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This paper details efforts by researchers at NASA Langley Research Center to prepare for
an upcoming high-speed tomographic background-oriented schlieren test entry in the 31-Inch
Mach 10 wind tunnel. In order to troubleshoot potential problems that might arise when
setting up the experiment in the actual test facility, a full-scale mock-up of the 31-Inch Mach 10
wind tunnel test section was constructed in the laboratory to provide equivalent characteristic
optical access and mounting options. A 3D-printed model that replicates the scale of the
forebody of a supersonic retropropulsion (SRP) model that will be used in the final test entry
has been fabricated with a central nozzle that can be connected to a high-pressure gas supply to
approximate the nozzle flow that will occur. Six high-speed imaging systems consisting of a
high-speed camera with a fiber illuminator module have been assembled and mounted on the
test section mock-up to provide six unique perspective views of the nozzle flow from the model.
Tests with one of the imaging systems using a pulsed laser light source showed that sufficient
signal intensity and illumination uniformity were achieved, as demonstrated by the 2D BOS
data obtained with the system. Additional work to show that retroreflective material would
survive inside of the test section of the 31-Inch Mach 10 tunnel was also performed. Finally, a
remotely-controlled tomographic BOS calibration system is discussed.

I. Introduction

Background-oriented schlieren (BOS) is a semi-quantitative schlieren-based flow visualization technique [1], first
introduced in the early 2000s [2–5], where a background pattern is first imaged without flow and then with flow.

By measuring the apparent displacement in small regions within the larger patterned image with and without the flow,
a two-dimensional displacement map can be computed. Typically, cross-correlation, iterative least squares (ILS), or
optical flow algorithms are used to ascertain the displacements. Examples of correlation-based displacement maps can
be found in Ref. [1], ILS in Ref. [6], and optical flow displacement maps in Refs. [6, 7]. These displacement maps are
related to the path-integrated density gradient field that exists in the direction normal to the camera’s optical axis and is
present between the patterned background and camera lens. While BOS is considered to be semi-quantitative in nature (a
path-integrated displacement map is obtained), tomographic BOS measurements have the ability to provide quantitative
measurements of the density field (density value at each voxel element in a volumetric density field reconstruction).
Examples of tomographic BOS measurements of the density or refractive index field can be found in Refs. [8–33].
Recent work with machine learning in the form of physics-informed neural networks (PINN) [34, 35] has extended the
capabilities of the tomographic BOS method to include an ability to estimate the volumetric velocity and pressure fields
in addition to the density field.

Planning for a tomographic BOS test in the 31-Inch Mach 10 wind tunnel (31M10) at NASA Langley Research
Center is currently underway with an anticipated test date of fall, 2022. The primary goals of the test are to demonstrate
the ability to acquire high-speed (≥50 kHz) multi-camera, two-dimensional, time-resolved BOS measurements in a
high-speed ground test facility, and then use the BOS data from these cameras to generate a quantitative volumetric
reconstruction of the density field in the test section. Since the freestream density in the 31M10 facility is relatively low
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(4.4×10−3 – 1.6×10−1 kg/m3), a model capable of producing a flow field with strong density gradients that does not
obstruct any of the camera views is required. Previous conventional schlieren testing in the facility with a supersonic
retropropulsion (SRP) model with a single, center nozzle [36] showed that the counter-flowing jet produced by the model
produced relatively strong density gradient features over a large field-of-view without obstruction. It also demonstrated
the need for high-speed imaging to adequately capture fast flow transients. Figure 1a shows an image of the SRP
model with the center nozzle in NASA Langley Research Center’s Unitary Plan Wind Tunnel Test Section 2 taken from
Ref. [37]. Figure 1b shows a single image from the high-speed schlieren image sequence acquired of the counter-flowing
jet issuing from the center nozzle on the SRP model in the 31M10. More details on this 70◦ sphere-cone model can be
found in Ref. [37]. Since the counter-flowing jet of the model generates relatively strong density gradient structures
over a large range of length scales, and since its 70◦ sphere-cone forebody allows for views of the flow from numerous
unobstructed angles, it was selected as the model for use in this tomographic BOS demonstration test.

