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Summary

Background-oriented schlieren (BOS) is a widely used diagnostic for visualizing density gradients in
high-speed aerospace flows. Conventional BOS implementations employ a camera to image a speckle
background, with density gradients in the flow distorting the recorded pattern. These distortions are
typically resolved using cross-correlation algorithms adapted from particle image velocimetry (PIV).
Results are robust, but spatial resolution is limited and computational cost is high. In contrast to
conventional approaches, the fast checkerboard demodulation (FCD) method uses a sinusoidal
background pattern to isolate distinct frequency bands, enabling an alternative Fourier-based processing
approach. This report presents real-time Fourier BOS (RT-F-BOS), a full real-time implementation of the
FCD technique. Unlike earlier real-time BOS systems that relied on graphics processing unit (GPU)
acceleration, RT-F-BOS delivers pixel-level density gradient estimates directly on multicore central
processing units (CPUs), with the option to use GPUs for further speedup. This approach simplifies
hardware requirements while maintaining high spatial resolution, providing a practical and efficient
tool for real-time flow diagnostics in aerospace ground test facilities. A video attached to this report,
TM-20250009318-Video.mp4, demonstrates the RT-F-BOS system in operation with a plug nozzle test
article in the Glenn Research Center’s Nozzle Acoustic Test Rig (NATR).

Nomenclature
2D two-dimensional
AAPL Aero-Acoustic Propulsion Laboratory
CMOS complementary metal-oxide-semiconductor
CPU central processing unit
FCD fast checkerboard demodulation
FFT fast Fourier transform
FM frequency modulation
FOV field of view
GigE Gigabit Ethernet interface
GPU graphics processing unit
MKL Math Kernel Library
NATR Nozzle Acoustic Test Rig
NPR nozzle pressure ratio
PIV particle image velocimetry

RT-BOS  real-time background-oriented schlieren
RT-F-BOS real-time Fourier background-oriented schlieren
SAFS self-aligned focusing schlieren
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Subscripts
b bypass

C core

Introduction

The background-oriented schlieren (BOS) technique is a widely adopted method for visualizing
density gradients in high-speed and high-temperature flow fields. In supersonic applications, the most
critical flow features of interest are the location and structure of shocks. BOS operates on principles
similar to classic knife-edge schlieren but avoids its most demanding optical requirements. Classic
schlieren requires large-diameter mirrors to collimate the illumination as well as high-quality optical
windows in the wind tunnel walls (Ref. 1). BOS, in contrast, uses a much simpler optical arrangement
with less stringent requirements on optical glass quality along the imaging path (Figure 1). An additional
advantage is that BOS provides both the x- and y-components of the density gradient field, whereas knife-
edge schlieren typically captures only a single component (Ref. 2). While classic schlieren inherently
provides real-time visualization, most BOS systems have historically lacked online feedback. To address
this limitation, real-time BOS (RT-BOS) implementations have been developed in which graphics
processing unit (GPU) accelerated cross-correlation processing yields two-dimensional (2D) density
gradient fields at resolutions comparable to those obtained in particle image velocimetry (PIV)

(Refs. 3 and 4).

In a conventional BOS experiment, a digital camera images a uniformly illuminated random-dot or
speckled background. A reference, or “wind-off,” image is first recorded in the absence of flow. When a
density field is introduced, gradients in the flow distort the observed background pattern. These distorted
images are analyzed by comparing them to the reference image using cross-correlation algorithms
adapted from PIV. The processing yields density gradient estimates in both the x- and y-directions. A
fundamental limitation of this approach, however, is the spatial resolution imposed by the interrogation
window size—typically 16 by 16 pixels—resulting in spatial averaging of the gradients across those
subregions. Alternative methods such as optical flow and least-squares matching can improve sensitivity
and resolution, but their computational expense makes them impractical for real-time applications
(Refs. 5 and 6).

