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ABSTRACT

Segura, Rodrigo. M.S.A.A., Purdue University, December, 2007. Oscillations
in a Forward-Facing Cavity Measured Using Laser-Differential Interferometry in a
Hypersonic Quiet Tunnel. Major Professor: Steven P. Schneider.

Laminar-turbulent transition is a pivotal factor for the design of hypersonic ve-
hicles but the mechanisms that induce transition are not well understood. A laser
differential interferometer (LDI) is a non-intrusive optical device that measures the
optical path length difference between two laser beams. The LDI is a reliable cali-
brated instrument to assist the study of boundary layer instability-wave growth in
hypersonic flow and has high sensitivity and frequency response. A LDI with a com-
mercial balanced photodetector capable of detecting optical path length differences
of A\/21,000 from DC to 80 MHz was assembled and tested in the Purdue Quiet-
Flow Ludwieg tube (PQFLT). Fluctuations in the subsonic region of a forward-facing
cavity were measured with the LDI and compared to those detected with a Kulite
pressure transducer at the base of the cavity. Predictions of self-resonating deep
cavities were confirmed. The LDI was then adapted and transferred to the Boe-

ing/AFOSR Mach-6 Quiet Tunnel (BAM6QT).



1. Introduction
1.1 Purpose

Laminar-turbulent boundary layer transition is a pivotal factor for the design of
vehicles traveling at hypersonic speeds but the mechanisms that induce transition
are not so well understood [1-5]. The primary purpose of this research is to develop
a reliable calibrated instrument to assist the study of boundary layer instability-
wave growth at the Purdue Mach-6 wind tunnel. A laser differential interferometer
(LDI) was assembled and tested in the Purdue Quiet Flow Ludwieg Tube (PQFLT)
before being adapted and transferred to the Boeing AFOSR Mach-6 Quiet Tunnel
(BAM6QT) facility. Since the LDI is highly sensitive to mechanical vibrations and
electrical noise, and the optical table near the PQFLT was no longer floated, a large
amplitude known disturbance was required to test the instrument. A forward-facing
cavity was chosen to compare oscillations detected by the LDI behind the bow shock
to those detected by a Kulite pressure transducer mounted at the base of the cavity.
Pressure transducers and cold-wires were also used to characterize the freestream

flow and validate the preliminary LDI test results.

1.2 Motivation and Background

Optical interferometry has been used in a myriad of forms to perform flow diag-
nostics. The motivation for the use of this technique arises from the simple relation
between gas density p and the optical path length of a light beam passing through a
gas flow. The laser differential interferometer is a nonintrusive optical flow diagnos-
tic device particularly applicable to low-density flow [6-13]. It measures the optical

path length difference between two laser beams known as reference and signal beams.



When the beams pass through a flow whose density fluctuates in time, causing its
index of refraction to change, the optical path length of the beams varies and the dif-
ference in their individual variations is recorded by the LDI. Among the advantages
of the LDI over other nonintrusive techniques are its high sensitivity, good spatial
resolution, and large bandwidth [14-18]. All of these make it a fine instrument to
analyze the flow in the PQFLT. Smeets and George developed the first version of the
LDI in 1973, with which they were able to resolve optical path length differences as
small as A/30,000 over bandwidths between 100 Hz and 10 MHz [7]. Salyer devel-
oped a feedback stabilized version of the LDI at Purdue University able to resolve
minimum path length differences of \/13,000 at a bandwidth of 6 MHz [17,18]. Az-
zazy and O’Hare also developed optical and nonintrusive methods to make similar
measurements [19,20].

In Salyer’s experiment, a laser perturbation was generated upstream of a blunt
body at Mach 4 and the LDI was used to analyze its propagation across the bow
shock. Salyer characterized the perturbation profile across the shock and compared
it with the LDI results. The laser system used to generate the laser perturbation in
the work done by Salyer [15-18], Schmisseur [21], and Ladoon [22,23] could not be
readily resurrected for this project, so it could not be used to test the performance
of the LDI.

A forward-facing cavity can be regarded as a resonance tube. Engblom et al.
numerically simulated the unsteady flow inside the cavity and obtained agreement
with the experimental data for the pressure oscillations at the base of the cavity [24].
Using their experimental and computational results, Hoffman et al. state that the
frequency of the oscillations is inversely proportional to the cavity depth and the
amplitude is directly proportional to it [25]. Ladoon et al. measured pressure fluctu-
ations inside a forward-facing cavity and pointed out primary mode frequencies and
harmonics for several cavity depth ratios, L/D (length to diameter), ranging from
0.0 to 1.984. They state that ‘the cavity was found to be very sensitive to freestream

noise. Even very weak freestream disturbances that are mormally too small to be



detected are amplified to measurable levels by the cavity’ [23]. Kim and Park also re-
ported that perturbations in the freestream excited the oscillations inside the cavity
at the acoustic resonant frequency for various L/D values [26]. Lastly, Engblom et
al. confirm that fluctuations inside the cavity resonate at the primary mode (‘Organ-
Pipe’) frequency which is inversely proportional to cavity depth. They also mention
that the amplification of the fluctuations by the cavity is thought to be directly
proportional to the cavity depth [27,28]. Such large amplitude oscillations should
be measurable by the LDI under noisy conditions in the PQFLT. This provides a
suitable method for obtaining quantitative data comparable to the LDI results to val-
idate its performance. Moreover, Engblom et al. also reported that numerical results
indicate that deeper cavities are unstable and resonate strongly without freestream
noise, generating self-sustained resonant oscillations [27]. However, Ladoon et al.
state that these deep-cavity simulations have not been experimentally confirmed in
a quiet-flow facility [23]. The reader can find further numerical results on forward-
facing cavity flow in Refs. [24] and [29].

Second-mode instability waves have been studied in the past and measurements
were made under quiet and noisy conditions in the BAM6QT [30,31]. The ultimate
motivation for developing this instrument is to complement measurements made on
the surface of cone models by S. J. Rufer using hot wires, and by M. Estorf using

flush mounted pressure transducers [30-32].

1.3 Approach

Salyer’s LDI system was reassembled and improved by upgrading to a commercial
balanced photodetector able to detect a minimum path length difference of A/21, 000
at frequencies ranging from DC to 80 MHz (3 dB signal drop). Furthermore, the
system was adapted to the BAM6QT with a vibration control system.



2. Flow Facility

The two wind tunnels used in this research were built to better understand laminar-
turbulent transition in high-speed boundary layers. This is a complex phenomenon
that affects a myriad of conditions critical to the design of vehicles that fly at hyper-
sonic speeds [1,2]. During the last five decades, despite extensive research to predict
in-flight transition, there have been few reliable conclusions. This is partly because
flight conditions lack the high level of acoustic disturbances radiated from the tur-
bulent boundary layers that exist on the tunnel walls in conventional wind tunnels
and have a strong effect on transition [33,34]. The pitot pressure fluctuation level
normalized by its average p/p, here known as the freestream noise, is approximately
1 — 2% in conventional (noisy) wind tunnels. On the other hand, a freestream noise
level of 0.02% was recorded in flight at Mach 2 [33]. This two-orders-of-magnitude
difference became a strong motivation for the development of quiet facilities for
transition research [35]. The wind tunnels used in this research are among the few
facilities capable of generating quiet flow at supersonic and hypersonic speeds. By
‘quiet’ it is understood that the freestream noise levels in the tunnel are less than
0.1% [33].

The quiet-flow core in the test section is demarcated upstream by the uniform
flow characteristics, and downstream by the Mach lines generated at the onset of
turbulence in the nozzle wall boundary layer. Figure 2.1 shows a sketch of the nozzle

geometry and the radiated noise.

2.1 Pressure & Temperature Sensors

Kulite Semiconductor pressure transducers were used to measure the stagnation

pressure drops in the contraction section of both tunnels, and behind the normal
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wall

shock of several pitot probes and a hemispherical nose. They were also used at the
base of two forward-facing cavity models described in Section 3.1.1. A 1/16-in. hole in
the wall of the driver tube near the entrance of the PQFLT contraction section leads
to a 0.5-in.-dia. pipe, about 3 in. long. After the pipe, a 0.5-in.-dia. tee fitting was
installed with a Wika analog gauge-pressure gauge on one side, and a Kulite pressure
transducer, with a range from 0 to 50 psia, on the other (model XTL-123B-190-50A).
Similarly, a flush-mounted Kulite transducer (model XTEL-190-200) is located on
the wall of the driver tube, near the entrance to the contraction of the BAM6QT,
with a range from 0 to 200 psia. All the pitot probes, the hemispherical nose, and
the forward-facing cavity are equipped with Kulite transducers (model XCQ-062-
15A) with a range from 0 to 15 psia. Note that the Kulites installed in the pitot

probes or test models used in the BAM6QT have a mechanical stop placed behind



the strain-gauge diaphragm, to prevent damage that would otherwise be sustained
at pre-run pressures exceeding twice the operating pressure of the instrument. Since
the maximum driver pressure used in the PQFLT is 26 psia there is no need for the

stopped Kulites in the Mach-4 facility.
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Figure 2.2: Kulite amplifier circuit

To obtain a signal from the Kulite pressure transducers, custom electronics were
designed by Schneider and have been used by the Ludwieg Tube research group at
Purdue University for a number of years [36]. A schematic of the Kulite amplifier

circuit is shown in Figure 2.2. A REF01 +10 V precision-voltage-reference integrated



circuit supplies power to the Kulite. The transducer output is amplified by a factor
of 100 using a low noise INA103 instrumentation amplifier. The output is then high-
pass filtered at 840 Hz and fed to a second INA103 which supplies a further gain
of 100 to the AC part of the signal. The DC signal is used to calculate the mean
stagnation pressure for both the contraction and the test section. The AC signal
obtained from the Kulite in the pitot probe is used to calculate the freestream noise

levels in the nozzle.
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Figure 2.3: Kulite transducer calibration curves

To calibrate the transducers in the PQFLT, the air in the Ludwieg tube was
evacuated down to a gauge pressure of about —14 psi and slowly pumped up to
about 12 psia. The output from the transducer amplifier was monitored along with

the reading from a Wika analog gauge-pressure gauge (model 212.25HR, accuracy:



Table 2.1: Kulite transducer calibration values

Transducer psie | Offset (psia)
Contraction 6.5777 —8.1631
Pitot 1.0585 0.9393
Hemisphere 1.1801 0.1976
Forward-facing cavity | 1.4856 —0.724

+0.5% of span, range: 30" Hg-0-15 psi) from which the ambient pressure was sub-

tracted to obtain the absolute pressure. Calibration curves for all the transducers are

shown in Figure 2.3, with their respective fit values in Table 2.1. Note that the sub-

traction of ambient pressure from the gauge pressure reading, during the calibration,

is a large source of error that strongly affects the Mach number calculation.

input

9

O

REFO1

Rballast
4020 Q

™y

v

input

Rprobe (5-10Q, 10Q nominal)
2mA nominal

\

+
103

@ 15y

+15V
1 @

DC output
13.0Q x 100
My T O
0.0097 |.1FI

0.050 pF
\
|

4.02 KQ

=

+
INA
103

+15V

AC output
offset x 100
(x 10,000 total)

@ 15V
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The recovery temperature in the test section was measured by running a 2.5 mA
current through a 1.5-107* in.-dia. tungsten wire to sense the resistance variations in
the wire. A custom-made constant current anemometer (CCA) designed by Schnei-
der was used to condition the signal from the wire [37]. A schematic of the CCA
circuit is shown in Figure 2.4. A REF01 precision voltage reference integrated circuit
supplies 10 V to a 4020 €2 ballast resistor in series with the wire. The DC output
from the cold wire is amplified by a factor of 100 using a INA103 instrumentation

amplifier before being digitized by the scope.

Table 2.2: Kulite transducer calibration values

Instrument Fit value Offset
Cold-wire | 90.162 K/Q | —1113.5 K
CCA 4.0516 Q/V | 10.213 Q

To calibrate the cold wire, the temperature inside a Lindberg/Blue M mechan-
ical oven (model MO1440P3A-1) was raised to about 350 K and slowly decreased
to about 300 K. The resistance across the wire was monitored along with the tem-
perature inside the oven measured with a K-type thermocouple (model: Omega
KTSS-18G-18) and a Fluke 51 II reader. Then, a potentiometer was used to input
multiple resistance values into the CCA (obtained during the oven calibration) while
recording its output. The calibration curves for the wire and the CCA are shown in
Figure 2.5, with their respective fit values in Table 2.2. All calibrations were made

before performing the experiment.

2.2 Tektronix TDS 5034B Digital Phosphor Oscilloscope

All the experimental data was recorded using an 8-bit Tektronix TDS 5034B
Digital Phosphor Oscilloscope in Hi-Res mode. Hi-Res mode means that the scope

samples data at 1 GHz, averages it on the fly, and saves it at a frequency specified by
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the user. When set to Hi-Res mode, the oscilloscope supplies 11-12 bits of resolution

and digital filtering.