(a) (b)

Fig. 1 (a) Image of the SRP model with center nozzle configuration in the NASA Langley Research Center
Unitary Plan Wind Tunnel taken from [37] and (b) single image from high-speed schlieren image sequence of
counter-flowing jet issuing from SRP model in the 31M10.

Prior to conducting the tomographic BOS demonstration test in the 31M10, a significant amount of laboratory
preparation work is required to ensure the test campaign is successful. Preliminary tests performed in 2019 [26] showed
that it was possible to acquire relatively high-quality, time-resolved density field reconstructions when accounting for
some of the optical access limitations that the 31M10 presents. In that work, four high-speed Photron™ SA-Z cameras
were used to acquire BOS images of a helium jet, as shown in Fig. 2a. These cameras were arranged such that they
mimicked the optical access that was expected when imaging through the top and side windows of the 31M10. Each
camera was also equipped with a frame splitter – consisting of a 90◦ wedge mirror and two silvered mirrors – so that
two unique perspective views of the helium jet, placed at a location corresponding to the tunnel’s centerline, could be
acquired with a single camera at half of the camera’s resolution. Panels covered with retroreflective sheeting that were
painted with a randomized pattern of black dots were placed such that they would correspond to the position of the
tunnel walls opposite the top and side windows of the tunnel. Illumination was provided from a pulsed LED on each
camera with the light being loosely collimated and diffused by a 2-inch-diameter condenser/diffuser lens. Figure 2b
shows a time-resolved density field reconstruction obtained with this setup. While this preliminary work showed that
tomographic BOS measurements might be possible when performed in the 31M10, it was determined that additional lab
testing with a test section mock-up was needed in order to better capture the geometry and challenges of the facility.

The purpose of this paper is to provide details on laboratory work that has been performed in preparation for the
planned high-speed tomographic BOS test in the 31M10. The following sections provide a description of aspects of the
test and various components of the tomographic BOS measurement system that were considered during preparation for
measurements in the facility. Improvements made to the setup relative to the preliminary work completed in 2019 are
discussed as well. Finally, discussions of work to be completed prior to the final test entry are provided.
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(a) (b)

Fig. 2 Preliminary (a) setup of high-speed tomographic BOS test in 2019 and (b) resulting time-resolved density
reconstruction obtained with a helium jet.

II. Experimental Setup

A. 31-Inch Mach 10 Wind Tunnel Facility Mock-Up

The 31M10 at NASA Langley Research Center is a blow down air tunnel with a 31-inch × 31-inch square test
section. Details on the facility can be found in Refs. [38, 39]. Optical access is provided on the top, side and bottom of
the tunnel by Corning 7940 schlieren-quality fused silica windows. Model injection occurs through the remaining side
wall once the freestream conditions in the tunnel have been established. Figure 3a shows (from top to bottom) the size
and relative locations of the top, side, and bottom windows in the facility, as well as the injection plate that makes up the
fourth wall of the test section.

In order to optimize camera placement to achieve the highest quality tomographic BOS measurements, a full scale
mock-up of the 31M10 test section was constructed in the laboratory using 80/20™ t-slotted aluminum profiles and
fasteners for the framing and Alumalite® panels for the tunnel walls. Cutouts were made in the Alumalite® panels to
match the exact size and relative location of the top, side, and bottom windows in the facility, shown in Fig. 3b. The
location of the injection plate was drawn onto the remaining panel to aid with model placement. A mounting platform
was constructed next to the side window of the mock-up to mimic the platform that will be constructed next to the
31M10 facility for camera mounting. Additional 80/20® mounting hardware has also been included around the top
and bottom windows to mimic the hardware that currently exists at 31M10. An adjustable sting assembly was also
constructed out of 80/20™ t-slotted profiles for the mock-up that allowed for the model to be easily repositioned in the
spanwise and streamwise directions using linear bearings that could be locked into place with handbrakes.

