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ABSTRACT

We investigated the wake merging and interaction down-
stream of two axisymmetric porous disks using hot-wire
anemometry. Our study revealed that the strength of peri-
odic vortex shedding signals in the spectra is enhanced when
the wakes of different porous disks interact when compared
to identical disks. This phenomenon warrants further detailed
investigation due to its significance in understanding wake dy-
namics.

INTRODUCTION

The interaction of wakes poses a significant challenge,
especially in scenarios like arrays of wind turbines or tidal
turbines. It remains poorly understood, as highlighted in the
review paper by van Kuik et al. (2016). Currently, wake in-
teractions are often addressed using simplified superposition
techniques, as demonstrated by Porté-Agel et al. (2020) and
applied by inter alia Hegazy et al. (2022). One focus here
is on the interaction of the wake of an upstream wind turbine
with one or several downstream wind turbines and their wakes,
e.g., (Torres Garcia et al., 2019; Macri et al., 2021; Vad et al.,
2023). A second aspect is the interaction of wakes of closely
spaced rotors for multi-rotor configurations (e.g., Maus et al.
(2022) investigated the impact of spacing and the direction of
rotation of two turbines by means of mean velocity, turbulent
kinetic energy and the shape parameter).

In the field of turbulence, Obligado et al. (2022) recently
illustrated how the axisymmetric wakes of two different types
of discs, either fractal or square solid discs, with varying span-
wise spacings interact. They identified three downstream re-
gions in the interaction and turbulence evolution process, pro-
viding evidence of non-equilibrium turbulence, thus indicating
complex turbulence interactions.

In the present study, we continue our exploration of the
mixing of two axisymmetric wakes, using porous discs com-
monly employed as static substitutes for wind turbines, e.g.,
Neunaber et al. (2021). These porous discs reach a self-similar
state earlier than solid discs (e.g., Lingkan & Buxton (2023)
find self-similar behavior downstream of porous discs from 3D
downstream, and Neunaber ef al. (2022) show that the wake of
a wind turbine in low-turbulent inflow exhibits self-similar be-
havior from 6.5D downstream). To examine turbulence inter-
action comprehensively, we investigate the effects of different
span-wise spacings and disc types on wake mixing, and the
data is investigated by means of mean velocity, turbulence in-
tensity, power spectral density, and the shape factor.

EXPERIMENTAL SET-UP

The experiments were conducted in the low-speed wind
tunnel at the Norwegian University of Science and Technology
with dimensions of 1.8 m x 2.7m (height x width) and a test
section length of 11 m. The inlet velocity was U; =~ 10ms™!,
and the free-stream turbulence intensity was T1 = u' /U <
0.3% (with u’ being the standard deviation of the velocity).

We present measurements taken downstream of a pair
of porous discs with a diameter D = 200 mm, resulting in a
diameter-based Reynolds number of approximately 125,000.
In particular, we discuss the mixing of two wakes produced by
identical discs with non-uniform blockage, referred to as disc
type A, the mixing of two wakes generated by identical uni-
form mesh discs with uniform blockage, referred to as type B,
and the mixing of two wakes generated by a set of different
discs, consisting of one type A disc and one type B disc. Both
discs have the same blockage, and their individual wakes were
studied by (Vinnes et al., 2022, 2023); the design of disc B was
inspired by Camp & Cal (2016). It was shown that the wake of
disc A expands and recovers significantly faster than the wake
of disc B. Figure 1 provides photographs of both discs and
their mounting; the discs were fixed to metallic rods with a di-
ameter of 10 mm, which were secured at the top and bottom of
the wind tunnel using tensioning screws to prevent vibrations.

For configuration AA (i.e., two discs of type A), we in-
vestigated three different spacings: S = 1.5D, S = 2D, and
S = 3D, afterwards referred to as AA — 1.5, AA —2 and AA — 3.
For configurations BB (i.e., two discs of type B) and AB (i.e.,
one disc of type A and one of type B), we examined S = 2D
(cf., Figure 1). Measurements were carried out using hot-wire
anemometry. An automated traversing system moved the hot-
wire through the wind tunnel, with the coordinate system in-
dicated in Figure 1(a). Centerline measurements were con-
ducted for 0.05 < x/D < 40 downstream of the discs, with a
spacing of 2D in the near field and 5D farther downstream.
Additionally, span-wise profiles were measured at x = 30D in
the range of —3.5 < y/D < 3.5, with a spacing of 0.25D be-
tween points in the central part and 0.5D at the outer part. Fur-
thermore, the reference velocity Uy was measured at y/D = 5.
Measurements were performed with a sampling frequency of
fs =75kHz for t = 1805, and a hardware low-pass filter was
set at f;, = 30kHz. The hot-wire was calibrated before and
after each span-wise profile or downstream measurement, and
temperature correction according to Hultmark & Smits (2010)
was applied.
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Figure 1. Photographs of the set-up looking downstream: (a) - (c) show the different spacings investigated for the configuration with
two identical discs (type A), and (d) for two different discs (A and B). The hot-wire, mounted to a traverse, is centered between the

discs. The coordinate system is indicated in (a).