2.3 Purdue Quiet Flow Ludwieg Tube

The PQFLT is a 30.5-cm diameter, 20.7-m long pipe with a converging-diverging
nozzle on one end followed by a test section and a diffuser that leads to a 500 ft* vac-
uum tank. A schematic of the PQFLT is shown in Figure 2.6. A smooth contraction
tapers the driver tube into the 8.826 cm? nozzle throat leading to the 9.7 x 10.9 cm
rectangular test section, through a nozzle designed to achieve Mach-4 flow in the

test section.

12", 68' Long Rectangular Rectangular Burst L
Ludwieg Tube Nozzle Diffuser Diaphragm Sliding Sleeve
H é Q o]0 =
. Tube-Turn
Contraction Test Section Second Throat

Cl
(Fixed Double Wedge) amps

|

To Vacuum
System

Figure 2.6: Purdue Mach 4 quiet-flow Ludwieg tube

To generate the quasi-steady Mach-4 flow in the tunnel, a mylar diaphragm is
placed between the diffuser and the sliding sleeve. The vacuum tank is evacuated
and the pressure in the driver tube is raised to the desired initial stagnation pressure.
A Nickel-Chromium 30AW G wire is attached to the surface of the diaphragm with
masking tape and a pulse of electrical current runs through the wire to heat it up;
the diaphragm cleanly ruptures generating an expansion wave that moves upstream
resulting in Mach 4 quiet flow in the test section. Note that quiet flow is achieved

and maintained in this tunnel in large part due to the 2 microinch polish on the
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nozzle walls and the fact that the air inside the driver tube is filtered. Hence, the
boundary layer on the nozzle walls remains laminar to a greater extent and particles

that can act as a transition bypass mechanism are removed from the flow.

2.3.1 Flow Conditions

Low-HMoise
Uniform How

Onset of Turbulence in Port Hole
7 Wall Boundary Layer Cold Wil'\e Windows Model %_

Quiet-Flow
Test Core

Nonuniform

Supersonic Flow ) \/ \ [
— Kl_'I'Ee r'e”"‘_"“'e Mach Lines Noisy Flow [
Trasnducer Region

Length of Quiet-
Flow Test Core

Figure 2.7: Hemispherical nose model and cold wire in the PQFLT test section

When flow is initiated in the tunnel an expansion wave begins to reflect cyclicly
between the contraction and the upstream end of the driver tube, decreasing the
stagnation pressure that drives the supersonic nozzle flow. The uniform flow re-
gion begins approximately 9.33 in. downstream of the throat along the centerline

as shown in Figure 2.7. Calibrated pressure and temperature sensors described in
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detail in Section 2.1 are placed at various locations in the tunnel to calculate the
flow conditions during a run. The Mach number in the contraction is less than 0.01,
hence the signal from the Kulite located near its entrance provides the total pressure
during the course of a run with an inlet line delay of a few milliseconds relative to the
Kulite mounted in the test section. Other Kulite pressure transducers were mounted
in a pitot probe, a hemispherical nose, and a forward-facing cavity. The latter three,
when in use, were located approximately 1.25 in. downstream from the beginning of
the quiet-flow test core (at point B as shown in Figure 2.7) and measured the drop in
stagnation pressure behind the normal shock throughout the tunnel run. A cold wire
located at the same axial location as the test models, 0.625 in. above the centerline
(see Figure 2.7), measures the initial stagnation temperature, and the drop in recov-
ery temperature throughout the run. The rest of the flow variables are computed
from these quantities. Note that the pitot probe and the cold wire are both mounted
on the same traverse mechanism, hence they cannot be used simultaneously. For
this reason, the pitot probe is primarily used to measure freestream noise and the
Kulite mounted on the tip of the hemispherical nose is used in conjunction with the
cold-wire to calculate the rest of the mean flow variables.

The oscilloscope was set to record ten seconds of data at a 100 KHz sampling rate
in Hi-Res mode. Figure 2.8 shows a typical set of calibrated pressure data from runs
at three different initial driver pressures with the pitot probe in the test section. A
simple choked-throat theoretical approximation to the drop in total pressure during
a run developed by Schneider et al. [37] is also displayed in Figure 2.8. The total
pressure drop is computed assuming an isentropic expansion in the nozzle as,

2y

Po v—1A4" =
14+ =22 JRT , 2.1
Po,i ( * 2V * q) 21)

where
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and V is the driver tube volume, A* is the throat area, py; is the initial driver
pressure, Ty ; is the initial driver temperature, and ¢ is the time since flow initiation.

The freestream tunnel noise is computed by normalizing the root-mean-square
(rms) of the high-frequency (AC) component of the pitot signal p, by the average of
its full bandwidth (DC) signal p. The pitot data was collected at a rate of 1 - 10°
samples per second and divided into 0.1 s intervals for the calculation of p and p.
Thus, 1-10* pressure values were used to calculate each data point. Note that the
data was not filtered in any way to eliminate aliasing, which is not expected.

The levels of freestream noise during 9 individual runs were measured with the
0.067 in.-dia. pitot and are plotted in Figure 2.9. The legend refers to the initial
driver pressure for each run and the data displayed were only computed between
0.2 s and 4.2 s after supersonic flow is established in the test section. This window
was chosen because the shortest run made was slightly longer than 4.2 s.

The author believes that the steep rise in freestream noise at initial total pressures
under 8 psi is due to a small step in the nozzle throat. This tunnel is currently used
for teaching as well as for research. Some years ago, a group of students separated the
nozzle and contraction sections, introducing a small step (about 0.002 in.) very close
to the throat of the nozzle (see Figure 2.11). Schneider and Haven also measured
the freestream noise in this tunnel and obtained consistently low values for initial
driver pressures around 10— 14 psi [36,37]. Munro made further measurements of the
freestream noise at initial driver pressures as low as 7 psi [38,39]. According to his
measurements, freestream noise decreases consistently as driver pressure decreases.
Thus, the high fluctuations at low pressure seemed to be an anomaly caused by
the small step in the throat. For this reason, the run made with py; = 24 psi was
used to calculate the mean flow variables in the test section (before the nozzle was
repolished).

Freestream noise during 11 individual runs was measured with the hemispherical
nose as plotted in Figure 2.10. Again, the legend refers to the initial driver pressure

for each run and the data were only computed between 0.2 s and 4.2 s after supersonic
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Figure 2.9: Freestream noise level in the PQFLT measured with 0.067 in.-dia. pitot

probe before repolishing nozzle
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Figure 2.11: Exaggerated sketch of step in the PQFLT nozzle

flow begins. Figure 2.12 shows a typical set of calibrated pressure and recovery
temperature data from a run with the hemispherical nose and the cold-wire inside
the test section. It is clear from Figures 2.9 & 2.10 that the size of the probe in the
test section has an effect on the data collected. It seems likely that the freestream
noise levels measured by the Kulite in the tip of the hemispherical nose are lower than
those measured with the 0.067 in.-dia. pitot probe because the pressure fluctuations
in the subsonic region behind the normal shock are averaged over a larger area.
Note that the temperature data displays an increase in noise before the flow
becomes subsonic in the test section. It is possible that the cause for this noise is
related to the fact that the cold wire is not located at the centerline as is the Kulite.

However, Schneider and Haven, as well as Munro, also made calibrated temperature
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measurements using cold wires and obtained noisy fluctuations that appeared before

the Kulite indicated the end of the run [37,39]. The source of this noise is unknown.

T T T T T T
1B -1
—&— recovery
—— pitot
—F+— contraction
—+—— ct. theory
0.8 - -1 0.96
- 06E 4092 =
o
o o
04 0.88
(
0.2 - -10.84
0 | | | | | | 0.8
0 1 2 3 4 5 6
time (s)

Figure 2.12: Typical stagnation pressures before and after normal shock, along with

recovery temperature

To calculate the rest of the flow variables, data from the Kulite mounted on the
tip of the hemispherical nose and the cold-wire was used. The recovery temperature
T, is the temperature that a cold-wire assumes when placed in a compressible flow.
At low speeds, the recovery temperature is equal to the stagnation temperature of

the flow, Ty. But when the cold-wire is exposed to a high-speed compressible flow, it
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does not exactly achieve the stagnation temperature and equilibrates at a recovery

temperature given by [40,41],

T, = Ty, (2.3)

where 7 is known as the recovery factor.

The Mach number M was calculated using the Rayleigh Pitot formula,

po [ (DM NTT 1y 29M? 2.4
Po2 dyM? —2(y — 1) v+1 ’ '

where v = 1.4 is the ratio of specific heats and pg; and pgs are the stagnation pressures

before and after the normal shock. These are measured by the contraction Kulite
and the Kulite mounted on the tip of the hemispherical nose model, respectively. A
bisector method was used to solve for M. Note that the error in the calibration of the
pitot Kulite strongly affected the mean Mach number at low initial driver pressures;
hence, it is not reported.

To compute Kn for the cold wire, the total temperature during tunnel runs was

approximated assuming an isentropic expansion in the nozzle as

~y—1

T, = T0ﬂ-<p°> o (2.5)

Do,

and the total density was computed from the ideal gas law as,

= g (2.6)
where Tp; is the initial (pre-run) temperature recorded by the cold-wire, py is the
total pressure measured by the contraction Kulite, and R = 287 J/Kg-K is the
specific gas constant for air at standard temperature and pressure. The static flow

properties were also calculated assuming an isentropic expansion in the nozzle as,

1 \&
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-1
1
T=T, (1 + ’V2M2> : (2.8)

"
0= oo (1 + 72M2> , (2.9)

and the speed of sound a and flow velocity in the test section U are given by,

a=\/vRT (2.10)

U = Ma (2.11)

The change in viscosity due to the drop in static temperature was computed from

the Sutherland law as,

T\T,
) ref +5 (2.12)

“:“’”ef(Tref T+S
where T,.; = 273.15 K is the reference temperature, pief = p(Lrer) = 1.716 -
1075 Kg/m-s is the viscosity at the reference temperature, and S = 110.4 K is the
Sutherland constant for air. Finally, the unit Reynolds number Re and the Knudsen

number Kn were computed as,

Re = — (2.13)

M [~
Kn=— = 2.14
" Re 7r2 ( )

Note that the Reynolds number in Equation 2.14 is based on the 0.00015 in.-dia.
of the cold-wire and the stagnation conditions in front of the wire.

Figure 2.13 shows the Mach number and Kn variation during the course of
a run with initial stagnation pressure py; = 24 psi and stagnation temperature
To; = 297 K. Using the Knudsen number variation during the course of the run

from Figure 2.13, an linear approximation for the change in n from 0.98 to 1.01
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was extrapolated from Figure 2.4 in Ref. [41] at M =~ 4.1. The total temperature
drop Ty shown in Figure 2.14 was computed by multiplying the cold-wire recovery
temperature by 1. Note that since the theoretical approximation was very similar to
the experimental total temperature, only one of every 2000 total temperature data
points were plotted in Figure 2.14.

All flow variables for a typical run starting at py; = 24 psi, Tp; = 297 K, before
repolishing the nozzle, are plotted in Figures 2.15 through 2.18.

The supersonic flow in the tunnel typically lasts between 4 and 5 seconds. The
total pressure drops by approximately 48% of the initial total pressure depending
on the length of the run. The passage of the expansion waves results in a series of
approximately 0.125 s steps. The total pressure, measured at the entrance of the
contraction, drops between 1.8% and 1.0% across each step. The total temperature
also decreases in the same step pattern by approximately 15% during the first 3—3.5 s
of the run. However, for the remaining 1.5 s, it stabilizes rather chaotically at a
temperature around 7T ; - 0.85. The drop in pitot pressure due to the passage of the
expansion waves ranges from 1.1% to 2.0% of the initial pitot pressure per step for
a total drop of approximately 48% during a run.

