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ABSTRACT The improved Background Oriented Schlieren techmidCBOS (Colored Background Oriented
Schlieren) is described and applied to determieefltw field around different test models. The teicue allows the
measurement of the light deflection caused by degsadients in a compressible flow. For this pwgpehe distortion
of the image of a background pattern observed tirdhe flow is used. In order to increase the parémce of the
conventional Background Oriented Schlieren (BOShmégue, the monochromatic background is replagea @olored
dot pattern. The different colors are treated s#pér using suitable correlation algorithms. Theref the precision and
the spatial resolution can be highly increasedrtier to evaluate the distortion of the image ef blackground with a
correlation method it is important to focus on Haekground. Especially for big wind tunnels theatise between the
flow field, which has to be observed, and the bagkgd is greater than the depth of field of the eamA solution to
overcome this problem is to project the backgrocliogde to the wind tunnel model. The CBOS techniguexplained
and applied to the measurement of the flow fielduad an asymmetric mounted spike-body configuratiora
supersonic wind tunnel.

1 Introduction

The determination of the density distribution ipirtant for the investigation of compressible flowsr this purpose
the schlieren method, introduced by A. Toepler &4, is currently used [1]. The schlieren methahg¢forms the

phase variation of light passing through a phageobbinto an intensity variation. In the seventéexl eighties new
techniques such as density speckle photographyasggein which the deflection of the light could bwasured

directly [2-4]. Later an improved version of degsspeckle photography was used for this purposé][5,

The Background Oriented Schlieren (BOS) technicudodsed on a patent held by M€iéf and more precisely
described by Raffel [8-10]. In order to measurelifjiet deflection caused by density gradients toepressible flow,

the BOS technique uses the distortion of a backgtdmage. Tiny, randomly distributed dots on a filste are used as
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a background. The recording has to be performefblamvs: first a reference image is generated bgording the
background pattern observed through the air atheftre or after the experiment. Secondly, an addit exposure
through the flow under investigation is taken. LUoclanges in the refraction index of the moving poassible test
medium lead to an optically displaced image of hekground pattern. The resulting images of bothosnres can
then be evaluated by correlation methods, leadirthe local displacements and thus to the devigtidrihe rays. This
paper describes how to improve the accuracy artibbpasolution of the BOS technique by using akgacund pattern
of colored dots (CBOS technique) and suitable ¢atioce algorithms as well as post-treatment methods
Furthermore, the rays deviations in a given obsmmwalirection are a projection of the (integraltbé gradient of) the
density in the flow. Therefore, a tomography re¢ardion method is used to reconstruct the denBéid in
symmetrical as well as completely three-dimensiocampressible flows. Then, comparisons between the
reconstructions of the density field obtained bglging suitable tomographic techniques and numésicaulations are
made.

2 Background Oriented Schlieren Technique

2.1 Principle of the BOStechnique

The principle of the BOS technique is based onneasurement of the deviation of the light passimgugh a phase
object. Indeed, the BOS technique uses the distortif a background image for detecting the chargegensity
gradients. Due to the empirical law of GladstondeDthe density can directly be related to theadfve index:
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wheren represents the refractive index which is definetha ratio of the speed of light in vacuum tospeed of light
in the optical mediuny stands for the density of the mediuGidenotes the Gladstone-Dale constant which depends
on the characteristics of the gas andepresents the wavelength of the light. As thengka in the Gladstone-Dale

constant in the visible spectral range are veryllsiiige constant is set at the vaIu@(/T)= 226x10™* m*/kg for an

average wavelengthol = 550 nm
The distortiony can be expressed by integrating the local indagignts along the light path:

)
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wherez represents the coordinate along the light plathe focal length of the camera leds, the distance from the
camera to the phase object afiydhe distance from the phase object to the backgrémage, as shown in fig. 1. Now
the Gladstone-Dale relation allows conclusions ¢odpawn from the two-dimensional distortig(x,y) in order to
determine the density gradierde/ x and dp/dy in the horizontal and vertical directions, respedy [8-10].

The CBOS technique normally uses a computer-gesgtrandom dot pattern which is placed in the bamkgd of the
test volume. This pattern has to possess a higtiakfriequency that can be imaged with a high casttrit usually
consists of tiny, randomly distributed dots. Earlsgudies[11] pointed out that the dot pattern for an optied

evaluation should cover from 30% to 70% of the atefof the background image. Since the primaryrsaked, green
and blue (according to the RGB color model) carilyebs detected by the CMOS chip of commercial @digtameras,
these colors are used to generate the coloreddracind for the CBOS technique.
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Fig. 1 Optical setup for the BOS technique

2.2 Correlation Algorithm: Deter mination of the Displacement Vectors

For the determination of the displacement vectarsvben the patterns of two interrogation windows tnoss-
correlation method as already applied in the Pishméque, is used [12 - 14]. As the chosen cori@tatechnique is
based on the fast Fourier transformations (FFT)ckwlassumes the periodicity of the data sample,reeation for
nonperiodic data samples has to be applied in otdleavoid artifacts. Therefore, two correction amhes are
proposed:

the linear weight kernel is applied to the reséithe cross correlatigil, 12]

w2

M N

where M and N denote the dimensions of the intetiog windows.
the gaussian weight kernel is applied directhyht grey values of one interrogation window [11,.12]

ki, i)= exr{_ {(i("ﬁf . (J(E)Z)Z D @

In order to estimate the displacement vector, thsitipn of the maximum value in the correlationuless searched for.
Therefore, only integer displacements between wedorrelated interrogation windows can be assedsedrder to
increase the accuracy of the displacements, thghberiing points are taken into consideration. Tloees between

|z

three different approaches to determine the coakgpdue to the surrounding gray valdés can be choos€8, 11,
12]:

