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Abstract

During the period September 1997 to February 1998, the Tupolev 144 Supersonic Flying Laboratory was
used to obtain data for the purpose of enlarging the data base used by models for the prediction of cabin
noise in supersonic passenger airplanes. Measured were: turbulent boundary layer pressure fluctuations
on the fuselage in seven instrumented window blanks distributed over the length of the fuselage;
structural response with accelerometers on skin panels close to those window blanks; interior noise with
microphones at the same fuselage bay stations as those window blanks. Flight test points were chosen to
cover much of the TU-144’s flight envelope, as well as to obtain as large a unit Reynolds number range as
possible at various Mach numbers: takeoff, landing, six subsonic cruise conditions, and eleven supersonic
conditions up to Mach 2. Engine runups and reverberation times were measured with a stationary aircraft.
The data in the form of time histories of the acoustic signals, together with auxiliary data and basic
MATLAB processing modules, are available on CD-R disks.
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1. Introduction

1.1. Tu-144 Program Overview

The Tu-144 modification and flight research program was initiated in September 1994 as part of the
NASA High Speed Research (HSR) program. The overall objectives of the program were to modify and
make flight worthy a Russian Tu-144 supersonic transport aircraft as a flight research test bed and
conduct flight experiments to generate useful data for the HSR program [1]. The original program
consisted of three phases:

Phase I: Aircraft Modification/Refurbishment

An out-of-service Tu-144 supersonic transport aircraft was completely refurbished and re-fitted with
Kuznetsov NK-321 engines. This phase of the program culminated in the first flight of the modified and
refurbished aircraft on 29 November 1996. A photograph of the resulting aircraft, designed the Tu-
144LL supersonic flying laboratory, is shown in Figure 1. Elevation, planform and front-view drawings
of the aircraft are provided in Appendix A.

Phase II: Flight Test Planning and Preparations

Development of plans for six selected experiments and installation of instrumentation and data acquisition
systems on the test aircraft for the experiments was conducted under this phase.

Phase I11: Conduct of Flight Tests

This phase was to establish the airworthiness of the modified test aircraft over the entire flight envelope,
acquire data for the flight experiments, reduce the data to engineering units and evaluate data quality.
Nineteen flights were conducted over the period November 1996 to March 1998. References (1-7]
summarize the six experiments. This phase ended in May 1998.

Phase IV: Follow-On Program

Following the successful completion of the original three phases, a fourth follow-on phase was initiated.
This phase consisted of seven experiments. Eight flights (20-27) were performed during the period
September 1998 to April 1999. References [8-15] summarize the seven experiments. This phase ended
in June 1999.

1.2. Structure/Cabin Noise Experiment 2.1

The data described in this report were collected as part of phase III of the program. A companion report
describes the data acquired during the phase IV follow-on program [16]. Coordination of U.S. team
activities was performed jointly by Robert G. Rackl and Stephen A. Rizzi. Coordination of Russian team
activities was performed by Eduard V. Andrianov.

The objectives of this project were formulated in 1994, in coordination with HSR Structural Acoustics
ITD team members, and modified during negotiations with Tupolev in Moscow, Russia. in September of
that year. These were:

* Add cabin noise prediction abilities to the design database for supersonic passenger aircraft by
measuring turbulent boundary layer fluctuating pressure levels on the fuselage and acoustic loads due
to engine exhaust flow. Also determine fuselage structural response, and interior noise levels.

¢ In the short run, use the data for validating boundary layer [17] and jet noise source models and
models of the interaction of boundary layer flow and fuselage skin structure [18].



e In the longer run, the data may serve to improve models of noise transmission into interior fuselage
spaces under supersonic boundary layer exterior excitation.

An experiment plan containing measurement locations and techniques, instrumentation specifications, and
flight test conditions, was developed by the experiment 2.1 U.S. team to accomplish these objectives. The
experiment 2.1 U.S. team consisted of representatives from NASA Langley Research Center (LaRC),
Boeing and McDonnell Douglas. The plan was presented by the U.S. team coordinators to V. Sablev of
Tupolev at the NASA Dryden Flight Research Center (DFRC) in February 1995. The functional
instrumentation system was reviewed and demonstrated for Messrs. Sablev and Andrianov at the NASA
LaRC in November 1995.

As done on previous occasions [19, 20], turbulent boundary layer fluctuating pressure levels were
measured using dynamic pressure transducers flush mounted into metal blanks that replaced windows on
the right (starboard) side of the aircraft. For validation of flow/structure interaction models the correlation
lengths in the downstream and cross-stream directions are required. An attempt was made to cover as
large a range of correlation lengths as feasible by placing transducers within centimeters of each other, as
well as two fuselage frame bays apart (that is also the distance between adjacent windows). Furthermore,
Tupolev agreed to pierce the fuselage skin in two places between windows in order to place transducers
half way between windows in an effort to further increase the resolution of the correlation length scales
for the lower frequencies in the turbulence. At adjacent locations on the skin, the structural response due
to the turbulent boundary layer pressure fluctuations was measured with accelerometers.

The interior acoustic field was measured with standard microphones. Interior microphones were placed
generally on the left (port) side of the cabin at a seated passenger’s head height. The microphone
locations were nominally at the same body stations as the window blank locations, with the exception of
the two furthest aft microphones in the rear cabin. These were relocated to the instrumentation
compartment in the tail section because of high noise levels in the aft rear cabin produced by special on-
board equipment. The passenger cabin microphones were oriented pointing up for locations away from a
wall, and pointing at the wall when close to a wall. A microphone was also mounted in the flight deck on
the pilot's seat at head height '

Two on-ground measurements were performed as well:
e Engine runups with a stationary aircraft in order to assess the jet noise component by itself.

e Reverberation times at interior microphone locations in order to assess the interior space acoustic
absorption characteristics
Simultaneously with this acquisition of data, Tupolev obtained measurements of sonic fatigue loads on

engine inlet, rear fuselage, and flight control surface structural components using a separate recording
system. This effort is documented in reference [21].

Data was acquired on six research flights of the Tu-144LL during the period September 1997 to February
1998. All flights were conducted out of Zhukovsky Air Base near Moscow, Russia. Instrumentation
installation was performed jointly by U.S. team members and Tupolev personnel. Further, data
acquisition required the presence of U.S. team members before and after most test flights. Besides the
authors, the following individuals of the NASA LaRC also supported the installation and flight tests:
Keith Harris, Donna Gallaher, and Vernie Knight.
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2. Instrumentation

2.1. On-Board Instrumentation

2.1.1. Window Blanks

The seven window blanks were designed and produced by Tupolev based on the measurement locations
in each specified by the U.S. team. They are slightly curved to conform with the fuselage outer diameter.
Figure 2 shows the location and identification of window blanks, mounted on the right (starboard) side of
the aircraft. Window blanks 3, 4 and 5 were chosen next to each other in order to provide the above
mentioned correlation lengths. Figure 3 shows an excerpt from a Tupolev drawing for window blank
number 4 which contains the largest number (9) of mounting holes for pressure transducers among the
seven window blanks. The approximate distances of the window blank centers and of the two transducers
mounted directly into the fuselage skin (S1 and S2) are given in Table 1. The distances are not highly
accurate because they were obtained from a 1/50 scale drawing which was a little distorted; they should
be sufficiently accurate for estimating boundary layer thickness (see Section 5.7).

Table 1: Approximate distances of window blanks from aircraft nose (including nose boom).

Distance from Nose (including nose boom)
meters (£0.5) feet(+1.5)
Nose (without nose boom) 0.9 3
Window Blank | 18.9 62
Window Blank 2 25.9 85
Window Blank 3 31.2 102
Sl 32.1 105
Window Blank 4 32.6 107
S2 33 108
Window Blank 5 33.5 110
Window Blank 6 43.2 142
Window Blank 7 493 162

There was a gap between the window blanks and the fuselage skin which was irregularly filled with a
gasket sealant and with paint (the window blanks were painted together with the whole fuselage before
transducer installation). Because of concerns over the effects of the gap on boundary layer turbulence
development, attempts were made to fill this gap with a material that adhered to the metal and the gasket,
and survived the temperatures at supersonic speeds. Data on typical gap dimensions before and after the
filling attempt follow in Table 2 and Table 3, respectively.

2-1



Table 2;: Window blank gap survey (before filling).

o Gap
B A | 2 mm | E
A E !
Window
Window Fuselage Blank
Blank Skin
— 3
€
Cross-sectional Position (all measurements
Window are relative to A)

Blank Station B C D E
7 o 730 800 100 -50
{rear- B -20 -60 -40 -200
most Y 50 250 200 100
window ) 50 200 110 10
blank) £ 100 260 300 70
6 a 40 260 130 -150
B -100 -150 -200 -360
Y -30 -170 -110 -280
S 0 15 -100 -300
£ -40 -180 -110 -225

(Measurements given in thousandths of a millimeter, valleys positive, hills negative)

These measurements are meant to convey a feel for the unevenness of the fill between the window blanks
and the surrounding fuselage skin. These two window blanks are typical of all window blank installations.
Only the upstream portion of the gap was surveyed. Measurements were made difficult by the softness of
the gasket material in the gap which distorted when applying the depth gauge, and also due to cold
weather (the airplane was stored in an open hangar previously used for an airship). The filling took place
between flights 9 and 10.
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Table 3: Window blank gap survey (after filling).'

Cross-sectional Position (all measurements
Window are relative to A)
Blank Station B C D E

I o 20 40 400 100
B -40 -600
y 6 300 700 40
) -5
£ 110

2 o 80 300 300 320
B 0 30 200 100
Y 20 20 50 120
d 40 100 0 -30
(3 30 200 150 100

3 o
B
Y 200 250 200 30
)
£

4 a 27 -50 20 11
B -100 -400 -120 -300
Y 20 90 170 40
d -30 90 -60 -170
£ 400 100 100 70

5 o 250 190 120 110
B 20 100 250 0
Y 30 100 200 150
) -30 30 100 -200
(3 80 200 300 -55

' Missing data could not be measured either because of obstacles on the window blank (e.g., transducer
cover), or because the weather was too cold to hold instrument properly.
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Cross-sectional Position (all measurements
Window are relative to Ay

Blank Station B C D E
6 o -20 100 20 -180
B -20 -20 -100 -300
Y -20 -150 -300 -500
o -20 -120 -250 -330
3 -85 -80 -30 -250
7 o -20 50 17 -160
(rear- B 40 90 -150 -250
most Y 200 200 150 80
window 5 130 300 160 12
blank) € 80 100 30 50

(Measurements given in thousandths of a millimeter; valleys positive, hills negative; see Table 2).

The filling compound was hard to handle. Tupolev personnel reported that many applications or layers
were required. It adhered well to the metal and paint, but it stayed soft even after curing so that it was not
possible to sand it. Overall, the gap was not as pronounced as before the filling, but it still provided a
significant source of roughness. The last column in the above table shows the size of the step from the
fuselage skin to the window blank.

Several of the window blanks also carried instrumentation associated with experiment 3.3 “Cp, Cf and
Boundary Layer Measurements, " [7]. These were window blanks 1,2, 5 and 6. Window blank 1 had a
static pressure port (nominally the size of a Kulite) located in the upper-aft corner of the window blank,
i.e. aft of Kulite N1.2 and above N1.3. Window blanks 2, 5 and 6 each had a flush-mounted skin friction
gage approximately 2-in. in diameter located in the lower-aft corner of each window blank. Flushness
measurements of the skin friction gages were not made due to the sensitive nature of their sensing surface.
A static pressure port was also located in the upper-aft corner of each of those window blanks.
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2.1.2. Transducers.

2.1.2.1 Dynamic Pressure Transducers

There were 25 dynamic pressure transducers; 23 were distributed over seven window blanks, and two
were mounted directly into the side wall between window blanks 3, 4, and 5 (see Figure 2, Figure 4, and
Figure 5). The transducers were manufactured by Kulite Semiconductor Products, Inc all 25 were the
same model: XCS-190-15D, with the following options:

0.750 inch long thread length, with metric thread M5x0.5-6g
I inch long reference tube
“B” screen (transducer face consists of a circular plate perforated with a circle of holes)
10 feet long 32 gage Shielded cable
Internal temperature compensation
Temperature compensation range -20 to +350 °F
Coated diaphragm
Case isolated from shield
¢ Differential operational mode
A copy of the specification sheet is found in Figure 47 of Appendix B.

f
60 mnt - 2.35 inch
o) ¥ —d—o0 ¢
. FLOW
90 mm - 3.54 inch DIRECTION
D

— \.

4O0mm-1.57in —F T
T " 60mm-235inch

Window Blank 2, 3. 5 and 6 Window Blank [ and 7

2R

f—O—OO

90 mm - 3.54 inch

%) mm - 3.54 inch ELIQE\Q/:TION

60 mm - 2.35 inch
60 mm - 2.35 inch

Window Blank 4

Figure 4: Arrangement of dynamic pressure transducers in window blanks.
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Figure 5: Transducer arrangement and actual dimensions (mm) for window blanks 3,4, and 5.

Figure 6 shows a photograph of a bare transducer together with one in its insulating/mounting boss. The
thin reference tube in the back of the transducer vented to the aircraft interior. On a majority of the
transducers, these were ordered bent to avoid interference of the tube with fuselage side wall insulation
materials upon installation.

Figure 6: Photograph of Kulite transducer and its insulating/mounting boss.

Previous experience with airplane window blank mounted pressure transducers indicated that the
transducer should be mounted electrically isolated in order to reduce electrical noise. A plastic boss was
designed as shown in Figure 7. The boss was fabricated from a polymer having the trade name “Techtron
PPS,” sold by The Polymer Corporation. This material was chosen for its excellent machinability,
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electrical insulation, and high operating temperature (425 °F) characteristics. All 25 Kulite transducers
were mounted using this arrangement. The thread with the finest pitch made available by the Kulite
provider was chosen in order to make the adjustment of the transducer face's evenness (‘flushness’) with
the outer surface as finely controllable as possible. The 12 mm thread between the boss and the window
blank was secured with a small amount of Glyptol (a special purpose red paint). A small amount of
Glyptol was also used between the outer hexagon of the lock nut and the insulating boss (see also Figure
8).

