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Abstract. The two-dimensional flow features of bluff bodies have a strong relationship with the formation region (or
near wake) parameters, such as its width, which are also related to the body shape. Because of the shape the flow
direction on the separation point can vary, from parallel to perpendicular to the free stream. These changes on the flow
direction can modify the width of the wake and consequentially other parameters, such as the base pressure coefficient,
drag coefficient and the Strouhal number. In this paper we aim to show the influence of the flow separation angle in the
near wake of wedges models. However the measurements in the region of base flow have specific features that make it
harder, because of the recirculation zone formed at the body rear, which has very low velocities associated. Then, to make
these measurements we use a laser Doppler anemometer. This equipment doesn’t need calibration and can separate the
velocities components. By using it the mean (u and v) and fluctuant (urnrs and vrars) velocities fields were measured
for the Reynolds number of 3.0 x 103. Using these velocities fields is possible to determine some near wake parameters
and their relation with another flow features.
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1. Introduction

Despite decades of studies the flow over bluff bodies still has some features that remain completely not understood.
During this long period many authors have tried to correlate flow parameters among themselves, to establish some kind
of similarity over a large range of different bodies shape wakes, such authors as Roshko (1954a) and Bearman (1965),
who has used experimental approaches. In these experiments these authors, as others after them, observed that the near
wake, or formation region, is a critical region were some interference leads to flow parameters modifications, such as drag
reduction.

Roshko (1954b) also tried to obtain results theoretically, for the drag coefficient, using a modified hodograph method.
He proposed a modification in Kirchhoff’s free streamline theory to add wake characteristics. However, despite his efforts,
the solution obtained was still dependent from the experiment for providing the base parameter (X), which is necessary
in his solution. Girardi (1990) used the energy equation to obtain the drag coefficient, however its solution was also
dependent from K. In both works the authors obtain the drag coefficient as a function of the ration between the wake
width and the base body length.

After all, the most important here is the fact that the flow features, such as Strouhal number and base pressure coeffi-
cient, have a strong relationship with the near wake flow. Among others, the body shape is really important to setting the
flow parameters, once it determines the detachment points, which in turn determines de wake width.

One of the most important and studied bluff bodies, the circular cylinder, is a great example of detachment points
importance. To this body it is known that during the Reynolds number increasing the drag coefficient is incremented,
but suddenly it decreases quickly, due to the separation point movement to the body rear part (Roshko, 1961). The body
shape, and consequently the separation angle, variation can also interfere on the flow parameters as we can note just
observing the drag coefficient reduction. For example, the flow over a transversal flat plate and a 45° apex angle wedge,
for the same Reynolds number, give us the drag coefficients of 1.81 to 1.62 (Sousa, 1993), respectively.

The aim of this paper is present is show the changes in the near due to the separation angle variation. Thus, we are
going to present the mean (u and v) and fluctuant (uryrs and vrars) velocities fields. To measure these flow fields a
laser Doppler anemometer (LD A) is used, because the flow characteristics at the formation region, very low velocities
and reverse flow. The LDA is more suitable than the hot wire anemometer, because it does not need calibration, can
distinguish the velocity components and is non-intrusive (Jensen, 2004).

2. Experimental Apparatus

The measurements were performed in an open circuit wind tunnel, where the fan is placed after the test section,
manufactured by 7SI (model 8390), as we can see in fig. 1. Its test section is square and characterized by the dimension
of 101.6 millimeters. The flow velocity ranges from 1.0 m/s to 32.0 m/s and 1.2% turbulence level at maximum speed
with flow seeding presence.
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Figure 1. Wind tunnel model 8390 with square test section characterized by the dimension of 101.6 mm.

The models used in this work where wedges with three different separation angles, 15°, 30° e 45° (see fig. 2), with
the same blockage ratio, 9.8%. All models aspect ratio are equal to 10.2 , which the end effects can’t be neglected, but
only at the mean span, where the measurements are taken (Mittal, 2001).
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Figure 2. Lateral view of the three different wedges.

The models are placed in the test section in such a way that they stay perpendicular to the plane XOY, as shown in the
Fig. 3.

To perform the flow measurements was used a LDA system equipped with an Argon-Krypton laser. This LDA is able
to make three-dimensional measurements, however as the mean span flow can be said two-dimensional, we have opted
by using the 2D configuration. In the figure 4, is presented the system picture with its parts labeled. The LDA probe was
mounted on a bench, which was placed together on two-dimensional traverse with 0.1 mm precision.

The flow seeding utilized in this work were olive oil which was atomized in particle generator made by 7SI (model
9307). This generator was calibrated to produce droplets with mean diameter of 1.0 ym which are suitable for low Mach
number regimes and for turbulent flow with 10 KHz maximum frequency (Melling, 1997). The dynamic pressure was
controlled by a WIKA (Tronic Line) micromanometer which ranges from 0.0 mbar to 1.0 mbar (100,0 Pa). This was
calibrated from 0.0 m/s to 12.0 m/s. For more detailed description of this experimental apparatus can be seen in Aradjo
and Girardi (2009).

