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Abstract : The Background Oriented Schlieren (BOS) method has been used to qualitatively
identify the (variation of) density gradients in the helical structure of a propeller slipstream. The
helical structures are identified for two sideslip angles. In contrast to standard BOS correlations
between exposures and a reference image, two exposures at a given time interval were
cross-correlated. This revealed a more clear description of the propeller slipstream as it
determines the variation of the density gradient during this interval. It enhances the
visualization of the helical structure of the propeller slipstream. Based on the visualizations of
the blade tip vortex trajectories the propeller slipstream contraction can be estimated.
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1. Introduction

It is well known that propeller-wing interactions interfere with the stability qualities and
performance of a propeller aircraft (Veldhuis, 2005). Although pressure distributions on a wing can
be obtained for propeller aircraft (Engler et al., 2005), limited experimental research is available that
investigates these phenomena for aeronautical application. Marine propeller research is devoted to
typical phenomena as wake hull interaction (Paik et al., 2007a and Felli et al., 2004) and cavitation
and despite some commonalities the results are not fully transportable for the use in aerospace
applications. The flow topology stemming from a rotating propeller has typical vortical structures,

see for example figure 1.
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Fig. 1. Vortical structures behind a propeller, after Roosenboom et al. (2007).

In addition, the contraction of the propeller slipstream is of importance in numerical modeling
of propeller flow, as the contraction alters the behavior of the flow. The Background Oriented
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Schlieren (BOS) method is particularly useful for the investigation of flow structures with local
density variations as present in the wakes of propeller blade tip vortices (Richard et al., 2000 and
Klinge et al., 2006). The BOS method is relatively easy to set-up (Dalziel et al., 2000) and it is
possible to extract 2D quantitative data from 3D flows (Venkatakrishnan et al., 2004). However, the
determination of fully 3D quantitative density data requires post-processing and application of
tomographic routines beyond the scope of the current investigation. The research presented in this
paper aims at a qualitative visualization of the contour and the slipstream contraction behind a
rotating propeller only. In the present paper the helical structures will be investigated with BOS for
symmetrical conditions (no side slip, 0°) and for asymmetrical conditions (at a sideslip of 7°) for the
flow behind a single-sting supported 8-bladed propeller.

2. Background Oriented Schlieren (BOS) Technique

The Background Oriented Schlieren (BOS) method relies on the relation between density gradients
and the refractive index The Background Oriented Schlieren (BOS) method relies on the relation
between density gradients and the refractive index (e.g. the Gladstone-Dale relation, Richard et al.,
2000). Basically changes in density affect the optical path via the refractive index. The BOS method
exploits this dependence by observing a random dot pattern through undisturbed and disturbed flow
with CCD cameras. A simplified sketch exemplifying the main principles of the technique is
presented in figure 2. The principle of the BOS technique is explained in detail in literature; see for
example Richard and Raffel (2001) or Kindler et al. (2007). In a first step a randomized dot pattern is
observed with cameras for an undisturbed flow without density changes in order to acquire the
reference image(s). Secondly, a flow (or an object) with varying density is introduced in between the
background and the cameras. Due to the varying density the optical path of the observed dots is
changed and can be quantified using cross-correlation techniques similar to those in Particle Image
Velocimetry (Richard et al., 2000 and Raffel et al., 2007). This results in a displacement vector field of
the observed dot patterns. Based on a paraxial recording and small deflection angles the distance Ay
is proportional to (Richard et al., 2000):

1 ¢on
Ayoe<e =— z (1
Y I dy
where ¢, the deflection angle, n the refractive index, y the vertical coordinate and z the
horizontal coordinate. The relation between Ay and ¢y is determined by the geometric set-up of the
optical system (see also figure 2). Note that the integration is along the whole optical path.
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Fig. 2. Principle of the BOS technique, from Richard et al. (2000). Reprinted with permission.