Interior and exterior views of the Kulite installation in window blank 7 are shown in Figure 8 and Figure
9, respectively. Figure 10 shows an exterior view of window blank 4, with close-up views of Kulite
transducers N4.2 and N4.6 in Figure 11 and of Kulite N4.3 in Figure 12. The latter two figures also give
a feel for the typical quality of the sealant between the window blank and fuselage skin. Finally, Figure
13 shows the installation of Kulite S2. For Kulite transducers S1 and S2, a small disk (into which the
Kulite was mounted) was screwed into a reinforcing plate riveted to the fuselage interior. Thus, the
quality of the installation was not as good as the installation of transducers in window blanks.

From previous experience, it was known that a “flush’ transducer installation with the outer surface was
critical. Because this transducer’s sensitive element is located behind a protective screen, it was not know
at first to what degree of ‘flushness’ this transducer should be installed. The Boeing Company contracted
with TsAGI (Central Aerohydrodynamic Institute in Moscow, Russia) to investigate this matter [22]. The
principal investigator was Professor Boris Efimtsov who used a small supersonic wind tunnel with the
transducer mounted in the tunnel wall using the above mentioned insulating boss (see also Section 6.2).
Prof. Efimtsov investigated transducer apparent sensitivity and static pressure offsets as a function of
frequency and tunnel flow Mach number, varying the amount that the transducer face protruded past the
surrounding surface, or was recessed into it. Protrusion or recess was measured very carefully using
optical methods. The resulting recommendations were:

* Install the transducer as flush as possible; try to ensure flushness within a few thousandths of a
millimeter.

e If exact flushness cannot be obtained, recess as much of the transducer face as necessary so that no
part of it protrudes.

Several actions were taken to try to follow these recommendations:

® The transducer faces were found to be quite uneven in the light of the above stringent requirements.
They were carefully sanded to be as flat as possible without compromising the strength of the
connection between the protecting grid and the transducer body. It was not possible to make them as
flat as required to achieve the flushness recommended above.

® A mechanical depth gage accurate to better than a thousandths of a millimeter was used during
installation of the transducers. The feeling end (tip) of the depth gage consisted of a sphere, roughly
3 mm in diameter. After optimizing each transducer’s depth setting, a map of depths was produced;
results appear below. The desired extremely tight tolerance on flushness could not be obtained.

Flushness measurements were made at a number of points as indicated in Figure 14. Points A, G, F, and
M are located on the window blank (or fuselage skin for transducers S1 and S2). Points Ref, H, E, and L
are located on the insulating boss. Points B, J, D, K, and C were located on the Kulite transducer face or
protecting grid. Measurement results are presented in Table 4. Most points were within twenty-
thousandths of a millimeter. A notable exception is transducer S2 whose installation was considerably
rougher than the others, as shown in Figure 13.
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Figure 14: Pattern for Kulite flushness measurements.

Table 4: Map of Kulite transducer flushness.”

Id A B C D E F G H J K L M
NI.1 5 4 5 3 19 | 13 ] 16 7 4 4 4 15 13
N1.2 | O 5 10 9 3 -2 6 -8 -4 9 -4 2 23
Ni3 | 5 -1 7 6 4 8 14 9 5 4 -2 -1
Ni4 | 9 4 20 { 19 15 1 29 | 23 4 20 6 11

6
S

NIES |12 ] 12 [ 12 110 13 4 14 5 4 1 18 11 15
8

Z.
>
>
o
o)
=
=
A
]
oo
)
~
N
)
~
1
oo
o

> Measurements in thousandths of a millimeter. Point C was measured twice to provide an indication of
measurement repeatability. Measurements for Kulite N3.1 are not available.

2-14



Id A B C D E F G H J K L M
N45 | 4 7 7 9 7 -7 0 16 5 12 2 12 | 20

N46 | 12 18 [ 16 | 15 10 | -1 9 8 | 11 13 | -10] 14
N4.7 | 10 5 12 | 17 | 27 13 120 | 34 18 1 241 10 2 6
N48 | 7 2 14 116 | 10 6 10 ] 4 0 14 3 13
N4.9 | 22 8 16 | 14 | 13 10 | 18 | 38 14 | 12 | 11 6 43

S2 16 | 54 | 41 | 39 0 | -34{-24|-23|-34{ 5 20 [ -20 | -13
N5.1 ] 10 [ 10 | 17 | 23 | 25 5 14 | 18 9 34 2 -7 5
N6.1 | 13 19 | 10 | 16 S [-171-10f 9 |31 17| 13 ] -8 -5

N7.1 | 17 18 1 26 | 23 | 22 2 10 | 16 3 18 | 20 2 9
N72 1 10 { 14 ] 10| 16 3 -4 | 23 9 -2 -1 23 2 6
N73 | 11 20 | 21 19 | 28 2 4 5 -3 | 35 14 3 24
N74 | 2 2 | 0 3 | 8 4 9 11 0 -4 10
N75 | 13 13 14 1 16 | 16 | 14 | 16 2 11 13 3 16

2.1.2.2 Accelerometers

The choice of acceleration transducer was guided by several requirements: good for high temperatures
generated during supersonic flight, very light weight in order to minimize modifying the dynamic
behavior of the thin fuselage skin panels, and good frequency response up to 10 kHz. The chosen
accelerometer was PCB Piezotronics model M359B15. A specification sheet for this transducer is
provided in Figure 48, Appendix B.

Six such accelerometers were installed in the vicinity of window blanks 1, 2,4, 5, 6, and 7. always just
downstream and a little above that window blank. Table 5 shows the approximate accelerometer
locations referenced to the closest window blank. Figure 15 shows the locations graphically.

Table 5: Accelerometer locations.

Accelerometer Closest Window Blank
10.11 |
10.12
10.13
10.14
10.15
10.16

SN RN I Fo N KV I | 6]




The accelerometers were mounted by screwing them into mounting bases, which were glued to the inside
of the outer fuselage skin.

As a sample, the installation of accelerometer 10.12 next to window blank 2 is described here. This
installation was typical of all six accelerometers. Referring to Figure 16 (excerpt from a drawing
provided by Tupolev): Window blank 2 replaced the window between frames 38 and 39. Note that Figure
16 shows the port side whereas the window blanks and accelerometers were actually installed on the
starboard side. Accelerometer 10.12 was installed just downstream of window blank 2 between frames
39 and 40, and on a panel between stringers 13 and 14, indicated by the symbol ®. Figure 17 shows
more details of that panel: skin minimum thickness is 1.4 mm (55 mil); frame thickness is 2.5 mm;
thickness of stringer 13 is 3 mm, of stringer 14 itis 2 mm. Note that the skin, stringers, and frames are all
milled from a solid block of aluminum. Figure 17 also indicates the original accelerometer position
(indicated by M359B 15) in the center of the panel. Before the first data acquisition flight, the location
was changed to a position 3/8 of the panel height from the bottom, and 3/8 of the panel length from the
side (indicated by @). This was done in order to capture as many structural modes as possible and still
providing adequate signal amplitude.
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2.1.2.3 Microphones

Standard Bruel & Kjaer condenser microphones and preamplifiers were used to obtain the cabin noise
measurements. One-half inch diameter microphone cartridges (types 4165 and 4166) were chosen

because of their high sensitivity (50 mV/Pa) and frequency range (2.6 Hz — 10 kHz). A high sensitivity
microphone was required because the B&K 2811 eight channel multiplexer used provides only power, not
amplification. Because of the nature of the sound field in the cabin and frequency range of interest, it was
felt that the free field (type 4165) and pressure/random (type 4166) microphone cartridges could be used

interchangeably. The microphone locations and cartridges used are provided in Table 6 and are shown

graphically in Figure 15. A photograph of a typical microphone/preamplifier pair is shown in Figure 18.

Also shown in the photograph is an adapter (B&K type JJ 2614) which was used in the laboratory to
simulate an input to the system without the use of a microphone cartridge.

Table 6: Microphone locations.”

Mic | Cartridge | Location
No. Type
| 4165 In the cockpit, clamped to the left pilot seat, close to pilot’s right ear
2 4165 On the left side, opposite window blank I, where aisle seat would be
3 4165 On the left side, opposite window blank 2, where aisle seat would be
4 4165 On the left side, opposite window blank 4, where aisle seat would be
5 4165 On the left side, opposite window blank 4, between aisle and window seat
6 4166 On the left side, opposite window blank 4, where window seat would be
7 4165 In rear instrumentation compartment, approximately left/right centered, down
8 inches from a rail in the ceiling, 51.5 inches from the compartment’s rear
bulkhead, roughly 2 feet behind the engine nozzle exit plane.
8 4166 In rear instrumentation compartment, approximately left/right centered, down
7.75 inches from a rail in the ceiling, 101.75 inches from the compartment’s
rear bulkhead, roughly 2 feet in front of the engine nozzle exit plane

Figure 18: Photograph of Bruel & Kjaer ¥2-inch microphone and preamplifier.

* Microphones 2 through 6 were mounted at a height of where a sitting passenger’s head would be.
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B&K preamplifier types 2639 or 2645 were used interchangeably. Both have similar response
characteristics when used in combination with the type 4165 and 4166 microphone cartridges. The
feature of the type 2645 allowing insert-voltage type calibration was not utilized. Ten-meter B&K
extension cables (type AO 0028) were used, often in several lengths, to span the distance between the
B&K 2811 multiplexer mounted in the instrumentation pallet (see Section 2.1.4) and the microphone
location. A plastic insulating tubing, trade name “Tygon,” was used to electrically insulate the
connections, between lengths of extension cables and preamplifiers, from the aircraft.

The originally planned location for Microphones 7 and 8 was in the rear passenger cabin opposite window
blanks 6 and 7. Tupolev had built and installed appropriate supports. However, when U.S. team
members first heard the intense noise from engine controls and power conversion equipment in that area it
became obvious that no useful measurements could be made in that area since boundary layer noise

would be masked or severely contaminated by this equipment noise. The decision was made to relocate
these microphones to the rear instrumentation compartment which was separated acoustically from the
passenger cabin by a double bulkhead separated by approximately 1-foot. A light-weight door in the
forward bulkhead allowed entry into the instrumentation compartment. The installation is shown in
Figure 19, where the view is towards the rear with microphone 7 behind microphone 8 (microphone 8 is
the one in the foreground).

Figure 19: Photograph of microphones 7 and 8 installed in rear instrumentation compartment.

The rear instrumentation compartment has an irregular shape. Approximate dimensions are given in
Figure 20. Most of the walls were covered with metal panels perforated with many holes. These panels
are held in place with sometimes loosely fitting quick-disconnect devices which allows the panels to
rattle. There are no windows. The floor and the rear bulkhead consist of bare metal. The door seemed to
be made from fiberglass and was also bare.
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Figure 20: Sketch of rear instrumentation compartment.
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2.1.3. Signal Conditioning

2.1.3.1 Kaulite Signal Conditioning

Signal conditioning for Kulite pressure transducers was provided by special instrumentation designed and
fabricated at NASA LaRC. Three multiple-channe! units were built and mounted by Tupolev on the trim
panels in the vicinity of the window blanks. An 8-channel unit was mounted near window blank 1 to
provide signal conditioning to Kulite transducers N1.1-1.5 and N2.1. Two channels were available for
backup purposes. An 18-channel unit was mounted near window blank 4 to provide signal conditioning
to Kulite transducers N3.1, S1, N4.1-4.9, $2 and N5.1. Five channels were available to serve as backup.
A second 8-channel unit was mounted near window blank 7 to provide signal conditioning to Kulite
transducers N6.1 and N7.1-7.5, leaving two channels as backup.

An 8-channel unit is pictured in Figure 21. Power (£15V DC) was supplied from the pallet via the
rightmost connector shown in the photo. Amplified signals were returned to the instrumentation pallet
via a separate connection (to the left of the power connector) to reduce electrical noise. Four-pin
Microtech brand connectors were used to connect the transducers so that they could be easily switched to
different signal conditioning channels in the event of a signal conditioning card failure.

Figure 21: Photograph of an 8-channel Kulite signal conditioning unit.

Internal to each unit were several two-channel signal conditioning cards. Each card was configured to
provide an excitation voltage of 11 VDC. Based upon expected levels, a linear gain of 500 was
programmed into the two-stage amplifier in order to make the most out of the dynamic range of the
Metrum recorder (see Section 2.1.4.1.1). The first stage is capacitively coupled to the second stage to
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block the DC component of the input, i.e. the second stage only amplifies the AC signal. The second
stage passes frequencies from 1 Hz to 50 kHz. Because the maximum output voltage from the first stage
is 20 volts pk-pk, special precautions were taken not to over-range this stage with the amplified DC
signal. The DC component could be significant since the Kulite pressure transducers operated in a
differential mode. Hence, the difference in pressure across the fuselage wall formed a sizeable DC
component at altitude. A first stage gain of 100 and second stage gain of 5 was chosen to make up the
total gain of 500.

2.1.3.2 Accelerometer Signal Conditioning

Accelerometer signal conditioning was provided by Endevco amplifiers model 2685M10B. These units
were selected because they were small and rugged making them suitable for the application. The
amplifiers were mounted by Tupolev on the trim panels in the vicinity of the accelerometers.

