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Abstract. An instrument is demonstrated that is capable of simultaneous and independent
flow density fluctuation measurements over the same line-of-sight by combining two optical
techniques: focused laser differential interferometry (FLDI) and high-speed schlieren (HSS).
The FLDI instrument measures fluctuations at a single point in the flowfield at 10 MHz, with
the resulting signal most sensitive in the region nearest the focal plane of the FLDI laser beam.
The HSS instrument acquires images at 20 kHz along the same optical axis as the FLDI beam,
but with the resulting signal path averaged over the entire HSS line-of-sight. The introduction
of the HSS optics into the FLDI beam path provides two high-quality measurement capabilities
in a single system with no degradation of performance relative to stand-alone FLDI or HSS
instruments.
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1. Introduction

The aeronautics research literature contains many examples of multiple diagnostic techniques
used to measure the same flow parameter. This is done to ensure that measured results
are accurate and/or to provide measurements of mixed resolution or response (e.g. with
schlieren and pressure probes [1], particle image velocimetry (PIV) and molecular tagging
velocimetry [2], schlieren and PIV [3], pressure-sensitive paint and pressure probes [4], Mach-
Zehnder interferometry and focused laser differential interferometry (FLDI) [5], FLDI and
high-speed schlieren (HSS) [6, 7], etc.). Often, the application of different methods does not
occur at the same exact spatial location and may not be simultaneous due to instrument or test
facility constraints (e.g. two physical probes cannot be used at the same position at the same
time). Even some optical techniques cannot be conveniently used simultaneously for the same
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off-body regions; thus it is uncommon to see two or more diagnostics used simultaneously to
probe the same flow region.

However, some non-intrusive optical methods possess attributes favorable for
simultaneous use. Comparison of data acquired from conventional FLDI [8, 9] and multi-
point FLDI [10, 11] instruments with HSS visualization has recently been performed to
verify shockwave velocity measurement results (details of the schlieren technique can be
found in Ref. [12]). In these works, the lines-of-sight of the FLDI and HSS instruments
were orthogonal to one another, which may not be practical or possible when measurements
are performed in wind tunnel facilities with limited optical access. Examples of the non-
simultaneous application of schlieren and FLDI techniques to study flow phenomena can
be found in Refs. [6, 7, 13, 14, 15]. Additionally, facility operators may require schlieren
visualization as a means of monitoring flow quality, which may otherwise be obscured by
the presence of another instrument. In this work, a modified version of the FLDI instrument
in [16] is used to demonstrate simultaneous FLDI/HSS density gradient measurements over
the same line-of-sight. Simultaneous measurement of freestream density fluctuations with
FLDI and pitot probe shock standoff distance with HSS were acquired near the end of a
recent wind tunnel calibration test [16] in NASA Langley Research Center’s 20-Inch Mach
6 Tunnel. A series of laboratory tests were then performed to verify that the inclusion of the
HSS system optical components did not interfere with the FLDI system measurements.

2. Experimental Setup

2.1. Wind Tunnel Test

The work reported in [16] was first performed with a conventional, single-point FLDI
instrument shown in Fig. 1a, where the continuous wave laser beam propagated along the
optical axis (z-axis), oriented perpendicular to the wind tunnel’s freestream flow (x-axis).
Details pertaining to the 20-Inch Mach 6 Tunnel facility are found in Ref. [17]. With respect
to the tunnel’s streamwise x-axis, the conventional single-point FLDI signal was effectively
a point measurement with a resolution of §, ~ 180 um in x, §, ~ 50 um in y, and
extended over a span, J,, of several centimeters about the instrument’s focal plane (i.e. wind
tunnel centerline). The specific value of the extended span 0, depended on the f-number of
the focusing optics (f/#), laser wavelength (Ag), and the spatial frequencies of the density
disturbances passing through the laser beam (kp) as described in [5, 18, 19]. The signal was
sampled at 10 MHz, providing density fluctuation time history and spectra potentially up to
the 5 MHz Nyquist frequency limit, although no anti-aliasing filters were used in this setup.
After performing measurements reported in Ref. [16] with the conventional single-point
FLDI instrument upstream of physical pressure probes without schlieren, a colinear HSS
capability was then added to the FLDI setup, shown schematically in Fig. 1b. Note that
for this configuration, the FLDI laser propagated from the transmitter to receiver side of the
instrument while light from the HSS was counter-propagating. This was done to minimize the
light interference between instruments. The HSS-portion of the instrument used a blue LED
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Figure 1: (a) Conventional single-point FLDI instrument and (b) combined single-point FLDI
instrument with colinear schlieren system.