The density gradient is determined by substituting the obtained refractive index calculation in
the Gladstone-Dale equation. The actual density field results from the integration of the density
gradient. The BOS method, thus, allows one to establish the density (gradients) in a flow. The goal of
the measurements was to merely visualize the propeller slipstream, rather then determining the
density itself. Therefore, in order to enhance the information observed in the slipstream two
subsequent images are correlated. Effectively this determines the variation of the density gradient.
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3. Experimental Set-up

The measurements are performed in the industrial Low Speed Wind Tunnel facility of Airbus in
Bremen (Germany). The wind tunnel is an open type Eiffel wind tunnel with a contraction ratio of
4.82:1. It has a closed cross-section with an area of 2.1 m x 2.1 m. Sufficient optical access was
available in this facility. Two PC0O4000 CCD cameras (11 million pixels each) are used to record the
images in the upper and lower half of the slipstream directly behind the propeller, see figure 3. The
propeller blades rotate in clockwise sense (in pilots view). The random dot pattern has been
optimized in terms of dot size and density for the high resolution of the PCO4000 cameras and the
used peak-detection algorithms. It covers an area of 1.5 by 1 m?2 at the test section wall. Reference
images of the background dot pattern are taken without propeller and with an idle wind tunnel. The
background is illuminated with diffuse scattered pulsed laser light of a Nd:YAG laser which reduces
strongly the appearance of speckle (pulse length is 9 ns). Using an advanced triggering system
(Stasicki et al., 2001) linked to the propeller, double exposed images are acquired at two phase locked
positions with a time interval of 100 ps. During this time interval one propeller blade rotates about
8.5° (based on a RPM of 14000). At the same time the convection velocity of the blade tip vortex lines
leads to a half vortex tube diameter shift. This enhances the signal-to-noise ratio and doubles the
measurement accuracy of the density gradient events in the slipstream. Two measurements are
performed at 0° and 7° sideslip. For the sideslip angle of 7° the propeller is rotated in the horizontal
plane, towards the cameras in figure 3.

Fig. 3. Two PCO4000 CCD cameras for the BOS set-up, the BOS background is mounted at
the opposite wind tunnel wall (the dots cannot be distinguished in this picture). This set-up is
used for the reference images so the propeller itself is not mounted yet.

4. Results

The cross-correlation of two images acquired within a short time interval also allows neglecting
random movements due to low frequency vibrations of the optical set-up. With a sufficient number of
image pairs provided for averaging a very high accuracy at the determination of the sub-pixel
displacement vectors has been gained. The results presented here are averaged over 200 image pairs.
The change of the density gradients is obtained with a multi-grid image deformation analysis using
24 by 24 pixel final windows size and a step size of 8 pixels. Masks are generated in regions where
there is no optical access due to blockage by the wind tunnel model, or at locations with significant
(background) reflections.

4.1 Symmetric conditions (0° sideslip)

The BOS visualization of the slipstream for 0° sideslip is presented in figure 4(a). The displacement
vectors representing the density gradients, in horizontal and vertical direction, are shown and
visualized by color-coding of their magnitude. Both views of the upper and lower camera are merged
into one single view. Separate masks are generated for the propeller and the nacelle regions in the
upper and lower camera views and the propeller and nacelle are therefore not symmetrically masked.
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The observed projection of the helical structure of the blade tip wake vortices is symmetrical. Next to
the projected helical main structures, lines are running parallel. These secondary structures have a
slightly lower value of magnitude and are a result from the convectional shift of the density gradient
imaged at the first and second time steps. The nodal points of the slipstream projection with higher
values of magnitude of the density gradients are due the integration along the whole optical path.
The nodal points are a complementary effect of projecting both the ‘front’ and ‘back’ side of the
slipstream. Another effect is notable in the lower part of the propeller where a region with a high
variation in the density gradient is present in the near vicinity “upstream” of the propeller at about
75% of the radius. It was ensured that the mask was correctly positioned, so that mask artifacts are
ruled out.

