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Why Background-Oriented Schlieren?

• Low barrier to entry

• Relatively easy setup

• Versatile
• High-speed imaging
• Facility challenges

• BOS is quantitative
• Tomography
• Potential of advanced 

algorithms
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Presentation Notes
Low barrier to entry: This is a setup in NASA LaRC’s rotor test cell. The main components are the patterned background, density gradients, and cameras. Simple setups can be very cost effective. In order to obtain flow-freezing measurements, we opted for a background consisting of a retroreflective sheeting material and cameras with light sources positioned near the cameras to maximize intensity return from the background. These enhancements add to the cost of the setup, but still relatively inexpensive. No need for large, precision optics, optical quality windows, etc.

Relatively easy setup: If high-speed isn’t needed, the only requirements are some kind of patterned background, the density object, and the camera.

Versatile: High-speed imaging, we’re able to add a few standard optics in front of a high-speed camera and obtain high-quality, time-resolved BOS images with not much effort.
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Presentation Notes
Facility challenges: Limited optical access, need for schlieren-grade windows, optics limit the field-of-view, stress-induced birefringence with polarization-based imaging systems, poor window quality with low transmission, vibration, extreme operational environments.
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Presenter
Presentation Notes
Facility challenges: Limited optical access, non-schlieren-grade windows, stress-induced birefringence, vibration, extreme operating conditions



High-Speed BOS: Forward Illumination

• High-speed
• Framing rates ≥ 1 kHz
• Sequential frames capture evolution 

of flow structures

• Forward illumination with diffuse 
background

• Pattern printed on paper

Light Source
Camera

Density
Object

Background

T. Mizukaki, Shock Waves, 
v. 20, pp. 531-573, 2010.

Gomez et al., Applied 
Optics, v. 61(10), 2022.

2 MHz

10 kHz
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Mizukaki of vortex rings generated by a shock tube with a 2 us camera exposure, 10 kHz framing rate, and 2 ms flash lamp pulse.
Gomez et al. of a blast wave using commercial blast charges 2 MHz framing rate with 200 ns laser pulse width using Cavilux UHS. Used a Shimadzu HPV-X2 with a quadscope and a secondary high-speed camera (Phantom V2012) at 100 kHz. Cavilux Smart UHS can operate at up to 99% duty cycle in high-speed operation, but number of pulses are limited.



High-Speed BOS: Pulsed Light Sources

• Overdriven LEDS
• Stasicki et al., Technisches Messen, 51(6), 

1984
• Willert et al., Exp. Fluids, 53(2), 2012

• Overdriven laser diodes
• Parziale et al., AIAA Paper 2015-530
• Agrez et al., Optics Letters, 45(6), 2020

• Commercial laser illumination systems 
with low coherence

• Cavilux HF, Smart, and UHS
• Specialised Imaging SI-LUX
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Presentation Notes
Mizukaki of vortex rings generated by a shock tube with a 2 us camera exposure, 10 kHz framing rate, and 2 ms flash lamp pulse.
Gomez et al. of a blast wave using commercial blast charges 2 MHz framing rate with 200 ns laser pulse width using Cavilux UHS. Used a Shimadzu HPV-X2 with a quadscope and a secondary high-speed camera (Phantom V2012) at 100 kHz. Cavilux Smart UHS can operate at up to 99% duty cycle in high-speed operation, but number of pulses are limited.

Benefits of forward illumination: Single-sided optical access. Field-of-view can ideally be adjusted to as large as needed within constraints of the background size and ability to print on it.

Drawbacks: These backgrounds scatter light diffusely. As a result, the light collection efficiency is very low. As a result, the high intensity laser sources, like the Cavilux Smart UHS, must be run at a relatively high duty cycle, which limits the number of sequential images that can be acquired with the system. Attempting to illuminate backgrounds much larger than what is shown results in reduction of intensity flux, and therefore reduced contrast of the pattern and signal-to-noise.



High-Speed BOS: Back Illumination

• Z-type schlieren system with 
telecentric imaging of transparent 
background

T. Zhou et al., 2024 AIAA SciTech Forum, Paper 2024-2126.

Density
Object Background

Light Source

Camera

40-700 kHz
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Zhou et al.: Cavilux Smart UHS at framing rates up to 700 kHz with a 50 ns pulse width. Telecentric imaging configuration using a conventional z-type schlieren schlieren. Collimated light used to illuminate the background. Aperture isn’t a cutoff, rather controls how light is imaged onto the sensor.

Their telecentric configuration provides near-schlieren quality flow visualization capability and avoids artifacts that are observed in conventional schlieren images as a result of window imperfections. The use of telecentric imaging system results in lower experimental error compared to traditional BOS setups. This setup also takes advantage of an existing schlieren system, which is present in many ground test facilities.



Light Source

High-Speed BOS: Back Illumination

• Direct back-illumination 
of transparent pattern

• Pattern printed on 
transparency
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Another approach is simply to use a transparency with back illumination. Light not readily coupled into camera. Use of a Fresnel lens and/or diffuser improves light collection efficiency.

In this experiment. Set up laser pulse with 150 ns pulse width and diverged the light from the Cavilux HF enough to make the background intensity as uniform as possible. Significant improvement in the signal-to-noise and contrast on the dot pattern.