RESULTS

In the following, first, the downstream centerline evolu-
tion of the mean velocity and the turbulence intensity will be
discussed, followed by the span-wise mean velocity and turbu-
lence intensity profiles at x/D = 30. For a better understand-
ing of the turbulent structures, power spectral densities and the
shape parameter A2 are discussed at x/D = 30.

Centerline Mean Velocity and Turbulence Inten-
sity

Figures 2(a)-(c) present the downstream evolution of
mean velocity, normalized by the mean velocity at the last
measurement point, Uy(x = 40D), for the AA cases, the BB
case, and the AB case, respectively. Initially, for cases AA —
1.5, AA — 2, and AB, the mean velocity is about 15% higher
than Up(x = 40D) but decreases rapidly, and drops below
Up(x = 40D) before gradually converging towards it. From the
evolution of the wake downstream of a single disc, cf. Vinnes
et al. (2023), we can conclude that this behavior results from
the wakes starting to interact near the discs (5D — 10D down-
stream), where they are not fully evolved yet and the velocity
deficits from both discs are still prominent. In contrast, both
for the AA — 3 case and for the BB case, the centerline mean
velocity decreases consistently as the wakes evolve, recover,
and eventually merge around 15D downstream.

In Figures 2(d)-(f), we show the downstream evolution
of turbulence intensity at the centerline. Similar to the be-
havior observed downstream of single wakes generated by
porous discs and wind turbines (e.g., Neunaber et al. (2021)),
there is an initial increase in T/ followed by a subsequent de-
crease. Based on the classification of wake regions detailed
by Obligado et al. (2022), we can identify the region where
the wakes are fully merged, indicated by decaying 7'/, from
x/D =5,10,20 for cases AA — 1.5, AA —2, and AA — 3, respec-
tively. For the BB case, x/D ~ 25 and for the AB configura-
tion, x/D == 15. This is consistent with the conclusions drawn
from the evolution of the mean velocity evolution, and with
the different wake recovery rates for the single wakes (Vinnes
et al.,2022,2023). The maximum 7/ is influenced by the disc
spacing; smaller spacings result in higher measured 7'/ values.
However, at x/D = 40, TI levels become similar across all
cases, indicating that T/ decays most rapidly for the smallest
spacing. Notably, at the centerline, the AB configuration yields
lower maximum turbulence intensities compared to the corre-
sponding AA configuration, but higher turbulence intensities
compared to the corresponding BB case. Overall, the evolu-
tion of 71 is akin to what was observed by Obligado et al.
(2022) for two sets of solid discs.

Span-wise Mean Velocity and Turbulence Inten-
sity

In Figures 3(a)-(c), mean velocity profiles, normalized by

freestream velocity Up, are plotted at x/D = 30 for —3.5 <
y/D < 3.5 for the AA cases, the BB case, and the AB case, re-
spectively.
In the AA — 1.5 and AA — 2 configurations, the mean velocity
profiles of the two discs merge into a single profile, resembling
that of a single disc. Conversely, while the wakes have merged
for the AA — 3 case and for the BB case, the two peaks in ve-
locity deficit originating from the individual wakes remain vis-
ible, with velocity minima at y = £1.5D and y = £1.0D, re-
spectively. In the AB configuration, wake asymmetry is evi-
dent due to differing recovery rates and expansion of the two
discs, as discussed in Vinnes et al. (2023). From y/D = —3.5
to y/D = —0.5, downstream of disc A, the evolution mirrors
that of the AA — 2 configuration. However, a clear difference
emerges as we move towards positive y, where velocity re-
covery downstream of the uniform disc B is slower. Notably,
compared to the BB case, the velocity recovery downstream of
the B-type disc is enhanced and the wake wider.