Propeller

(a) BOS Visualization at 0° (b) BOS Visualization at 7°
Fig. 4. Visualizations of the helical slipstream structure at behind a rotating propeller. The
direction of rotation of the propeller is indicated by the double arrow.

The density gradient close to the propeller blades at upstream position (also visible at 7°
sideslip) can be explained by the pressure and density fluctuations caused by the fast moving
propeller blade tips. As we use “difference” images captured at two time steps with 100 ps separation
the effect is best detectable at positions where the projection direction is able to capture the change of
the density gradients at the blade tip movements of 8.5° (which is not the case for the blade
perpendicular to the viewing direction), where the integrating view along the blade and related
density gradient is accumulating the deviation of the light path and at the same time the background
dot pattern is visible for both time steps. The same measurements at the two different phase angles
have been evaluated by cross-correlation with the reference image and this phenomena and temporal
behavior can be confirmed.

Fig. 5. Close-up of a particular quadrilateral structure. Regular tip vortex trajectories are indicated by white
dotted lines, the observed extra trajectory by a green dotted line. An extra node is highlighted by the red
circle.
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Within the quadrilateral structures, formed by two subsequent helices, also a variation in the
density gradient is present. A close-up is presented in figure 5. In fact, the BOS set-up not only
determines the density gradients from the helical structure (white dotted lines), but from other
sources as well. The angle of the green dotted line is more moderate than the other projected angles.
It cannot be related to the change in angle during two subsequent image recording, since this would
yield just a phase shift with lines running parallel. The milder angle indicates a higher convection
velocity. At the wakes of each passing propeller blade shear layers are formed causing a zone of lower
density. These shear layers formed at sections other than the tip region are convected faster within
the slipstream, where the highest velocity increase occurs. Of course, any difference in density
gradients is detected in the integrated results for the variation of the density gradient.

4.2 Asymmetric conditions (7° sideslip)

Figure 4(b) shows the BOS visualization of the propeller slipstream for 7° sideslip. The propeller is
rotated horizontally towards the cameras in figure 3. The helical structure is a projected view of the
helical structure at 0° and appears therefore very similar. Due to the projection the quadrilateral
structure in the upper part and the lower part are different. Figure 6 compares two projections of 8
predefined helical structures. In particular, the difference between both views is present in the
structures of two consecutive helices. Where these structures are symmetric for 0° case, they are
different for 7°. In the upper part the structures are stretched in vertical direction and in the lower
part these structures appear compressed, compare the highlighted structures in figure 6(b). The
observed deviations of the structures at the edge of the slipstream are therefore due to the projection
angle.

However, other differences can be observed as well. First, the density gradient variations in tip
regions (in the upper and lower views) are slightly lower than for the 0° case. Of course, these lower
values can also be explained by projection angle. Due to direction of rotation the distance from the
propeller to the cameras is smaller than at 0° and will result in a lower value for the variation the
density gradient. Again, the higher values at the nodal points are due to the complementary effect
simultaneously visualizing the density gradients the ‘back’ and ‘front’ side of the propeller slipstream.
Secondly, a region with higher values is now present at 2/3 of the radius in the upper view. Although
at 7° sideslip it makes sense that the flow is not symmetric also for this case higher density gradients
observed in the flow field upstream of the propeller. But as opposed to the 0° case, this region is now
in region of the propeller. This area can however be explained by the same reasoning as for the 0°
case, namely combination of the view and the accumulation of gradients due to the integration along
the optical path.
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(a) Projection at 0° (b) Projection at 7°

Fig. 6. Projection of helical structure of 8 tip vortices for 1 revolution, with slipstream
contraction. Typical differences due to the projection are highlighted with red circles.

4.3 Determination of slipstream contraction

The effective pitch is defined as the distance the propeller ‘travels’ per revolution and is readily
obtained by equation (2), where U, is the free stream velocity and n, the number of revolutions per
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second.
Pe=U,_/n, (2

A helix has a constant radius for every revolution and is given by the following parametric equations
for the x, y and zcoordinates, see also figure 7 for a graphical representation:

x=Rscosf, y=Rssinf, z=cb )
with @€ [0, 27]

where Fsis the radius of the disk spanned by x and y, 6 the angle of the revolution of the helix
and c a constant defined as ¢ = Pe/27 .

