Battery Failure

Table I1. The Flight Test Chronology
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SEPARATION

SENSORS
ANALOG SIGNAL
ANEMOMETER 1 gonals 3| CONDITIONER
MUX

soFTwARE B Qoburmy [ AD
PLOTS/ N
GRAPHICSETC. RESILTS

Figure 1. The flighttest setup of the sensors, the sailplane

and the DAISy.
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Sensor element () 2 Sensor | .
' ]
Sensor 2
- i
I ]
Sensor 3
P =
L Sensor 4 J
L .
Flowg
: Sensor 5
B L 7
B | )
: Sensor 6

Sensor 7

Computer with data
acquisition hardware
and signa! processing
software.

Sensor 8

16 ~channel
Anemometer bank
with cables 1o the
computer and from the
sansors

(b> 5 Aulospectra of Sensor 4
58x10 T
Figure 3. Computer and anemometer bank hardware
setup used in the flight test. st
Sensor 1
l |
L ' B}
L3 -8 I 1
| Sensor 3 J 82x10 00 000
-3 pectra of Sensor 6
3.58x10
Sensar 5
| o]
L 7
1410”4 |
Sensor 7
5.99x10”8 " .
Sengor 9 100 1000
Frequency (Hz)
Figure 5. Raw signals from sensor elements 1-8 and
-sensor 11 autospectra plots for signals from (b) sensor 4 & (c)

sensor 6 ( Flight 1, Run 12, Set 1 ). Amplified T-S
frequency : 650 Hz. Sailplane speed : 40 knots.

Sensor 13

l A, A

Sensor 15

Figure 4. Raw signals from sensor elements 1-15
Flight 1, Run 11, Set 3) showing laminar to turbulent
transition,
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(a) Sensor 1
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Figure 6. (a) Raw signals from sensor elements 1-15

and (b) autospectra plots for signals from sensors 7,9,

11 & 13. ( Flight 1, Run 19, Set 3 ). Amplified T-S
frequency : 1000 Hz. Sailplane speed : 50 knots.

Seonsor 2

—
L { |

l Sensor 4 }
l }
Sensor B
| |
L ll
Sensor 8
: w

Sensor 10

_7_
j%

Sensor 12

Sensor 14

Sensor 16

Figure 7. Signal traces from sensors 2-16 ( Flight 3, Run
12, Set 7), showing laminar to turbulent transition,
beginning at sensor 6. Peak transition location at sensor
14. (See Figs. 8 & 9 also).

.30

.25

.20

.15

BMS Yollage

.10

.05

.00

Sensor Number
Figure 8. The RMS voltage distribution (Flight 3, Run
12).

1.2
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Intermitiency

Sensor Number

Figure 9. The intermiitency factor distribution (Flight
3,Run 12).
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Phase Angle
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ensers 3
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o
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Phose Angle
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19.7 3t 49.8
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eer In-phase
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Phase Angle
380
180} Sensors 5 &6
In-phase
020 : 32 50 79 128 200

Frequency (Hz)
Figure 10. Phase angle plots from spectral analysis

(Flight 1, Run 12, Set 1), showing separation location
between sensors 2 & 3. (See Fig. 5(a) for raw signals).

Sensor 9

Sensor 10

Sensor 11

Sensor 12

Sensor 13

Sensor 14

Sensor 15

Sensor 16

11 (a)

T a—
1Yl

Sengor 14

Figure 11. (a) Raw signals from sensor elements 9-16
( Flight 8, Run 10, Set 6 ), (b) A look at a small time
segment from Fig. 11(a) to indicate phase reversal.
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Figure 12. Cross-spectral analysis of the signals from
sensors 13 and 14 (see Fig. 11). Note 180° phase differ-
ence between the signals.
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Phase Angle

T

-180

100 1000

Frequency (Hz)

Figure 13. Phase relations between the signals from sen-
sors 12 and 13 (see Fig. 11) showing in-phase signals.

Phase Angle

180
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100

Frequency (Hz) 1o

Figure 14. Phase relations between the signals from sen-
sors 14 and 15 (see Fig. 11) showing in-phase signals.
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Figure 15. The effect of roughness located near sensor
element 3 on sensor signals ( Flight 9, Run 12, Set 5).
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Figure 16. RMS and intermittency factor distribution
for the data shown in Fig. 15.
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Figure 17. Phase angle plots for signals from sensor
elements (a) 3 & 4, (b) 5 & 11 and (¢) 7 & 11, (Flight
9, Runl12).
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