Background

Density
gradient
field

Lens

Y RRE— ! Image plane

Figure 1.—Typical BOS layout showing speckle background, density gradient object, and imaging system.
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Beyond BOS, other optical diagnostics have emerged with overlapping capabilities. Self-aligned
focusing schlieren (SAFS) (Ref. 7), for example, shares many of BOS’s advantages: it is simple to
implement, requires only modest-quality windows, and is robust to vibrations. Unlike BOS, it requires no
postprocessing and directly provides live schlieren data that can be captured with high-speed cameras.
However, SAFS relies on polarization optics and thus cannot be used through birefringent windows—a
restriction not encountered by BOS. More recently, event-based cameras have been applied to BOS
(Ref. 8). By updating only pixels that change relative to the previous frame, these cameras enable
extremely high effective frame rates. Yet, because the event-based cameras reference changes only to
prior frames rather than an absolute baseline, reconstructing the images and extracting the density
gradient fields is computationally complex.

The adaptability of BOS has driven its use across an expanding range of applications. In enclosed
wind tunnels, artificial speckle backgrounds are readily generated, and in outdoor or full-scale tests of
rotorcraft and aircraft, naturally occurring features such as tree canopies, desert terrain, or even the solar
surface have been successfully exploited as stationary patterns (Refs. 9 and 10). The key requirement is
that the background remain unchanged during measurements. For indoor applications, high-contrast
speckle fields are typically created by spraying white dots on a dark surface. The size and density of these
speckles strongly influence sensitivity, with optimal performance achieved when each speckle spans 2 to
3 pixels on the camera sensor (Ref. 2). This requirement often necessitates tailoring the background
pattern to the specific field of view (FOV). Equally important is uniform, glare-free illumination, which
can be challenging in large facilities with limited optical access.

To mitigate these practical challenges, high-definition monitors (3,840 by 2,160 pixels) have been
employed to digitally generate speckle backgrounds in real-time BOS systems (Refs. 3 and 4). In the
present work, high-definition monitors are again utilized, this time to display sinusoidal background
patterns required by the fast checkerboard demodulation (FCD) approach (Ref. 11). While GPU-enhanced
cross-correlation processing has been highly valuable for real-time BOS, enabling live feedback and
dynamic control of facility operating conditions, the method remains constrained by its reliance on
spatially averaged density gradients. With an effective resolution of a roughly 16- by 16-pixel grid, real-
time methods struggle to capture fine-scale flow features. The FCD approach directly addresses this
limitation, enabling real-time BOS processing without the need for GPU acceleration while providing
single-pixel spatial resolution. A video supplement to this paper, TM-20250009318-SUPPL.mp4,
demonstrates RT-F-BOS with a plug nozzle test article in the Glenn Research Center’s Nozzle Acoustic
Test Rig (NATR).

Fast Checkerboard Demodulation

The FCD technique employs a specially designed background pattern that allows for direct
signal extraction (Ref. 11). The pattern is a high-frequency, 2D checkerboard or sinusoidal pattern
(see Figure 2), which acts like a carrier wave, similar to how FM (frequency modulation) works in radio.
Density gradients in the test article (flow) distort the image recorded by the camera, thereby modulating
the phase of the recorded checkerboard pattern. Proper selection of the sinusoidal pattern relative to the
strength of the density gradients enables Fourier-based demodulation techniques to extract the density
gradients relative to the reference image. By using a 2D checkerboard pattern, passbands in both the
vertical and horizontal directions are generated, which enables displacements in the x- and y-directions to
be extracted.
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The 2D sinusoidal background pattern produces distinct carrier bands in the Fourier domain. These
bands provide a basis for defining carrier passbands, whose locations are determined by the spatial
frequency of the sinusoid, as shown in Figure 3. The passbands are typically defined as circular regions
centered on the x- and y-direction carrier frequencies. Their radii are chosen to ensure adequate separation
while preventing overlap between adjacent bands.
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Figure 3.—Centered FFT of sinusoidal background; x- and y-direction
circular passbands shown as yellow and magenta circles,
respectively.
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When the reference pattern contains only a 2D sinusoidal pattern, the reconstructed density field is
free of any aberrations or leakage. If, however, there are any objects in the camera FOV, or the 2D
sinusoid does not fill the entire camera FOV, then there can be substantial “ringing” in the reconstructed
density field. The ringing contaminates the reconstructed density fields, undermining the quality of the
result. Wildeman (Ref. 11) proposed that the ringing could be mitigated by interpolating the 2D
sinusoidal pattern and filling in the regions blocked by the object or missing regions of the sinusoidal
pattern. In practice, this proved to be difficult, given that the camera image of the sinusoid may have
distortions from either perspective or lens distortion, making accurately interpolating/extrapolating the 2D
sinusoid impractical. An alternative method for removing the ringing in the processed density fields is
proposed and demonstrated in the FCD Passband Filtering section of this report.

