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Measurement of shock wave unsteadiness using a high-speed schlieren

system and digital image processing
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A new method to measure shock wave unsteadiness is presented. Time-resolved visualizations of the
flow field under investigation are obtained using a high-speed schlieren optical system and the
motion of the shock wave is determined by means of digital image processing. Information on the
shock’s unsteadiness is subsequently derived with Fourier analysis. A sample study on shock
unsteadiness in a shock-wave/turbulent boundary-layer interaction with separation is included. The
method presented enables a measure of shock unsteadiness at locations in the imaged flow field not
accessible by intrusive methods. © 2008 American Institute of Physics. [DOI: 10.1063/1.3053361]

Shock waves are generally present in supersonic flows
and constitute steep changes in the local flow properties.
Downstream of a shock, static pressure, density, and tem-
perature are increased. In some cases, such as in regions of
strong viscous-inviscid interaction, shock waves can be un-
steady and result in fluctuating loads that need to be pre-
dicted in many aerospace applications.1 Most previous stud-
ies on shock unsteadiness have relied on high-speed wall
pressure measurements to estimate the location where the
shock is in contact with a surface.” This limitation may be
overcome by optical techniques, but their application to
high-speed flows can be restricted by the high sampling fre-
quencies required to measure the shock positions. Previous
optical-based methods have used a schlieren technique with
a laser diode light source and a spatial filter to obtain time-
dependent voltage signals sensitive to the density gradients
and measured through an array of 16 photodiodes at acqui-
sition speeds of up to 40 kHz.*

This paper presents a modified schlieren method incor-
porating the latest light-emitting diode (LED) technology
and digital imaging systems, which determine the location of
the shock position at frequencies in excess of the shock tran-
sients. The associated image processing methods are also
presented, which allow accurate location of the shock posi-
tion and analysis of the transient properties of the shock.

The schlieren technique is an optical diagnostic com-
monly used in supersonic and hypersonic wind tunnel test-
ing. It is based on the principle of refraction, which depends
on the change in local fluid density.5 Schlieren visualizations
discriminate aerodynamic features present in the flow such as
shock waves and boundary layers as brighter and darker re-
gions in the image.6 High-speed schlieren is an advanced
variance of this technique, which consists in obtaining time-
resolved visualizations that provide information on the un-
steady flow features. In applications to high-speed flows, this
generally requires the use of a capturing device at high frame
rates with short exposure times. Thus high intensity and in-
coherent light sources are required.7’8 The main limitation of
high-speed schlieren systems to date has been obtaining a
suitable light source, which must be synchronized with the
capturing device.’
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The present arrangement (Fig. 1) has made use of the
latest technology high-power LED light source (3 W CREE
Q5) in a continuous mode and in combination with direct
imaging onto a high-speed digital camera (Photron APX).
By using the light source in a continuous mode, a relatively
simple system has been obtained. The system has been
developed in the Cranfield University 2.5”X2.5" Super-
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FIG. 1. Schematic diagram of high-speed schlieren optical arrangement.
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FIG. 2. Typical schlieren image of shock wave/turbulent boundary-layer
interaction with separation indicating three different regions: A (incident
shock), B (reflected shock upstream of impingement location), and C (re-
flected shock downstream of impingement location). Flow from left to right.

sonic Wind Tunnel at Mach 2.4 conditions. The high-speed
camera has been operated at a frame rate of 10 000 frames/s
and with an image resolution of 512 pixels (width)
X256 pixels (height), corresponding to 12 pixels/mm. The
schlieren image has been captured directly onto the chip of
the camera and polarized filters have been used to avoid
image overexposure. Eight-bit images have been captured on
a gray scale, with a time lapse of 100 us between images. A
horizontal knife edge has been used to obtain the first deriva-
tive of vertical density gradients.

A typical schlieren image is shown in Fig. 2, where the
main features of the flow field are highlighted including the
boundary layer and the reflected and impinging shocks. A
reference distance y/d is indicated, where y is the vertical
distance from the wall and & is the boundary layer thickness.
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FIG. 3. Image processing routine including background image subtraction
in the frequency domain to equally distinguish both dark and light shocks.
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FIG. 4. Shock displacement (mm) as a function of time (ms), corresponding
to locations A, B, and C from Fig. 2.

In order to quantify the shock wave positions, a number
of image processing algorithms were developed to extract
the required information from the images. The shock loca-
tion is discernible as distinct dark or light regions in com-
parison with the background light intensity. Other flow fea-
tures such as boundary 1a0yers or expansion regions are more
gradual but also visible.'

A version of the Canny algorithm was applied to locate
the shock positions. This algorithm is an edge detection
method of common use in machine vision applications.“ A
result of the algorithm’s application is shown in Fig. 3. It was
found to give enhanced performance in comparison with
simpler edge detectors (Sobel, Prewitt, Roberts, and Laplace)
when locating the shock position. This was mainly due to its
reduced sensitivity to noise and its edge-thinning capability,
which provided a clear shock location and avoided detection
of unwanted edges. Shock position was determined by ap-
plying a suitable threshold to isolate the highest intensity
gradients in the image, which once in binary form allowed
the shocks to be distinguished as thin edges.lz’13 From
these edges the locations of the shocks were identified
for each row in the image digital matrix (256X 512). By
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FIG. 5. Power spectral density plotted against frequency along locations (a)
y/6=1.25to y/5=1.75 and (b) y/5=3.0 to y/5=3.5 from Fig. 2.
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processing a time series of images, the dominant fre-
quencies in the shocks’ motion were then obtained by means
of spectral analysis using a Fourier transform based MATLAB
toolbox. Shock unsteadiness was subsequently analyzed in
different regions of the flow. In each case, sets of 1024
time-correlated schlieren images were taken at a frame rate
of 10000 frames/s, giving an effective bandwidth of up to
5 kHz.

A typical time series of the location of the two shocks
studied in the present application shows that the impinging
shock is practically steady, whereas the position of the re-
flected shock changes with time (Fig. 4). The same plot also
shows that the displacement of the reflected shock at loca-
tions upstream and downstream of the incident shock (B and
C, respectively, in Fig. 2) is in coherence most of the time.
The corresponding spectral analysis of the reflected shock is
shown in Fig. 5. With reference to these results and the im-
age in Fig. 2, based on two independent sets of 1024 images
and a frequency resolution of 9.8 Hz, measurements have
shown frequency peaks at approximately 150 Hz at locations
B and C. This is in agreement with previous wall pressure
measurements at the location of the reflected shock’s foot,
which identified such unsteadiness to be in the order of
10> Hz in similar studies.™
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The method presented has therefore proven to be a reli-
able optical flow diagnostic for studies on shock wave un-
steadiness. Its capability in obtaining flow measurements in
regions not accessible by intrusive methods has also been
shown.
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