(Luminus, PT-120-B) driven by a pulsed laser diode driver (PicoLAS, LDP-V 240-100 V3) in
a manner similar to that described by Willert et al. [20, 21]. The LED had a center wavelength
of ALgp = 460+10 nm and was pulsed at 20 kHz with a pulse width of Azf;gp = 0.7 us.
A one-to-one imaging lens (Thorlabs, MAP104040-A) was placed in front of the LED’s
active surface and was enclosed within the pulsed LED source housing. This lens imaged
the LED light onto an adjustable aperture that was used to control the diameter of the point
source (typically 1-2 mm). An imaging periscope, consisting of a silvered mirror oriented
at 45° relative to the FLDI instrument’s optical axis (Thorlabs, PF20-03-PO1), two achromat
conditioning lenses, and a 50-mm-diameter dichroic long-pass mirror with a 490 nm cutoff
also oriented at 45° relative to the FLDI instrument’s optical axis (Thorlabs, DMLP490L),
was mounted on both the transmitter and receiver sides of the instrument as shown in Fig. 1b.
The dichroic mirrors were used to couple the blue LED light into, and out of, the optical
path used for the green 532 nm laser beam of the FLDI instrument. The placement of these
dichroic mirrors ensured that they did not clip the transmitted FLDI beam and that they did
not affect the alignment between the Wollaston prisms and field lenses. The periscope on the
receiver side of the instrument re-imaged the point source at one focal length from the field
lens, corresponding to the location of the receiver-side Wollaston prism. The receiver-side
field lens then collimated the blue light which was passed through the test section.

On the transmitter-side, the counter-propagating blue collimated schlieren beam was
focused by the field lens onto the Wollaston prism and subsequently coupled out of the FLDI
instrument by the periscope. A transparent beam offset optic (Thorlabs, BCP4210) was used
in the FLDI beam path to compensate for the refractive offset imparted by the periscope’s
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dichroic mirror. As the light from the periscope was imaged to a focused spot, it was passed
through a laser line notch filter (Thorlabs, NF533-17) to block any scattered FLDI laser light.
A knife edge oriented perpendicular to the floor of the rectangular-shaped test section was
used to spatially filter blue light at its focus. An /2, 105-mm focal length lens (Nikon, #1932)
then re-imaged the spatially-filtered light onto a high-speed camera (Photron, SA-Z 2100K),
which acquired 1024 x 1024-pixel images at 20 kHz, with 48 us exposures centered on the
LED pulses. These images show the path-integrated density gradient signal over the entire
width of the test section, including tunnel wall boundary layers.

2.2. Laboratory Test

A laboratory test was also performed to show that the addition of the HSS optics (periscopes
and beam offset optic) and pulsed LED do not affect the FLDI signal. For this test,
modified versions of the instruments shown in Fig. 1 were constructed. For these laboratory
instruments, a quarter-wave plate (Thorlabs, WPQ10M-532) was used in place of the
Berek’s variable-wave plate (Newport, 5540) as the polarization compensator, and a linear
polarizer (Thorlabs, LPVISA100-MP2) was installed just after this quarter-wave plate. A
non-polarizing beam-splitter (Thorlabs, CCM1-BS013) was then installed in place of the
polarizing beam-splitter, and one of the two photodiodes replaced with a CMOS camera
(Basler, acA1920-150um) to aid in alignment of the beam on the remaining photodiode
(Thorlabs, DET36A). A 550-nm long-pass filter (Thorlabs, FGL550M) and neutral density
filter (Thorlabs, ND40A) were mounted to the front of the camera to better image the beam.
As in the wind tunnel test, the half-wave plate was used to balance the transmitted intensity
of the FLDI beams initially split by the transmitter-side Wollaston prism. The polarization
compensator and linear polarizer were then adjusted such that the intensity of the beam
incident on the photodiode corresponded to the middle of the interference fringe. The laser
power was also adjusted to approximately match the power incident on the photodiode when
the HSS optics were not present. The signal was sampled at 12.5 MHz and again no anti-
aliasing filters were used. Finally, an sSCMOS camera with a 105 mm lens (Nikon, #1932)
and 500 mm lens (Thorlabs, AC508-500-A) in series were used in place of the high-speed
camera to acquire schlieren images of an air jet issuing from a small-diameter (inner diameter
of 1.2 mm) stainless steel tube.