A typical unit is pictured in Figure 22. Power (28V DC) was supplied from the pallet via the large Viking
brand connector, which also returned the amplified signals back to the pallet. A 2-pole Butterworth low-
pass filter was set at 20 kHz. Based on expected vibration levels, each amplifier was set to a linear gain
of 10 by Wyle Laboratories in Hampton, Virginia. The precise gain is indicated in the calibration files,
see Section 5.4.

Figure 22: Photograph of the amplifier for accelerometer 10.12.

2.1.3.3 Microphone Signal Conditioning

Power for microphone preamplifiers and polarization voltage for the condenser microphones was
provided by an eight-channel Bruel & Kjaer type 2811 multiplexer. The multiplexer and a spare unit
were mounted in the instrumentation pallet (see Figure 23; see also Section 2.1.4). The scanning function
of the multiplexer was not utilized, i.e. all eight microphone outputs were available simultaneously. A
200V polarization voltage was provided to each microphone. Because the multiplexer did not provide
any amplification of its own, high sensitivity microphone cartridges were used (see Section 2.1.2.3).
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Figure 23: Photograph of 8-channel microphone multiplexers in instrumentation pallet.

2.1.4. Instrumentation Pallet

The instrumentation pallet was designed and fabricated from the ground up based on the particular
requirements of the experiment, i.e. the pallet was not something that was available from another flight
test experiment. In this section, the functional design, electronic and mechanical design and fabrication,
transportation and storage, and instrumentation changes made during the flight test program will be
discussed.

2.1.4.1 Functional Design

Prior to the detailed mechanical and electrical design, a functional design was developed which specified
recording, channel switching, anti-aliasing filter and signal monitoring requirements.

2.1.4.1.1. Recording Requirements

A high channel count recorder with a high aggregate sampling rate was required to capture signals up to
the desired 11.2 kHz. This frequency corresponds to the upper frequency of the third-octave band with
center frequency of 10 kHz. The recorder selected for the application was a Metrum RSR 512 digital tape
recorder. A photograph of the Metrum RSR 512 recorder in the instrumentation pallet is shown in the
upper left corner of Figure 24. Its features include up to 32 analog input channels, 12-bit quantization (70
dB dynamic range), aggregate sampling rate of up to 1280k samples/second, selectable input voltage
ranges of 0.1V to £10V peak in 1-2-5 steps, auto-range capability and an optional high speed digital
output (HSDO) port for digital transfer of data to a separate computer. The specific unit used on the
aircraft had 32 analog input channels. A second unit having the HSDO option, but not installed on the
aircraft served as backup and was used for post-flight data analysis (see Section 5.1).

The sampling rate used for all transducers was 40 kHz (10 kHz bandwidth times a sampling density of 4

samples/cycle). This sampling rate produced a Nyquist frequency of 20 kHz, the closest available above

the 11.2 kHz desired. The sampling rate for the IRIG-B time code and voice annotation channels was 20
kHz (5 kHz bandwidth times a sampling density of 4 samples/cycle). For acquisition of reverberation
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time data, the sampling rate was increased to 160 kHz (40 kHz bandwidth times a sampling density of 4
samples/cycle) to better capture the transient waveform.

Figure 24: Photograph of instrumentation pallet installed in TU-144LL passenger cabin.

The dynamic range of recording was maximized through a somewhat elaborate procedure of auto-ranging
all inputs with the exception of voice annotation and IRIG-B time code. Prior to each acquisition, the
brief auto-range mode was enabled. In the brief mode, the peak voltage on each channel is initially set to
the 0.1V (most sensitive) value. By starting each channel at its most sensitive value, a low sensitivity
from a previous test condition would not persist and penalize the dynamic range. During the course of the
brief mode, an over-ranging channel would have its peak voltage increased by the auto-range logic until
the channel no longer over-ranged or until the least sensitive 10V value had been reached. In the brief
mode, the entire auto-range process usually took about a second. Because the signals could be non-
stationary, a longer period over which the process was performed was thought to be desirable. Therefore,
following the brief mode auto-range, a continuous mode auto-range was enabled. In the continuous
mode, each channel was set so that its peak voltage could be increased (but not decreased) if positive or
negative peaks of the input signal exceeded a threshold value. By not allowing the peak voltage to
decrease, the condition of it being reduced due to a low level signal at the end of the auto-range cycle was
avoided. In other words, during the continuous mode, the peak voltage could only be further increased
from level set during the brief mode. The continuous mode was enabled for a user selectable period
typically on the order of ten seconds. All auto-ranging functions were completed prior to the acquisition
to avoid the possibility of changing gains during the acquisition cycle. While the Metrum recorder is
capable of this, the added complication in terms of data reduction was thought to outweigh any added
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benefit. The details of the auto-range process are included in the flight operational procedures in
Appendix F. Note that for take-off conditions, the auto-range process was not invoked and the gains were
set manually prior to flight based on expected levels. As such, it took several attempts to capture the
take-off condition properly.

2.1.4.1.2.  Channel Switching Requirements

The total channel count was 41. It consisted of 25 Kulite fluctuating pressure transducers, 6
accelerometers, 8 microphones, IRIG-B time code, and a voice channel for the operator to annotate the
data records with any anomalies or other significant occurrences. The IRIG-B time code was used to
synchronize the experiment 2.1 data with the Damien PCM system used to record other flight data [1].
Because a 32-channel Metrum recorder was selected, some channels had to be switched in one of two
banks (A and B). The channels were grouped together according to Table 7. This configuration was
chosen for two reasons. The “Bank A” lineup was selected so that all of the Kulite pressure transducers
could be acquired simultaneously. The “Bank B lineup was selected so that at least the Kulite
transducers in the middle of the window blanks would be recorded when the microphones were switched
in. Selection of “Bank A™ or “Bank B” was performed using a toggle switch mounted on the front panel
of the right-hand rack (see Figure 25). A 12-channel switching unit, designed and fabricated at NASA
LaRC, was used to simultaneously switch the nine channels associated with each bank. A change was
made to the channel lineup following flight 9 after it was determined that the voice annotation was not
adding value (see Section 2.1.4.6). The change allowed accelerometer 10.11 to be recorded with the other
accelerometers, and Kulite N4.9 to be recorded with the other Kulite transducers in window blank 4, on
either bank A or bank B.

Table 7: Channel table.*

Configuration for engine runup and |Configuration for flights 10, 11, 15, 16,
flight 9 17 and reverberation time
Transducer Transducer

Channel Bank A Bank B Bank A Bank B
1 Kulite N1.1 Kulite N1.1 Kulite N1.1 Kulite N1.1
2 Kulite N2.1 Kulite N2.1 Kulite N2.1 Kulite N2.1
3 Kulite N3.1 Kulite N3.1 Kulite N3.1 Kulite N3.1
4 Kulite S|1 Kulite S1 Kulite S| Kulite S1
5 Kulite N4.1 Kulite N4. 1 Kulite N4.1 Kulite N4. 1
6 Kulite N4.2 Kulite N4.2 Kulite N4.2 Kulite N4.2
7 Kulite N4.3 Kulite N4.3 Kulite N4.3 Kulite N4.3
8 Kulite N4.4 Kulite N4 .4 Kulite N4 4 Kulite N4.4
9 Kulite N4.5 Kulite N4.5 Kulite N4.5 Kulite N4.5
10 Kulite N4.6 Kulite N4.6 Kulite N4.6 Kulite N4.6
11 Kulite N4.7 Kulite N4.7 Kulite N4.7 Kulite N4.7

* Shaded blocks are switched.
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Configuration for engine runup and

Configuration for flights 10, 11, 15, 16,

flight 9 17 and reverberation time
Transducer Transducer
Channel Bank A Bank B Bank A Bank B

12 Kulite N4.8 Kulite N4.8 Kulite N4.8 Kulite N4.8
13 Kulite 52 Kulite S2 Kulite S2 Kulite S2
14 Kulite N5.1 Kulite N5.1 Kulite N5.1 Kulite N5.1
15 Kulite N6.1 Kulite N6.1 Kulite N6.1 Kulite N6.1
16 Kulite N7.1 Kulite N7.1 Kulite N7.1 Kulite N7.1
17 Accel 10.12 Accel 10.12 Accel 10.12 Accel 10.12
18 Accel 10.13 Accel 10.13 Accel 10.13 Accel 10.13
19 Accel 10.14 Accel 10.14 Accel 10.14 Accel 10.14
20 Accel 10.15 Accel 10.15 Accel 10.15 Accel 10.15
21 Accel 10.16 Accel 10.16 Accel 10.16_
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Figure 25: Close-up view of inst. control panel, spectrum analyzer and time code display.

2.1.4.1.3. Filter Requirements

Because the tape recorder used did not have internal anti-aliasing filters, this function was performed
using a filter external to the recorder. A Frequency Devices, Inc. 5016 mainframe with plug-in filter
cards (model D68L8E-11.2Khz) was selected. Each filter card had four 8-pole, 6-zero elliptic low-pass
filters with a -3 dB fixed corner frequency of 11.2 kHz. The corner frequency is clearly seen in the
sample data plots of Section 5.2.

2.1.4.1.4. Signal Monitoring

It was important to have a signal monitoring capability on board the aircraft. This was accomplished
using a Spectral Dynamics, Inc. SD-380 spectrum analyzer, shown in Figure 25. Two monitor output
channels from the Metrum recorder were patched to the SD-380 allowing any of the 41 signals available
to the Metrum to be monitored. The original intent of having the unit on board was for the U.S. team to
operate it on the ground for diagnostic purposes and for the Tupolev operator to use it in flight to monitor
signal quality. Because of the complexity of operation, the latter function was not performed. This was
not to the detriment of flight data quality however, as signal input ranges were still monitored on the
Metrum bar graph display in order to minimize or eliminate input over-ranges. The SD-380 was
particularly useful in verifying the capture of transient reverberation time data (see Section 3.3.2).
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2.1.4.2 Electronic Design and Fabrication

The electronic design of the instrumentation pallet was performed by the Flight Instrumentation Branch
(FIB) at NASA LaRC.

2.1.4.2.1. Power Utilization

The instrumentation pallet utilized two sources of power on the aircraft; 27 VDC and 115V/400 Hz AC.
A wiring schematic for the power control system is provided in Figure 49 (Appendix C), and for the
power distribution system in Figure 50, Appendix C. A photograph of the power control panel is shown
in Figure 25.

The characteristics of the power control and distribution system are:

e Easily identifiable switch labeled “Master Power On/Off” was provided to allow Tupolev
instrumentation operator to shut down all provided instrumentation

e All wire and current loads were protected by flight approved MIL-SPEC circuit breakers.

e Current ratings of wire were determined per NASA LaRC flight specifications (MIL-SPEC 5088L)
o All power supplies have independent short circuit protection

e An electrical load test was performed on the complete system prior to shipment

e Tupolev was responsible for providing 20A of 27 VDC and 20A of 115V/400 Hz AC.

A change to the design was made in the field after finding that Tupolev had utilized an old specification
of #12 AWG wire for the 27 VDC power supply line instead of #8 AWG wire. A 25A breaker was
substituted for the 20A breaker alleviating the need to re-run the supply line. The change worked without
incident.

2.1.4.2.2. Electronic Fabrication

Electronic fabrication was performed according to the following specifications:
e NASA in-house subsystems and wiring were built to NASA handbook 5300.4 standards

e All commercial equipment was disassembled, inspected, and modified as necessary to meet flight
requirements (flight hardening)

e All equipment and wiring underwent inspection and review by the NASA LaRC Aircraft Quality
Assurance Office during design and fabrication. The Quality Assurance Office performed a final
inspection of all equipment and wiring before shipment to Tupolev.

All electrical drawings were reviewed and approved (signed off) by an engineer or senior technician
knowledgeable of the technical discipline covered in the drawing. All drawings have an issued date.

2.1.4.2.3. Environmental Testing

Environmental testing was performed on all equipment in certify the operating and non-operating range of
the equipment. The requirements were:

e Static Loads: Mechanical design requirements of 1.5g sideward force and 9.0g forward force as
specified in FAR 25 (also CAR 4d).

e Vibration: The Tu-144 vibration levels within the passenger cabin were unknown, but expected to be
a very low lfevel.
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¢ Temperature: Operating temperature range of +41 to +104 °F, non-operating (storage) temperature
range of —31 to +122 °F. Note that information provided by Tupolev indicated maximum cabin
temperature condition during takeoff of 86 °F.

¢ Pressure: Operating pressure range of sea level to 2.4 km altitude (approximately 11 PSIA), non-
operating pressure range of 2.4 km altitude to 18.29 km altitude. Tupolev was instructed that the
NASA LaRC equipment should be turned off if the aircraft experienced decompression above 2.4 km
altitude.

Because NASA LaRC provided instrumentation were previously vibration qualified for use on other
transport aircraft such as the B-737, MD-11, B-757, and B-767, no additional vibration or shock tests
were conducted.

Operational tests were performed on equipment not previously qualified. Subsystem equipment was
individually subjected to a combined temperature/altitude test over the operational temperature range.

Non-operational tests for temperature were conducted by subjecting individual subsystems to -31 °F for
12 hours and +122 °F for 4 hours. Non-operational tests for altitude were conducted by subjecting
subsystems to 18.29 km altitude for 30 minutes with a gradual decrease to sea level within 30 minutes.

Results of the operational and non-operational temperature and pressure qualification tests are indicated
in Table 8. The B&K multiplexer and Metrum recorder established the minimum and maximum
operating temperatures.

Table 8: Environmental testing matrix.”