Real-Time FCD Implementation

In a previously studied real-time BOS system (Refs. 3 and 4), GPUs were used to perform the large
number of 2D fast Fourier transforms (FFTs) required for cross-correlation processing. While GPUs
could also be used for implementing a real-time FCD approach, the computational load for FCD is
significantly lower than that of cross-correlation. Therefore, the objective in this work was to implement
the FCD technique using only a multicore central processing unit (CPU) while still achieving processing
rates exceeding 10 frames per second (fps). The real-time processing code was written in C++ and
utilized the Intel® (Intel Corp.) Math Kernel Library (MKL) optimized FFT routines.

A brief description of the FCD processing algorithm is provided here to outline the main processing
steps and the number of complex 2D FFTs required to process each live image from the full-resolution
Gigabit Ethernet (GigE) camera. A brief depiction of the salient processing steps in MATLAB® (The
MathWorks, Inc.) syntax is shown in the Appendix. More detailed information on the FCD technique can
be found in Wildeman (Ref. 11).

The first step, performed offline, is to extract complex carrier signals in both the x- and y-directions
from the reference image. A 2D FFT of the reference is computed, and the x-direction frequency-domain
filter (circular passband) is applied. The result is then returned to the spatial domain using an inverse 2D
FFT. The process is repeated with the y-direction filter to obtain the corresponding carrier signal.
Together, the x- and y-direction carrier signals represent the undistorted background pattern and provide
the necessary reference information for processing the live images.

Live images are then processed to resolve the density gradients in both the x- and y-directions. When
a live (deformed) image is captured during flow, a 2D FFT is computed, and the x- and y-direction
circular passband filters are applied in the frequency domain to isolate the relevant spectral components.
The filtered spectra for each direction are then transformed back to the spatial domain using inverse 2D
FFTs. The filtered live images are then multiplied by their corresponding complex-valued reference
carrier signals. The resulting complex products are used to extract the phase shift between the real and
imaginary components, which indicates how much the background pattern has been displaced by density
gradients in the flow. These phase shifts correspond to displacements in the horizontal (x) and vertical (y)
directions. The total displacement magnitude is then computed from these two directional components.

Each live image in the RT-F-BOS system requires one forward 2D FFT and two inverse 2D FFTs as
part of the FCD processing pipeline. Although the implementation utilizes the Intel® MKL FFT routines,
the large image size (5 MP) results in a substantial computational load. Notably, within the Microsoft®
Visual Studio® (Microsoft Corp.) environment, the Intel® MKL FFT routines do not inherently support
multithreaded execution, limiting their performance on multicore systems. To overcome this, a custom
hand-coded, parallelized, and multithreaded 2D FFT routine was developed, resulting in a 30%
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improvement in processing speed. Additional multithreaded routines were also implemented for complex
image array multiplications, further enhancing overall throughput. With these optimizations, the RT-F-
BOS system successfully achieves acquisition, processing, and real-time display of 2,448- by 2,024-pixel
images at 13 fps on an Intel® Xeon® (Intel Corp.) E5-2696 V4 processor with 22 physical cores.

The RT-F-BOS code allows live display of the processed images while simultaneously streaming the
images to disk for later offline processing. Postprocessing of the images streamed to disk enables building
movies of changes in the flow and for computation of mean density gradient fields for improved clarity.
From the program dialog, the user can select which individual density component is displayed or the
density gradient magnitude (see Figure 4). Three different colormaps are available for changing the
displayed density gradient maps. The user can also set the width of the Gaussian passband filter to avoid
overlapping passbands. An offset correction of the live camera image relative to the reference image is
also selectable, where a cross-correlation of a small subregion of the image is used to compute and then
implement any required subpixel image shift from vibration or thermal growth.

n 5MP GigkE MKL-FFT Real-Time Fourier BOS Acquisition/Processing System,  Rev 1.10, ActiveGigE V10 M.P. Wernet 08/19/2025