Fig. 7. Representation of 8 helices.

Due to the velocity increase at the propeller disk the fluid is accelerated and as a result the
slipstream will contract in order to conserve mass flow. This slipstream contraction geometry is
needed for wake modeling in computational fluid dynamics and cannot be neglected for highly loaded
propellers since the effective angle of attack of a wing in a propeller slipstream is altered (Veldhuis,
2005). Providing experimental insight of the slipstream contraction will also enable a more realistic
wake modeling (Paik et al., 2007b). The current BOS set-up is focused on the slipstream
visualization of a single-sting mounted propeller. This set-up can easily be extended to study the
effects of propeller wing interaction for a propeller-wing model. In combination with (dynamic)
balance measurements this would give great insight in the propeller-wing interaction phenomena
and can be evaluated with an appropriate BOS set-up.

Figure 6(a) shows the projected structure of a contracted helix. The horizontal axis represents
the effective itch distance, as given by equation (2). This contraction factor is determined according to
equation proposed by Veldhuis (2005, Appendix C). The equation is derived for a flow without a
nacelle and assumes an actuator disc with uniform axial force distribution. The slipstream
contraction equation is given in equation (4). The slipstream contraction depends mainly on the
thrust (coefficient) and the distance, z, behind the propeller disc. A qualitative comparison with the
observed slipstream contraction in figures 4(a) and (b) reveals that the slipstream contracts within a
shorter distance behind the propeller than is estimated with the contraction formula given in
equation (4). Indeed, the presence of the sting reduces the effective flow area, which contributes to an
additional velocity increase. As a result the slipstream will contract stronger.

(4)

The constant a is the axial inflow factor and follows from the axial momentum theory of
propellers, e.g. the tangential velocity component is neglected:
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a=§(—1+‘/1+§T6) (5)
The thrust coefficient, 7%, is defined as:

T

T =—" ®)
¢ pV:D?

where 7'is the thrust, the density, V, the free stream velocity and D the diameter of the
propeller.

Appropriate values are substituted in the graphical representation of the contracted helices in
figure 6. The measurements were merely performed to establish the readiness and applicability of
the BOS method to this type of flow, so the actual distances of the optical set-up are not measured.
Nevertheless, valuable information can be in principle obtained by estimating the slipstream
contraction based on an appropriate BOS visualization. Based on the current observations with
nacelle it seems plausible that a correction factor for the formula for the slipstream contraction in
equation (4) can be provided. Such information will improve the wake modeling in computational
fluid dynamics.

5. Conclusions

The helical structure of the trailing tip vortex trajectories behind a rotating propeller was
investigated qualitatively using the Background Oriented Schlieren (BOS) method. Similar to PIV
correlations, two subsequent images are correlated with each other. The presented results therefore
are an estimate of the variation of the density gradient. Only qualitative results are presented. The
measurements were performed at two sideslip angles of 0° and 7°. The structures in the slipstream
compare very well to theoretical projections of helical structures. The slipstream contraction can
readily be obtained with the current visualization technique. Comparison with a slipstream
contraction formula indicates that for a correct wake modeling in CFD a detailed description of the
slipstream contraction geometry is needed. A possible extension for further measurements could be a
simultaneous measurement of the slipstream and the handling qualities of the full- or half-model
propeller aircraft. This will allow an immediate feedback of the connection between aircraft stability
and propeller-wing interference. For the case of a rotating flow it could be beneficial to perform
several measurements at several different phase angles. In particular the effects of the observed
variation of the density gradient could be addressed with such a measurement. Additionally, a
tomographic reconstruction of the propeller slipstream can be performed if sufficient views at
multiple phase angles are available.
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