3. Results and Discussion

3.1. Wind Tunnel Test

For the wind tunnel test, the HSS field-of-view of the combined FLDI/HSS system described
in Sec. 2.1 was trained upon two dpope = 4.4-mm-diameter pitot pressure probes (PCB,
132-A31) in order to capture the shock standoff distance, Axgs. While the HSS images were
obtained with a 48 us exposure, the flow appeared frozen as the A gp ~ 0.7 us LED
illumination pulse served as the camera’s effective exposure. Figure 2 shows sample HSS
results with Figs. 2a and 2b representing 250-image-averages of the flow about the probes
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with unperturbed, smooth symmetric shocks acquired at facility unit Reynolds numbers, Rey,
of 3.4x10° m~—! and 26.3x10° m~—!, respectively. Here, the center of the FLDI measurement
point is denoted by the green marker (not to scale) with the size of the underlying white
box corresponding to the uncertainty in this measurement position. For both Rex conditions,
a value of Axgs = 1.1£0.2 mm was measured, giving Axgs/dprobe = 0.25, which is in
agreement with experimental data for a body of revolution with a flat nose at Mach 6 in
Ref. [22]. Figure 2c shows a single exposure with a perturbed shock on the lower probe at
Re, = 26.3x10° m~!, where the short LED pulse coincided, by chance, with a probable
rare particle strike on the lower probe. Unfortunately, FLDI acquisition was not enabled at
the instant this event occurred. These images demonstrate that HSS data can be acquired with
remarkably high quality even when coupled into an FLDI system using the methods described
in this work.

U
\\\

FLDI Measurement, FLDI Measurement _

Azpg = 1.140.2 mm  Azpg= 1.140.2 mm

I I
L

(@ (b) (c)

Figure 2: Time-averaged images of pressure probes in Mach 6 freestream flow for Rey of (a)
3.4x10° m~! and (b) 26.3x10° m~!, and (c) single-shot image of probable particle strike at
Rey = 26.3x10° m~!. The green point denoting the FLDI measurement location is not to
scale.

Figure 3 shows a three second segment of the temporal history of the probe-measured
pressure fluctuations at Rex = 26.3x10® m~!. Here, the red and blue data correspond to
the pressure signals from the upper and lower probes shown in the HSS images in Fig. 2,
respectively. In this figure, the dashed black box highlights the probable particle strike
observed in Fig. 2c, with the inset plot revealing the short transient perturbation in the voltage
signal. Note that the pressure signal during this event exceeded the dynamic range of the data
acquisition system, resulting in flat peaks near 11 kPa. Without the HSS capability, it would
have been difficult to reliably determine the cause of the probe signal voltage transient. The
two adjacent frames, before and after this strike, showed no sign of the shock perturbation;
thus, the duration of the shock perturbation was less than ~100 us, which is similar to the
duration of the short (200 us) transient perturbation in the inset plot of Fig. 3. No other
instance of such a perturbation was observed in the HSS data throughout the test.

While the colinear HSS images were of high quality, it remained to be determined
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Figure 3: Pressure probe signals from upper (red) and lower (blue) probes shown in Fig. 2 for

Re, = 26.3x10° m~!. Inset plot shows short, transient probable particle strike corresponding
to dashed box.

whether the presence of the beam offset optic, the two dichroic mirrors in the FLDI optical
path, and the pulsed LED light source adversely affected the FLDI measurements. Figure 4
shows sample FLDI power spectral density (PSD) estimates of broadband density fluctuations
obtained from different tunnel runs for two different Rey, conditions. Run data denoted
as ‘No HSS’ were taken without the HSS optics installed, gave reproducible spectral data
(nearly entirely overlapping), and were taken at a freestream location 139.7 mm upstream
of the FLDI measurement location shown in Fig. 2. Run data denoted as ‘HSS’ were taken
with the HSS optics installed, at a location just behind the probe shock, and with the HSS
in operation. Although it was not optimum to change two experimental parameters at the
same time (instrument configuration and position of the measurement points) the FLDI/HSS
work was a secondary measurement on the higher-priority tunnel calibration work [16] which
required the change of location for the two measurements. The small differences in spectral
amplitude for runs with and without the HSS system installed and operating in Fig. 4 are most
likely due to the different flow conditions that exist between freestream versus post-shock
flow. While it was thought that the presence of the HSS system (optics and LED operation)
did not influence the FLDI spectra, the data of Fig. 4 alone were not sufficient to confidently
rule out such a possibility.
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Figure 4: FLDI spectra for freestream Re, conditions of 3.4x10%° m~! and 26.3x10% m™!
both with and without the HSS system present.