Figure 4 shows the laboratory mock-up of the 31M10 test section with six high-speed Photron™ SA-Z cameras
mounted around the test section. In this image, the cameras have been positioned more uniformly around the test
section compared to the arrangement shown in Fig. 2a, with three cameras mounted above the top window, two cameras
mounted at the side window, and a sixth camera mounted below the test section. In this setup, each camera was secured
to a 6-inch by 18-inch square breadboard (Newport™, SA2-06X18) that attached to an angled 30◦/60◦ mounting
bracket (Thorlabs™, AP30) using a modular base plate (Newport™, CB-2). This assembly was then mounted onto a
pitch/roll/yaw stage (Huber™, Type 300 Model D) that was secured to the 80/20™ structure of the 31M10 mock-up.
This allowed the camera orientation to be easily adjusted.
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(a) (b)

Fig. 3 (a) Size and relative streamwise positions of top window, side window, bottom window, and injection
plate in the 31M10 and (b) a mock-up of the 31M10 test section constructed in the lab.

B. Supersonic Retropropulsion Model Considerations

In order to optimize the camera placement around the full-scale mock-up test section and obtain preliminary
time-resolved density field reconstructions from the tomographic BOS measurement system in the laboratory, an SRP
model was needed that would aid in camera alignment and provide a gas jet similar in nature to the counter-flowing jet
observed during tunnel testing. Since only the flow upstream of the actual SRP model’s forebody is of interest in the
final test, and to avoid damaging the electronic instrumentation already mounted in the actual SRP model, a 3D-printed
forebody model was fabricated using Formlabs’™ Durable resin with the same dimensions as the actual SRP model.
Figure 5 shows this forebody model. In this image a 60◦ full-cone spray nozzle (McMaster-Carr®, 32885K143) was
embedded in the forebody model at the same location as the central nozzle in the actual SRP model. This nozzle was
connected to a pipe that extended out of the back of the forebody model and could be connected to a pressurized helium
gas bottle or compressed air line to produce a jet flow similar to that which would be observed in the tunnel test.

C. High-Intensity Pulsed Illumination

During preliminary high-speed tomographic BOS testing in 2019, it was difficult to obtain uniform illumination over
the entire field-of-view with sufficient intensity at framing rates above 20 kHz when using a patterned retroreflective
background. This was a consequence of the central axis of the LED light source not being aligned with the optical
axis of the camera as well as the limited output intensity of the pulsed LED. To improve the uniformity and return
intensity of the illumination, a new illumination module was developed and is shown in Fig. 6. This module consisted
of a 3D-printed housing that was secured in a kinematic mirror mount (Thorlabs™, KM200) to provide for adjustment
of the incidence angle of the illumination source’s axis on the patterned retroreflective background. Illumination for
this module is provided by one of seven 2.5-m-long optical fibers from a fiber bundle that connects to a Cavitar™
Cavilux HF laser illumination source operating at 640 nm. The fiber connects to the rear of the module via an SMA
terminated fiber adapter (Thorlabs™, SM05SMA) threaded into a flange (Thorlabs™, SM05F1) that bolts onto the
back end of the 3D-printed housing as shown in Fig. 6a. The light exiting the fiber is then loosely collimated and
diffused by a condenser/diffuser lens (Thorlabs™, ACL5040U-DG15-A) secured inside a flange (Thorlabs™, SM2F1)
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Fig. 4 31M10 laboratory mock-up with six high-speed cameras mounted around the test section.

bolted to the 3D-printed housing. This light was then reflected onto the camera’s optic axis by a 75-mm-square 50:50
plate beamsplitter (Edmund Optics®, #48-904) mounted in the 3D-printed housing oriented at a 45◦ relative to the
camera’s optic axis, as shown in Fig. 6b. The light is then projected onto a patterned retroreflective background
(3M™ Scotchlite™, 7610WS) where it is reflected back to the camera. This is shown in Fig. 6c, where the patterned
retroreflective background was placed approximately 1.3 m from the imaging system, similar to the spacing used in the
lab mock-up of the 31M10.