Non-Operating Condition Operating Condition
Temp (°F) Altitude Temp (°F) Altitude
(km) (km)
Instrument -31 +104 2.4
B&K 2811 Multiplexer /// / 7 _ 7 / /// P
B&K 2639 Preamplifier WK A A A AT
SD-380 Spectrum Analyzer /// b // : /// /
Frequency Devices Filter / )//// o , e /// .
Metrum RSR-512 Recorder //4// 7 " Z
NASA Kulite Amplifiers TN A ,
NASA Data Multiplexer "f'f' //f 7
Kulite Pressure Transducers v/
PCB Accelerometers v
Endevco Accelerometer Amplifier v/
Marathon DC/AC Power Supply v
Time Code Reader v

* Shaded entries indicate qualification test performed to required minimums. Otherwise, equipment was
previously qualified.
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Non-Qperating Condition Operating Condition

Temp (°F) Altitude Temp (°F) Altitude
(km) (km)
Instrument -31 + 122 1 8.297 +41 +104 2.4
Abbott Power Supplies v v /’é v v v

2.1.4.3 Mechanical Design and Fabrication

The mechanical design of the instrumentation pallet was performed by the Engineering Design Branch
(EDB) at NASA LaRC.

2.1.43.1. Mechanical Design

The pallet was designed for side loads of 1.5g, upward loads of 3.0g, forward loads of 9.0g and
downward loads of 6.0g. Special attention was paid to high stress areas including welds in the corners of
the pallet structural members, and seat rails and attachment fittings. A pallet design was adopted based
on ones previously used for other transport aircraft applications. The design incorporated the following
attributes:

e Two Emcor Il racks were joined (side-by-side) to form the pallet which housed all instrumentation
except for the remote signal conditioning units and transducers. The pallet was flight hardened
according to NASA LaRC engineering requirements.

e Standard aircraft structural fasteners were used to install all instrumentation. Any exceptions were
individually approved by the NASA LaRC Aircraft Quality Assurance Office.

e Actual instrumentation weights and heights were used to compute margins of safety for loads
certification.

e The pallet was completely enclosed except for cooling air inlets located at the bottom of each rack
and fans at the top of each rack. Air inputs and outlets were covered by a wire mesh.

Tupolev was responsible for mating the tie down fittings to the pallet base and to the Tu-144 seat rails

during installation.

2.1.4.3.2. Mechanical Fabrication

Fabrication of the pallet was performed at NASA LaRC according to the following:

e Mounting and installation of all instrumentation underwent inspection and review by the NASA
LaRC Quality Assurance Office and the EDB during fabrication.

e NASA LaRC furnished instrumentation was inspected according to LaRC aircraft quality assurance
guidelines normally used for transport aircraft, such as the B-737.

e The instrumentation pallet was delivered with quality assurance documentation.

A photograph of the instrumentation pallet is shown in Figure 24. The approximate total pallet weight
was 744 Ib. and center of gravity location was 21-in. above the floor. This resulted in pallet loads well
below those of typical B-737 pallets employed at NASA LaRC.
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2.1.4.4 Design Reviews

Design and fabrication of the instrumentation pallet was performed in accordance with the NASA LaRC
handbook (LHB 7910.1, September 1997) entitled, “Flight Research Program Management.” A
Combined Mechanical/Electronic Design Review was held at NASA LaRC on 30 August 1995. No
action items were raised as a result of this review and the project was cleared to proceed as planned.

The instrumentation plan was presented by the U.S. team experiment coordinators to V. Sablev of
Tupolev at the NASA DFRC in February 1995. The functional instrumentation system was then
reviewed and demonstrated for Messrs. Sablev and Andrianov at the NASA LaRC in November 1995.

2.1.4.5 Transportation and Storage

Detailed flight test procedures were developed for Tupolev operators and reverberation time procedures
for U.S. team operators (see Section 3) following completion of the instrumentation fabrication. In March
1996, the instrumentation system was shipped to Russia by Boeing directly from the NASA LaRC. The
equipment arrived in Russia in June 1996 and was stored there until its installation in July 1997,

2.1.4.6 Instrumentation Changes

The following changes were made to the instrumentation during the course of the program:

* It was found after flight 9 that the voice annotation channel was not being utilized. To exploit the full
capacity of the recorder, it was decided to move accelerometer 10.11 from channel 22B to channel 32
and to duplicate Kulite N4.9 so that it would appear on both 26A and 22B. In this manner, all
transducers in window blank 4 and all accelerometers were recorded in both switch positions. The
change was implemented on 14 October 1997.

* Following flight 10, moisture penetrated Kulite N3.1 and froze, causing it to fail. It was replaced on
10 November 1997 with a spare transducer. In addition, Kulite N4.3 was relocated to a spare signal
conditioning channel because of intermittent anomalous behavior.

2.2. Installation and Checkout

Mechanical installation of the instrumentation pallet and remote signal conditioning equipment was
performed jointly by Tupolev and the U.S. team during the period 28 July 1997 — 08 August 1997.

During the period 10 — 12 September 1997 a complete checkout of the instrumentation was performed on
the aircraft. Checks of the power to the instrumentation pallet and power distribution internal to the pallet
were performed, followed by functional checks of the equipment within the pallet. Single frequency and
broadband signals were injected into the back of the pallet and read through the system in order establish
all internal signal cables were properly functioning. Power to the Kulite and accelerometer remote signal
conditioning units was checked out.

In order to check out the Kulite signal conditioning units, a singte spare Kulite was connected into each
Kulite signal conditioning channel (one at a time) and the microphone calibrator (see Section 2.3.2) was
used as an excitation source. All Kulite transducers were hooked up to their respective signal
conditioning units and measurements were made to determine the background noise level and any DC
offset.

Accelerometer signal conditioning units were checked out by connecting a single spare accelerometer into
each accelerometer signal conditioning unit (one at a time) and a 1-g shaker was used as an excitation
source. All accelerometers were hooked up to their respective signal conditioning units. Background
noise measurements on the accelerometer amplifiers were made and Tupolev was tasked with hooking up
a grounding wire in a manner which provided a quick recovery from RF interference.
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The microphone system was checked out by connecting a single microphone and preamplifier into each
of the eight interior microphone channels and using the microphone calibrator as an excitation source.
The 400 Hz electrical noise was found to be about 35 dB below the 94 dB calibrator signal.

2.3. Transducer Calibrations

2.3.1. Accelerometer Calibrations

Because it was not possible to perform an in-situ calibration of the accelerometers, the factory calibrations
were utilized. All calibration files, see Section 5.4, therefore indicate the same accelerometer calibrations
for all flight and ground tests.

2.3.2. Microphone Calibrations

Microphone calibrations were performed on the aircraft on the day of the particular experiment. Only
pre-test calibrations were performed for the ground engine runup and reverberation experiments. At the
recommendation of Eduard Andrianov, both pre- and post-test calibrations were performed for the flight
tests. The reason for doing this was because the change in cabin pressure was previously found to change
the microphone calibration. In general, a very slight decrease in the sensitivity between the pre- and post-
test calibration was observed. The calibrations were found to be very consistent over the course of all
experiments on the Tu-144LL.

The calibrations were performed using a GenRad 1986 Omnical Sound Level Calibrator at 114 dB and 1
kHz. Microphones were allowed to warm-up for two hours prior to the pre-test calibration. This
requirement was sometimes difficult to meet during the day of flight as Tupolev personnel were eager to
complete this work in preparation for the flight. There does not appear to have been any negative result
of this.

2.3.3. Kulite Calibrations

The calibrations were performed using a Boeing-built device capable of generating calibrated 124 and
150 dB sources at 250 Hz, and a broadband noise. The device had an internal microphone whose output
was available via a BNC connector. The output from the internal microphone served as a check of the
calibrated levels and also as a reference for the phase calibration data. The microphone signal was fed to
the instrumentation pallet using a single cable which was made long enough to reach from the furthest
window blank (no. 1) to the instrumentation pallet. A single cable was used to avoid any phase change
from being introduced between window blanks located at different positions from the instrumentation
pallet. After installation of the transducers, it was found to be difficult to ensure proper alignment of the
calibrator with the Kulite transducer. A simple, but effective, alignment rig was fabricated at NASA
LaRC prior to the first test to assist in this endeavor.

The process of performing Kulite calibrations was a somewhat difficult one because of the locations of
the transducers on the outside of the aircraft. This required a long cable to get the reference signal back to
the Metrum recorder and the use of walkie-talkies to communicate between personnel inside and outside
the aircraft. The location of the aircraft at Zhukovsky made the process even more difficult because the
open hangar in which it was parked acted like a wind tunnel. As the weather became cold, this presented
a real obstacle. Because of these factors, Kulite calibrations were performed on a limited number of
occasions, and not for every flight as was the case with the microphone calibrations.

Kulite magnitude calibrations were pe.rformed using the 150 dB level to obtain the greatest signal to noise
ratio. Only a few of the initial calibrations were performed using the 124 dB level. The calibrations and
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their use are provided in Table 9. The calibration data is provided in the calibration data files, see Section
54.

Table 9: Kulite magnitude calibration look-up table.®

Calibration Kulite Transducers Calibrated Level Use
Date (dB)
16 Sep 97 NI1.1-1.5, N2.1 150 Ground, Flight 9
16 Sep 97 N5.1, N6.1 124 Ground
23 Sep 97 N3.1,S1,N4.1-49, S2, N7.1-7.5 150 Ground, Flight 9
02 Oct 97 N5.1, N6.1 150 Flight 9
20 Oct 97 N3.1,S1,N4.1-49A/B, S2, N5.1, N6.1, N7.1-7.5 150 Flight 10
21 Oct 97 NI1.1-1.5, N2.1 150 Flight 10
03 Nov 97 All except N3.1 and N4.3 150 Flights 11, 15,
16, 17, Reverb
10 Nov 97 N3.1,N4.3 150 Flights 11, 15,
16, 17, Reverb

Kulite magnitude calibrations in the Tu-144LL were very consistent and close to calibrations performed
in the laboratory. Therefore, while it would have been desirable to obtain additional calibrations between
flights 11 and 17, it does not appear to have been absolutely essential.

Kulite phase calibrations were performed using a broadband noise source. The objective of these
calibrations was to determine the phase difference between transducers so that a correction could be
applied, if necessary, for subsequent boundary layer cross spectral density calculations.

The data for the phase calibrations was reduced but not processed to obtain the phase corrections. A
process for performing phase calibrations utilizing the data acquired is outlined here. For each Kulite
transducer, the reference microphone and Kulite signals were recorded. Assuming a linear system, the
transfer function relationship for Kulite 1 is given as:

Y (w)

X =
—> H (w) — (@) H (@)

X, (w) Y ()

where X | (@) is the Fourier transform of input source, x, (1), as measured by the reference microphone,

Y, (@) is the Fourier transform of Kulite 1 signal, and H,(®) is the transfer function between the output
of Kulite 1 and the input source. A similar relationship exists for the nth Kulite. Assuming the noise
source doesn’t change, i.e. X, (@)= X, (w), the transfer function between Kulite transducers (and

hence the phase) may be obtained from the expression
Y(w) _H{(@) _

- —Hln(w)
Y (o) H, (0)

® Kulite N4.9 patched to Metrum channel 26 on bank A and channel 22 on bank B on 14 Nov 97. The A/B
designation indicates calibration performed on both bank A and bank B.
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In this manner, adjustments to the phase between transducers may be made on a frequency-by-frequency
basis.

A list of the phase calibrations performed is provided in Table 10. Data from the Kulite phase
calibrations in the form of time histories is not included in the CD-R set described in Section 5.3.

Table 10: Kulite phase calibration information.

Calibration Date Kulite Transducers Calibrated
15 Sep 97 N3.1,S1,N4.1,N4.2, N4 4, S2, N7.1-7.5
16 Sep 97 NI1.1-1.5,N2.1, N4.3, N4.5-4.9, N5.1, N6.1
23 Sep 97 N3.1,N4.8,S2, N7.1, N7.2, N7.5
02 Oct 97 N4.3, N5.1,N6.1,N7.2, N7.5
21 Oct 97 N4.9A/B
10 Nov 97 N3.1, N4.3
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3. Procedures

3.1. Flight Tests

Because the TU-144LL was an experimental aircraft, only the essential crew was allowed on board during
flight operations. The on-board equipment provided by the U.S. team needed to be operated by Russian
personnel not familiar with acoustic instruments. Detailed step-by-step instructions were developed by
the U.S. team in English and translated into Russian by personnel at IBP Aircraft. In order to ensure the
translation’s correctness critical parts of the Russian instructions were translated back into English
without reference to the English original. In this way, several problems were found and eliminated. The
final procedure document appears in Appendix F.

Two members of the TU-144LL flight crew (Tupolev personnel) were given in-depth training, theoretical
as well as hands-on using the on-ground Metrum recorder, as well as on-board using the instrumentation
rack, concentrating on acquiring data in flight. Several Tupolev engineers were given training
concentrating on pre-flight and post-flight calibration and data preservation procedures. For flights 9, 10,
and 11, pre- and post-flight activities were carried out by the U.S. team members with assistance from
Tupolev personnel. For flights 15, 16, and 17, these were carried out solely by Tupolev personnel.

3.2. Data Quality Assurance

Following flight 9, an HP 9000/700 series computer and a spare Metrum RS-512 tape recorder were used
to assess data quality, following the process outlined in Section 5.1. Data tapes recorded during test
flights with acoustic and vibration data were examined for data quality by narrow band spectral analysis.
Data quality was generally found to be very good with a few exceptions. Also, relevant data from the
PCM data stream (see reference [1]) were inspected mainly to ensure that the desired flight conditions
were reached and held constant during the data acquisition time interval. The following problems were
found and corrected in subsequent flights:

* Engine speed varied too much during some conditions of flight 9.

®  Occasionally, the gain settings on the Metrum recorder were inappropriate so that the signal was too
high in level causing the measurement to be over-ranged. This happened several times on takeoff,
and once for an in-flight condition.

*  When flight 10 landed it was snowing quite heavily. This probably caused moisture to enter one of
the Kulite transducers. Subsequent freezing rendered it nonfunctional. This was discovered during
post-flight calibration. The flight data itself looked fine. The transducer was replaced following the
flight.