To determine whether the high freestream noise levels at low initial total pressures
were related to the small step in the nozzle throat, the contraction and nozzle sections
were repolished. The 0.067 in.-dia. pitot probe was mounted in the test section
and calibrated by monitoring its output along with the output of a Paroscientific
Model 740-30A Digiquartz Portable Standard pressure transducer as the tunnel was
pressurized from 0.1 psi to 15 psi. The calibration curve obtained using this gauge
had an offset of 0.45 psia compared to the curve obtained using the Wika analog
gauge. Figure 2.19 shows a typical set of calibrated pressure data from runs at
three different initial driver pressures. The levels of freestream noise during 12
individual runs were measured along with the mean Mach number and are plotted
in Figures 2.20 and Figure 2.21. The legend refers to the initial driver pressure for

each run and the data displayed are only computed between 0.4 s and 2.4 s after
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supersonic flow is established in the test section. Again, this window was chosen
because the shortest run made was slightly longer than 2.8 s. Note that, on average,
tunnel runs became approximately 20% shorter after repolishing the nozzle except for
the shortest run which was almost 35% than the shortest run before the repolish. The
cause for the decrease in run length is unknown. Clearly, the step in the nozzle had
a strong effect in the freestream noise. After repolishing the nozzle, freestream noise
values very similar to those obtained in the past by Munro, Schneider, and Haven
were measured [36-39]. Without the step in the nozzle throat, the freestream noise
decreases as initial driver pressure decreases even at low initial pressures. The Mach
number decreases about 2.5% during the tunnel run. The source of this variation
is not known and may not be physical. It is possible that calibration and data

processing errors are the reason why the mean Mach number changes.
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3. Instrumentation

3.1 Test Models
3.1.1 Forward-Facing Cavity

A forward-facing cavity was used to test the performance of the LDI, as shown
in Figure 3.1. The forward-facing cavity is simply a hemisphere with a circular hole
drilled in its center. The cavity depth could be adjusted between 0 and 3 D. A
larger model (shown in Figure 3.2) was designed for experiments in the BAM6QT,

permitting a maximum cavity depth of 5 D.
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Figure 3.1: Forward-facing cavity model tested in the PQFLT
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Figure 3.2: Forward-facing cavity model to be tested in the BAM6QT
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3.2 Vibration Isolation System

The optical table in the BAM6QT was installed on a four-isolator vibration
control system (Newport Model: Stabilizer 1-2000) previously used by Salyer and
others in the PQFLT. When the BAM6QT was built, Shin Matsumura transferred
the isolators from the PQFLT to the BAM6QT, but plumbing to pressurize them
was not completed until now. The reader can refer to Newport’s documentation for
detailed installation procedures [42]. This particular system, however, does not have
the isolators directly attached to the optical table. This table sits on top of two rails
that allow it to slide axially, so the optical system can evaluate different areas of the
test section (see Figure 3.3). In order to accommodate the system to the sliding rail
mechanism, the support plates that attach to the table in the original design were
removed, and the isolator legs were directly bolted to the rails as shown in Figure. 3.4.
Hence, the leveling procedure suggested in the Newport instruction manual varies
slightly. To adjust the leveling of these isolators, the four bolts attaching each
isolator to the rail must be removed. One of the custom leveling wrenches shown in
Figure 3.5 is used to hold the hex nut stationary and the prongs of the second wrench
are inserted into the holes of the plate holding the rail (see Figure 3.6). The plate
is then rotated using the top wrench to adjust the height. The air that pressurizes
the isolators comes from the main compressor line to the BAM6QT driver tube via
an air pressure regulator (McMaster-Carr part. 4959K301). The regulator was set
to about 16 psig to stabilize the system.

3.3 Laser differential interferometer

The LDI is a non-intrusive optical flow diagnostic that detects minute changes in
the density of the medium. Unlike the usual full-field interferometry, the LDI only
looks at a single integration line. However, it is superior to the other techniques in the
sense that the frequency response of the receiving electronics is the only limitation

to the system’s bandwidth, and it has a high axial spatial resolution that can be
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Figure 3.3: Schematic of vibration isolation control system in the BAM6QT

Figure 3.4: Individual isolator attachment to sliding rail
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Figure 3.5: Isolator leveling wrench (Ref. [42])
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Figure 3.6: Isolator level adjustment (Ref. [42])

easily adjusted with the optical components that focus the laser beams. On the
other hand, the transverse spatial resolution of the LDI is limited and considered to
be the main drawback of the instrument. This is because the LDI output is affected
by the whole integration line of the laser beams (see Figure 3.7). Hence, density
fluctuations in the boundary layer of the tunnel windows are picked up by the LDI
as well.

The basic LDI system works by sending two parallel laser beams through the flow

which are later reunited to a single beam. This beam is then split into two beams
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with complementary interference patterns. The two resulting beams are focused onto
a pair of photodiodes whose currents are subtracted and their difference is recorded.

A schematic of the basic LDI setup is shown in Figure 3.8. Note that some of the
figures displayed in this report were based on those reported by Salyer. Nevertheless,
they were all made specifically for this project by the author. A Melles Griot 25-
STP-912-249 stabilized He-Ne laser generates the linearly polarized source beam.

A polarizing cube is placed immediately after the laser system. Although it is
not required for the performance of the basic LDI system, the polarizing cube is used
in combination with the next component, a quarter wave plate. The purpose of this
component is to isolate the laser from back reflections resulting from other optical
elements or windows that could make the laser unstable if allowed to pass back into
the laser system. With these two components in place, the polarization of all back
reflections is rotated by the quarter wave plate. The polarizing cube then deflects
them by 90 deg, driving them away from the laser cavity.

The quarter wave plate, if oriented correctly, is used primarily to convert the
polarization of the beam to circular polarization. Though also not essential for the
proper function of the system, this is a convenient component to have because a
circularly polarized beam allows for the easy adjustment of beam separation orien-
tation in the test section. With the quarter-wave plate included in the system, the
orientation of the separation of the beams can be precisely adjusted by rotating the
first wollaston prism. This is a more precise method than rotating the laser system
(which lacks a mechanical optical mount with precise rotation capabilities) to a lin-
ear polarization aligned at 45 deg from the wollaston prism’s optical axis. With the
LDI assembled as shown in Figure 3.8, and the quarter wave plate oriented correctly,
the first wollaston prism will always generate two beams of equal intensity whose
separation orientation can be adjusted by rotating the prism in its rotational optical
mount.

The first achromatic doublet works in conjunction with the second achromatic

doublet to focus the parallel beams inside the test section. The reader can refer
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to Appendix A for drawings with actual component distances and optical values
calculated and chosen using the well known lens maker’s equation. For two multiple
lens systems separated by a distance d, the distance from the surface on the lens
system furthest away from the light source, to the focal point of the optical system

known as its back focal length (BFL) is given by (Ref. [43] chapter 5-2)

fsld—f)
d— (fa +fﬁ)7

where f,, fs are the effective focal lengths of the first and second lens systems, and

BFL = (3.1)

d > f,, d > fs. The importance of focusing the beams at a specific location inside
the test section will be further explained with the placing of the last achromatic
doublet.

The interferometer section of the system begins when the beam passes through
the first wollaston prism. The prism splits the source beam into two beams of equal
intensity and orthogonal linear polarizations separated by an angle.

The second achromatic doublet is placed after the first wollaston prism at a
distance from the prism exactly equal to its focal length. This lens is used to collimate
the diverging beams coming from the wollaston prism. The separation angle between
the beams emerging from the wollaston prism is chosen depending on the desired
parallel beam spacing inside the test section.

After the two parallel beams are focused at the desired location and leave the
test section, they pass through the third achromatic doublet which redirects them
so they reunite at its focal point.

The second wollaston prism, placed following the third achromatic doublet and
at a distance exactly equal to its focal length, makes the two beams coincident. Note
that the beams have orthogonal linear polarizations, hence despite their coincidence
they do not interfere. At this point, the interferometer portion of the system ends.

The coincident beams proceed to pass through the fourth achromatic doublet.
This lens, in conjunction with the three-lens system preceding it, focuses the final

beams through the remaining optical components onto the surface of the photodi-



37

odes. To calculate the precise location of this component refer to Equation 3.1. Note
that the LDI works by detecting phase changes between the beams traveling through
the flow in question. These phase changes are caused by index of refraction fluctu-
ations, caused in turn by density fluctuations in the flow through the laser beams’
integration paths. Recall however, that index of refraction gradients also cause light
rays to bend allowing for schlieren effects. To optimize the performance of the LDI,
schlieren effects are minimized by focusing an image of the flow in question onto each
photodiode. This is why the first and last lenses are referred to as the imaging lenses
of the system and why the beams are focused at specific locations in the test section
and on the surface of the photodiodes. This optical system focused the beams to a
spot size of about 0.1 mm inside the test section.

After the fourth achromatic doublet (second imaging lens), both coincident beams
pass through the second quarter-wave plate. Once again, the quarter-wave plate
changes the polarization of the beams from linear to circular making them spatially
coherent and able to interfere with each other. The degree of spatial coherence of
the beams depends on the orientation of the quarter-wave plate. Hence, it must be
carefully adjusted to achieve maximum fringe contrast.

Once the two beams are both coincident and spatially coherent, they pass through
the third and last wollaston prism which generates two beams with complementary
interference patterns that are focused on the surface of the photodiodes.

The He-Ne laser beam’s wavelength A = 633.2 nm falls in the single photon
absorption spectral range (300 — 1050 nm) of the silicon photodiodes in the photo
detector used in this experiment. This means that a single photon with a wavelength
in this range will excite an electron on the valence band enough to overlap the
gap to the conduction band of the diode. Hence, the rate at which this diode
produces electrons is linearly proportional to the irradiance of the laser beam. Now,
for two interfering, spatially coherent beams with equal irradiance contributions

Is = Ir = Iy (true when the first quarter-wave plate is oriented correctly) and a
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relative phase shift ¢ (in radians), the total irradiance is given by (Ref. [43] chapter
9-1)

I = 4Iycos® (62(’0> (3.2)

Thus, the non-dimensional normalized induced voltages from the first and second

photodiodes are respectively given by

El L[ 60
B cos <7r)\>, (3.3)
E2 B of 0O .y oD
Fo cos (W)\ + 2) = sin (71')\), (3.4)

where F'l,,.. & E2,,.. are the maximum voltages induced by the first and second
photodiodes respectively, 0® is the optical path length difference (OPD) between
the beams (in nm), and A = 632.8 nm is the wavelength of the laser. Note that with
equal fringe contrast at both photodiodes (when the second quarter-wave plate is
oriented correctly), Elue = E2ma0-

In simple terms, the fact that the two resulting beams that shine on the photodi-
odes have complementary interferences means that when the two spatially coherent,
interfering beams are aligned to infinite fringe spacing, the patterns shining on the
photodiodes are shifted by one fringe. That is, when a bright fringe shines on the
first photodiode because there is no relative phase shift between the beams in the
test section and they interfere 100% constructively, there will be a dark fringe shining
on the second photodiode. Now, when a phase shift between the beams in the test
section is introduced, the irradiance will decrease at the first photodiode and increase
by exactly the same amount at the second photodiode as shown in Figure 3.9.

The balanced photo receiver in the LDI subtracts the photocurrent produced
by the first photodiode from the photocurrent produced by the second photodiode
and outputs the voltage difference. The optical path length difference between the
beams in the test section and the voltage generated by the balanced photo detector

are related by subtracting Equations 3.3 & 3.4 as shown in Figure 3.10.
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In this research the LDI was used to detect rather small changes in the density
of the flow that are manifested in small index of refraction fluctuations that in turn
cause small phase shifts between the beams in the test section. For this reason,
it is convenient to use only the linear portion of the photodiodes” induced voltage
difference, as shown in Figure 3.10. Also note that this is where the system is the
most sensitive to relative phase shift fluctuations. This linearized relation between
relative phase shift and output voltage is thus given by

E 0P _AE

& =T = 0b = T Eo’ (3.5)

where F is the induced voltage difference from the photo receiver’s output and
Epae is the maximum voltage swing of the receiver’s output. This value is called the
calibration voltage of the system and is equal to El,,4: + F24.. Equation 3.5 is
valid over a region of approximately A/10, thus the calibrated output of the system

is quantitative (see Figure 3.10).
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Figure 3.9: Interference slopes for individual photodiodes
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Figure 3.10: Interference slope for differenced photodiodes

For a detailed LDI alignment procedure refer to Appendix C. Appendices A
& B also contain drawings with precise optical component locations as well as high

resolution photographs of the system.

3.4 Balanced Photodiode Receiver

A New-Focus Model 1807-FS Balanced Photodiode Receiver was used as the
photodetector for the LDI. This was an upgrade from the home-built photoreceivers
that Salyer used for his research in the PQFLT [15-18]. Recall that the function
of this receiver is to subtract the photocurrent generated by the two photodiodes.

By doing this, common-mode-noise (such as laser-intensity noise) that is present on
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both the reference and signal beams is canceled out and suppressed from the signal.
In addition, a signal twice as large in amplitude is obtained. The receiver consists of
two matched photodiodes and a high-frequency amplifier that generates an output
voltage proportional to the difference between the photocurrents produced by the

photodiodes, as shown in Figure 3.11.

New Focus 1807-FS
Balanced Receiver

Interferometer

He-Ne Laser

Scope

— Diode 1

| -15Vv

Figure 3.11: Schematic of balanced photoreceiver electronics

According to the manufacturer, the frequency response of the photoreceiver
shown in Figure 3.12 displays a drop of 3.0 dB between 80 and about 100 MHz
[44].