Figure 7 shows a montage of images acquired with the Photron™ SA-Z camera viewing the patterned retroreflective
background through the fiber illuminator module as shown in Fig. 6c. Each image in the montage was acquired with a
different leg of the 7-fiber bundle attached to the Cavitar™ Cavilux HF pulsed laser light source with 260 ns pulse
widths. A 260 ns pulse width was selected as it is the maximum pulse width that can be achieved with the laser source
when operating at 75 kHz. All of the legs of the fiber bundle converge at the laser source in a 6-around-1 bundle
configuration, where six outer fiber ends (fibers A-F) surround a center fiber end. Each fiber has a core diameter of
0.5 mm and is 2.5 m in length. While the intensity and uniformity from each fiber differs, the mean signal intensity
in each image ranged from 1/4 to 1/2 of the dynamic range of the camera, which is more than sufficient to acquire
BOS image data. Adjustments to the condenser/diffuser lens position in the fiber illuminator module may also be
made to further improve uniformity of the illumination. If even higher intensities are required, the framing rate of the
camera (and therefore pulse rate of the laser illumination source) can be reduced and the pulse width extended. Note
that the full sensor size of 1024×1024 pixels was used to acquire the images in Fig. 7, whereas a reduced sensor size
of 512×456 pixels will be used to achieve a framing rate of 75 kHz, effectively cropping out the regions of reduced
intensity observed in these images.

Figure 8a shows a raw BOS image of a heat gun placed midway between the patterned retroreflective background
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Fig. 5 3D-printed SRP 70◦ sphere-cone model forebody with center nozzle and gas supply pipe.

and imaging system using the center fiber of the 7-fiber bundle for illumination. Figure 8b shows the resulting 2D
displacement map computed using LaVision’s™ DaVis 10 2D BOS software module. An 11-pixel subset window size
with a 3-pixel subset window overlap was used to process the data. A mask has also been applied over the silhouette of
the heat gun nozzle. This analysis demonstrates that relatively high-quality 2D BOS images can be acquired with the
imaging system setup, which includes the high-speed camera and fiber illuminator module shown in Fig. 6.

In the event that the six single-view, high-speed imaging systems do not provide for a sufficiently high-quality
volumetric density field reconstruction, a frame splitter may be used to double the number of views that can be obtained
with each system. An example of a frame splitter mounted in front of a high-speed Photron™ SA-Z camera is shown in
Fig. 9. Here, a 50-mm 90◦ right-angle specialty mirror (Edmund Optics®, #47-006) is used to redirect the view of
the left- and right-hand sides of the imaging sensor onto two LED-based illuminator modules. For tests in the 31M10
mock-up, these LED-based illuminator modules will be replaced with the fiber-based illuminator modules shown in
Fig. 6. A second laser head and 7-fiber bundle would then be used to provide pulsed laser illumination for at least six
frame splitters (with a total of twelve fiber illuminator modules).

D. Retroreflective Background Application on Tunnel Walls

The limited optical access of the 31M10 will require some of the patterned retroreflective material to be mounted on
the interior walls and on the injection plate of the facility. For this tomographic BOS test, 3M™ Scotchlite™ 7610
retroreflective sheeting will be used as the primary background. However, the delicate nature of the material and the
difficulty associated with its application to surfaces requires the use of a separate 3M™ 1080 vinyl backing material that
allows for easier application and removal. The use of these two materials was initially proposed and used by JT Heineck
at NASA’s Ames Research Center and used successfully for tomographic BOS measurements in the 11-by-11-Foot
Transonic Wind Tunnel at Ames as is detailed in Ref. [28].

While the use of the layered 3M™ 1080 vinyl wrap material and Scotchlite™ 7610 retroreflective material makes
it easier to apply and remove from the wind tunnel walls, it was unclear if it could survive the high temperatures
encountered in the 31M10 test section during pre-heating (a procedure where high temperature air is cycled through
the tunnel stagnation chamber and test section to bring components up to operating temperatures) and testing. To
determine if these layered materials could survive in the tunnel environment, a laboratory test was performed where the
layered materials were mounted onto a water-cooled metal slab (approximating the water-cooled walls of the 31M10)
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(a) (b)

(c)

Fig. 6 (a) View of the rear of the fiber illuminator module, (b) perspective view of camera facing laser fiber
illuminator module, and (c) zoomed-out view of (a) showing imaging system viewing a patterned retroreflective
background through fiber illuminator module.

and exposed to high temperature air from two heat guns over a 45 minute period (corresponding to the initial pre-heat
procedure performed at the beginning of each test day). Thermocouples were used to monitor the air temperature
immediately above the layered materials and at different locations on the metal slab. A camera mounted above the
metal slab was used to image the top surface of the retroreflective material to observe the development of any damage
resulting from heating. This experimental setup is shown in Fig. 10a.

