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ABSTRACT
A novel measurement technique based on the refractive index variation in a compressible flow field is presented. This
concept is referred to as “Background Oriented Schlieren” (BOS) method in the following. The differences between BOS
and other optical techniques which it can best be compared with, will be discussed. Already the first results illustrate an
encouraging prospect for the future applicability of this technique. The BOS method offers the capability of qualitative
and quantitative investigations of unsteady density fields in high speed flows, combustion, and full-scale flight tests.
The underlying principle is briefly described and an extension to a three-dimensional quantitative technique by using
multiple cameras is outlined. The experimental studies which have been carried out to investigate a supersonic jet, a
turbulent flame, and the blade tip vortices of a BK117 helicopter in hover flight will be presented.

Blade tip vortices of BK117 helicopter as object of application of BOS method
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1. INTRODUCTION
Optical density measurement techniques like Schlieren, shadowgraphy or interferometry are well known and used world
wide for many decades. They are based on the change of the refractive index and allow to visualize flow density
variations.
Due to the delicate optical system needed and its cost, these techniques are limited to the study of small or medium sized
fields of view and except some exceptions (e.g. Weinstein 1998) they are confined to laboratories or to wind tunnels and
are less feasible for large or full-scale outdoor applications. Nevertheless full scale measurements are sometimes
desirable if the flow conditions like Mach number, Reynolds number or temperature can not be correctly matched.
This paper describes a novel technique which allows to visualize density changes very easily without the need to use
complex optical equipment. The new technique has been successfully applied to a supersonic jet and a flame but also to
a helicopter in hover flight.
2. OPTICAL PRINCIPLE
2.1 Background oriented schlieren (BOS) method
The principle of this optical technique used for our studies is based on the refractive index variation of air due to density
gradients. The relation between density gradients and refractive index variations is given by the Gladstone-Dale
equation:

n −1
= G (λ )
ρ
with

n: refractive index
ρ: density (kg × m-3)
G(λ)=Gladstone-Dale number

where G(λ) is defined by:

G( λ ) = 2.2244 × 10
with
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λ: wave length (m)
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The technique can best be compared with the density speckle photography as described by Debrus et al. (1972), Köpf
(1972), and in an improved version by Wernekinck and Merzkirch (1987).
In contrast to laser speckle velocimetry, where speckle patterns are generated by a double exposure of highly seeded
flows, in the density speckle photography, speckle patterns are generated by a ground glass in order to obtain density
gradient information. Like interferometry, the density speckle photography uses an expanded parallel laser beam, which
is shining through a transonic flow field or - in more general terms - through an object containing refraction index
changes. However, in contrast to interferometry, speckle patterns are generated instead of interference fringes.
In a first step a reference image is generated by a recording of a speckle pattern observed through air at rest before the
experiment. An additional exposure observing the speckle pattern through the flow under investigation (i.e. during the
wind tunnel run) leads to a second image. The resulting images of both exposures can then be evaluated by correlation
methods. In other words, without further evaluation efforts, algorithms, which have been developed and optimized e.g.
for particle image velocimetry (or other forms of speckle photography) can now be used to determine speckle
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displacements. It can easily be shown, that the deflection of a single beam contains information about the spatial
gradient of the refractive index integrated along the optical path. Assuming paraxial recording and small deflection angles
a formula for the image displacement ∆y i can be derived, which is valid for density speckle photography as well as for the
Background Oriented Schlieren technique which we used:

∆y i = ZD M ε
with:

M = zi / ZB ~ magnification factor
ZD ~ distance dot pattern - density gradient
ε is defined by:

1
ε=
n0

Z D + ∆Z D

δn
dz
δy
Z D − ∆Z D

∫

The deflection of the beams causes a displacement of the speckle patterns with respect to the patterns of the reference
recording, which can be interpreted as density gradients – integrated along the optical path - by using the GladstoneDale equation. It is obvious, that from the two dimensional density gradient an estimate for the density itself can be
obtained by integration. After this, the result is comparable to x-ray images and like them, they can be recorded and
evaluated employing tomographic methods. However, for the speckle method this would not only require multiple
cameras, but also multiple sending optics to form and direct the beams passing through the object under investigation.
The main difference between the background oriented optical technique proposed in this article and the other methods
mentioned above is, that the BOS method does not require any optical devices on the sending side. The only optical part
needed is an objective lens mounted for instance on a video camera on the receiving side. The camera used is focused
on a random dot pattern in the background, which generates an image quite similar to a particle image or a speckle
pattern. For this reason we refer to this approach to be “background oriented”. The flow field under investigation is
located on the viewing axis. Due to the refractive index gradients the dot pattern will be displaced with respect to the
reference recording when observing it on the recording side (see figure 1).