3.2. Laboratory Test

In order to rule out the possibility of the HSS system having any influence on the shape of
the measured FLDI spectra, a separate set of laboratory measurements were obtained using a
conventional single-point FLDI similar to that shown in Fig. 1a and a combined FLDI/HSS
system similar to that shown in Fig. 1b, but with the modifications described in Sec. 2.2.
Figure 5 shows a sample single-shot schlieren image of the laboratory air jet obtained with
the modified FLDI/HSS system as well as the approximate location of the FLDI measurement
point. For these measurements, the FLDI measurement point was positioned in a region
of the jet flow that exhibited a broad noise spectrum extending out to 1 MHz. In this test,
FLDI spectra were first obtained with the conventional single-point FLDI system both with
and without the air jet flowing. The HSS optics were then installed and FLDI spectra again
obtained both with and without the air jet flowing.

Figure 6 shows the FLDI spectra obtained with the conventional FLDI system and
combined FLDI/HSS system. For the tests with the air jet flowing, the spectrum obtained
with the HSS optics in place, but without the LED in operation (solid gray curve, circular
markers), had no discernible differences from the spectrum obtained with the conventional
FLDI system (solid black curve). Baseline results obtained with the air jet off and without the
LED in operation for both the conventional FLDI system (dashed black curve) and combined
FLDI/HSS system (dashed gray curve, square markers) were also obtained and again the
shapes of the PSD spectra did not appear to be influenced by the presence of the HSS
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Figure 5: Single-shot schlieren image of laboratory jet flow. The green point denoting FLLDI
measurement location is not to scale.

optics. Finally, when the blue LED was operated at 20 kHz, only small amplitude electrical
noise spikes were observed in the measured spectra (solid blue curve), with peak magnitudes
well below that of the electrical noise spikes observed in the baseline spectra without LED
operation. The results of this test show that the presence of the HSS optics and operation of the
pulsed LED source in the wind tunnel test did not influence the shape of the measured FLDI
spectra, and that the observed differences are most likely a result of differing flow properties,
as suspected.
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Figure 6: FLDI spectra for jet flow with (gray, circular markers) and without (solid black)
HSS system present. No flow FLDI spectra shown with (blue) and without (dashed gray,
square markers) LED operation with HSS system present. Baseline no flow FLDI spectra
without HSS system present and no LED operation shown for reference (dashed black).
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3.3. Schlieren Alignment, Sensitivity, and Alternative Configurations

The relatively high-quality (intensity uniformity, spatial resolution, and temporal resolution)
schlieren images obtained with the setup described in this work required careful alignment of
the optics within the two HSS periscopes as well as the alignment of these optics to the two
field lenses on the transmitter and receiver sides of the instrument. To facilitate alignment,
it is recommended that the components of a combined FLDI/HSS instrument be mounted
in an optical cage mounting system. Further, both the silvered mirrors and dichroic mirrors
shown in Fig. 1b should be placed in kinematic mounts for ease of adjustability and the LED
should be placed on a three-axis stage. Finally, the conditioning lenses in the periscopes
should be mounted in adjustable x-y translation mounts to achieve optimal alignment. As the
HSS system is brought into alignment, the sensitivity in the schlieren images should be such
that room air currents passing through the field-of-view become visible. While not attempted
in this work, future work will focus on achieving the precise alignment needed to obtain
interferometric schlieren-like images by making use of the Wollaston prisms, similar to the
results obtained in Refs. [23, 24, 25, 26].

4. Conclusions

Simultaneous density fluctuation measurements have been demonstrated over the same
spatial region using two optical techniques: FLDI and HSS. The combined FLDI/HSS
instrument configuration allowed for the acquisition of mixed frequency and spatial resolution
measurements of density fluctuations, providing simultaneous MHz-rate point (FLDI) and
high-speed 2D path-integrated visualization (HSS) capabilities. In this work, the FLDI
measurements were used to assess the spectral characteristics of the flow while the HSS was
used to determine the shock standoff distance in front of pressure probes. The HSS was
also used to visualize a probable particle strike on one of the pressure probes. Confidently
attributing the cause of the transient signal spike in the pressure probe data would have
been difficult without the capability of optical methods (HSS in this case). Simultaneous
use of these noninvasive diagnostics can increase the amount of data collected and greatly
improve aeronautics researchers’ confidence in the overall validity of the reported results,
compared to the use of only a single method. As was demonstrated in this work, the
simultaneous measurement capability was also provided without degradation in the data from
each instrument. Finally, laboratory tests demonstrated that the presence and operation of the
HSS system does not interfere with the FLDI measurement capability.
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