Interestingly, measurements of the static temperature in the 31M10 test section during an initial long pre-heat
procedure and a short inter-run pre-heat procedure (performed between runs of the wind tunnel during a standard
test day) had never been performed, and the peak temperature and rate of temperature increase were unknown. As a
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Fig. 7 Montage of raw images of patterned retroreflective background obtained with each fiber in 7-fiber
bundle.

(a) (b)

Fig. 8 (a) Raw and (b) processed BOS image obtained with Photron™ SA-Z camera and illumination module.

result, measurements of the test section static temperature during these procedures were performed using a fine tip
thermocouple (Omega™, TJFT72-K-SS-116G-6-SMPW-M) that was inserted into the test section through a port on the
top wall of the tunnel, just upstream of the top window. This thermocouple was inserted approximately 50.8 mm into
the flow relative to the top interior wall surface. These temperature measurements are presented in Fig. 10b and are
denoted by the blue data points. These measurements showed that during both the initial long pre-heat and regular
short pre-heat procedures, the static air temperature in the tunnel’s test section never exceeds 600 ◦F. During the initial
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Fig. 9 High-speed camera with frame splitter using two LED-based illuminator modules. These modules will
be replaced with the fiber-based illuminator modules shown in Fig. 6.

pre-heat procedure, the heating rate is also relatively slow, with the peak temperature being achieved after approximately
40 minutes. The solid yellow line in this plot denotes the static air temperature above the layered materials measurement
in the laboratory setup shown in Fig. 10a. The dashed yellow line in this plot denotes the temperature recorded by a
thermocouple placed at the metal slab surface (shown in the middle of the layered materials in Fig. 10a). This plot
shows that the static air temperature in laboratory tests exceeded those encountered in the wind tunnel test section
during pre-heat procedures. Further, the pressure in the wind tunnel test section during these pre-heat procedures was
approximately 6 psia, whereas the pressure in the laboratory test was atmospheric pressure (14.7 psia). Since no damage
was observed in the layered materials and the vinyl wrap material retained its tackiness on the adhering side when
removed from the cooled metal slab after testing, confidence was gained that the layered materials would survive in the
31M10 test section when used for high-speed tomographic BOS testing.

E. Tomographic BOS Calibration System

Physical access to the test section of the 31M10 is typically provided by opening the side window. Since the
placement of high-speed cameras next to the side window will prevent entry to the test section, an alternative method of
maneuvering a calibration target about the measurement volume inside the test section is required. Figure 11 shows the
proposed remotely-controlled calibration system mounted in the mock-up of the test section that will eventually be
used for the high-speed tomographic BOS tests in the actual facility. This system consists of an 80/20™ structure that
clamps to the 50.8-mm-diameter SRP sting using a pair of U-bolts. A Zaber™ X-NMS17-C stepper motor coupled to a
SureGear® PGCN17-105M gearbox allows for remote rotation adjustment of a LaVision™ QR5-306-11.6 calibration
target attached to the shaft of the gearbox. An image of the calibration system and calibration target as viewed from the
side window (looking slightly upstream) of the tunnel mock-up is shown in Fig. 11a.

When in use in the actual wind tunnel, the system will be clamped to the model sting and the model will be manually
inserted into the tunnel test section using the model injection system such that the rotation axis of the calibration target
corresponds to the SRP model’s jet axis. The calibration target is then rotated about this axis so that several images
of the calibration target at different orientations are acquired for each camera view. For testing in the mock-up, a
50.8-mm-diameter stud was used to mimic the SRP model’s sting, allowing the calibration system to be attached to
the mock-up model using the aforementioned U-bolts. This is most clearly seen in Fig. 11b, which shows an image of
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(a)

(b)

Fig. 10 (a) Laboratory testing of layered retroreflective and vinyl materials and (b) comparison of measurements
obtained in the lab (yellow curves) versus those obtained in the 31M10 test section during pre-heats (blue curves
with data points).

the mock-up SRP model with the calibration system attached as viewed from the top window of the facility mock-up
(looking slightly downstream). For calibration in the mock-up facility, the strut assembly will be adjusted such that the
rotation axis of the calibration system is positioned along the centerline.