Fie Naming Timed Sequence Acquire BOS Settings
e Copture Acqure Time | Stop Time Live Zoom In I™ LveBos :;Z ?:ma ;2;8 - j‘
L [ : 2. . ,
oo RS Interval: SeC sequence Sequence I~ Save BOS Fies ge: 2.5px |  _| oK
stop Zoom Out
Counter: o Load Reference <
Snap & Save : omp )
Image Offset: |0 ¥ Reset Weight | 1:00 Contour Levels: [ | -
[~ Reset Screen Gain Density Component ~ Contour Cutoffs: Rainbow
Limit Acquisition to : [0 images, set to 0 for unimited acq foim] (o Upper «| _| »| 40pixels ¥ LoRainbow
: Magritude |7 Lower _« »|0.00pixels [ Grey
#0 Point Grey Research Blackfly BFLY-PGE-50S5M s/ 16049773

Sub Correction Settings
I~ Ref Image Shift Correction

Shift Correction Subregion Size
64x64 v

Select Shift Correction
Location Using Mouse:

[~ Subregion #1
[~ Subregion =2
[~ Subregion =3

|~ Subregion #4

= ~ Reset Shift Correction
s
Max: 20.0 (2040, 1) 0
Properties
Image Display Palett
I™ Draw Cursor b0 Dlploy pelctic

Saturated Camera Gain [0-48 d]
hd Time to process live image: 0,061 seconds, Number of Frames Processed: 0 Processing Region:
I™ Image Difference 2, 20 2448, 2048 Camera [130 d8
Average N 1
[~ Ext. Trigger Frames

Camera Temperature: 31.8¢

Figure 4.—Screenshot of RT-F-BOS dialog showing processed density gradient map and user controls. Use of

uniform-intensity circular passbands results in ringing (light cyan-colored ripples) due to test article (butane lighter
flame) in field of view.
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The RT-F-BOS software package presented here provides an end-to-end solution for real-time
acquisition, processing, and display through a graphical user interface. Wildeman’s FCD paper (Ref. 11)
also includes the term “real-time” in its title; however, the work primarily reports on processing
throughput rather than demonstrating a fully integrated acquisition and processing system. The reported
rates, 50 fps for 512- by 512-pixel images on a CPU and 190 fps on a GPU, appear to reflect processing
of preacquired image frames, with no explicit discussion of live image acquisition. Details such as the
camera used and real-time data handling procedures are not provided. The FCD algorithm itself produces
a density gradient estimate at each image pixel. Based on the reported frame rates, the CPU processing
corresponds to ~13.1 MP/s (512 by 512 by 50 fps), whereas the GPU rate corresponds to ~49.8 MP/s
(512 by 512 by 190 fps). These figures represent only the processing step and do not account for image
acquisition or image file transfer times.

In contrast, the RT-F-BOS system developed here performs live acquisition, real-time processing, and
visualization of 2,448- by 2,024-pixel images at 13 Hz, achieving a total throughput of 64.9 MP/s. This
includes the overhead of image acquisition, processing, and display—constituting a complete and
demonstrable real-time BOS system.

FCD Passband Filtering

Ringing artifacts in the processed density gradient fields often arise when sharp-edged objects
obscure the sinusoidal background pattern. In RT-F-BOS, introducing a model or object into the FOV
after the reference image has been collected produces a “bleed-through” of the background in the masked
regions. Figure 4 illustrates this effect, showing both the sinusoidal bleed-through (red sinusoid pattern) at
the location of the object (a butane lighter and flame) and the lighter cyan ripples that appear above the
flame and around the lighter body. Wildeman (Ref. 11) previously proposed mitigating the loss of carrier
information in masked regions—caused by obstructions or areas where the background is not visible—by
extrapolating the sinusoidal background into these regions. This is achieved by fitting a pattern to the
visible portions of the reference image and extending it across the masked areas, thereby preserving
continuity of the carrier signal for subsequent Fourier processing. However, in practice, extrapolating the
sinusoidal background correction method proved difficult to implement, particularly in large-scale facility
setups. In the optical system used in this work, for example, the camera was not perfectly perpendicular to
the monitor, resulting in perspective distortion of the sinusoidal pattern. These distortions made accurate
fitting and extrapolation of the background pattern into blocked/masked regions impractical. Additionally,
optical aberrations from the camera lens can alter the periodicity of the recorded sinusoidal pattern,
further complicating reconstruction.