3. Experimental Procedure

In the figure 3, beyond the coordinate system we can also see four distances, a, b, ¢ and d, that is used to model
alignment. First using a set-square the model is placed perpendicular to the test section lower surface. After the distances
from both model ends to the test section upper surface are measured with digital caliper, until the distances a and b are set
equal.

In the next step, the distances from the model ends to the test section end are performed until the distances ¢ and d
are set equal. With these four distances adjusted the set-square is place against the base body surface again, to ensure its
perpendicularity, and the distances are checked. If some of these is not correct, the previous steps are repeated until the
distances and the perpendicularity are set right and the alignment be done.

After the models alignment we have to ensure that the measurement volume is placed at model middle-span and the
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Figure 4. General view of the LDA setup.

wind tunnel is aligned to the LD A coordinate system (see Aradjo and Girardi, 2009). Then, with the measurement time
defined (see Aratdjo and Girardi, 2008) to the flow inside and outside the wake, 64 seconds and 32 seconds respectively,
the velocity profiles are taken in y-direction.

The coordinate system is set from the definition of its three directions as follow. The y-direction as the direction
parallel to the base model pointing to the wind tunnel upper surface, the x-direction is the freestream flow direction and
the z direction is the span direction. The profiles measurements are taken in the plane XOY keeping the z-direction
constant.

With the origin set at the middle-span and half base length model the profile is started at 0.2d and goes until 1.2d
by increments of 0.1d, except to the separation point region where the mesh is refined and the increments are of 0.05d.
Finishing the profile measurement, the traverse system is moved at the x-direction by the increment of 0.1d and a new
profile is taken. This increments is kept constant from the origin to 2.0d, after it becomes 0.2d until 3.0d.

The procedure describe in the previous paragraph is repeated until all the measurements are taken, completing the
entire mesh defined.

4. Results

In this section we are going to present the flow fields obtained for the three different separation angle wedges, keeping
the Reynolds number and the blockage ratio constant, for zero angle of attack. We start with the non-dimensional vorticity
field, defined by the eq. 1 and presented in the figure 5. In this figure the letters N and S represent the vortex core and the
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saddle point approximated position, respectively.

1{0v Ou
wz?(@m@y) (1

From this figure we can see that the vorticity is well concentrated near the separation point, where the shear layer
leaves the body, keeping itself like that, until the mean vortex core region, spreading out after. We can also observe from
it, that increasing the separation angle makes the negative vorticity maximum becomes more negative. This decrement
can be related to model shape, which deflects more the flow with the separation angle increases, causing larger velocities
variation on x and y directions. The vorticity increase can also be noted on the vortex strength, defined by equation 2,
behavior which increases with the separation angle increment (see table 1).

r K?
= 2
Usod 25t
Where St is the Strouhal number and K is the base pressure parameter (Fage and Johansen,1927), given by:
Cpp=1—K? 3)

The flow deflection cited before creates an effective body with slightly larger base length, as can be observed from the
mean vortex core displacement in the y-direction. This deflection let larger area to be fulfilled by the flow in the body
base, leading to a mean vortex size increment, as we can observe by the Strouhal number decrement, with the separation
angle increasing, shown in the Tab. 1. The Strouhal number (St) decrement indicates a larger vortex formation time. In
the table 1 are presented the mean flow parameters variation with the separation angle increment.

Table 1. Parameter variation with the separation angle increment.

XN YN Xur Yur Xor Is T
¢ d d d d d K Cpy St Uod

d
15° 10,73 1026 | 1,0 | 03 | 1,5 | 1,3 | 1,313 | -0,72 | 0,233 | 3,70
30° 1086 | 033 | 1,1 | 04 | 1,7 | 1,6 | 1,398 | -0,95 | 0,194 | 5,04
45° 10,83 1035] 09 | 04 | 19 | 1,5] 1,394 | -0,94 | 0,184 | 5,28

We can also se that the mean vortex core x-position (X /d) increases when the separation angle grows from 15° to
30° and then stays approximately constant for the second increment. This behavior can also be noted on base pressure
coefficient (C,,) modulus, showing a good correlation between Cy,, and Xy /d.

Simmons (1977) has published a paper where he studies the variation on the formation region length, by the maximum
longitudinal fluctuation velocity criteria (Bearman, 1965), with the separation angle. In this paper the author presents
results for the 15° and 30° wedges at the Reynolds number of 1.5 x 10%, but the first one posses a rounded leading edge.
In these conditions he obtained Strouhal numbers of 0.24 e 0.20 for the wedges of 15° and 30°, respectively. Besides
the Reynolds number, these results are in good agreement with the presented in the table 1. For the 45° wedge the St
obtained by Roshko (1954a) is 0.179, but his measurement were taken at Re equal to 3.9 x 103,

From the figure 6 to 8, are present the mean and fluctuant velocity fields, for the three different bodies. The letters A,
B and C indicates the maximum longitudinal fluctuant velocity position (X,,,./d) and D, E and F represents the maximum
transversal fluctuant velocity position (X, /d). We have to mention that these maximums are not well pronounced peak
and the points around it are inside the uncertainty (presented with 95% of probability).