Measurements of the noise in the LDI signal were made in both the PQFLT and
the BAMO6QT experimental facilities. Furthermore, measurements with and without
vibration damping were also made to observe the effect of the vibration control
system on the LDI performance. Figure 3.13a shows a 0.2 s LDI calibrated optical
path difference output signal, sampled at 125 KHz, while both beams were passing
through stagnant room air in the PQFLT. To estimate the peak-to-peak amplitude
of the noise, the very low frequencies were canceled by subtracting from the data
a running average with a window size equal to 1% of the number of data points
in the set as shown in Figure 3.13b. The power spectrum of the noise is shown

in Figure 3.13c. Note the large-amplitude, low-frequency noise in the signal. The
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Figure 3.12: Frequency response and typical noise spectrum of photoreceiver

(Ref. [44))

author believes that mechanical vibrations in the room or in the optical mounts are
the primary source of this noise. It has a pronounced resonant frequency of about
425 Hz with an amplitude of approximately 2-10® nm?/Hz. A closer look was taken
at similar data and the high-frequency noise was analyzed. The instabilities that
the LDI is intended to detect, happen at a far smaller time scale than the time
scale at which mechanical vibrations do. Thus, the minimum optical path length
difference detectable by the LDI, for the purposes of this research, is determined
by the peak-to-peak amplitude of this high-frequency noise. Figure 3.14b shows a
1 ms calibrated set of filtered LDI data, sampled at 500KHz (filtered in the same
fashion as the low-frequency noise data). Hence, the LDI, as it was setup in the
PQFLT, has a minimum detectable optical path length difference of approximately
A/21,000, obtained by dividing the amplitude of the noise by A. The root-mean-
square (RMS) of the noise was 0.39 mV. This is an improvement from Salyer’s active

photodiode receiver capable of detecting optical path length differences as small as
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Figure 3.13: LDI noise due to vibrations in the PQFLT laboratory: a) raw noise

trace, b) raw signal minus running average, c¢) noise power spectrum

A/13,000 with a noise RMS value of 0.84 mV (Ref. [17] pg. 42). Note, however,
that Salyer used alternating high-performance LED lamps to measure the bandwidth
of the system and the peak-to-peak amplitude of the electrical noise as opposed to
the signal of the feedback stabilized LDI. Although it would be expected that more
sources of noise affect the signal of the feedback stabilized LDI than those that affect
the signal from a pair of alternating LED lamps shining on the photoreceiver, the
sampling frequencies are not the same and the data obtained from each are not

precisely comparable.
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Figure 3.14: LDI electrical noise in the PQFLT: a) raw noise trace, b) raw signal

minus running average

Similar measurements were made in the BAM6QT without vibration control on
the system. Figures 3.15b and Figure 3.15¢ show a 0.2 s filtered LDI output signal,
sampled at 1 MHz, and its power spectrum while both beams were passing through
stagnant room air in the BAM6QT. Note that the signal has a pronounced resonant
frequency of about 235 Hz with an amplitude of approximately 10° nm?/Hz. The
cause for the difference in low frequency noise in the PQFLT and the BAM6QT is
not known. Figure 3.16b shows a 1 ms calibrated set of filtered data for the high-
frequency noise detected by the LDI, sampled at 1 MHz, in the BAM6QT. Thus, the
LDI, as it was setup in the BAM6QT without vibration control, also has a minimum
detectable optical path length difference of approximately A/21,000. Furthermore,
the root-mean-square (RMS) of the noise shown in Figure 3.15b was also 0.39 mV.

Finally, measurements were made in the BAM6QT with the vibration isolation

system. Figures 3.17b and Figure 3.17c¢ show a 0.2 s filtered LDI output signal,
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Figure 3.15: LDI noise due to vibrations in the BAM6QT laboratory without vibra-
tion control: a) raw noise trace, b) raw signal minus running average, c¢) noise power

spectrum

sampled at 1 MHz, and its power spectrum in the BAM6QT with the optical table
floated. Note that the low-frequency oscillations decreased by a factor of two after
floating the table. Furthermore, the peak frequency of what is believed to be mostly
due to mechanical noise is approximately the same as that for the undamped signal.
However, the amplitude of the peak frequency was about 10* nm?/Hz, which is
an order of magnitude less than the amplitude recorded without damping. Also

note that when the table is floated in the BAM6QT, the amplitude of the low-
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Figure 3.16: LDI electrical noise in the BAM6QT without vibration control: a) raw

noise trace, b) raw signal minus running average

frequency peak in the noise spectrum is less than that for the undamped system
but remains higher than the peak of the noise spectrum measured in the PQFLT
(without vibration control). Figure 3.18b shows a 1 ms calibrated set of filtered data
for the high-frequency noise detected by the LDI, sampled at 1 MHz, in the BAM6QT
with the table floated. As it would be expected, the peak-to-peak amplitude of the
high-frequency noise did not change much by floating the table. Once again, the
minimum detectable optical path length difference detectable by this LDI was found
to be approximately A/21,000 and the RMS value for the noise was 0.39 mV.

The rupture of the diaphragm that establishes supersonic flow inside the tunnel
generates a loud noise and the tunnel shakes axially in reaction to the increased
momentum of the gas downstream, thus vibrating the floor where the optical table
sits. Part of the purpose of installing the vibration control system was to counter-

act for this strong mechanical shock at the beginning of a run. Note that the air



47

a) 5

25

opd (nm)
o

25 ¢

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 016 0.18 0.2
time (s)

b) 4

opd (nm)
o

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 016 0.18 0.2
time (s)

c) 10°

power (nm’ / Hz)

‘ ‘ i,
10* 10° 10° 10* 10°
frequency (Hz)

Figure 3.17: Mechanically damped LDI noise due to vibrations in the BAM6QT
laboratory: a) raw noise trace, b) raw signal minus running average, ¢) noise power

spectrum

compressor for the wind tunnel was down at the time these experiments were made
so an artificial vibration was induced by hitting the floor of the BAM6QT platform
with a hammer and recording the LDI output. Figures 3.19(a,b) and 3.20(a,b) show
calibrated LDI data, sampled at 1 MHz, along with the signal’s power spectrum
when the vibration was induced with and without floating the optical table. When
the hammer hits the floor of the platform, many objects in the laboratory vibrate

at different frequencies thus generating a large amplitude random noise which the
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Figure 3.18: Mechanically damped LDI electrical noise in the BAM6QT: a) raw noise

trace, b) raw signal minus running average

LDI clearly detects. When the table is floated, the random noise is damped but the
original resonant vibration frequency of about 235 Hz can still be seen clearly in the
power spectrum of the signal. Although the vibration control system damps external
vibrations, it does not isolate the LDI completely and the induced vibration has an

effect on the signal.

3.5 Feedback Stabilization System

Strong density gradients in a flow, such as the boundary layer or shock-wave on
a model, can introduce a large relative phase shift between the LDI beams passing
through opposite sides of the gradient. To compensate for these low-frequency large
phase shifts and stabilize the LDI signal to the linear range where its calibration

is valid, an autonomous feedback control system was installed. With feedback sta-
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Figure 3.19: Mechanical LDI noise due to vibrations in the laboratory: a) induced
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bilization, only the bias in the beams is removed while the desired high frequency
output signal remains unaffected [10,17].

A Quantum Technology, Inc. model 28P ADP 2.5mm aperture phase modulator
powered by a model HVA-100K high-voltage driver was the active phase compensat-
ing device used to stabilize the system. This transverse, low-voltage, electro-optic
phase modulator works on the Pockels effect. The Pockels effect is a linear electro-
optical effect caused by changes in birefringence of a crystal induced by an electric
field (Ref. [43] chapter 8-11). In other words, index of refraction of the crystal in
the phase modulator changes in one of its axes when an electric field is applied to
it. This system is capable of half-wave phase modulating a 633 nm light beam up to
250 MHz which is well above the frequency response of the low-pass filter and the
integrator used to generate the control voltage signal that drives it.

The basic principle and performance of the LDI does not change with the addition
of the feedback stabilization system; it is an extra component to keep the LDI
centered within the accepted linear range. This is particularly convenient at the
beginning of a tunnel run when the shock waves and boundary layers are formed,
and more than a full wavelength relative phase shift is introduced. At this point the
phase modulator compensates for the large phase shift and returns the LDI signal to
the center of the linear region of the interference slope where the optical path length
difference is §® = A\/4, for convenience purposes called equilibrium. From this point
on, the small density changes in the flow that happen during the run are linearly
calibrated (see Equation 3.5).

The phase modulator is inserted in the current LDI setup after the beams in
the test section are reunited by the second wollaston prism and are coincident, but
before they become spatially coherent at the second quarter-wave plate and can
interfere. This way, the beams still have orthogonal linear polarizations and the
phase modulator can alter the phase of one of the beams and compensate for the
large optical path length difference introduced by the strong density gradients formed

in the test section at the beginning of a run. Obviously, the phase modulator must
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be oriented such that its optical axis is aligned with the polarization of one of the

beams, hence when activated, can alter its phase.
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Figure 3.21: Schematic of feedback-stabilized LDI

A schematic of the feedback-stabilized LDI is shown in Figure 3.21. The output
signal from the balanced receiver was low-pass filtered at a cutoff frequency of 28 Hz
(based on a —0.5 dB criterion) and buffered to an integrator circuit that generates
a low amplitude control voltage to be fed back to the high voltage driver. The
high voltage driver amplifies the signal into a sufficiently high voltage replica that
activates the phase modulator to remove the phase offset. This feedback stabilization
control system returns the LDI signal to equilibrium within the limits of the phase
modulator. The stability regions of the interference slope are shown in Figure 3.22
where the C+ & C'— denote the polarities of the integrated control voltage. The
control system drives the LDI from the unstable points to the stable ones in the
direction of the arrows. Smeets and George developed and described with great detail
similar phase compensation control systems for various other purposes [7,10-12].

The low-pass filter and buffer was adapted from a section of Salyer’s active pho-
toreceiver circuit [17]. It uses a Burr-Brown model OPA627AP precision high speed
Difet op amp (see Figure 3.23). The amplifier was powered with the same 15 V
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power supply that powered the photo receiver. The power supply connections were
bypassed to ground through two parallel capacitors for noise suppression. This com-
bination of one 6.8 yF tantalum capacitor and one 0.01 pF ceramic capacitor in
parallel was also used to keep the impedance of the power supply low throughout
the bandwidth of the circuit. A 4.75K € feedback resistor was used in parallel with
a high quality 1.0 uF polycarbonate feedback capacitor to effectively reduce the
bandwidth of the amplifier. Unity gain was set using another 4.75K 2 intermediary
resistor between the output of the photo receiver and the input of the amplifier.
The integrator circuit design shown in Figure 3.24 uses one high quality 0.33 uF
polycarbonate capacitor in the feedback path of a Burr-Brown model OPA627AP
precision high-speed Difet op amp to integrate the signal. This amplifier is powered
with two switch-controlled 9 V batteries and has the same parallel bypass capacitors
on the power leads as found in the low-pass filter circuit shown in Figure 3.23. A
500 k€2 variable resistor in conjunction with a 1 k2 fixed resistor at the negative input
of the amplifier serves to alter the time constant of the integrator (in combination
with the feedback capacitor of the integrator). A 100 k{2 variable resistor at the
amplifier is used to control integration offset voltage, and a switch across the feedback
capacitor resets the integration by shorting the capacitor. The voltage output of the
circuit is controlled with a combination of a fixed 1 k2 resistor, a variable 50 k2
resistor, and a two voltage limiting diodes. The values of the electrical components
used in this circuit design were chosen to limit the output to £0.5 V (1 V peak-to-
peak) in order to avoid damaging the high voltage driver as well as to allow for the

adjustment of the frequency response between 1 Hz & 50 Hz [17].
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4. Results

4.1 Hemispherical Nose Studies in PQFLT
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Figure 4.1: Calibrated Kulite and LDI data traces: a) quiet, b) noisy

LDI measurements behind the bow-shock of the hemispherical nose were made
and compared to the fluctuations recorded by the Kulite mounted on the tip of the

model. Figure 4.1 shows calibrated data sets for the Kulite pressure drop and the
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Figure 4.2: Power spectra of hemispherical nose Kulite and LDI data

LDI optical path difference along runs made with py; = 8 psi and py; = 24 psi before
the nozzle was repolished. The spectrum for the respective data sets are shown in
Figure 4.2. It can be observed that the fluctuations recorded by the LDI during the
run with py;, = 24 psi have no relation to those recorded by the Kulite. On the
other hand, during the run with py; = 8 psi, they are similar. However, it could be
argued that, coincidentally, the LDI might not have detected the same fluctuations
that the Kulite failed to detect. Hence, this data is inconclusive at best and further
tests had to be made. Also note the two frequency peaks around 435 & 2300 Hz in
both LDI traces. The first one is very likely to be caused by mechanical vibrations
discussed in Section 3.4. The source of the oscillations causing the second peak
remains uncertain. With the current beam spacing of approximately 1.1 mm, the
convective speed of the disturbance causing this peak is about 23.5 m/s. This is

much slower than the speed of processes that happen inside a turbulent boundary
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layer. Thus, the possibility that the peak may be due to the fluctuations inside a

turbulent window boundary layer is unlikely (see Figure 3.7).