To address this challenge, a modified version of the FCD filtering method was adopted. The original
FCD approach employs unity-amplitude circular passbands in the frequency domain to isolate the
horizontal and vertical carrier frequencies of the sinusoidal background. These unity-amplitude passbands
have sharp edges that can introduce ringing artifacts due to the abrupt transition in frequency space. To
suppress this effect, Gaussian smoothing was applied to the passband edges by convolving them with a
Gaussian kernel, as illustrated in Figure 5. Line profiles through the center of the original circular unity-
amplitude passband and the Gaussian-filtered passband illustrate the smoothing effect, while remaining
within the original passband width. Also shown in Figure 5 are the 2D intensity contours of the unity-
amplitude passband and the Gaussian-smoothed passband. This softening introduces a more gradual filter
roll-off, attenuating the high-frequency components that contribute to ringing.
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Figure 5.—Left, two line profiles through center of original unity-amplitude circular
passband with line profile from smoothed, Gaussian-filtered passband. Right,
corresponding 2D intensity maps comparing sharp-edged step passband with
smoothed Gaussian-filtered version.

The degree of roll-off, however, must be carefully selected for each specific case. Excessive
smoothing can lead to overlap between the horizontal and vertical passbands in the frequency domain,
which may degrade the accuracy of the demodulation. To prevent this, it may be necessary to reduce the
initial diameter of the circular passbands before applying Gaussian smoothing.

Nozzle Acoustic Test Rig

The demonstration test was conducted in the NASA Glenn Research Center’s Aero-Acoustic Propulsion
Laboratory (AAPL), a 65-ft-radius anechoic geodesic hemispherical dome (Ref. 12). The nozzles were
mounted on a jet engine simulator, the Nozzle Acoustic Test Rig (NATR), contained in the AAPL. The
NATR is a free jet wind tunnel, which provided the flight stream for the engine simulator. A turbofan
engine simulator, the High Flow Jet Exit Rig, is fed by compressed air from centralized compressors,
delivered to the test article through a system of manifolds, heaters, control valves, and flow conditioners.
For setpoints simulating an aircraft engine, all air streams were preheated using a mixed-flow heat
exchanger before being split into two streams, representing core and bypass streams on an engine and
directed to coannular settling chambers in the rig. Both air streams were heated to the same temperature for
this series of tests. Results from a plug-nozzle test article, shown in Figure 6, will be reported here.
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RT-F-BOS Setup in NATR

The RT-F-BOS technique is relatively simple to set up, requiring just a camera and a monitor to be
installed in the test rig. A 2,448- by 2,048-pixel complementary metal-oxide-semiconductor (CMOS)
camera with a GigE interface was installed between acoustic-absorbing wedges in a vertical wall adjacent
to the jet exit. The BOS camera imaged a 2D sinusoidal pattern displayed on a 218-cm (86-in.) diagonal
high-definition monitor, positioned 8.2 m (27 ft) from the camera (see Figure 7). The frequency of the
sinusoidal pattern was adjusted to minimize the background noise in the density gradient field while still

\

\ —NPR;
\
“NPRy,

Figure 6.—Plug nozzle test article with two internal flow streams, run at equal temperature and pressure ratios.

Figure 7.—CAD rendering of installation illustrating camera mounting location in wedge wall and monitor
location on floor.
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maintaining good sensitivity to density gradients. The monitor was mounted perpendicular to the plane of
the overhead microphone array and tilted at a 25° angle from vertical. The camera itself was located
approximately 3 m (9 ft) from the nozzle centerline. Live images from the BOS camera were acquired,
processed, and displayed by a dedicated computer in the AAPL control room, approximately 91 m

(300 ft) away, at a 13-Hz frame rate. To help prevent image blur due to vibrations, the camera mount was
isolated from the wedge wall.