* The flight 9 spectra of signals from Kulite transducers in the front part of the cabin exhibited very
strong tones at 400 Hz and many of its harmonics. The 400 Hz frequency is that of the on-board AC
power supply. The problem was minimized by spatially separating the signal cables from the power
supply cables.

3.3. Ground Measurements

3.3.1. Ground Runups

Ground runup data with the aircraft stationary was obtained for the following conditions:

¢ All engines idling, air conditioning on



e All engines idling, air conditioning off

e Three engines idling, engine 3 at full power without afterburner

e Three engines idling, engine 3 at almost full power with afterburner
e Three engines idling, engine 4 at full power without afterburner

e Three engines idling, engine 4 at almost full power with afterburner

The detailed procedures used appear in Appendix D. Because the engines could not be run at full power
for more than about 20 seconds many repeat runups had to be performed in order to set gains and record
on both banks of transducers. These tests, including pre-test activities, were conducted jointly by the
authors and Tupolev.

3.3.2. Reverberation Time

For impulsive sound sources, we were prepared to use either toy balloons or a starter pistol. It turned out
that we needed the higher intensities provided by the starter pistol. Inspection of the signals’ time
histories right after they were recorded showed them to exhibit the expected exponential decay behavior.
Reverberation times were measured in the front and mid parts of the cabin, and in the rear instrumentation
compartment. None were measured in the cockpit. Measurement procedure details are provided in
Appendix E. A listing of reverberation time measurements is provided in Table 11.

Previous experience had shown that it is very difficult to determine room absorption in an aircraft
passenger cabin by measuring reverberation time because that time is very short due to the large room
absorption, and much of the interior space is dominated by direct sound fields radiated from fuselage
walls, as opposed to the reverberant field. The TU-144LL, however, had no passenger interior - no seats
and no carpeting. The floor consisted mostly of bare painted wood. The fuselage walls were covered
with insulation and trim. The chances of obtaining useful reverberation time calculations were therefore
quite good. These tests, including pre-test activities, were conducted jointly by the authors and Tupolev.



Table 11: Reverberation time measurement details.’

General Run Dura- Shot at
Area No tion () Tape Comments
' 3 Block #
R1 5.70 ~2462 Pistol: Front left corner, half height.
RO 410 2890 Microphones 2 & 3 as in flight.
R3 3.65 ~3390 Pistol: Front left corner, half height.
Microphone 2 at centerline, microphone 3 as
Front R4 378 ~3838 in flight
Cabin . . . .
RS 2.11 ~4247 | Pistol: 3 windows in front of window blank 2,
R6 762 4371 near floor; Microphones 2 & 3 as in flight.
R7 2.62 ~4605 Pistol: same as R5/R6. Microphone 2 as in
RS 218 4737 flight, microphone 3 centerline
R9 3.10 ~4932 Pistol: Port side on floor near bulkhead near
microphones 4.,5.6. Microphones 4,5,6 as in
Mid. R10 3.33 ~5282 flight.
Cabin | Rij | 243 | ~s512 Pistol: Starboard side, 2 windows behind
window blank 5 on floor. Microphones 4,5,6
2 2 ~652 ’
RI2 237 6529 as in flight.
RI13 2.11 ~7769 Pistol: Front, floor, port side.
Rear R14 179 7953 Microphones 7 & 8 as in flight.
Instr. ' —
Comp. R15 1.86 ~8051 | Pistol: Front, floor, port side. Microphone 7 as
RI6 | 66 8183 in flight, microphone 8 22-in. from ceiling.

" All reverberation time data collected on data bank B (see Table 7).







4. Test Points

Flight test points were chosen to cover much of the TU-144’s flight envelope, as well as to obtain as large
a unit Reynolds number range as possible at various Mach numbers: takeof¥, landing, six subsonic cruise

conditions, and eleven supersonic conditions up to Mach 2 (see Table 12). Continuous data was acquired
at each test condition and designated with a unique run number. Figure 26 shows the test points in

relation to the TU-144LL"s flight envelope.

TU-144 FLIGHT ENVELOPE

0 1993 Concorde Test

* Flights 9, 10, 11, 16, 17
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Figure 26: Tu-144 flight envelope and experiment 2.1 test points
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5. The Data

5.1. Data Reduction Process

The data reduction process is depicted in Figure 27. Flight test data was recorded on two systems: the
Damien PCM System and the experiment 2.1 data acquisition system described in this report.

In order to analyze the time history data recorded on the Metrum, it was necessary to download the digital
data from Metrum tape. A physical connection was established between the Metrum HSDO port and an
R.C. Electronics DTI-512 interface board installed in a HP 9000/700 series computer. For each run, a
two step process was required to dump the data to the computer. In the first step, a multiplexed data file
was created on the computer using the R.C. Electronics DTI-512 program. This file contained all
channels of data between the beginning and ending blocks indicated on the manually recorded flight data
sheets. In the second step, the multiplexed file was split into several files (each with one channel of data)
and written in a MATLAB readable format, as prescribed in Section 5.3. Unfortunately, because the
first step did not provide adequate error checking, it was possible to have corrupted data files. Typical
data file errors included dropouts and crossing of channels. It was therefore necessary to manually check
each channel of data to ensure that the data was downloaded from tape without error. This was a labor
intensive process. After verification, the data files were archived to CD-R as specified in Section 5.3.

Microphone and Kulite calibration data were reduced in the same fashion as the time history data. Each
calibration record was typically 30 seconds in length. Kulite phase calibration data was archived but not
otherwise processed. Time histories of microphone and Kulite magnitude data were also archived, but
additionally were analyzed to determine sensitivities in Pascals per volt. These were manually entered
into calibration data files (along with accelerometer sensitivities) in a form specified in Section 5.4. Use
of the calibration data files, time history data files and customized MATLAB m-files allowed for time
series, auto- and cross-spectrum (narrow and 1/3 octave, with and without A-weighting), auto- and cross-
correlation, transfer function and coherence analyses.

Reduction of auxiliary data, consisting of manual records (such as interior temperature) and flight
parameters (such as Mach number and altitude) on the PCM system, utilized the NASA DFRC FDAS
system as described in [1]. Auxiliary data files were generated with the format specified in Section 5.5.
Auxiliary data was provided to serve as input to various boundary layer pressure fluctuation models for
comparison with the data. Work on model updates can be found in reference [17].

5.2. Sample Data

¢ Boundary layer pressure

Figure 28 shows a sample time history of the pressure fluctuations due to boundary layer
turbulence measured by Kulite N1.1 in the center of the foremost window blank, at almost Mach
2. The corresponding spectrum appears in Figure 29. Some 400 Hz noise is visible in the figure.
Figure 30 shows a spectrum of the data obtained under the same flight conditions by Kulite N7.1
in the center of the rear-most window blank.

For comparison, Figure 31 shows the spectrum of pressure fluctuations measured by Kulite N1.1
for a subsonic condition (Mach number about 0.65). Figure 32 presents the spectrum obtained at
the same time by Kulite N7.1.

e  Skin vibration

Figure 33 has a spectrum of fuselage skin panel acceleration measured from accelerometer 10.15
near the rear-most window blank, near Mach 2.



Interior Noise
Figure 34 shows a spectrum of interior noise as measured by microphone 7, located in the rear
instrumentation compartment, approximately 1 or 2 feet behind the engine nozzle exhaust plane.
Figure 35 shows the same data up to | kHz.

Ground runup
Figure 36 shows a spectrum of the pressure fluctuation measured by Kulite N7.1 during ground
engine runup run G6.

Reverb time

Figure 37 shows a transient time record measured by microphone 4 during reverberation time
experiment run R10. Reverberation times may be calculated using this data
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5.3. Time History Data File Format

Time history data files were written for each channel (except IRIG-B and voice annotation channels) for
each run and each flight or ground test experiment. The data files all have the same format as provided in
Table 14. MATLAB variable names, which are not part of the data file but which are assigned as the data
is read into MATLAB, are provided as reference.

Table 14: Format of time history data files.

MATLAB Variable Name| Data Number Description
Type(*) | of values
data.ver float 1 Used to differentiate data file versions from one
another. The present value is 1.0.
data.npt long 1 Number of data points associated with the record.
Records from the same run contain the same number
of points.
(**) long 1 Number of characters in the following string.
data.comment_line char (**) Comment string used to annotate this data file.
(¥**) long | Number of characters in the following string.
data.test_name char (*¥*%) Test name field from Metrum. Because of a bug in
the program used to download the data from the
Metrum, this field is blank.
data.type int 1 Data type: 1=flight, 2=engine runup, 3=calibration,
4=reverb
data.bank int [ 1=Bank A transducers, 0=Bank B transducers
data.flight_number int [ Flight number.
data.run_number int i Run number.
data.beg_block int | Beginning Metrum block number of this record.
data.end_block int 1 Ending Metrum block number of this record.
data.start_time.hr int 1 Starting time (hr) of this record.
data.start_time.min int 1 Starting time (min) of this record.
data.start_time.sec int 1 Starting time (sec) of this record.
data.start_date.yr int 1 Starting date (year) of this record.
data.start_date.month int | Starting date (month) of this record.
data.start_date.day int | Starting date (day) of this record.
data.scale float | Scale factor to convert from digital counts to volts.
data.sample_rate int | Data sampling rate.
data.channel int 1 Metrum channel number.
data.time short data.npt | Time history record in digital counts.

5-14




(*) NOTE: The data files were written on a HP 9000/700 series computer. This is a “BIG-ENDIAN”
computer, that is, the least significant byte has the most significant position in the multi-byte word. In
order to read this data on a “LITTLE ENDIAN” computer, e.g. PC or DEC machine, the byte order must
be reversed. MATLAB scripts provided with the data files perform any necessary byte swapping
automatically depending on the computer type. In this way, the data file size is dramatically reduced in
comparison to a binary MATLAB file format in which all data entries are treated as double precision
floating point entries.

Data files were written in the familiar DOS 8.3 format, i.e. an 8 character prefix and 3 character
extension. The file name is defined according to the convention:

Txxyyzz.MAT
where
T = file type (f=flight, g=ground engine run-up, r=reverberation time, c=calibration)
xx = flight or condition number, i.e. 11 for flight 11 or 06 for ground runup condition 6. (Note:

For reverberation time measurements, this field is always 00).

yy = runnumber from Table 12 for flight and ground engine runup data (01-72), Table 11 for
reverberation time data (01-16).

zz = data channel as specified in Table 7.

The extension used is MAT. Note that although this extension is also used to designate a MATLAB
binary file format, the format used is as provided in Table 14. Efforts to read the data into MATLAB as a
MATLAB binary file format will fail.

Data files were archived in ISO 9660 format on CD-R as indicated in Table 15. The 20-volume set
contains all data with the exception of microphone and Kulite calibration data. Time histories of the latter
are used to compute scalar calibrations which are included in the calibration data files, see Section 5.4.

Table 15: Table of CD-R titles and contents.

CD-R Title Size (MB) | Flight No. | Run No.
G_VI 553 GI1,G2 1-4
G_V2 364 G3,G4 5-8
G_V3 347 G35,G6 9-12
F9_VI 453 9 13,16-18
F9_V2 562 9 19-22
F9_V3 401 9 23-25

FI10_VI 454 10 27.29,30
F10_V2 578 10 31-34
FI10_V3 577 10 35-38
Fl1_V] 438 11 39,52,55
Fl1_V2 570 11 40-43
FI11_V3 579 11 44-47
F11_V4 579 11 48-51




CD-R Title Size (MB) | Flight No. | Run No.
FI1_V5 289 11 53,54
FIS_VI 302 15 56,57
Fl16_Vi 564 16 26,58-60
Fl6_V2 422 16 61-63
FI17_VI 575 17 65-67,72
FI17_V2 581 17 68-71

R_VI 30 Reverb 1-16

5.4. Calibration Data File Format

For each flight or ground experiment (ground engine runup and reverberation time), a calibration data file
was written into a computer file in a MATLAB data structure. A portion of a calibration data file (Flight
10) is provided below.

Ir contains

THIS FILE APPLIES TO TU-144LL FLIGHT 10,

CONDUCTED ON 10/29/97

This file contains a portion of the data structure for each transducer.
the following:

%
%
%
%
%
%
% data.xdcrstr Character string designating the transducer
% data.xdcr_sn Transducer serial number
% data.xcdr_typ Transducer Type (1=Mic, 2=Kulite, 3=Accel, 4=0Other}
% data.precal Pre flight cal factor in EU/V
% data.postcal post flight cal factor in EU/V (same as precal if not available)
% data.gain Linear Gain
% data.dbref Reference for dB scaling
% data.ytimstr Character string designating the y label for time history plots
% data.yspecstr Character string designating the y label for auto spectra plots
%
%
switch data.channel
case 1
data.xdcrstr = 'Kulite N1.1';
data.xdcr_sn = 'I27-1";
data.xdcr_typ = 2;
data.precal = 1760.39; % cal factor Pa/V from 150 dB data (10/21/97)
data.postcal = 1760.39;
data.gain = 1.0;
data.dbref = 2.0e-5; .
data.ytimstr = ‘Pressure (Pa)’;
data.yspecstr = 'SPL (dB re: 20 uPa}’;

In these files, information for each transducer is provided including its designation, serial number, and
pre- and post-test calibration factors. Pre-test calibrations were used in place of the post-test calibrations
when post-test calibrations were not performed. Only Kulite magnitude calibration data was made
available in these files; phase calibrations (see Section 2.3.3) were not included here.



5.5. Auxiliary Data File Format

For each run, auxiliary data from the NASA DFRC FDAS system was collected into a computer file in
MATLARB data structure. Here is a sample file (Flight 10, Run 35); it will be followed by further
comments:

This file contains auxiliary data items which. exist at the "run" level:
one parameter has a single time-invariant value for one “run® which corresponds
to a flight condition (or an engine setting for ground runup measurements).