Benefits: Light collection efficiency significantly improved relative to forward illumination of diffuse surface. Eliminate concerns associated with shadowgraph effect.





High-Speed BOS: Forward Illumination

• Forward illumination of retroreflective 
background
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Heineck et al., Int. Sym. 
Flow Visualization, 2010.
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Weisberger et al., AIAA SciTech 
Forum, Paper 2020-3102.
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Kushner et al., AIAA SciTech Forum, Paper 2015-1697.

20 kHz

Presenter
Presentation Notes
One of the challenges NASA faces when implementing flow visualization is the lack of optical access that in many cases precludes the use of back-illuminated BOS patterns. This leaves the option of forward-illumination. For tests where a large field-of-view is required, use of a diffuse background (such as a pattern printed on paper) would provide too little pattern contrast and too low signal-to-noise.

JT Heineck and team at NASA Ames realized that retroreflective material was very efficient at reflecting light back to the source and could be patterned using an air sprayer to splatter a latex-based paint on the surface. This pattern provided high contrast BOS background when forward illuminated with a source close to the imaging axis of the camera or with a ring light source surrounding the camera lens. By adjusting the spraying pressure, they found that they could control the pattern size. 

In Raffel et al.’s paper on Density Tagging Velocimetry in 2011 in Exp. in Fluids, it is mentioned that T. Roesgen had a similar idea in 2000 of using a retroreflective background to enhance contrast and signal-to-noise.

Kushner et al. were also able to demonstrate high-speed BOS at framing rates between 2-20 kHz of flow from a sweeping jet actuator using a pulsed laser to form a speckle interference pattern on a retroreflective background that could be used as the BOS pattern. Meier and Rosgen had demonstrated this in 2013 at low speed.

For precise control of the pattern size and distribution, JT Heineck at NASA Ames worked with a screen printing company to print dot patterns on 3M 7610 retroreflective material.
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High-Speed BOS at NASA Langley

• Forward illumination of 
retroreflective backgrounds
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Weisberger et al., AIAA SciTech Forum, Paper 2024-2500.
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For BOS measurements at NASA Langley, the challenges we face with limited optical access in our facilities.  Using retroreflective sheeting enables us to obtain BOS measurements when we only have one point of optical access.

Discuss response of retroreflective material: When placing backgrounds, exceeding 40-50 degree viewing angle results in a significant drop-off in the response of the material. Additionally, the response of the material is limited to a small range of angles, so the light source must be placed close to the camera or, ideally, made to be colinear with the camera imaging axis. Making the light source colinear with the camera imaging axis can be accomplished with a beamsplitter, however 75% of the light is lost. We often use polarized light for imaging in combination with an imaging optical isolator to improve the amount of light returned to the camera. However, in facilities with extreme environments or facilities with poor window quality, birefringent effects can limit the effectiveness of polarized illumination methods.



High-Speed BOS at NASA Langley
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Another challenge with forward illumination is minimizing shadowgraph effects, which are strongest when a small extended source is used for illumination. To limit shadowgraph effects, we often use lenses in combination with diffusing filters to increase the effective size of the source. This is not always successful in completely eliminating shadowgraph effects as demonstrated in these data from our 14x22 facility where the size of the density disturbances are on the same length scale as the light source.

Note in the pattern shown here a paint splattering method was used.



High-Speed BOS at NASA Langley

• Printing patterns on retroreflective 
materials
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High-Speed BOS at NASA Langley

BOS 100 kHz
ILS, Dot Pattern

BOS 100 kHz
FCD, Checkerboard Pattern
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Summary

• Why BOS?
• Low barrier to entry, easy setup, versatile, quantitative

•  High-speed BOS examples
• Forward illumination (diffuse background)
• Back-illumination (transparent background)
• Forward illumination (retroreflective background)

• Considerations in Application of High-Speed BOS in Large Ground Test Facilities
• Performance characteristics of retroreflective sheeting
• Use of colinear illumination and polarized light
• Conditioning light sources to mitigate shadowgraph effects
• Pattern application with advanced UV printing methods

• Acknowledgements: 
• Dr. Joshua Weisberger, Wayne Page, Steve Jones, Holt Ripley
• Transformational Tools & Technologies (T3) Project, Aerosciences Evaluation & Test Capabilities (AETC) 

portfolio
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2025 AIAA SciTech Forum

• Invited Session on Background-Oriented Schlieren
• Speaking Order:

• JT Heineck (NASA Ames)
• In-flight BOS, processing methods for in-flight BOS

• Sam Grauer (Penn State)
• Tomographic BOS, use of neural networks for to estimate 

multiple parameters from BOS data, fundamental derivations
• Mike Hargather (Los Alamos)

• Outdoor BOS, BOS for ballistics and explosives
• Former student of Gary Settles (literally wrote the book on 

schlieren-based imaging)
• Bryan Schmidt (Case Western)

• BOS data processing algorithms, BOS fundamentals
• Markus Raffel (DLR)

• Inventor of BOS, BOS applications, fundamentals of BOS
• Brett Bathel (NASA Langley)

• High-speed BOS, challenges for large-scale test facilities
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