. — R, -R (5)
- linear-fit estimator Ax = =—*=—"—
R—l + R) + R+1
R, - R (6)
- parabolic-fit estimatorAx, = R, ~Ry
z(R L —2R, + R+1)
n(R,)-In(R.,) (7)

- gaussian-fit estimatoAX, =

2in(R, )+ n(R,)-21n(R,)
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3 Wind tunnel and test model

The experiment is carried out in the 0.2xm
0.2 m supersonic blow-down wind tunnel S20
of ISL with a freestream Mach number of 3
and a temperature at res§ ¥ 293 K. The
Reynolds number Rebased on the model
diameter (D = 40 mm) is 2.¥ 1¢° and the
tunnel freestream static pressprées 190 hPa.
The test model used for this investigation is a
spike-tipped body equipped with a conical tip
(fig. 2).

Fig. 2 Schlieren photo from the spike-tipped windrtel model

4 Projected Background

Especially for big wind tunnels the distance betwé®e flow field, which has to be observed, andhhekground is
greater than the depth of field of the camera {B7,20]. Figures 3a and 3b show clearly, thahdrehe best possible
case the depth of field do not exceed 25 cm. Atsluo overcome this problem is to project thekemound close to
the wind tunnel model. Therefore a slide projetdarsed in order to project the image of the slidth the background
near the test model.

0.1 [

o
il
T

EYF B
T z
.90'05_ ©
= =
- w 0
[=} [-] -
£ £ B
= £ [
& & I
0. =005

. TR RN NI N | N I BRI IR R ERTI RS |
0.2 04 0.6 0.8 1 ols 05 1 5 2 25 3

1
distance [m] distance [m]

Fig. 3a Depth of field for a typical 50 mm objeetifor Fig. 3b Depth of field for a typical 400 mm objeetfor
different aperture settings different aperture settings

In figures 4a, 5a and 6a the optical set-up is shde camera is equipped with an objective witbcal length of 50
mm. The pictures are taken with the smallest apertuere 1/16. The distan@g between the background and the
model varies between +20 mm and -20 mm, the distZpdetween the model and the lens of the cameraual ¢q
250 mm. The background is illuminated by a flaghgathis time for a duration of 15G. In figures 4b, 5b and 6b the
results for the vertical displacements are shownadcordance with the relation (2) we have for @jgmtion of the
background image close to the test model (fig.tBa)smallest displacements (fig. 5b). It could émarked, that for
the figures 4b and 6b the sign of the vertical ldispments changes.
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Fig. 4a Optical set-up for CBOS measurements witiepted

background before the wind tunnel model.
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Fig. 5a Optical set-up for CBOS measurements with
projected background near the wind tunnel model.
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Fig. 6a Optical set-up for CBOS measurements wibfepted

background behind the wind tunnel model.
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Fig. 4b Values for the vertical displacements
for the optical set-up in figure 4a.
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Fig. 5b Values for the vertical displacements
for the optical set-up in figure 5a.
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Fig. 6b Values for the vertical
displacements for the optical set-
up in figure 6a.
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5 Shift of the different dot patterns in the backgrd

Nevertheless we still have to treat the problerthefblurred image of the dots in the shock regioh P1]. One approach to
overcome this problem is to shift the red dot pat{fig. 7a) in horizontal direction and change timdor of the dots in green
(fig. 7b). In the next step the red dot pattershigted of the same amount but this time in velttieection and colored in
blue (fig. 7c). The superimposition of the diffetelot pattern leads to the new colored backgraoonadje (fig. 7d).

AX = 20 pix.
Fig. 7a Original red dot pattern Fig. 7b Origidak pattern shifted to the left
and colored in green
>
X
Il
N
o
T
X
Fig. 7c Original dot pattern shifted Fig. 7d Final colored dot pattern

to the left and colored in blue
Fig. 7 Construction of the background image basethe shift of the red dot pattern

In figure 8a the horizontal and in figure 9a thetigal displacements from a CBOS correlation betwt® reference
image and the measuring image are shown. Figush@s the horizontal displacements between thamddhe green
dot pattern. Figure 9b shows the vertical displas@related to correlation between the red andlinre dot pattern.
For the results in figure 8b and 9b only the mdaguimage is needed. It could be remarked, thateépeesentation of
the shock is very sharp. The displacements in éig@b and 9b correspond to the derivations ofekaltin figure 8a
and 9a. Figure 10b corresponds to a classical sigdph image.
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Fig. 9a Vertical displacements determined fromaation Fig. 9b Vertical displacements determined from elation
between the reference image and the measuring image between the red and blue dot pattern.
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Fig. 10a Absolute value for the displacements ddtezd Fig. 10b Absolute value for the displacements guifes 9a
from correlation between the reference image aral thnd 9b (shadowgraph).
measuring image.

ISFV15 — Minsk / Belarus — 2012



15™ International Symposium on Flow Visualization
June 25-28, 2012, Minsk, Belarus

6 Conclusions

The Background Oriented Schlieren technique isaanging tool for the analysis of a flow with degsgradients. In
comparison with traditional methods, like the setdn method, differential interferometry, etc., B@S technique is
acknowledged for its simple optical setup and dasydling. In the case of the CBOS technique andtaltiee colored
background, eight different dot patterns can beond®d simultaneously with one camera. The use dafingl
interrogation windows as well as the post-treatnignapplying weight kernels to the correlation aitjon and special
fit-estimators allow the spatial resolution and #ezuracy of the method to be increased. For tipdicapion in big
wind tunnels the projected background approachti®duced. In order to get a sharper representatiche shock
structures the new colored background with thetesthiflot pattern system is proven.
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