Results and Discussion

The primary objective of this study was to capture shock structures on the external plug surfaces and
within the initial flow region of the internal plug configurations. Results presented here were obtained
using model configuration 122DLm0Ap2069, which delineates the internal mixer and plug nozzle shape
(Ref. 13). Sequences of 200 images were streamed to disk across eight different setpoints, as summarized
in Table I. NPR. denotes the pressure ratio of the inner annulus relative to ambient air, and NPR;
represents the pressure ratio of the outer annulus at the same axial location (Figure 6) to the ambient air.
The temperature ratios, total temperature to ambient temperature, are defined at the same locations as the
pressure ratios. Setpoint 7 represents a common rig condition used to evaluate consistency across
different test programs in the AAPL.

Figure 8 compares 200-frame averaged density gradient magnitudes at setpoint 7 using two different
processing methods. In Figure 8(a), the x- and y-component gradients are computed using standard FCD
processing with uniform-intensity circular passbands. Figure 8(b) shows the relative density gradient
magnitude obtained using Gaussian-filtered, rolled-off passbands. In both cases, the colormap represents
the normalized density gradient magnitude, scaled by the maximum displacement.

Notable ringing artifacts appear in Figure 8(a), particularly in the flow region below the nozzle
centerline. These are effectively suppressed in Figure 8(b) by the softened-edge passband, without
degrading flow field features. All subsequent density gradient maps are processed using the Gaussian-
filtered passbands. Additionally, although the hardware is nominally axisymmetric, the tested plug nozzle
model exhibits asymmetry; the plug nozzle is slightly offset below the model centerline. This offset
introduces asymmetries in the shock-filled flow field, which become more pronounced at higher nozzle
pressure ratios (NPRs).

TABLE I.—RIG SETPOINTS FOR PLUG NOZZLE MODEL

Setpoint NPR. NPRy Tre/ Tamb Tro/ Tamb

7 1.856 1.856 1 1
4010 1.893 1.893 1 1
4020 1.915 1.915 1 1
4030 1.938 1.938 1 1
4040 1.984 1.984 1 1
4050 2.033 2.033 1 1
4060 2.083 2.083 1 1
4070 2.135 2.135 1 1
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Realitive density gradient

Figure 8.—Comparison of processed density gradient magnitude results; model image
overdrawn to hide sinusoidal pattern bleed-through. (a) Uniform-intensity circular passband
results. (b) Gaussian smoothed passband results where ringing on unfiltered case is removed
with no loss of fidelity in features in flow.

Figure 9 presents the averaged density gradient magnitude maps for all eight rig setpoints listed in
Table L. At the lowest setpoint, shocks are visible near the nozzle exit, where the plug shape is curved. As
NPR.pincreases (setpoints 4010 to 4040), additional reflected shocks appear farther downstream,
confined between the shear layer and the plug surface.

At setpoint 4050, reflected shocks extend along the full length of the plug. However, due to model
asymmetry, the number of reflections differs between the upper and lower halves of the flow. At setpoint
4060, shocks extend beyond the plug’s end, but their asymmetry causes rapid decay downstream. By
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setpoint 4070, the shock trains in the upper and lower halves of the flow become more in-phase, resulting

in a more coherent and sustained shock train beyond the nozzle plug.

SP 0007 SP 4040

SP 4010 SP 4050

SP 4020 SP 4060

o
o~

Realitive density gradient

SP 4030 SP 4070

Figure 9.—Density gradient field across full test matrix, corresponding to Table I. (a) to (h) Setpoints 1 to 8.
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During the test campaign, both PIV and RT-F-BOS measurements were collected, with this report
focusing on the RT-F-BOS results. Figure 10 compares RT-F-BOS and PIV results at setpoint 7.

In the PIV setup, the laser light sheet enters from below the nozzle and is blocked by the plug,
allowing measurement of only the lower half of the nozzle flow. However, the full vertical extent of the
flow is captured downstream of the model. The PIV velocity data shown here was multipass processed
down to a 16- by 16-pixel grid. Figure 10(a) presents the lower half of the RT-F-BOS results, providing a
close-up view of the flow exiting the nozzle annulus. A strong, triangular shock is visible near the nozzle
exit, followed by a series of weaker reflected shocks downstream.

Realitive density gradient

Realitive velocity gradient

Figure 10.—Comparison of RT-F-BOS measured density gradient to derivative of PIV velocity
measurements, both at setpoint 7. (a) RT-F-BOS case. (b) PIV case; colormap scale adjusted to
visualize shocks near nozzle annulus.
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Because the raw PIV velocity field does not clearly capture shock structures, the spatial derivatives of
the u- and v-velocity components were used to compute a normalized velocity gradient magnitude, shown
in Figure 10(b). The colormap was optimized to highlight weak shocks near the annulus exit, with the
shear layer gradients saturated at the upper contour limit.