In the figure 6 are presented the longitudinal (u/Us) mean velocity fields. In these figures we can see the maximum
velocity increasing with the separation angle increment. This increment in the mean velocity is reflected in the base
pressure coefficient behavior, because the maximum is found at the separation point.

We can also be observe from the streamlines on figure 6 that the mean recirculation bubble grows up from 15° to
30° and kept almost constant for the next increment in the separation angle. However, for the variation from 30° to 45°
we can observe a topological change in the mean vortex core position, which moves up and forward the body base. The
separation angle increment forces the flow deflection, creating a larger effective base body, this elevates the mean core
position (y-direction). In the other hand, the increment in the mean vortex, observed by the Strouhal number decrement,
increases the volume occupied by itself, leading to x-position increment.

In the figures 7 and 8 are presented the longitudinal (ugass/Uso) and transversal (vrars/Uso) fluctuant velocity fields.
We can note from these figures that there is an increment on maximum fluctuations for both velocity fields. The growing
mean vortex strength with the separation angle variation causes larger induced velocities leading to greater RM S values.
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Figure 5. Non-dimensional vorticity field for the separation angles of (a) 15°, (b) 30° and (c) 45° with non-dimensional
uncertainty of 32%, 38% and 29%, respectively. All uncertainties with 95% of probability
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u/Uco
1.215
1.111
1.007
0.902
0.798
0.694
0.590
0.485
0.381
0.277
0.173
0.069
-0.036
-0.140
-0.244

u/Uco
1.271
1.159
1.047
0.935
0.823
0.710
0.598
0.486
0.374
0.262
0.150
0.037
-0.075
-0.187
-0.299

u/Uoo
1.286
1.171
1.056
0.941
0.826
0.710
0.595
0.480
0.365
0.250
0.135
0.020
-0.095
-0.210
-0.325

Figure 6. Longitudinal mean velocity field with stream lines for the separation angles of (a) 15° (non-dimensional uncer-
tainty of +0.002), (b) 30°(non-dimensional uncertainty of £0.004) and (c) 45°(non-dimensional uncertainty of +0.003).
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Ugys/Uo
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0.356
0.329
0.302
0.275
0.249
0.222
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0.168
0.142
0.115
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RMS/LJoo
0.461
0.431
0.401
0.371
0.341
0.311
0.281
0.251
0.221
0.191
0.161
0.131
0.101
0.071
0.041

RMSIUoo
0.492
0.460
0.429
0.398
0.366
0.335
0.304
0.272
0.241
0.210
0.178
0.147
0.116
0.084
0.053

Figure 7. Longitudinal fluctuant velocity field with stream lines for the separation angles of (a)15° (non-dimensional
uncertainty of £0.001), (b) 30°(non-dimensional uncertainty of £0.003) and (c) 45°(non-dimensional uncertainty of
+0.002).
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VRMS/Uw
0.630
0.588
0.547
0.505
0.464
0.422
0.381
0.340
0.298
0.257
0.215
0.174
0.132
0.091
0.049

VRMS/LJ00
0.681
0.636
0.592
0.548
0.503
0.459
0.415
0.371
0.326
0.282
0.238
0.193
0.149
0.105
0.060

RMS/Uw
0.743
0.695
0.647
0.599
0.551
0.503
0.455
0.407
0.359
0.311
0.263
0.215
0.167
0.118
0.070

Figure 8. Transversal fluctuant velocity field with stream lines for the separation angles of (a)15° (non-dimensional
uncertainty of +0.003), (b) 30°(non-dimensional uncertainty of +0.005) and (c) 45°(non-dimensional uncertainty of
+0.004).
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From the figure 7 we can observe that the maximum u s s position (X, /d) changes just a little bit with the separation
angle increment. The displacement observed due to each angle increment is within our uncertainty, as explained before,
making impossible any concrete conclusion about the formation length variation.

Simmons (1977) also presented results for the formation length, based in the same criteria of maximum w gy g, for the
wedges of 15° and 30°, which were of 1.0 and 1.15, respectively, been close to our values. Although, we cannot ensure
the results presented in this paper, due to uncertainty. This, is due to the absence of well defined peak in the results.

From the figure 8 we observe that the maximum vgpss position, X,,/d only grows with the separation angle in-
crement, as the mean vortex strength. Despite of uncertainty presented, we can ensure the vrars tendency, once the
displacements for each angle increment is larger than 0.1.

5. Final Remarks

As we could observe in the results presented in this paper, the use of laser Doppler anemometry improves the measure-
ments giving us not only the mean velocity fields, but also the fluctuant ones, which can both be used for computational
methods validation. The vorticity field, obtained from experimental data in this paper, is very sensitive to the displacement
measurements, what makes its uncertainty large. Then, to make these uncertainties smaller, is necessary the experimental
apparatus improvement.

The values shown in the table 1 present good agreement among themselves, mainly the values for Xy /d, X,,,-/d and
ls/d, which have the same behavior. The measurements shown presented a good agreement with the results of Simmons
(1977) for 15° and 30° separation angle wedges and Roshko (1961) for 45° wedge. The separation angle variation causes
a mean vortex growing and topological alterations in the near wake.
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