4.2 LDI Sound Wave Detection

Balanced
Photoreceiver

Interferometer

He-Ne Laser

Waves

Scope

Figure 4.3: Schematic of setup for microphone test with the LDI

Because the LDI is very sensitive to phase shift differences between the parallel
beams, it can be used to detect fluctuations caused by sound waves in the path of
the beams [7]. In the event that the noise caused by vibrations in the laboratory
is too high for the sound waves to be noticed in the signal with the naked eye, a
sound with a pronounced primary frequency should generate a peak in the power
spectrum of the LDI signal as well as in the power spectrum of a signal recorded
by a microphone. While the LDI was connected to one of the oscilloscope’s input
channels, a microphone was connected to another one as shown in Figure 4.3. A
loud sound was made and the signal from both the microphone and the LDI was
recorded. Figure 4.4a shows a calibrated data trace from the LDI in the PQFLT
and Figure 4.4b shows a trace of the signal detected by the microphone. It can be
observed that both signals increase in amplitude when the noise is made but it is not

evident they are detecting the same signal. Furthermore, Figure 4.4c shows a plot of
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Figure 4.4: a) Sound signal recorded by microphone, b) Calibrated LDI data for

sound signal in the PQFLT, ¢) LDI and microphone data power spectra



a)  0.03
S 0.015 |
S
> .0.015 |
-0.03 ] : ] ] : : : : :
0 002 004 006 008 01 012 014 0.16 0.18 0.2
time (s)
b) 12
~ 67
E
= 0
©
o
o
-6 r
-12 ] ] ] ‘ ‘ ‘ ‘
002 004 006 008 01 012 014 0.16 0.18 0.2
time (s)
) 10 : 10°
/ microphone
-1 / - 2
10 | \\ me 110
)N 10
g 1o
> 10"
g
3 102
o
10°
10™
10°

400

600
frequency (Hz)

800

1000

1200

power (nm? / Hz)

29

Figure 4.5: a) Whistle signal recorded by microphone, b) Calibrated LDI data for

whistle signal in the PQFLT, ¢) LDI and microphone data power spectra



60

the power spectrum of both traces which coincide at a dominating frequency of about
750 Hz. Note that the LDI signal has a second high frequency peak around 435 Hz
which is believed to be caused by the mechanical vibrations and matches the noise
measurements discussed in Section 3.4. A second attempt to measure acoustic noise
with the LDI in the PQFLT was made by making a loud whistle. Figures 4.5a, 4.5b
and 4.5¢ show traces and power spectra for the signals recorded by the LDI and the
microphone. This noise clearly has a more pronounced primary frequency and it can
be observed in the power spectra that the high peaks at about 560 Hz match well.

Experiments were also made in the BAM6QT with and without the vibration
control system. Figures 4.6 & 4.7 show LDI and microphone data when a loud
sound was made and a recorder note was played in the BAM6QT without floating
the table. Moreover, data for similar sounds with the table floated is plotted in
Figures 4.8 & 4.9. The frequency of both sounds is clearly detectable and matches
the frequencies measured by the microphone.

To obtain further confirmation that the LDI was indeed detecting the sound
waves recorded by the microphone, a song was played and the output from the LDI
was digitized by a sound recorder as shown in Figure 4.10. The recording was then
played back through a pair of speakers and although the sound was not as clean as

the original version of the song, the melody was clearly noticeable.

4.3 Forward-Facing Cavity Studies

As a final test of the LDI performance, the signal beam was focused in the sub-
sonic region upstream of the entrance of a forward-facing cavity while the reference
beam was focused in the freestream upstream of the bow shock as shown in Fig-
ure 3.7. The forward facing-cavity has the characteristic that it generates known
ringing frequencies inversely proportional to cavity depth which were measured with
a Kulite pressure transducer mounted at the base of the cavity. These fluctuations

that exist at the base of the cavity should also exist in the subsonic region ahead of
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Figure 4.10: Schematic of test for LDI acting as a microphone

its entrance, thus making the LDI able to detect them as well. Furthermore, Ladoon
et al. predicted a critical cavity length-to-diameter ratio L..;;/D = 2.7 for which the
cavity would self-oscillate even under quiet flow conditions, although there are no
experimental results that support this theory because the models previously tested
were not deep enough [23]. Note that experiments made to compare the LDI signal
to that of the Kulite mounted at the base of the cavity were made before the nozzle
was repolished. During that time, the quietness of the flow at low pressures was
not reliable and its effect on the cavity oscillations is not addressed in this report.
During the time the nozzle was repolished, the LDI was transferred to the BAM6QT.
Experiments the nozzle was repolished and quiet flow was confirmed, experiments
were made to evaluate the critical depth at which the cavity self-oscillates in quiet
flow.

A forward-facing cavity model capable of cavity depth adjustment ranging from
0 — 3 D was built and mounted in the test section of the PQFLT. The pressure
oscillations’ ringing frequencies measured by a Kulite pressure transducer at the
base of the cavity were compared to the ringing frequencies detected by the LDI in

the subsonic region upstream of the cavity entrance.
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Figure 4.11 shows the power spectra of the forward-facing cavity Kulite data at
various depths. All of the power spectra displayed in Figure 4.11 are for runs with
Po,i = 24 psi in the PQFLT before it was repolished. Note that the primary mode
frequency peak for the lowest cavity depth (0.6 D) is broader than the peaks for the
deeper cavities. Figure 4.12 shows the cavity depth plotted against primary mode
resonant frequency and amplitude along with the theoretical ‘Organ-Pipe’ frequency

f as a function of cavity depth given by

a
20’

w=2rf=m

where

L* =L+, (4.2)

is the distance from the cavity base to the mean shock position [23]. The bow-
shock standoff distance value, §, was obtained from Figure 4.15 in Ref. [45] since it is
not known for a forward-facing cavity. An approximation of d/d = 0.24 was chosen
between the value for a 3-dimensional cylinder with a flat nose, and a sphere. Note
that the points plotted in Figure 4.12 are only for the primary mode frequency peaks
displayed in Figure 4.11 and not for any of the harmonics also displayed in the plot.

A comparison was made between the fluctuations measured by the Kulite and
those made by the LDI. Power spectra of both the LDI and the Kulite data are
displayed in Figures 4.13 - 4.18 for runs with py,; = 8 psi and py; = 24 psi at several
cavity depths ranging from 0.6 D to 3.0 D before the nozzle was repolished.

For shallow cavity depths (L/D < 2), during tunnel runs made with p,; = 8 psi,
there is no apparent resonance of freestream disturbances inside the cavity, therefore
there is no evident correlation between the fluctuations measured by the LDI and
those measured by the Kulite. On the other hand, during runs with higher initial
stagnation pressure (pp; = 24 psi), freestream disturbances are amplified by the
cavity and the primary ringing frequency of the oscillation is detected by the LDI
and also by the Kulite at the base of the cavity. As cavity depth increases, the ringing
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Figure 4.17: Power spectra of forward-facing cavity Kulite and LDI at cavity depth
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frequency of the oscillations becomes more pronounced and increases in magnitude.
Note that the peaks in the data measured by the LDI match the peaks in the data
measured by the Kulite, across the spectrum. Furthermore, it can be observed that
for cavity depths greater than L/D ~ 2.0 the cavity begins to self-resonate and
the flow inside it oscillates at the ringing frequency independent of the initial driver
pressure of the run.

After repolishing the PQFLT nozzle, measurements with the forward-facing cav-
ity were made again with reliable quiet flow. Figure 4.19 shows the power spectra
of the forward-facing cavity Kulite data at various depths. Figure 4.20 shows the
cavity depth plotted against primary mode resonant frequency and amplitude along
with the theoretical ‘Organ-Pipe’ frequency f as a function of cavity depth given
by Equation 4.1, with L* obtained in the same manner as for Figure 4.12. Power
spectra of the Kulite data are displayed in Figures 4.22 - 4.25 for quiet (pg; = 8 psi)
and noisy (po; = 24 psi) runs at several low cavity depths ranging from 0.5 D to
1.2 D. Note that at a cavity depth of 0.5 D the cavity resonates in quiet flow. This
is a repeatable phenomenon but the cause is unknown. For other depths under
1.2 D the cavity does not display any pronounced resonance under quiet flow (ex-
cept for0.5 D). However, a small peak can be observed in the spectra of quiet runs at
depths of 1.0 D, 1.1 D, and 1.2 D. This indicates that the forward-facing cavity also
works as a mechanical amplifier of the freestream disturbances present in quiet flow.
On the other hand, for depths of 1.3 D and above, the cavity self-resonates even in
quiet-flow and a clear ringing frequency for several cavity depths ranging from 1.3 D
to 3.0 D can be observed in Figure 4.26 during runs with py; = 8 psi. The amplitudes
of the primary resonant frequencies of runs made under noisy conditions at depths
of 1.3 D, 1.5 D, and 1.8 D are plotted in Figure 4.20. It can be observed that the
amplitude of the primary resonant frequency does not vary much with freestream

noise when the cavity is deeper than 1.2 D.
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Figure 4.19: Power spectra of forward-facing cavity Kulite data at various depths
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Figure 4.23: Power spectra of forward-facing cavity Kulite and LDI at cavity depth
L = 1.0 D: a) quiet, b) noisy



78

quiet
noisy

power (psi’ / Hz)
=
o

10°

10° -

107 +

0 5 10 15 20 25
frequency (KHz)

10°®

Figure 4.24: Power spectra of forward-facing cavity Kulite and LDI at cavity depth
L = 1.1 D: a) quiet, b) noisy

10?
10° - quiet
noisy

N
T 10°
‘G
g
0]
2 10°
o

10° +

10-8 | | | " ? W‘M‘\M

0 5 10 15 20 25

frequency (KHz)

Figure 4.25: Power spectra of forward-facing cavity Kulite and LDI at cavity depth
L = 1.2 D: a) quiet, b) noisy



79

=
o 5
N o
I

3D

power (psi® / Hz)

14D

power (psi® / Hz)

5D

=
o 5
N o
I

power (psi® / Hz)

N
o o
N o
I

5D

power (psi® / Hz)

3.0D

power (psi® / Hz)

0 5 10 15 20 25
frequency (KHz)

Figure 4.26: Power spectra of self-oscillating forward-facing cavity Kulite data at

various depths after repolishing PQFLT nozzle (quiet flow)



30

5. Conclusions

The LDI was successfuly reassembled and tested in the PQFLT. The system built
previously by Salyer [17] was upgraded using a commercially designed balanced pho-
toreceiver. The system is now able to resolve optical path length differences as small
as ﬁ and has an operational bandwidth from DC to 80 MHz.

In addition, the LDI was redesigned and installed in the BAM6QT experimental
facility. Further improvements were made to allow for larger beam spacing in the test
section and to isolate the LDI from vibrations. This was done primarily to enable
measurements of second-mode instabilities in the BAM6QT. The LDI has several
advantages over other diagnostic methods. Its high sensitivity, good axial spatial
resolution, and large bandwidth make it an important complement to hot wires,
hot films and flush-mounted pressure transducers. The main drawback of the LDI
is the extended integration over the beam path. The feedback stabilization system
included in this LDI stabilizes the system at equilibrium, compensating for strong
density gradients introduced in the flow. This allowed for quantitative measurements
in the subsonic region behind the bow shock of a hemispherical nose and a forward-
facing cavity.

Flow fluctuations inside an adjustable forward-facing cavity were made using
Kulite pressure transducers and the LDI. Predictions made by Ladoon et al. [23] of a
self-resonating forward facing cavity were confirmed, although the critical length-to-
diameter ratio predicted is considerably higher than the one observed. Furthermore,
small primary mode frequency peaks were detected by the Kulite even under quiet
flow at low cavities. The LDI and the Kulite detected primary mode frequencies
inside the cavity. These were compared with the theoretical ’Organ-Pipe’ frequen-
cies. The fit between experimental data and theory is somewhat ambiguous, due to

the uncertainty of the bow-shock standoff distance for an oscillating forward-facing
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cavity. Schlieren studies should be made with the forward-facing cavity to measure
the shock standoff distance for the cavity depths used in this experiment.