This excludes transducer/signal channel calibration data which exist at the
“flight” level and are stored in a different input file.

Data items which end in _s are standard deviations associated with
the parameter without _s.

RUN PARAMETERS

fdas.run.start Start time in seconds past midnight
fdas.run.stop Stop time in seconds past midnight

FLIGHT PARAMETERS

fdas.flight.hpc Altitude (meters)

fdas.flight .machc Mach number

fdas.flight.ktas True air speed (knots)

fdas.flight.kias Indicated air speed (knots)
fdas.flight.tsc Ambient atmospheric temperature {deg C)
fdas.flight.alpha Angle of attack {(deg)

fdas.flight.theta Pitch angle (deg)

fdas.flight.beta Side slip angle (deg)

fdas.flight.phi Bank angle (deg)

fdas.flight.gwcalc Gross weight (metric tons)

CABIN INTERIOR

fdas.cabin.press Cabin pressure (mBar)
fdas.cabin. temp Cabin temperature at operator location (deg C)

ENGINE PARAMETERS

fdas.engine.rll Speed of low pressure spool, engine #1 (percent)
fdas.engine.ri? Speed of low pressure spool, engine #2 (percent)
)

fdas.engine.rl3 Speed of low pressure spool, engine #3 (percent
fdas.engine.rl4 Speed of low pressure spool, engine #4 (percent)
fdas.engine.rml Speed of medium pressure spool, engine #1 (percent)

fdas.engine.rm2 Speed of medium pressure spool, engine #2 (percent)
fdas.engine.rm3 Speed of medium pressure spool, engine #3 (percent}
fdas.engine.rm4 Speed of medium pressure spool, engine #4 (percent)
fdas.engine.rhil Speed of high pressure spool, engine #1 (percent)

fdas.engine.rh2 Speed of high pressure spool, engine #2 (percent)
fdas.engine.rh3 Speed of high pressure spool, engine #3 (percent)
fdas.engine.rhd Speed of high pressure spocl, engine #4 (percent})
fdas.engine.vl11l Vibration speed-front support engine #1 (percent)
fdas.engine.vi12 Vibration speed-front support engine #2 (percent)
fdas.engine.v13 Vibration speed-front support engine #3 (percent)

)

fdas.engine.vl4 Vibration speed-front support engine #4 (percent
fdas.engine.v21 Vibration speed-mid support-engine #1 (percent)
fdas.engine.v22 Vibration speed-mid support engine #2 (percent)
fdas.engine.v23 Vibration speed-mid support engine #3 (percent)
fdas.engine.v24 Vibration speed-mid support engine #4 (percent)
fdas.engine.v31l Vibraticn speed-booster chamber engine #1 (percent)
fdas.engine.v32 Vibration speed-booster chamber engine #2 (percent)
fdas.engine.v33 Vibration speed-booster chamber engine #3 (percent)
fdas.engine.v34 Vibration speed-booster chamber engine #4 (percent)

NOZZLE EXIT FLOW PARAMETERS - ENGINE #3

cma@o@wo@o@c@dpwwo@d@wc\oo@d@dpdpdpmwwopopo@dpd@dﬁo@dowwwwwwwwa@o@wwwd@dno@n@o@o@wmﬂdndpww’opopwww@\ow
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fdas.
fdas.
fdas.
fdas.
fdas.
fdas.
fdas.
fdas.
fdas.
fdas.

fdas.
fdas.

fdas

fdas.

fdas
fdas
fdas

fdas.
fdas.

fdas
fdas
fdas
fdas

fdas.
fdas.
fdas.

fdas

fdas.noz3
fdas.noz3

fdas.noz3.
fdas.noz3.

fdas.noz3
fdas.noz3
fdas.noz3

.data
.vel

ttemp
tpres

.mass
.area
.gtemp

Nozzle exit data exists
Velocity
Total temperature

(m/sec)

Total pressure (Pa)

Mass flow rate
Nozzle cross-sectional area
Exhaust gas temperature at turbine exit

NOZZLE EXIT FLOW PARAMETERS - ENGINE #4

fdas.noz4.
fdas.noz4.
fdas.noz4.
fdas.noz4d.
fdas.nozd.

FUSELAGE OUTER SURFACE TEMPERATURES

Nozzle exit data exists
Velocity
Total temperature

{m/sec)

Total pressure {(Pa)

Mass flow rate
Nozzle cross-sectional area
Exhaust gas temperature at turbine exit

(LEFT SIDE)

fdas.otemp.
fdas.otemp.
fdas.otemp.

[*)

.t937pav
.t938pav
.t948pav
t9%49pav
t951pav
t952pav

SRsaaan

33333

//C

Millimeters from a forward
(**) Angle measured circumferentially from crown

RUN PARAMETERS

.run.start
.run.stop

FLIGHT PARAMETERS

flight.
flight.
flight.
flight
flight.
flight
flight.
flight
flight.
flight.

machc
ktas

.kias

tsc

.alpha

theta

.beta

phi
gwcalc

CABIN INTERIOR

cabin.press
cabin.temp

ENGINE PARAMETERS
.engine.rll = 76.13023
engine.rl2 = 76.1724¢6
.engine.rl3 = 76.65763
.engine.rléd = 78.18011
.engine.rml = 83.50220
engine.rm2 = 83.79623
engine.rm3 = 84.19279
.engine.rmé = 85.48249
.engine.rhl = 88.47282
.engine.rh2 = 88.81432
.engine.rh3 = 88.53609
engine.rh4 = 89.28443
engine.vll = 73.88566
engine.vi2 = 73.82329
.engine.vl13 = 74.00000

47364.000
47424 .000

56653.38
1.967909
1113.779
454.9797
-62.20151
4.923744
3.442639
1.076307
-1.078853

forbody 15900(*)-90 deg(**)

fuselage
fuselage
fuselage
fuselage
fuselage
fuselage
fuselage

24300-67
30320-67
30320-90
41160-67
41160-90
46000-67
46000-90

reference point

1.3606821e+02

903
14.9

{deg C)

(kg/sec)

(deg C)

(kg/sec)

deg
deg
deg
deg
deg
deg
deg

(l=Yes,

(l=Yes,

(deg

000

[OEONONS]

0=No)

(m~2)

0=No)

(m~2}

(
)
)
3
)
)
)
)

deg

~
<

}

(deg C)

(deg C)



fdas.engine.vi14 = 75.88566

fdas.engine.v21 = 53.00000

fdas.engine.vi2 = 53.06861

fdas.engine.v23 = 53.95842

fdas.engine.vz4 = 54.55717

fdas.engine.v21 = 118.3971

fdas.engine.v32 = 11%.0000

fdas.engine.v33 = 118.7089

fdas.engine.v34 = 119.8046

%

% NOZZLE EXIT FLOW PARAMETERS - ENGINE #3
% _______________________________________
fdas.noz3.data = 0

fdas.noz3.vel = -888.88
fdas.noz3.ttemp = -B888.88
fdas.noz3.tpres = -888.88
fdas.noz3.mass =~ -B888.88
fdas.noz3.area = -888.88
fdas.noz3.gtemp = -B88.88

%

% NOZZLE EXIT FLOW PARAMETERS - ENGINE #4
% _______________________________________
fdas.noz4.data =0

fdas.noz4d.vel = -888.88
fdas.noz4.ttemp = -888.88
fdas.noz4.tpres = -888.88

fdas.noz4 .mass = -888.88
fdas.nozd.area = -888.88
fdas.nozd.gtemp = -888.88

%

% FUSELAGE OUTER SURFACE TEMPERATURES (LEFT SIDE)
% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
fdas.otemp.t923pav = 75.403381
fdas.otemp.t929%pav = 78.318367
fdas.otemp.t937pav = 73.808716
fdas.otemp. t938pav = 77.145996
fdas.otemp.t948pav = B81.295204
fdas.otemp.t949pav = 79.684799
fdas.otemp.t951pav = 76.595589
fdas.otemp.t952pav = 80.901817

3

% STANDARD DEVIATIONS

% —===zz==s-s--=—====

% FLIGHT” PARAMETERS

% _________________

fdas.flight .hpc_ s = 72.33243
fdas.flight.machc_s = 0.3604686E-02
fdas.flight.ktas_s = 2.260388
fdas.flight.kias_s = 1.501028
fdas.flight.tsc_s = 0.2854766
fdas.flight.alpha_s = 0.4942496E-01
fdas.flight.theta_s = (0.1651940
fdas.flight .beta_s = 0.8170152E-0C1
fdas.flight.phi_s = 0.2715641

%

% ENGINE PARAMETERS

% _________________

fdas.engine.rll_s = 0.1681500
fdas.engine.rl2_s = 0.1507661
fdas.engine.rl3_s = 0.1631295
fdas.engine.rld_s = 0.1777662
fdas.engine.rml_s = 0.2246118
fdas.engine.rm2_s = 0.1052996
fdas.engine.rm3_s = 0.1543996

fdas.engine.rmd4_s = 0.1561846

fdas.engine.rhl_s = -999.99
fdas.engine.rh2_s = 0.2883749
fdas.engine.rh3_s = -999.99

fdas.engine.rhd_s = (.3346474
fdas.engine.v1ll_s = 0.3185205
fdas.engine. 0.3818473

<
[N
b
0
1
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fdas.engine.v13_s =
fdas.engine.vld_s
fdas.engine.v2l_s =
fdas.engine.v22_s
fdas.engine.v23_s
fdas.engine.v24_s
fdas.engine.v3l_s
fdas.engine.v3Z_s =
fdas.engine.v33_s =
fdas.engine.v34_s =
%
% FUSELAGE OUTER SURFACE TEMPERATURES (LEFT SIDE)
- e
fdas.otemp.t923pav_s = 2.355395
fdas.otemp.t929%pav_s .672243
fdas.otemp.t%37pav_s = 2.283934
fdas.otemp.t238pav_s = 1.993614
fdas.otemp.t948pav_s = 3.388538
fdas.otemp.t949pav_s = 3.681047
fdas.otemp.t951lpav_s = 5.388420
fdas.otemp.t952pav_s = 5.652197

.3185205

It
[sNeReReBoeNoloBoN ol

.2530479
.1997920
.4972551
.4905200

"

.4553524
.3967994

o

U W B B

Nozzle exit flow parameters are only available for ground runups. Special values -888.88 indicate that
data are not available. Special values -999.99 indicate that the attempt of obtaining the value ran into an
error condition, and that it was judged too time consuming to attempt to resolve the problem.

Plots of the flight data parameters on a 10-second interval are provided for each flight in Appendix G.

5.6. Data Availability

The complete time history data set is archived on a 20 volume CD-R compilation. Data processing scripts
for use with MATLAB, calibration data files and auxiliary data files are on floppy disk. Time histories of
the calibration file records are not available.

Requests for data should be submitted in writing to the following address:

Dr. Stephen A. Rizzi

NASA Langley Research Center
Mail Stop 463

Hampton, VA 23681-2199
Email: s.a.rizzi@larc.nasa.gov

A determination of data availability will be made on a case-by-case basis.
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Figure 38: Comparison of boundary layer and displacement thickness calculations.
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6. Measurement Uncertainties

The following are the dominant sources of uncertainty: Deviation from constant test point conditions, and
pressure transducer flushness.

6.1. Deviation From Constant Test Point Conditions

We cannot make a general statement regarding uncertainty in this case because the constancy of test
conditions varies greatly. The reader, or user of the data, needs to assess it for each test point using the
standard deviations of auxiliary data provided in MATLAB files accompanying the main data.
Recordings during takeoffs and landings have large variations as one would expect. The constancy
during regular flight depends on the pilot’s skill in using minimum control inputs during data acquisition.
Constancy improved as the test flights progressed.

6.2. Pressure Transducer Flushness

As reported in 1975 by Hanly [23], there can be a substantial deleterious effect of installing a transducer
measuring turbulent surface pressure without carefully controlling the amount by which it protrudes past
or is recessed into the surrounding surface. Because the Kulite transducers used in the present study have
a small cavity behind the protective screen it was decided that a special investigation was needed to
determine the effect of transducer flushness on measured turbulence spectra, as a function of flight
condition (altitude and Mach number). If this study would show that a single transducer flushness value
would not guarantee accuracy at all conditions then a method of correcting measured spectra should be
provided.

This study was carried out by TSAGI [22] using the same Kulite XCS-190-15D transducer and insulating
boss as used in the test flights. The window blank curvature was simulated by embedding boss and
transducer into a 40-mm diameter ‘hub’ with a cylindrical face of appropriate radius (1600-mm). The hub
was inserted into the otherwise flat wind tunnel wall. The amount of the transducer face’s protrusion or
recess with respect to the surrounding surface was measured optically. Transducer response
measurements were made at the following flow conditions:

Mach Number 0.5 0.78 1.5 2.0 2.5
Simulated Altitude (km) 4.9 4.9 13.8 16.8 16.8

A truly flush mounted 1/8-th inch condenser microphone (Bruel & Kjaer 4138) without grid cap was used
as a basis for comparison (such a microphone is not suitable for in-flight measurements due to its
fragility). The data in Table 17 show the difference between levels measured by the condenser
microphone and those by the Kulite where the latter was at its ‘reference’ or ‘zero’ position: the
transducer face is even with the lowest part of the intersection curve of the cylindrical hole that the
transducer is mounted in, and the outer cylindrical surface simulating the window blank/fuselage
curvature. Specifically:

ALl = LKulite - L ALz = LKulite - L i + C‘OrrCorcos

B&Kl B& K-
8 8

where Cortcors is the correction for transducer size according to [24] (only significant at higher
frequencies).