Focusing on the region between the shear layer and the plug surface, both techniques capture the
same fundamental flow features: a strong initial shock followed by weaker reflections. However, RT-F-
BOS offers substantially higher spatial resolution, providing a more detailed depiction of the shock
structures along the nozzle plug surface.

In a video attached to this report, TM-20250009318-Video.mp4, the rig transitions from a high NPR
to ambient conditions, transitioning across the complete range of setpoints listed in Table I and shown in
Figure 9. The high NPR point in the video is actually above the setpoint value of 4070 listed in Table 1.
The RT-F-BOS measured density gradient magnitude is shown in the colormap, and the image sequence
is displayed at 5 times the acquisition speed. Unique density gradients are shown at every pixel in the RT-
F-BOS camera image. As the NPR is reduced, the complex shock train downstream of the nozzle
collapses. Minor hardware imperfections introduce small asymmetries in the observed shock train
structure just downstream of the nozzle plug.

Concluding Remarks

A real-time implementation of fast checkerboard demodulation (FCD) for background-oriented
schlieren (BOS), termed RT-F-BOS, has been successfully developed and demonstrated in a large-scale
aeroacoustics test facility. Unlike traditional cross-correlation BOS approaches that require graphics
processing unit (GPU) acceleration and produce spatially averaged results, the RT-F-BOS method
provides pixel-level density gradient estimates while maintaining real-time throughput on CPU-based
systems. Optimized fast Fourier transform (FFT) routines and multithreading enable full-resolution
(2,448- by 2,024-pixel) image acquisition, processing, and visualization at 13 Hz, representing a complete
end-to-end system.

The use of Gaussian-smoothed passbands effectively mitigated ringing artifacts inherent in
conventional FCD filtering, improving the clarity of reconstructed flow fields. Application of RT-F-BOS
in the NASA Glenn Nozzle Acoustic Test Rig demonstrated its ability to capture detailed shock structures
on nozzle plug surfaces, revealing flow asymmetries and evolution of reflected shock trains across a range
of nozzle pressure ratios. Comparisons with particle image velocimetry (PIV) measurements confirmed
that RT-F-BOS provides substantially higher spatial resolution of shock features with a simpler
experimental setup.

Overall, RT-F-BOS offers a practical, robust, and high-resolution real-time diagnostic capability for
aerospace ground test facilities. By eliminating GPU dependence, simplifying hardware requirements, and
providing clear visualization of density gradients, the method enhances facility operations and broadens
the applicability of BOS to a wider range of flow measurement problems.
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Appendix

The fast checkerboard demodulation (FCD) processing steps are illustrated in general MATLAB®
syntax.

1. Generate the x- and y-direction complex conjugate carrier signals from the reference image:

fftTIrer = ££E2 (Ires) s
ccX = conj (1fft2 (fftlver .* CircX));
ccY = conj (1fft2 (fftlver .* CircY)); %

2D FFT of reference image
CircX is the x-direction passband
CircY is the y-direction passband

o°  oP

ccX and ccY are the only information needed from the reference image. Next, each live density gradient
deformed image is processed.

2. For each live image, take the 2D fast Fourier transform (FFT) of the live image and multiply by the
circular passband in the x- and y-directions and then inverse transform.

fftliive = ££L2 (I1ive) 2D FFT of live image

Filt LiveX = 1ifft2(fftIijve .* CircX) % Filter live image through x-passband
Filt LiveY = 1ifft2(fftIijve .* CircY) % Filter live image through y-passband

3. Lastly, compute the phase shift in the product of the complex conjugate of the frequency-filtered
reference image multiplied by the frequency-filtered live image.

Xgisp = —atan2(imag (Filt LiveX .* ccX), real(Filt LiveX .* ccX))
Yaisp = —atan2(imag (Filt LiveY .* ccY), real(Filt LiveY .* ccY))

For RT-F-BOS, the measured x- and y-displacements (Xaisp, Y gisp) are limited to .
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