Though this work is a substantial advance towards the operation of the LDI in
the BAM6QT, further experimentation is still required for the system to perform
correctly. Portal windows have yet to be installed on both sides of the test section to
enable the LDI beams to pass through. Alignment adjustments to compensate for
the curvature of the windows will also be necessary. The author recommends that the
forward-facing cavity be used to test the instrument once the windows are installed.
It may also be desirable to raise the cutoft frequency of the feedback stabilization

low-pass filter to remove the low frequency noise present in the LDI signal.
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A. System Drawings

Detailed LDI layout drawings as assembled in the BAM6QT are shown in Figures A.1
& A.2. Figure A.1 shows a top view of the source end of the system, from the laser
head to the mirrors that rise the beams, to the test section. Figure A.2 shows a top
view of the receiver end of the system, from the mirrors that lower the beams back
to the original level, to the last adjustable aperture. Note that both drawings are
made to scale, and the rails, damped rods, rail carriers, and riser plates are drawn

at their actual positions in the optical breadboard.
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(1) Laser Aperture, The position of the rail carrier is not fixed as the laser can be shifted inthe  mount. Mounted on a tip/tilt |aser mount (Newport
ULM-TILT), above a 0.5" riser plate (Model MRP4), above atranslational stage (Newfocus 9067), above a precision rail carrier (Newport PRC-3).

(2) Polarising beam splitting cube. Mounted on a 3-axis tilt stage (Newport PO22N), above a 1.0" riser plate (Model MRP4), above a precision rail carrier
(Newport PRC-3).

(3) Quarter-wave plate. Mounted on a rotational stage (Newport RSP-1T), above one 1.0", one 0.5", and one 0.25" riser plates (Model MRP4), on a precision
rail carner (Newport PRC-3).

(4) Achromatic doublet (f=125 mm). Mounted on a 3-axis translatonal mount (Newport LP-1A-XYZ), above a 0.5" riser plate (Model MRP4), above a precision
rail carrier (Newport PRC-3).

(5) Adjustable aperture (Newport ID-1.0). Mounted on a 3-axis translational stage (Newport MT-XYZ with MT-CL clamp), above one 1.0", and one 0.25" riser
plates (Model MRP4), above a precision rail carrier (Newport PRC-3).

(6) Wollaston prism. Mounted on a rotational stage (Newport RSP-1T) which is mounted on a 3-axis translational stage (Newport 562-XYZ), above two 1.07,
and one 0.25" riser plates (Model MRP4).

(7) Adjustable aperture{Newport ID-1.0). Mounted on a 3-axis translational stage (Newport MT-XYZ with MT-CL clamp), above same riser plates and precision
rail carnier as (5).

(8) Achromatic doublet (f=120.2 mm). Mounted on a 2-axis translational mount (Newport LP-2A-XYZ), above a precision rail carrier (Newport PRC-3).

(9)-(10) Pyrex mirrors. Mounted on tp/tilt mounts (Newport U200-AC2K) with custom-made aluminum standoffs, attached to sliding rod clamps (Newport
370-RC) that slide on steel damped rods (Newport 71, 75).
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NOTE: All rail carriers slide on four 24" rails (Newport PRL-24). The ruler refers to the inches scale on the rails.

(11)-(12) Pyrex mirrors. Mounted on tip/tilt mounts (Newport U200-AC2K) with custom-made aluminum standoffs, attached to sliding rod clamps (Mewpart
370-RC) that slide on steel damped rods (Newport 71, 75).

(13) Achromatic doublet (f=120.2 mm). Mounted on 3 3-axis translational mount (Newport LP-2A-XYZ), above a precision rail carrier (Newport PRC-3).

(14) wollaston prism. Mounted on a rotational stage (Newport RSP-1T) which is mounted on a 3-axis translational stage (Newport 562-XYZ), above two 1.0",
and one 0.25" riser plates (Model MRP4).

(15) Adjustable aperture (Newport ID-1.0). Mounted on a 3-axis translational stage (Newport MT-XYZ with MT-CL clamp), above one 1.0", and one 0.25" riser
plates (Model MRP4), above a precision rail carrier (Newpaort PRC-3).

(16) Achromatic doublet (F=125 mm). Mounted on a 3-axis translational mount (Newport LP-1A-XYZ), above a 0.5" riser plate (Model MRP4), above a precision
rail carrier (Newport PRC-3).

(17) Phase modulator. Mounted on custom mount, above a 1.0" riser plate (Model MRP4), above a precision rail carrier (Newport PRC-3).

(18) Quarter-wave plate., Mounted on a rotational stage (Newport RSP-1T), above one 1.0", one 0.5, and one 0.25" riser plates (Model MRP4), on a precision
rail carrier (Newport PRC-3).

(19) wollaston prism. Mounted on a rotational stage (Newport RSP-1T), above same riser plates and precision rail carrier as (18).

(20) Balanced photodiode receiver. Mounted on translational stage (Newport 422-055), above one 1.0", and one 0.25" riser plates (Model MRP4), above a
precision rail carrier (Newport PRC-3).

(21) Adjustable aperture (Newport ID-1.0). Mounted on a 3-axis translational stage (Newport MT-XYZ with MT-CL clamp), above one 1.0", and one 0.25" riser
plates (Model MRP4), above a precision rail carrier (Newport PRC-3).

Dimensioned LDI layout (part II)

Figure A.2
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B. System Photographs

High resolution photographs of the PQFLT facility are shown in Figures B.1 - B.12.

Photographs of the LDI as it was assembled in the PQFLT are shown in Fig-
ures B.13 - B.21.

Photographs of the LDI as it was assembled in the BAM6QT are shown in Fig-
ures B.17 - B.19.

The vibration control system in the BAM6QT is shown in Figure B.20.

Photographs of the custom-made electronics used in this research are shown in
Figures B.22 - B.26.

Photographs of the hemispherical nose model, and the forward-facing cavity mod-

els built for the PQFLT and the BAM6QT are shown in Figures B.27 - B.29.

Figure B.1: Aerospace Science Laboratory at Purdue University (aerial photo by
Katya Casper)



Figure B.2: PQFLT facility, diffuser and diaphragm burst section

Figure B.3: PQFLT facility, nozzle and portal windows
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Figure B.5: PQFLT facility, sliding sleeve



Figure B.6: PQFLT facility, flapper valve junction

Figure B.7: PQFLT facility, vacuum pumps
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Figure B.8: PQFLT facility, vacuum tank

Figure B.9: PQFLT facility, sliding sleeve controls and diaphragm burst electronics



Figure B.11: PQFLT facility, LDI optical table
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Figure B.13: PQFLT facility, optics

breadboard (source end), top view
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Figure B.14: PQFLT facility, optics breadboard (source end), angled view
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Figure B.15: PQFLT facility, optics breadboard (receiver end), top view
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Figure B.16: PQFLT facility, optics breadboard (receiver end), angled view
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Figure B.18: BAM6QT facility, optics breadboard (receiver end), front view
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Figure B.19: BAM6QT facility, optics breadboard (receiver end), side view
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Figure B.20: BAM6QT facility, vibration control system
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Figure B.22: Low-pass filter
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Figure B.24: Integrator, circuit board exposed
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Figure B.25: Kulite box

Figure B.26: Constant current anemometer
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Figure B.27: Hemispherical nose model inside PQFLT

Figure B.28: Forward-facing cavity model inside PQFLT
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Figure B.29: Forward-facing cavity model to be used in BAM6QT
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C. LDI Alignment Procedure

The detailed alignment procedure given below is for the LDI system currently as-
sembled in the BAM6QT on four precision optical rails (Newport model PRL-24)
mounted on an optical breadboard with mounting holes spaced evenly on a 1 in
grid. Detailed dimensioned schematics of the system are shown in Figures A.1l
& A.2. Exact optical component positions for the laser beams to be focused un-
der the BAM6QT test section and on the surface of the photodiodes should be taken

from those drawings.

1. Turn on the intensity-stabilized He-Ne laser’s low voltage power supply and the
high voltage power supply in this order. Wait approximately 20 minutes for
the laser system to stabilize. When the system is stable, the light on the laser

head shines green.

2. The laser used is polarized so it must be rotated correctly for optimal perfor-
mance. Place the rail carriers with the laser head, and the polarizing beam
splitting cube at their respective locations. Rotate the laser head so that linear
polarization is horizontal. To do this, monitor the intensity of the beam passing
through the cube as the laser is rotated. When the intensity is at a maximum,
the angle of polarization is correct. Remove the rail carrier with the polarizing

beam splitting cube and tighten the laser to its mount.

3. The quarter-wave plates and the third achromatic doublet are the only compo-
nents of the system that lack a precision translational stage so the beam must
be aligned to pass through their center first. Place the rail carriers with the two
quarter-wave plates, the third wollaston prism, and all the adjustable apertures
at their respective locations. Open the laser cavity and use the adjustable laser

mount to direct the beam such that it passes through the center of both quarter
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wave plates. Remove the rail carriers with the quarter-wave plates and adjust
the position of the adjustable apertures using their respective precision trans-
lational stages such that the laser beam passes through their center. These are
the permanent positions of these components which define the original beam
path (do not modify the position of the adjustable apertures or the orientation

of the laser head at any other point of the alignment procedure).

. Place the rail carrier with the polarizing beam splitting cube again. Precisely
adjust its tilt, using the mount, so that the beam remains in its original path

(passes through the center of the first and last adjustable aperture).

. Place the rail carrier with the first quarter-wave plate after the polarizing beam
splitting cube in its designated location. For the time being, the angular po-
sition of the plate is not important. It will be adjusted later when the probe

beams which pass through the test section have been formed.

. Place the rail carrier with the first achromatic doublet (with the most curved
surface towards the laser) after the quarter-wave plate in its designated location.
Precisely adjust the lateral position (in the direction perpendicular to the beam
path) using the mount so that the beam remains in its original path. Note that
the axial location (in the direction of the beams) of this lens varies depending

on where the probe beams are focused.

. The first two adjustable apertures should already be after the first achromatic
doublet. These apertures are also used to block some of the unwanted back
reflections. At this point the diameter of the beam should be small so both

apertures can be reduced to its minimum area.

. Bolt in the XYZ-translation-stage that holds the first Wollaston prism in its
designated location. Precisely adjust its position and rotation using its stage
and its mount such that the prism is between the first and second adjustable
apertures, the laser beam passes through its center, and the beam separation

orientation is the desired one. Open the second adjustable aperture such that
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it just encompasses both beams. At this point the rotation of the first quarter-

wave plate can be adjusted such that both beams have equal intensities.

. Place the rail carrier with the second achromatic doublet after the second ad-

justable aperture in its designated location (at a distance exactly equal to its
focal length from the first Wollaston prism, and with its most curved surface
away from the laser). Precisely adjust its position using the mount so that both

beams pass through the lens, and become parallel.

Place the rail carrier with the third achromatic doublet after the second one in
its designated location (on the opposite side of the test section with its most
curved surface towards the laser). Precisely adjust its position using the mount

so that both beams pass through the lens.

Bolt in the XYZ-translation-stage that holds the second Wollaston prism in its
designated location (at a distance from the third achromatic doublet exactly
equal to its focal length). Precisely adjust its position using the stage such that
the two beams meet at the prism, become coincident, and only one laser beam
can be seen leaving the prism. Further fine adjust the lateral position of the
second and third achromatic doublets so that the resulting-single beam lies on

the original beam path.

At this point, the four mirrors used to traverse the beams up, through the
test section, and back down to the original beam path height can be placed
between the second and third achromatic doublets. Note that due to time re-
strictions, only the basic performance experiments were made in the BAM6QT
with the beams passing under the test section and these mirrors were not used
in this research. The author recommends the following hypothetical procedure
for aligning them: Bolt the holding posts to the breadboard in their designated
locations. Adjust the height and tilt of the mirrors so that the beams are cen-
tered on the first mirror, but close to the edge of the second mirror. Direct the

beams from the second mirror to the opposite edge of the third mirror. These
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slight offsets at the second and third mirrors allow the beams to pass through
the test section at a small angle, necessary to ensure that back reflections from
the windows are blocked by the adjustable apertures. Direct the beams from
the third mirror to the center of the fourth mirror near the breadboard surface,

and then back to their original beam path.

Note that after raising the probe beams to pass through the test section, the
axial location of the first achromatic doublet must be adjusted to focus them

at the desired location (be careful not to move it laterally).

The third adjustable aperture should already be after the second Wollaston
prism. At this point the diameter of the beam should also be small so the

aperture can again be reduced to its minimum area.

Place the rail carrier with the fourth achromatic doublet (with the most curved
surface away from the laser) after the third adjustable aperture in its designated
location. Precisely adjust the lateral position using the mount so that the beam
remains in its original path. Note that the axial location of this lens also varies

depending on where the probe beams are focused.