Figure 1: Optical path for density gradient measurements by light deflection
When looking at the BOS approach, it seems to be identical to the density speckle photography. However, two major
differences can be noticed: First, instead of a laser and beam expanding optics, any background of sufficient contrast
and spatial frequency, for example a print-out of a random dot pattern, and white light can be used. This results in
significantly reduced efforts during the application of the BOS technique. Second, the optical paths over which the
density effects are averaged are divergent with respect to each other. This can result in a clear disadvantage when large
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viewing angles have to be used, but is of little influence for recording distances of more than 30 meters as used for the
helicopter tests described in this paper. For a later extension towards “Background Oriented Optical Tomography”
(BOOT), which has been proposed by G.E.A. Meier (Meier 1999), the divergence of the optical paths should be no
problem since convolution methods for divergent beams are already known and described in the literature (see e.g.
Herman 1980).

2.2 Background oriented stereoscopic schlieren (BOSS) method
The previously described BOS technique can be extended by using two cameras simultaneously in a stereoscopic
configuration. Both cameras are looking onto the same background through the flow under investigation (see figure 2).
Due to the different camera positions, the images of the background pattern are not at the same position in the sensor
plane of each camera. Thus, the two resulting images can be cross-correlated with each other. The image of one camera
can be defined as a reference for the other one and vice-versa.
The advantage of this extension is that now no reference image has to be taken at a different time. This makes the
technique better suitable for moving objects. In case of the helicopter in flight, two cameras can be very easily installed
aboard, looking through the blade and focused on a far distance background which only must offer sufficient contrast.
This concept is referred to as the reference-free BOSS technique in the following.

Figure 2: Optical path with a set up for two cameras

3. APPLICATIONS
3.1 Application to a supersonic jet
The application of BOS to a supersonic jet has been performed in order to visualize the density structure. In this case the
knowledge of the jet structure is important for many applications of supersonic jets, e.g. in the development of a gas
dynamic spraying method used for coating processes. The jet dimensions are 100 mm in vertical direction and 3 mm in
horizontal (viewing) direction.

4

Y [pixel]

400

300

200

100

0

0

100

200

300

400

500

600

700

X [pixel]

Figure 3: Left: displacement data proportional to dρ/dx and dρ/dy, right: schlieren picture; (flow from left to right)

Figure 3 shows the displacement vector field and a schlieren picture of an overexpanded Mach 2.7 jet. The temperature
level at the nozzle reservoir was 67° C at a pressure of 18 x 105 Pascal. The Mach diamonds starting at the nozzle exit and
decaying further downstream can clearly be seen on the displacement field as well as on the schlieren picture.
The color coded density distributions shown in Figure 4 and 5 have been derived by line integration and by solving a
Poisson equation. The line integration is the simplest method but produces line noise.
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Figure 4: Density distribution derived by integration of vertical lines; (flow from left to right)
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Figure 5: Density distribution derived by computation of the Poisson equation; (flow from left to right)

3.2 Application to a turbulent flame
BOS has also been applied to a turbulent flame produced by a burner with a maximum temperature of around 1500° C. The
flow field has been recorded by 4 cameras synchronized with each other. Figure 6 shows the setup and the results
obtained from each camera. The 3 cameras closely mounted together were looking at the same background pattern image
which also allows to process the recordings without the need of reference images (i.e. BOSS).