III. Future Work

Several issues have yet to be addressed in the 31M10 mock-up prior to executing the final test at the actual facility.
With the cameras mounted around the mock-up and aligned, a check will first be performed to ensure that window
reflections do not interfere with the image data obtained with each camera system. This check will consist of placing a
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(a) (b)

Fig. 11 Comparison views from the (a) side and (b) top window of the calibration system in the 31M10 test
section mock-up.

piece of transparent acrylic over each window and looking for any reflections. If a reflection is observed in any of the
camera views, the alignment of the camera will be adjusted to eliminate it.

The next most significant challenge will be to pattern numerous pieces of the retroreflective material and mount them
in the mock-up. In order to properly size and space the dots of the pattern, the magnification of the imaging systems
when viewing the backgrounds will need to be established. This will be accomplished by placing the calibration target on
the surfaces where the material will ultimately be mounted and capture images of the target to determine magnification.
The current method of applying the dot pattern at Langley consists of drilling out the nozzle of a high-temperature BBQ
spray paint can and then spraying the material, taking care to ensure uniformity of the pattern size, spacing, and density.
This was discussed in Refs. [26, 28]. An alternative method of applying a dot pattern to the material has been developed
by JT Heineck at NASA Ames Research Center, where screen printing is used to ensure highly controlled dot sizing and
spacing on the retroreflective material, also discussed in Ref. [28]. Unfortunately, both of these pattern application
methods do not allow for changes to be made once the pattern has been applied. While the use of laser speckle as the
pattern has shown to be effective in laboratory settings [40, 41], the vibrations in a test facility are often significant
enough to cause shot-to-shot variations in the projected speckle pattern, limiting the effectiveness of the approach. A
new projection BOS method [42] that overcomes these challenges may be considered for use in this test campaign. This
method allows for on-the-fly changes to the pattern and offers a reference-free BOS imaging capability.

Once a pattern has been applied to the retroreflective material and mounted inside of the mock-up test section, a
series of tomographic BOS experiments will be performed in the mock-up test section to ensure that the volumetric
reconstruction sufficiently covers the volume of interest, and that the smallest scales achieved with the volumetric
reconstructions are equal to, or smaller than, those that will need to be resolved in the final test campaign. Currently, the
plan is to use LaVision’s™ DaVis 2D BOS software module to compute the 2D displacement maps. However, if it is
determined that finer BOS resolution is needed, an optical flow algorithm similar to that described in Refs. [6, 7] may be
incorporated to achieve 2D displacement maps with single-pixel resolution.

Finally, while two Cavitar™ Cavilux HF lasers and two sets of 7-fiber bundles are available for illumination of the
patterned retroreflective backgrounds, two 4-fiber bundles have also been purchased that offer larger core diameters and
therefore higher intensity compared to the 7-fiber bundles. These will also be evaluated in the mock-up test section tests.
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IV. Conclusions

A discussion on the work being performed in preparation for an anticipated high-speed tomographic background-
oriented schlieren (BOS) test in NASA Langley Research Center’s 31-Inch Mach 10 wind tunnel has been provided
in this paper. This work included the construction of a full-scale mock-up of the wind tunnel facility complete with
properly sized and positioned window access. This mock-up allowed for the camera systems to be aligned and focused
for optimal tomographic BOS reconstruction data, reducing the setup time and any troubleshooting in the facility
required prior to the test. A full-scale replica of the supersonic retropropulsion wind tunnel model was 3D-printed and
fitted with a nozzle that could be connected to a pressurized gas supply, allowing for visualization of high-pressure jets
from the model with the tomographic BOS system. To provide time-resolved visualization of the jet flow, a pulsed laser
illumination system was coupled to a 7-fiber bundle, with six of the fiber ends coupled to an illumination module that
conditioned the light exiting the fiber and coupled it onto the optical axis of each camera using a 50:50 plate beamsplitter.
This arrangement enabled relatively high-quality 2D BOS images to be obtained with laser pulse widths of 260 ns. Work
was also performed to ensure that the patterned retroreflective material that will be used for the BOS background could
survive the high temperatures present in the facility test section. A remotely-controlled calibration system was also
developed that allows for remote adjustment of a calibration target for volumetric calibration of the tomographic BOS
system. While additional work must be performed prior to the test campaign, the preparations discussed in this paper
have demonstrated that the outlined approach will be sufficient for obtaining high-quality tomographic BOS data.
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