Place the rail carrier with the phase modulator after the fourth achromatic
doublet in its designated location. For a probe beam separation parallel to the
breadboard, it should be rotated with the power jacks facing up and the top
(and bottom) side of the square apertures parallel to the breadboard surface.
This ensures that the crystals in the phase modulator will affect only one of the
beams passing through it. Precisely adjust the orientation using the mount so
that the beam passes through the center of the square apertures and remains

in its original path.

Place the rail carrier with the second quarter-wave plate and the third Wollaston
prism after the phase modulator in its designated location. Precisely adjust the
rotation of the third Wollaston prism using the mount so that the beam is split

parallel to the breadboard surface.
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At this point, the interferometer can be aligned to infinite fringe spacing. To
do this, place a white sheet of paper after the third Wollaston prism. If the
alignment up to this point was done correctly, interference fringes should be
visible in both beam spots. Precisely adjust the rotation of the second Wollaston
prism using the mount so that the orientation of the fringes is perpendicular
to the breadboard surface. Next, precisely adjust the rotation of the second
quarter-wave plate using the mount to achieve maximum fringe contrast. Lastly,
precisely adjust the axial location of the second Wollaston prism using the stage

to achieve infinite fringe spacing.

Place the the rail carrier with the balanced photodiode receiver after the third

Wollaston prism at its designated location.

The following is the final alignment procedure of the LDI. It should be per-
formed every time the system is used to maintain optimal performance. Adjust
the lateral location of the fourth achromatic doublet and the rotation of the
third Wollaston prism, using their respective mounts, so that the beams shine
on the photodiodes. Then, further adjust the axial, and vertical location of the
fourth achromatic doublet to focus the beams exactly on the center of the pho-
todiodes. Connect the photoreceiver to an oscilloscope and monitor its output
moving the second Wollaston prism laterally. Repeat this final adjustment pro-
cedure until the output of the photoreceiver fluctuates symmetrically around

zero when the prism is shifted.
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D. Computer Codes

All the codes to used to analyze and process the data used in this research have been

verified to run on MATLAB version 7.0.1.24704.

D.1 Tektronix .wfm File Reading Code

The code used to read the Tektronix oscilloscopes .wfm files is listed below.

%MATLAB function that reads in a Tektronix file and writes a MATLAB variable.

JWritten by Craig Skoch January 10, 2003

%0riginally worked with TDS5000/6000/7000 Series Scopes

tModified by Craig Skoch August 19, 2005 to allow this program to work with
%Tektronix 5034B Scope (Should work for all TDS5000B Series)

tModified by Matt Borg November 21, 2006 to allow this program to work with
%Tektronix DPO7054 Scope (Should work for all DPO7000 Series)
%% The big changes are that there needs to be a shift of 4 bytes after

%’ each of the following positions: 302, 458, 590, 722

%Command line should look like: [v,t]l=tekread(’tektronix filename’)

sCurrently doesn’t work with FastFrame Data

function [A,t]=tekread(tekfile)
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htek_ptr=fopen(tekfile);

tek_ptr=fopen(tekfile,’r’,’b’);%0pen for read-only with big-endian format

fseek(tek_ptr,2, ’bof’);

vers=fread(tek_ptr,8,’char’)’;%Versioning number

JhAccount for 2 extra bytes in header for TDS5034B Scope at position 154

%TDS5034B Scope needs file reopened using little-endian format

if vers==’:WFM#001’%Version Number for TDS7104 Scope

shiftbytes=0;
elseif vers==’:WFM#002’| vers==’:WFM#003’%Version Number for TDS5034B Scope
yA and DP07054, respectively

shiftbytes=2;

tek_ptr=fopen(tekfile);

end

fseek(tek_ptr,0, ’bof’);

dec2hex (fread(tek_ptr,1,’uint16°’),4);%Byte order verification

fseek(tek_ptr,2,’bof’);

vers=fread(tek_ptr,8,’char’)’;%Versioning number

fseek(tek_ptr,10, ’bof’);

digbytecount=fread(tek_ptr,1,’char’);’%Num digits in byte count

fseek(tek_ptr,11,’bof’);

fread(tek_ptr,1,’*int32’);%Num of bytes to the end of file
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fseek(tek_ptr,15, ’bof’);
bytesperpnt=fread(tek_ptr,1,’char’);%Number of bytes per point

begbuff=fread(tek_ptr,1,’int32’);%Byte offset to beginning of curve buffer

hfseek(tek_ptr,40, ’bof’)

hfread(tek_ptr,32,’char’)%Waveform Label

fseek(tek_ptr,76, bof’);

hdrsize=fread(tek_ptr,1,’int16’);%Size of Waveform Header

fseek(tek_ptr,122, ’bof’);

datatype=fread(tek_ptr,1,’int8’);%Data Type

fseek(tek_ptr,166+shiftbytes, ’bof’);

Vscale=fread(tek_ptr,1,’double’);%Voltage Scale

fseek(tek_ptr,174+shiftbytes, ’bof’);
Voff=fread(tek_ptr,1,’double’);%Voltage Offset

fseek(tek_ptr,222+shiftbytes, *bof’);

fread(tek_ptr,1,’double’);%Voltage Resolution

if vers==’:WFM#003’;shiftbytes=shiftbytes+4;end
%% Insert code here if you want to look at data that is stored between 302
%% and 458

if vers==’:WFM#003’;shiftbytes=shiftbytes+4;end
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fseek(tek_ptr,478+shiftbytes, ’bof’);

tscale=fread(tek_ptr,1,’double’);%Time Scale

fseek(tek_ptr,486+shiftbytes, ’bof’);
toff=fread(tek_ptr,1,’double’);’%Time Offset

fseek(tek_ptr,494+shiftbytes, ’bof’);

numpts=fread(tek_ptr,1,’int32’);%Record Length

if vers==’:WFM#003’;shiftbytes=shiftbytes+4;end
%% Insert code here if you want to look at data that is stored between 590
%% and 722

if vers==’:WFM#003’;shiftbytes=shiftbytes+4;end

fseek(tek_ptr,804+shiftbytes, ’bof’);
buffoffset=fread(tek_ptr,1,’int32’);%Bytes of Buffer

fseek(tek_ptr,808+shiftbytes, ’bof’);

enddata=fread(tek_ptr,1,’int32’);%Bytes from Beg Buffer to End of Data

numpts=(enddata-buffoffset) /bytesperpnt;

fseek(tek_ptr,buffoffset+begbuff, ’bof’);

if bytesperpnt==
A=fread(tek_ptr,numpts,’int8’);

elseif bytesperpnt==
A=fread(tek_ptr,numpts,’intl16’);

end
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t=(toff+tscale:tscale:toff+tscale*numpts)’;

A=AxVscale+Voff;

fclose(tek_ptr);

D.2 Mean Flow and Freestream Noise Calculation

The code used to calculate the freestream noise levels and the mean flow param-

eters is listed below.

clear; clc; close all; clear variables
set (0, ’RecursionLimit’,1500)

tic;

model = ’pitot2’;

date = ’09_28_07’;

run = ’runl2’;

data_path = [’..\’,model,’\’,date,’\’,run,’\’];

% tabulate data of respective model

if strcmp(model,’pitot’)

[v_pitot_dc,t] tekread([data_path,’chl.wfm’]);

[v_pitot_ac,t] tekread([data_path,’ch2.wfm’]);

[v_ct,t] = tekread([data_path,’ch3.wfm’]);

[v_1di,t] = tekread([data_path,’ch4.wfm’]);
[v_feedback_control,tlong] = tekread([data_path,’ch5.wfm’]);
[v_cold_wire,tlong] = tekread([data_path,’ch5.wfm’]);

elseif strcmp(model,’pitot2’)

[v_pitot_dc,t] tekread([data_path,’chl.wfm’]);

[v_pitot_ac,t] tekread([data_path,’ch2.wfm’]);
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[v_ct,t] = tekread([data_path,’ch3.wfm’]);

[v_1di,t] = tekread([data_path,’ch3.wfm’]);
[v_feedback_control,tlong] = tekread([data_path,’ch3.wfm’]);
[v_cold_wire,tlong] = tekread([data_path,’ch3.wfm’]);

elseif strcmp(model,’ffc2’)

[v_pitot_dc,t] tekread([data_path,’chl.wfm’]);

[v_pitot_ac,t] tekread([data_path,’ch2.wfm’]);
[v_ct,t] = tekread([data_path,’ch3.wfm’]);
[v_1di,t] = tekread([data_path,’ch3.wfm’]);
[v_feedback_control,tlong] = tekread([data_path,’ch3.wfm’]);
[v_cold_wire,tlong] = tekread([data_path,’ch3.wfm’]);

else
[v_pitot_dc,t] = tekread([data_path,’chl.wfm’]);
[v_pitot_ac,t] = tekread([data_path,’ch2.wfm’]);
[v_ct,t] = tekread([data_path,’ch3.wfm’]);
[v_1di,t] = tekread([data_path,’ch4.wfm’]);
[v_cold_wire,tlong] = tekread([data_path,’ch5.wfm’]);
[v_feedback_control,tlong] = tekread([data_path,’ch6.wfm’]);

end

toc;

gamma = 1.4;

R = 287;

vol = pix(.305/2)"2%20.7;

cl = sqrt(gammax(2/(gamma+1)) "~ ((gamma+1)/(gamma-1))) ;
A_star = 1.368%.025472;

% calibration of contraction pitot:

p_ct = 6.5777xv_ct - 8.1631;
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% choose correct calibration curve
if strcmp(model,’hemisphere’)
% calibration of hemispherical model pitot:

p_pitot_ac = v_pitot_ac*1.1801 / 100;

p_pitot_dc 1.1801*v_pitot_dc + .1976;
fprintf (model)
fprintf (date)
fprintf (run)

elseif strcmp(model,’ffc’)

%hcalibration of forward facing cavity pitot:

p_pitot_ac = v_pitot_ac*1.4856 / 100;

p_pitot_dc 1.4856*v_pitot_dc - .724;
fprintf (model)
fprintf (date)
fprintf (run)

elseif strcmp(model,’pitot’)

%hcalibration of pitot probe:

p_pitot_ac = v_pitot_ac*1.05685 / 100;
p_pitot_dc = 1.0585*v_pitot_dc + .9393;
fprintf (model)

fprintf (date)

fprintf (run)

elseif strcmp(model,’pitot2’)

%hcalibration of pitot probe 2:

p_pitot_ac = v_pitot_ac*1.054 / 100;

p_pitot_dc 1.0564*xv_pitot_dc + 1.2441;
p_ct = 4.9161*xv_ct - .9208;

fprintf (model)
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fprintf (date)
fprintf (run)

elseif strcmp(model,’ffc2’)
hcalibration of pitot probe 2:

p_pitot_ac = v_pitot_ac*1.4597 / 100;

p_pitot_dc 1.4597*xv_pitot_dc - .6848;
p_ct = 4.9161%v_ct - .9208;

fprintf (model)

fprintf (date)

fprintf (run)

end

% calibration of 1di
Eo = 6.76; % V
lambda = 632.8; % nm

phi = lambda/pi*v_1di/Eo; % nm

% calibration of cold wire
T_re = ((90.162%(4.0516%v_cold_wire+10.213)-1113.5)-32)*5/9+273.15;

% Recovery Temperature (K)

length_of _record = 10; % s
sampling_freq = length(v_pitot_ac) / length_of_record; % Hz
points = 100;

perpoint = sampling freq * length_of_record / points;

if strcmp(model,’hemisphere’) | strcmp(model,’ffc’)

T_re = T_re(1:2:1length(v_cold_wire)); 7% T_re and v_feedback_ontrol
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pA were sampled at twice the frequency of the rest of the variables
v_feedback_control = v_feedback_control(l:2:length(v_feedback_control));
T_tot_i = mean(T_re(l:.05%length_of_record*perpoint));

elseif strcmp(model,’pitot’)
T_re = T_re(1:2:1length(v_cold_wire)); % T_re and v_feedback_control

yA were sampled at twice the frequency of the rest of the variables
v_feedback_control = v_feedback_control(1l:2:length(v_feedback_control));
T_tot_i = load([data_path,’T_ct_i.txt’])*5/9+273.15;

else
T_tot_i = load([data_path,’T_ct_i.txt’])*5/9+273.15;

end

p_ct_i = mean(p_ct(1l:.05%length_of_record*perpoint)) % Initial stagnation

% pressure

T_tot = T_tot_ix(p_ct/p_ct_i).  ((gamma-1)/gamma); % Theoretical Stagnation
%» Temperature. note that the real stagnation temperature is the recovery

% temperature divided by the recovery factor eta. namely: T_stagn

rho_tot = (p_ct*6895)./(R*T_tot);

p_ct_theo = p_ct_ix(1+(gamma-1)/2*A_star/volxsqrt(R*xT_tot_i)*t*cl). ...