Table 17: Spectral differences of pressure fluctuation measurements (dB)®

Mach Number
Freq. 0.5 0.78 1.5 2.0 2.5
(Hz)
AL, AL, AL, AL, AL, AL, AL, AL, AL, AL,

25 0.2 0.2 0.2 0.2

31.5 * 0.2

40 0.2 * * 0.2

50 * 0.2 * 0.2

63 -0.3 * 0.2 * *

80 * 0.2 * *

100 * 0.2

125 x x %

160 0.2 * * * 0.2

200 0.2 * * *

250 -0.3 * * -0.2 *

315 0.3 -0.2 * * 0.2

400 0.2 -0.2 * 0.2

500 0.2 * * * *

630 -0.3 * * * 0.2

800 -0.3 * 0.2 *

1000 0.2 0.2 0.2

1250 * -0.2 -0.5 0.6 * * 0.2

1600 | -0.2 0.5 0.5 -0.6 * x * -0.2
2000 | -0.5 0.9 -0.6 -0.8 0.2 * *

2500 -1 -1.5 0.6 -0.9 * -0.2 -0.2 0.3 0.2 0.3
3150 | -24 -3 -1.2 -1.6 -0.2 0.4 -0.2 -0.3 * -0.3
4000 | -4.3 -5 -1.8 2.3 0.5 -0.8 0.3 0.5 0.2 -0.4
5000 | -5.6 -6.5 2.3 2.9 0.8 -1.2 0.4 -0.7 * -0.4
6300 | -68 -7.9 -3 -3.7 -1 -1.5 -0.5 -0.9 0.2 -0.5
8000 | -82 9.6 -3.3 -4.2 -1.6 2 -0.7 -1.2 -0.4 -0.8
10000 -9 -10.8 -3.8 -5 -2 2.7 -1 -1.6 0.7 -1.2

¥ Values below 0.2 are indicated with * because they fall below the measurement uncertainty.
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Mach Number

Freq.
0.5 0.78 1.5 2.0 2.5
(Hz)
AL, AL, AL, AL, AL, AL, AL, AL, AL, AL,
12500 -9.8 -12.1 -4.5 -6 -2 -2.8 -1.5 -2.2 -0.9 -1.5
16000 | -11.6 -14.7 -5.5 -7.4 -2.5 -3.6 -1.9 -2.8 -1.4 -2.2
20000 | -13.5 -17.5 -8.1 -10.5 -3.2 -4.6 -2.8 -3.9 -2.4 -3.4

Examining these data, Efimtsov concluded that the Kulite behaves as if its face diameter were about
8 mm instead of the actual 3.86 mm (see Figure 7) when applying the Corcos correction. This results in a

relatively simple correction procedure for the Kulite if one can assume that it is flush mounted and that

the measurements made by the B&K microphone represent the true level.

Efimtsov then investigated the transducer’s behavior when it was installed not exactly flush. Deviations
from flushness ranged from -100 to +100 tm (micrometers = thousandths of a millimeter). Negative
flushness indicates recessed and positive indicates protruding. The results are tabulated in Table 18 —
Table 22 and plotted in Figure 39 — Figure 43. From this data, corrections to the flight data for transducer
flushness (see Table 4) could be applied if necessary.
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Table 18: Kulite transducer non-flush frequency response - dB difference with flush (H=4.9 km, M=0.5).

Band Freq. Protrusion (>0) or Recession (<0) in Thousandths of a Millimeter
No. Hz -100 -50 -20 -10 -5 5 10 20 50 100
14 25 4 2.8 1.3 0.5 0 0 -1 -().5 -().5 1.6
15 315 4.8 3 1.3 0.3 0 0ol 121 081 -03 1.6
16 40 5.5 3.2 0.9 0.3 0 0 .9 -1.1 0 1.6
17 S0 5.2 34 0.9 0.3 0 0 .6 -1 0 1.5
18 63 4.9 3.5 0.8 0.4 0 0 -0.6 -0.9 0 1.4
19 80 4.6 3.7 0.7 0.5 4] 0 -0.4 -().8 0 1.5
20 104 4.3 3.4 0.7 0.4 0 0 0.2 -0.7 0.2 1.5
21 125+ 4 29 0.6 0.4 0 0 0.2 -0.6 0.3 1.5
22 160 3.9 29 0.6 0.2 0 0 0 -0.5 (1.4 1.4
23 200 39 2.8 0.8 0.2 0 0 0 -0.4 0.4 1.4
24 250 39 27 | 0 0 0 0 -0.3 0.3 1.3
25 315 3.8 2.5 0.9 0 4] 8] 0 -(.2 0 1.3
26 400 3.5 2.3 0.9 0 0 4] () 0 () 1.2
27 500 34 2.2 0.8 0 0 Y [¢] 8] 0.2 1
28 630 3.2 2 0.7 8] 4] 0 0 0.2 0.3 0.9
29 8(X) 2.8 1.6 0.6 8] ) 0 () 0.3 0.4 (.8
30 100 2.6 1.4 0.4 () 0 4] 0 0.3 0.5 0.8
31 1250 2.2 1.3 0.4 0 0 0 0] (.2 0.4 0.7
32 1600 1.6 0.5 0.3 0 0 () [y} 0 0.2 0.5
33 2000 1.3 (.5 0.2 0 0 0 0 8} () 0.3
RE) 2500 1.4 0.6 0 () () 0 0 () () 0.2
35 3150 1.6 0.6 () [\ [ 0 0 0 0 8]
36 4000 1.8 0.7 0.2 () Y () 0 ) 0 0
37 5000 2 0.8 0.3 0 0 ) 0 -0.2 -().2 -().3
38 6300 2.1 0.8 0.4 0 0 0 8] -(.2 -0.3 -0.4
29 80X} 2.3 i 0.4 0 0 0 -0.2 -0.3 -0.4 -0.5
40 10000 24 1.1 0.5 0.2 0] 0 -0.2 -0.3 -0.4 -().5
41 12500 22 0.9 0.5 0.2 0 0 0 -0).2 -(.3 -().4
42 1600 2.7 1 0.4 0.2 8] [ 0 0 0 0
43 20000 3.6 1.1 0.2 0 0 0 0 0 0.4 0.5




Table 19: Kulite transducer non-flush frequency response - dB difference with flush (H=4.9 km,

M=0.78).
Band Freg. Protrusion (>0) or Recession (<0) in Thousandths of a Millimeter
No. Hz -100 -50 -20 -10 -5 S 10 20 50 100
14 25 4.7 5.2 1.3 0.3 0 0 -04 ] -1.2 1.3 3.8
15 32 4.9 54 1.4 0.5 0 0 0.6 [ -09 1.2 3.7
16 40 5.3 5.5 1.6 0.7 0 0] -09] -04 1.1 3.9
17 50 5.2 53 1.6 ! 0 0 -0.7 ] 02 | 3.7
18 63 5.1 4.9 1.7 1.2 0 0 -0.4 0 0.9 3.6
19 80 S 4.8 1.8 0.8 0 0 0.2 [ -0.2 0.8 3.5
20 100 4.9 4.5 1.8 0.6 0 0 0] -03 0.8 33
21 125 4.8 4.1 1.8 0.5 0 0 -0.3 | -04 0.8 3.2
22 160 44 3.9 1.6 0.3 0 0 061 -06 0.7 3
23 200 4.3 4 1.5 0.3 0 0 0.6 { 0.5 0.7 2.8
24 250 4.2 3.9 14 0.5 0] 0 -0.7 1 -0.5 0.8 2.6
25 315 4.2 39 1.4 0.5 0 0] -05] -04 0.7 2.6
26 400 4.2 39 13 0.6 0 0 04 ] -0.3 0.8 2.5
27 500 4.1 3.9 1.3 0.7 0 0 -0.3 -0.4 0.6 2.4
28 630 4.1 3.8 1.4 0.7 0 0 0.2 1 -04 0.5 2.3
29 800 4 38 1.4 0.7 0 0 01 -06 0.5 2.2
30 1000 3.8 33 1.2 0.5 0 0 0] -04 0.4 1.9
3l 1250 3.6 3 1 0.3 0 0 01 -03 0.3 1.6
32 1600 3.1 2.5 0.8 0.4 0 0 01 -0.2 0.3 1.3
33 2000 2.9 2.3 0.7 0.3 0 0 0 0 0.2 0.9
34 2500 2.8 2 0.6 0.2 0 0 0 0 0.2 1
35 3150 29 1.9 0.6 0.2 0 0 0 0 0 (.8
36 4000 2.8 1.6 0.5 0.2 0 0 0 0 0 0.4
37 S000 2.6 1.3 0.3 0 0 0 0 0 0 \]
38 6300 2.5 1.2 0.4 0.2 0 0 1] 0] -0.2 -0.2
39 8000 23 1.2 0.3 0.2 0 0 0] -02 -0.3 -0.5
40 10000 2.4 1.2 0.4 0 0 ()] 0] -02 -0.3 -0.6
41 12500 2.5 1.2 0.3 0.2 0 0 0] -02 -0.4 -0.8
42 16000 2.7 1.3 0.4 0.2 0 0 021 -0.2 -0.5 -1
43 20000 3.1 1.4 0.5 0.3 0 0] -03 -0.3 -0.6 -1.1




Table 20: Kulite transducer non-flush frequency response - dB difference with flush (H=13.8 km,

M=1.5).
Band Freq. Protrusion (>0) or Recession (<0) in Thousandths of a Millimeter
No. Hz -100 -50 -20 -10 -5 5 10 20 50 100
14 25 3.6 2.3 -0.9 0.8 0 2.3 27 4.6 69 | 108
15 31.5 33 19 -24 0.9 1] 1.7 2 3 6.4 9.7
16 40 1.8 161 -1.7 0.5 0 0.3 1.6 3.1 6.3 9.5
17 50 1.6 13] -12] -05 0 0.5 1.4 3.1 5.6 9
18 63 2.2 0.9 -1.3 -0.7 0 0.7 1.4 3.2 5.5 8.8
19 80 2.4 0.6 -1.1 -0.4 [§] 0.9 1.7 2.8 54 8.7
20 100 2.3 0.8 -1 -0.2 0 0.8 1.7 25 5.5 8.3
21 125 2 1.1 -0.8 0 0 0.7 1.6 2.3 5.5 7.9
22 160 1.5 0.9 -0.5 0 0 0.7 1.4 2.1 5.1 7.8
23 200 1.2 08 | -0.2 0 0 0.7 1.3 2.2 5 7.7
24 250 1.3 0.9 0 0 0 0.8 1.3 2.1 S 7.6
25 315 1.1 071 -03 0 0 0.8 1.2 2 4.7 7.5
26 400 0.9 06 | -0.5 0 0 0.6 i1 1.9 4.4 7.3
27 500 0.5 04 | -0.6 0 0 0.5 1 1.7 4.1 7
28 630 0.6 0.3 -0.6 0 0 0.5 0.9 1.7 39 6.7
29 800 0.4 0.2 -0.5 4] 0 0.4 0.8 1.6 4.1 6.8
30 1000 0.2 0 -0.5 0 0 0.4 0.8 1.6 4 6.6
31 1250 0 0 -0.4 0 0 0.5 0.8 1.5 39 6.5
32 1600 | 021 031 -04 0 0 0.4 0.7 1.3 3.7 6.2
33 2000f -03) 0371 03 0 0 0.3 0.6 1.2 3.1 5.5
34 2500 05 [ 0.5 -0.3 0 0 0.2 0.5 | 2.6 4.9
35 3150 -0.6 -0.4 -0.2 0 O 0.2 0.5 0.9 2.2 4.2
36 4000 -0.6 -0.3 -0.2 0 0 0 0.4 0.7 1.8 35
37 5000 | -06 ] -02 0 0 0 0 0.3 0.5 1.3 27
38 6300 -0.7 -0.2 0 0 0] 0 1] 0.2 0.7 1.9
39 8000 -0.9 -0.2 0 0 0 0 -0.2 [ 0 0.6
40 10000 -0.9 0 0 0 0 0 -(.2 -0.2 -0.5 -0.4
41 12500 -0.7 0 0 [t 0 0 -0.3 -0.3 -0.9 -1.1
42 16000 -0.2 0.4 0.3 0 0 0 -0.3 -0.4 -0 -1.7
43 20000 0.4 0.7 0.4 0.2 0} -02] -04] -05 -4 ] -2




Table 21: Kulite transducer non-flush frequency response - dB difference with flush (H=16.8 km,