Figure 6: Displacement data from each camera (using reference images)

6

3.3 Application to a helicopter in flight
First flight tests have been performed in order to verify the feasibility of the BOS method for large scale aerodynamic
investigations. A helicopter departed from the ground of the DLR Göttingen center after tests of its aeroelastic
performance. Two progressive scan CCD cameras have been mounted in a window of a building in a horizontal distance
of 32 m from the helicopter and 11.2 m above the ground.

Figure 7: Photos from the cameras' position and of the helicopter in hover flight
The two cameras used are standard PIV equipment and have a 1024 x 1280 pixel resolution. They were mounted closely
spaced in order to try different magnifications of the same background dot pattern simultaneously. A 100 mm lens and a
180 mm lens were mounted and directed to the same area on the ground. A random dot pattern was generated by
splashing tiny droplets of white wall-paint with a brush onto the concrete ground. The pilot gave us time to record more
than 50 digital images within 20 seconds of hover flight. The reference recordings were made directly after the departure
of the helicopter. A sketch of the observation area on the ground, the rotor blades, and the vortices along the optical axis
is shown in Figure 8.

Figure 8: Sketch of helicopter rotor, blade tip vortices and the observation areas

Even if acceptable results could already be obtained by using standard PIV software, more sophisticated algorithms
helped to adapt the peak-fitting routine to the size of the dot images. The best result we finally obtained, was by using an
iterative Levenberg-Marquardt fit to a 10x10 pixel area, where the values are weighted according to the Fisher transform
(for details see Ronneberger et al. 1998). The size of the interrogation window was 20 x 20 pixels searched in a window of
64 x 64 pixels. The evaluation leading to the vector plot shown in figure 9, which presents two sets of displacement data
captured at different times, has been performed by a massive oversampling using a 5 pixel step-width resulting in an
improved visibility of the flow structures under investigation. In figure 9 the young vortex shedding from the blade that
just passed the observation area – trailing edge visible on the right hand side – but also the vortex generated by the
previous one can easily be detected. It lies directly on the blade tip path, which we were able to reconstruct from
different recordings. Its elliptical shape is due to the underlying projection. Grey value distributions proportional to the
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density have also been computed in different ways, Figure 10 shows the displacement field and the result obtained by
line integration.

Figure 9: Displacement data from the 100 mm lens camera ( size of view 1 m × 1.5 m)

Figure 10: Displacement data and the integrated field from the 100 mm lens camera ( size of view 1 m × 1.5 m)
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The use of two cameras closely spaced allows us to use the reference-free BOSS technique after resizing the image from
the 100 mm lens camera. The result of the cross-correlation between the two instantaneous pictures is shown in figure 11.
The elliptically shaped structures appear clearly but they are not as well defined as for the previous results and
particularly for the shedding of the youngest vortex. This is due to the fact that the positions of these structures are
nearly overlapping on the camera's field of view. For future investigations the optical path should be chosen in a way,
that vortical structures under investigation do not overlap. The data obtained by the stereoscopic as well as the
reference-free technique would increase in resolution and accuracy.

Figure 11: Displacement data obtained with the reference free BOSS method

4. DISCUSSION
The measurements demonstrated the feasibility of the BOS technique for different applications, even large scale
applications when visualizing the blade tip vortices of a helicopter in flight. It is expected that geometric parameters like
the location of the vortex relative to the rotor plane, the orientation of the vortex axis in space and similar information, can
be derived during future tests. In spite of the difficult experimental conditions density gradient data were obtained, which
allow visualizing density fields with quite promising spatial resolution. Compared to previous measurements the time
needed for the setup and for data acquisition can be decreased considerably. However, since one camera system allows
measuring only two components of the spatial density gradient integrated along the optical path, data, like the
orientation of the vortex axis in space, cannot be derived without changing the viewing direction. The use of a second
camera in a stereoscopic arrangement allows the measurement of the density distribution in space without averaging
data of different cycles of the rotor.
Future investigations have to be performed using multiple cameras in order to obtain more complete three-dimensional
data. After having demonstrated the feasibility of the concept by the application to a technologically relevant but fluid
mechanically quite complex problem, more detailed studies, e.g. of tip vortices from stationary blades, can be performed
in order to better understand and possibly influence the complexity of the vortical structures under investigation.
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