(2*gamma/ (1-gamma) ) ;

eta = [ones(.1l*xlength(t),1)’ .98:.03/(.419999*1length(t)):1.01 ones...
(.48*length(t),1)’]1’;
eta_red = [ones(.1*points,1)’ .98:.03/(.41*points):1.01 ones...

(.48xpoints,1)’]’;

T_stagn = T_re./eta;

rho_stagn = (p_ct*x6895)./(RxT_stagn);
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p_pitot_ac_red = zeros(points,perpoint);

v_pitot_ac_red = zeros(points,perpoint);
t_red = zeros(points,1);

p_rms_red = zeros(points,1);

v_rms_red = zeros(points,1);
p_mean_red = zeros(points,1);
noise_red = zeros(points,1);
p_ct_red = zeros(points,1);
phi_red = zeros(points,1);
T_tot_red = zeros(points,1);
rho_tot_red = zeros(points,1);
T_re_red = zeros(points,1);
v_feedback_control_red = zeros(points,1);
T_stagn_red = zeros(points,1);
rho_stagn_red = zeros(points,1);
M = zeros(points,1);

p_stat = zeros(points,1);
T_stat_theo = zeros(points,1);
rho_stat_theo = zeros(points,1);
a_theo = zeros(points,1);

U_theo = zeros(points,1);
Re_ft_theo = zeros(points,1);
Kn_theo = zeros(points,1);
T_stat = zeros(points,1);

rho_stat = zeros(points,1);

a = zeros(points,1);

U

zeros(points,1);
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Re_ft = zeros(points,1);

Kn = zeros(points,1);

for n = 1:1:points

p_pitot_ac_red(n,:) = p_pitot_ac(((n-1)*perpoint + 1) :n*perpoint)’;

v_pitot_ac_red(n,:) = v_pitot_ac(((n-1)*perpoint + 1) :n*perpoint)’;

if max(p_pitot_ac_red(n,1:100)) - p_pitot_ac(1) > 0.1 * (max...

(p_pitot_ac) - min(p_pitot_ac))
p_pitot_ac_red(n,:) = p_pitot_dc(((n-1)*perpoint + 1):...
n*perpoint)’;

end

t_red(n) = t(perpoint*n);

p_rms_red(n) = sqrt(mean((p_pitot_ac_red(n,:) - mean...
(p_pitot_ac_red(n,:)))."2));

v_rms_red(n) = sqrt(mean((v_pitot_ac_red(n,:) - mean...
(v_pitot_ac_red(n,:)))."2));

p_mean_red(n) = mean(p_pitot_dc(((n-1)*perpoint + 1):...
n*perpoint)) ;

noise_red(n) = p_rms_red(n) / p_mean_red(n) * 100;

p_ct_red(n) = mean(p_ct(((n-1)*perpoint + 1) :n*perpoint));

phi_red(n) = mean(phi(((n-1)*perpoint + 1) :n*perpoint));

T_tot_red(n) = mean(T_tot(((n-1)*perpoint + 1) :n*perpoint));

rho_tot_red(n) = mean(rho_tot(((n-1)*perpoint + 1) :n*perpoint));

T_re_red(n) = mean(T_re(((n-1)*perpoint + 1) :n*perpoint));

v_feedback_control_red(n) = mean(v_feedback_control(((n-1)*...

perpoint + 1) :n¥perpoint));



end

toc;
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T_stagn_red(n) = mean(T_stagn(((n-1)*perpoint + 1) :n*perpoint));

rho_

stagn_red(n) = mean(rho_stagn(((n-1)*perpoint + 1):...

n*perpoint));

if strcmp(model,’hemisphere’) | strcmp(model,’pitot’) | strcmp...

end

(model, ’pitot2’)
M(n) = Rayleigh_pitot(p_ct_red(n), p_mean_red(n), 0, 20);
p_stat(n) = p_ct_red(n)/(1+(gamma-1)/2*M(n)"2) " (gamma/. ..
(gamma-1)) ;
T_stat_theo(n) = T_tot_red(n)/(1+(gamma-1)/2xM(n)"2);

rho_stat_theo(n) = rho_tot_red(n)/(1+(gamma-1)/2*M(n)"~2)"...

(1/(gamma-1)) ;

a_theo(n)

sqrt (gamma*R*T_stat_theo(n));

U_theo(n)

M(n)*a_theo(n) ;

Re_ft_theo(n) = reynolds(T_stat_theo(n),rho_stat_theo(n),...

U_theo(n));
Kn_theo(n) = knudsen(M(n),Re_ft_theo(n));

T_stat(n) = T_stagn_red(n)/(1+(gamma-1)/2*M(n)~2);

rho_stat(n) = rho_stagn_red(n)/(1+(gamma-1)/2*M(n)"~2)"(1/...

(gamma-1));
a(n) = sqrt(gamma*R*T_stat(n));
U(n) = M(n)*a(n);

Re_ft(n) = reynolds(T_stat(n), rho_stat(n), U(n));

Kn(n) = knudsen(M(n),Re_ft(n));
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D.3 Mach Number Calculation

The code used to calculate the Mach number is listed below. This function solves
the Rayleigh pitot function recursively. It employs the bisector method. It is a helper

function for the above noise level calculation.

function [M] = Rayleigh_pitot(pO1l, p02, Mlow, Mhigh);

gamma=1.4;

M = (Mhigh + Mlow)/2;

pO02overpl = ( (gamma+1) "2*M~2 / (4*gamma*M~2-2*(gamma-1)) )~...

(gamma/(gamma-1)) * (1l-gamma+2*gamma*M~2) / (gamma+1);

pOloverpl = (1+(gamma-1)/2*M~2) " (gamma/(gamma-1));

pO02overp01 = pO2overpl/pOloverpl;

if abs(pO02overp01l / (p02/p01)) < 0.9999
[M] = Rayleigh_pitot(pO1l, p02, Mlow, M);
elseif abs(pO2overp01 / (p02/p01)) > 1.0001
[M] = Rayleigh_pitot(pO1l, p02, M, Mhigh);

end

D.4 Reynolds Number Calculation

The code used to calculate the Reynolds number is listed below. It is a helper

function for the above noise level calculation.

function Re_ft=reynolds(T,rho,V)
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S = 110.4; %Sutherland Temperature in K

mu_ref = 1.716e-5; %kg/(m*s)

T_ref = 273.15; 7K

mu = mu_ref*x(T/T_ref) (3/2)*((T_ref+S)/(T+S));

Re_m = rho*V/mu; 7 per meter

Re_ft = Re_m/3.281; 7% per foot

D.5 Knudsen Number Calculation

The code used to calculate the Knudsen number is listed below. It is a helper

function for the above noise level calculation.

function Kn = knudsen(M, Re)

% Re per foot

gamma = 1.4;

d = .00015/12; % Wire diameter in in

Re

Rex*xd;

Kn

sqrt (pixgamma/2)*M/Re;
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D.6 Forward-Facing Cavity Power Spectrum Calculation

The code used to analyze the forward-facing cavity fluctuation data is listed

below.

clear; clc; close all; clear variables
tic;

model = ’ffc2’;

date = ’10_02_07";

run = ’runb’;

data_path = [’..\’,model,’\’,date,’\’,run,’\’];

[v_pitot_dc,t] tekread([data_path,’chl.wfm’]);

[v_pitot_ac,t] = tekread([data_path,’ch2.wfm’]);
[1di,t] = tekread([data_path,’ch3.wfm’]);

toc;

if strcmp(model,’hemisphere’)

% calibration of hemispherical model pitot:

p_pitot_ac = v_pitot_acx1.1801 / 100;

p_pitot_dc = 1.1801*v_pitot_dc + .1976;
fprintf (model)
fprintf (date)
fprintf (run)

elseif strcmp(model,’ffc’)

%calibration of forward facing cavity pitot:

p_pitot_ac = v_pitot_acx1.4856 / 100;

p_pitot_dc = 1.4856*v_pitot_dc - .724;
fprintf (model)

fprintf (date)
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fprintf (run)
elseif strcmp(model,’pitot’)

Jcalibration of pitot probe:

p_pitot_ac = v_pitot_ac*1.05685 / 100;

p_pitot_dc 1.05685*v_pitot_dc + .9393;
fprintf (model)
fprintf (date)
fprintf (run)
elseif strcmp(model,’pitot2’)
%calibration of pitot probe 2:
p_pitot_ac = v_pitot_ac*1.054 / 100;
p_pitot_dc = 1.054*v_pitot_dc + 1.2441;
fprintf (model)
fprintf (date)
fprintf (run)

elseif strcmp(model,’ffc2’)

hcalibration of pitot probe 2:

p_pitot_ac = v_pitot_ac*1.4597 / 100;
p_pitot_dc = 1.4597*xv_pitot_dc - .6848;
fprintf (model)

fprintf (date)

fprintf (run)

end

p_i = mean(p_pitot_dc(1:.05*length(p_pitot_dc)/200))

% calibration of 1di

Eo = 6.76; % V
lambda = 632.8; % nm



1di = lambda/pi*1di/Eo; % nm
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p_pitot_dc = p_pitot_dc(.16*length(p_pitot_dc):.41xlength(p_pitot_dc)-1);

p_pitot_ac = p_pitot_ac(.16*length(p_pitot_ac):.41xlength(p_pitot_ac)-1);

1di = 1di(.16*length(1di):.41*length(1di)-1);
t = t(.16%length(t):.41xlength(t)-1);

length_of _record = 2.5; % s
sampling freq = length(p_pitot_ac) / length_of_record; 7% Hz

n = 2718;
N = 2716;
f = sampling freq*(0:N)/n;

windowsize = 150;

pitot_fft = fft(p_pitot_ac,n);
1di_fft = fft(1ldi,n);

pitot_power = pitot_fft.*conj(pitot_fft)/n;
1di_power = 1di_fft.*conj(ldi_fft)/n;

pitot_power = filter(ones(l,windowsize)/windowsize,1l,pitot_power);

1di_power = filter(ones(1,windowsize)/windowsize,1,1di_power);

D.7 LDI Noise Analysis

The code used to analyze the LDI noise is listed below.
clear; clc; close all; clear variables
tic;

model = ’M6_1di_noise’;

date = ’09_19_07’;
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run = ’runb’;

data_path = [’..\’,model,’\’,date,’\’,run,’\’];

[1di,t] = tekread([data_path,’ch2.wfm’]);

toc;

% calibration of 1di

Eo = 6.76; % V

lambda = 632.8; % nm

1di = lambda/pi*1di/Eo; % nm

length_of_record = 1le-3; 7% s

sampling_freq = length(ldi) / length_of_record; % Hz

n = 278;
N = 277;
f = sampling_freq*(0:N)/n;

windowsize = 10;

ldi_red = filter(ones(1,windowsize)/windowsize,1,1di);
noise = 1ldi-1di_red;

1di_fft = £fft(1di,n);

1di_power = 1di_fft.*conj(ldi_fft)/n;



E. Figure Source Data
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Table E.1 identifies which tunnel runs were used to create the figures presented

herein.

Table E.1: Figure source data

Figure Model Year | Month | Day | Run No.
2.8 pitot 2007 | Apr 2 1,4, 7
2.9 pitot 2007 | Apr 2 all runs

2.10 | hemisphere | 2007 | Mar 7 all runs
2.12 | hemisphere | 2007 | Mar 7 8
2.13 | hemisphere | 2007 | Mar 7 8
2.14 | hemisphere | 2007 | Mar 7 8
2.15 | hemisphere | 2007 | Mar 7 8
2.16 | hemisphere | 2007 | Mar 7 8
2.17 | hemisphere | 2007 | Mar 7 8
2.18 | hemisphere | 2007 | Mar 7 8
2.19 pitot 2007 | Sep 28 1,7,12
2.20 pitot 2007 | Sep 28 all runs
2.21 pitot 2007 | Sep 28 all runs
4.1 hemisphere | 2007 | Mar 7 1,8
4.2 hemisphere | 2007 | Mar 7 1,8
4.13 FFC 2007 | Mar 29 4,5
4.14 FFC 2007 | Mar | 28,29 10, 2
4.15 FFC 2007 | Mar 28 2,5
4.16 FFC 2007 | Apr 1 1,3
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Figure Model Year | Month | Day | Run No.
4.17 FFC 2007 | Mar 30 2,5
4.18 FFC 2007 | Mar 31 1,3
4.22 FFC 2007 | Oct 3 12, 15
4.23 FFC 2007 | Oct 1 16, 19
4.24 FFC 2007 | Oct 3 8, 11
4.25 FFC 2007 | Oct 2 6, 8
4.26a FFC 2007 | Oct 2 11
4.26b FFC 2007 | Oct 2 15
4.26¢ FFC 2007 | Oct 2 3
4.26d FFC 2007 | Oct 3 6
4.26e FFC 2007 | Oct 3 3
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