M=2.0).
Band Freq. Protrusion (>0) or Recession (<0) in Thousandths of a Millimeter
No. Hz =100 -50 -20 -10 -5 5 10 20 50 100
14 25 27 -3.2 -2.5 -1t 0 0.5 -1 1.4 0.9 35
15 3.5 3.5 -2.5 -1.7 -1 0 0.2 -0.7 1.5 1.4 33
16 40 4.5 19 ] -1.3 -().8 01 041 -02 1.7 1.9 KR/
17 50 4.2 1.5 -1.1 -0.9 0] -05 0 1.6 2 3.1
18 63 4.1 -1.3 -0.9 -0.8 0 (0.8 0 1.5 1.9 3
19 80 4.1 -1.3 -1.1 -0.6 0] -05 0.3 1.4 1.8 3.1
20 100 41 -1 -0.9 -0.4 0f -03 0.2 1.3 1.5 29
2 125 41 091 -07 -0.3 0] -0.2 0.2 1.2 1.4 2.8
22 160 371 06 -05 -0.2 [¢] 0 0 1.2 1.3 2.7
23 200 3.3 -0.5 -0.3 -(0.2 0 0 0 1.1 1.2 2.9
24 250 31 041 -02 0 0 0.2 0 1.1 1.2 2.9
25 315 2.7 -0.3 0 0 0 0 0 1.1 1.2 3
26 400 2.6 -().2 0 () () 0.2 4] I 1.2 2.8
27 SO0 2.3 0 0 (8] 0 0.3 0 1 1.1 2.7
28 630 2.2 0 () 0 0 0.2 0 (.8 1 2.6
29 300 1.6 -().2 0 0 {] 0.2 (.2 0.8 0.9 2.5
30 1000 1.5 -0.2 0 0 0 0 0.2 1 0.9 24
31 1250 1.4 0 0.2 0 0 () 0.2 | 0.8 2.2
32 16(X) 1.2 0 0.2 0 0 4] 0.3 0.9 0.8 2.1
33 2000 | 0 0.3 0.2 0 0 0.2 0.8 0.7 1.8
34 2500 0.8 0 0.3 0.2 0 0 0 0.8 0.6 1.7
35 3150 1 0 0.2 0 0 0 0 0.8 0.5 1.4
36 4000 0.7 0 0 0 0 0 0 0.7 0.5 1.1
37 S000 0.7 0 0 0 0 0 4] 0.5 0.2 0.7
38 6300 0.7 0.2 0.2 0 0 0 0 0.3 0 0.4
39 8OX) (.8 0.3 0.3 0.2 0 0 0 0.2 -0.2 0
40 10000 0.9 0.4 0.4 0.2 0 0 0 0 0.5 ] 06
41 12500 | 0.6 0.5 0.2 0 0 0 0 0.6 | -l.1
42 16000 1.6 1 0.6 0.3 0 0 0 -04 091 -1.7
43 20000 2.4 1.3 0.6 0.3 0 0§ -02 -(1.5 -1 -2




Table 22: Kulite transducer non-flush frequency response - dB difference with flush (H=16.8 km,

M=2.5).
Band Freg. Protrusion (>0) or Recession (<0) in Thousandths of a Millimeter
No. Hz -100 -50 -20 -10 -5 S 10 20 50 100
14 25 3 1.5 ] 09 0.5 031 -13 -1 1.2 -08 23
15 31.5 3.1 1.7 | 07 0.7 02| -1.2] -17) 141 -14 1.2
16 40 3.2 241 05 1.1 0f 09 25} 16| -22 0.3
17 50 3.5 21 02 0.8 0 -071 -1.51 -14 -1 0
18 63 39 1.8 0 Q.5 04 041 -11 131 -09 0
19 80 3.7 1.6 0 0.3 0] 05 -1 -1 0 0.7
20 100 3.5 1.6 (.5 0.4 0| 05| 091 091 -03 0.5
21 125 3.2 1.8 0.6 0.4 0l 051 091 08 -05 0.4
22 160 28 1.5 0.6 0.3 0] 061 08] 051 -06 0.7
23 200 2.6 1.5 0.5 0.2 0} 06 08| 041 05 0.8
24 250 24 1.4 0.4 0 0| 04| 07| -04] 02 1
25 315 23 1.3 0.3 [\ 0| 04] 061 05 0 0.9
26 400 22 | 0.2 0 0f 0411 051 06 0 |
7 500 1.8 0.8 0 0 0} 031 041 -05 0 1
28 630 1.5 0.6 0 0 0] -02] 041 04 0 1.1
29 800 14 0.5 0 0 0] 02 041 -03 0 |
30 1000 13 0.4 0 0 0f -021 03] 04 0 |
3 1250 I 0.3 0 0 0] -02] 03| 04 0 0.9
32 1600 08 0.2 0 0 0 0] -034f -04 0 0.9
33 2000 0.7 02 0 0 0 0] 0341 -03 0 09
34 2500 0.6 0 0 0 0 0 0] -02 0 1
35 3150 0.5 (4] 0 0 0 0 0] 0.2 4] 1
36 4000 04 0 4] 0 0 0] -02] -03 0 0.9
37 5000 0.3 0 0 0 0 04 021 03 0 0.8
38 6300 0 0 0 0 0 0 01 -03 0 0.5
39 8000 0.2 0.3 0 0 0 0] 03] 04] 03 0.2
40 10000 0.2 0.5 0.2 0 0 0 0 051 -04 0
41 12500 0.4 0.7 0.3 0 0 0l 03] 06 071 07
42 16000 0.7 1 0.3 0.2 0 o] 051 -08] -09] -1.1
43 20000 1.3 1.3 0.4 0.3 02 02| 06| 09§ -1.2{ -18
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Figure 41: Kulite transducer non-flush frequency response (H=13.8 km, M=1 S).
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Appendix B Transducer Specification Sheets
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HIGH SENSITIVITY

HIGH SENSITIVITY IS
PRESSURE TRANSDUCERS

XCS-190 SERIES HIGH IMPEDANCE
XCW-180 SERIES LOW IMPEDANCE
* High Output
» High Natural Frequency
i i
o s [V " T T R
096 & oo ony | IR IR ‘ 1032 UN 24 ‘ .
1 ; H e e
! \ ! oW
L’;Mworm- BRANG ;:Sm‘“ L7 COMP a0+ LS M SCREEN STANDARD
CONNICIOR 12 G R NG DAL o 000 1ORES N D0 CERIERS:
DPTIONA,
SO
i NOT AVAILABLE ON DIFFERENTIAL UNIT CONSULT FACTORY FOR SPECS ON SEALED GAGE
— -
INPUT XCs XCW
Piessure Range 5 15 PSI 5 15 PS!
Operalional Mode [T - ) .Absolule, Gage, Sealed Gage, Difterential T T
Over Pressure 5 5 PS) 15 45 PS)
i Burst Pressure T 5 Times Rated Pressure
Pressure Media Al Nonconductive, Noncosrosive Liquids or Gases
Rated Etectrical Excrtation - 15 VDG/AC
Ma Elecirical E T 20 VOCIAC
’ Tn;m;t-lmpedanceh T 1200 Ohms (Min) 1206-0hms Min) 800 Ohms (Min.) BOOAO-hms 1M"ir;) T
QUTPUT
Output Impedance 1000 Onms (Nom.) 1000 Ohms (Nom,) 1000 Onms {Nom.) 1000 Ohm {Nom.)
Full Scale Output (FSO) 150 mv (Nom ) 200 mv (Nom.) 100 mV (Nom.) "7 200 mv {Nom) -
Residual Unbalance *5% FSQ ’
Combined Non~Lmean‘|-y.w T )
And Hysteresis =03% FS BFSL {Max))
Hyslaies:s 0.1% (Typ.)
Repeatability T Tomemym T N
Resolution 7 Infinite
Natural Frequency (KHZ) 100 150 100 150
Acceteration Sensitivity % FS/g
Perpendicular 005 002 005 002
Tiansverse .000% 0002 0005 0002
Insulation Resistance 100 Megohm Min. at 50 YDC ]
ENVIRONMENTAL .
QOperating Temperature Range -65F 10 250°F (-55°C 1o 120°) Temperatures to 350°F {175°C) Available on Special Order
Compensated Temperature Ran_g—e—— BO°F 10 1B0°F (25°C 10 BO°C) Any 100°F Range Within The Operating Range on Request
Thermal Zer Shilt = 2% FSI100°F (Typ) o
Thermal Sensitivily Shift :2‘/.I|OO°VF_{:I';;.')‘ - : ) i
Steady Acceleration P ) wooog Maxy i
Linear Vibration o ) o 0-2,000 Hz Stne, 100g. Max
PHYSICAL
Electrical Conaeclion 4 Conductor 32 AWG Shielded Cable 24" Long
Weight | . 5 Grams (Nom.) Excluding Module and Leads T
Sensing Principle w1 Fully Active Four Arm Whaatstone Bridge Dilfused Into Sicon Diaphragm R J
Mounting Torgue 15 Inch-Pounds {Max.) -

These uniis are availadie with melec Size threads. Sid. Melric Thread M5 x .8 XT87M-150

On speciai ovder M5 x .5 XF1M-190

WLy CERSU N TOR PHODLC TS ol

oo Wl e

il = boan s New Jsesay 0760 o e 00 QB LOEKR) » e, Rustung e Bowo BhS 10 w1

Figure 47: Kulite transducer XCS-190-15D specification sheet.
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Sl {metric) Selection Guide

5-44 Thd Coaxiai
Conneeter Y
&

irlggra; Miq Stud

32 The C
Cornecior -

T Q/q"az

saxial

SERGORS WITH 1037

P32 The Coaxa
Con'\ectcv

HIGH TEMPERATURE ~ QUARTZ SHEAR ICP*

FAQUNTIRG

HOLE SUNPHIER WiTH 1 3
TRIASIONG ShOWE: Ui
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IM350B18; (MAS8BO2 & BNy (M359B33
TR CUNDRSK INCAB! TUBET ST0N B DAt wsts 1 e nsionil ¢ 138 N shiow &
HIGH FREQUENCY . LOW JASS GENERAL PURPOSE HGH SENSITIVITY
MODEL NUMBER Unit M350B15 H 81359818 M353B03 M359B01¢ 14359833
Y 1.02 H 1.02 102 Q.04 02
230 10 000 21010 000 27O 2l 7005 2104000
: * .5t 18 000 1.5 18 0G0 fh0 1 000 !"ui’).’:’:f; * 507020
Ressoant Frequency & EED) = 5% o3 BIKES »2zZ
Ariphtids Barge PR T 3954 TG3a D R
Fesoluton toroadbang) iy pw Ut 0.1 [\ 0 0% 0.0 i
Machamzs' Shook Lmits LG pk 9¢ 100 a8 107 98 100 a8 140 18 820
Tempiralyre Range [ S - 182 -541g 163 5410 + 164 54t + 183 ECRIAET )
Tempaeatic Loelhcient {31 o 365 graph s@e granh see i aph 00 graph e praph
Ampitudy Line: : i1 ] [
Transvers LB =5
Sase Suain Sg ¢ s 007 0,008
Exciaton vollage Fiss R
Censtant Cuner ortabica ia) mi Qwre
Tt eisedance. orie a0
Tutput s Voltage VG T 1Y
Nscharge Timg Constaty BeCONT 2 (L35
3 Wy kiRment e Iri-chear
& e 1033 coax
S e weddherm
size j ¥ £ 50 1 4432
mialgrigl LB Vsl Btaniem Ianium maniem
G gam 2 1.8 0 25
CPTIONAL MODELS ;
Top Gonmector IANGARrg TA3ESH0 | *559B34
Groun isoated X0 oFmi) ; SMI53313 JM3596GY ! JM359353
Adhezive Bleant 2353815 ! A350818 AMISQHNG ] AM35S#B33_—']
wa rorood Sonrectior WMISGETS | WiMInuEI8 WM3I509807 WMSK3BG T WM3I5BAZ |
L ACCESSCRES 6,77,
nhing Stod (2 i MNA NA MOR PGS NS TBUS [SREREES]
\)PTI()NAL ACCESSORIES (8] |
Adhasive Mounting Base T MOSIATH j RNBOATS MOBOA MBEDA MOS0A 12
Magneic Mountng Bage MISGARD MOSHAZD 03)A27 DHNAZ YSOALT
oAl Mouneng Adantor MUSCATE MOSCALE MORCR 10 MOEGR 1) 080A 1
CEBLNG 163 : B
#laong Carie Coar=gctis 100 =G A H KW 1 AHKW AH KW A KW
Rezommendad Stock Catre seta 0o ! 002 i ase ol 02
HOTES Typical Sensitivity Deviation vs. Temperature
i I v —
4 'mm!« KOHAHCD gradtet than 5 mA may ‘
v i) A VKL BER '3 -14%
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Figure 48: Accelerometer specification sheet.
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Appendix E  Reverberation Time Measurement Procedures

I Turn on instrumentation as per usual procedures.

2. Set up the SD-380 for transient capture.
3. On the Metrum:
3.1 Recall TU-144 MIC CAL setup.
3.2. Put Data Channel Multiplexer on bank B.
3.3. Press INPUT CHAN setup key and enter at TEST NAME (e.g. Reverb Test) by pressing
TEST NAME softkey and typing name using keypad.
34. Perform a microphone calibration as per usual procedures.
3.5. Increase sampling rate to 160 Ksamples/second/channel for all microphone channels to
better capture the waveform.
3.6. For each test condition:

3.6.1.
3.6.2.

3.6.3.
3.64.

3.6.5.

3.6.6.
3.6.7.
3.6.8.
3.69.

3.6.10.

Enable only desired microphone channels (23-30), disable others.
Set monitor channels:

3.6.2.1. Press OUTPUT CHAN setup key and set microphone closest to noise
source as monitor channel 1 (channel A on SD-380). (NOTE: Trigger
for SD-380 must come on channel A.)

3.6.2.2. Optionally set up monitor channel 2 (channel B on SD-380) as another
microphone.

Set channel input range(s) to £10V for initial recording.

Press SPEED transport key and ENABLE REC READY softkey to get Metrum
ready for acquisition.

Press BAR display key, PEAK HOLD softkey and OVERRANGE CLEAR
display key. Press RECORD/PLAY to start acquisition.

When recording starts, give a visual signal that it is OK to fire a blank.
After a couple of seconds following the shot, press STOP.
Enter beginning and ending block number on data sheet.

Look at Overrange Indicator display light to see if any channels overranged.
Check out peak on bar display of Metrum. (*) sign indicates the overranged
channel(s).

Play back the recorded signal from the Metrum to the SD-380 to verify signal
quality.

3.6.10.1.1f there any signs of signal clipping or the signal is very low, manually
adjust Metrum input range(s) accordingly. (Note: Make sure signal
clipping or low signal level not due to input settings of SD-380, which
can also clip or make the signal from the Metrum appear small.)

E-1



3.6.10.2.The play-back speed on the Metrum can be slowed down to better see
the captured waveform on the SD-380. This has the effect of changing
the time base.

3.6.11. Repeat steps 3.6.4 — 3.6.10 until data is properly recorded on all channels with no
clipping or signals too small.
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