With respect to the turbulence intensity, as shown in Fig-
ure 3(d), for the AA configuration at S = 1.5D, the T profile
closely resembles the rather flat profiles of the single disc, cf.
Vinnes et al. (2023), albeit with a more narrow central region.
For S =2D and S = 3D, a relatively uniform distribution of 7/
is observed, decreasing at the wake boundaries but exhibiting a
small region around y/D ~ 0 where the shear layers of the two
wakes interact, resulting in slightly higher 7/ values. Again,
this is consistent with findings in the single wake. In the BB
case, Figure 3(e), the wakes of the two single discs are still
identifiable, even with the shear layer peaks of the respective
single discs. In the AB configuration, Figure 3(f), two distinct
turbulence levels are identifiable downstream of the two discs,
with turbulence downstream of disc B exceeding that of disc
A, as shown by Vinnes et al. (2023), but lower than for the BB
case. The highest turbulence intensities occur around y/D = 0,
where the two wakes interact, as a consequence of an increase
of /.

Power Spectral Density

Figure 4 presents pre-multiplied Power Spectral Density
(PSD) plots for various span-wise positions at x/D = 30 for
all configurations. Notably, in Figures 4(a)-(c), the spectra for
the central regions of the wakes in the AA configuration (all
spacings), where 71 profiles are relatively flat, collapse. In
the outer wake regions, where T is lower, the spectra natu-
rally exhibit lower energy content. For the AA cases, at central
wake positions, a peak is consistently observed at f ~ 8.7 Hz,
indicating vortex shedding from the discs. The corresponding
Strouhal number is St = JZ']—D ~ (.16, similar to that of solid
discs (St ~ 0.135) with an increase that has been observed
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Figure 2. Evolution of the normalized mean velocity for (a) cases AA, (b) case BB, (c) case AB, respectively, and turbulence intensity
for (d) cases AA, (e) case BB, (f) case AB, respectively, along the centerline.
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Figure 3. Normalized mean velocity profiles for (a) cases AA, (b) case BB, (c) case AB, respectively, and turbulence intensity profiles

for (d) cases AA, (e) case BB, (f) case AB, respectively, at x = 30D.

for porous discs (Fuchs et al., 1979; Theunissen & Worboys,
2018). The magnitude of this peak is relatively weak for all
AA configurations, akin to the wake of a single type-A disc at
30D, as shown in Vinnes et al. (2022). The spectra of the BB
configuration, Figure 4(d), show significantly higher energy
than all other cases for y = £0.5D, which is consistent with
the T'I-levels at these positions. No vortex shedding peak is
present, which is consistent with the results from Vinnes er al.
(2022), who did not observe a vortex shedding peak for disc B
at the centerline. In contrast, the AB configuration exhibits an
enhanced vortex shedding peak at y/D =0, y/D = £0.5, and
at y/D = 2, and no peak observed downstream of the disc
centers at y/D = +1. This finding is particularly intriguing,
as it expands the findings from Vinnes er al. (2022). These

results suggest an alternative flow behavior where the period-
icity between the disk wakes is enhanced and is thus worthy of
further investigation. One possible explanation is that once the
wake of disc A has expanded sufficiently, the oscillations are
pushing and, thus, exciting the wake of disc B.

Shape Parameter

To add another dimension to the discussion of the inter-
action of wakes generated by porous discs, we investigate the
evolution of the shape parameter % = 1/4-In (F(Su(z, 7))/3),
where F denotes the flatness, and Su(t,7) = u(t + 7) — u(t) the
velocity increment with respect to the time scale 7 (Castaing
et al., 1990; Chilla et al., 1996). As a two-point statistical
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Figure 4. Pre-multiplied power spectral densities at different span-wise positions for the three spacings for case AA (a-c), the BB
case (d), and the configuration with two different discs, case AB (e). The color scheme indicates span-wise positions and is given in

the respective sub-plots of the span-wise 71 at x/D = 30.

quantity, the shape parameter can be interpreted as a measure
of the internal intermittency of a flow, and it can give insight
into otherwise hidden flow features particularly at small time
scales. If A2 = 0, the probability density function of the ve-
locity increments is Gaussian and the flow is not intermittent,
whereas the flow can be considered intermittent for A2 > 0. In
that case, the probability density function of the velocity in-
crements shows a higher probability for extreme fluctuations
with respect to a certain time scale 7 than predicted by a Gaus-
sian distribution. For very large values, A2 > 0.5, the flow
itself is not fully turbulent but intermittent. It has previously
been shown that a ring of high intermittency is found both in
the wake of a wind turbine and a single porous disc (Schottler
et al.,2018; Neunaber et al., 2020; Vinnes et al., 2023), as well
as both in the outer part and the merging region of two wind
turbines with lateral spacing (Maus et al., 2022).

In Figures 5(a)-(e), the span-wise evolution of the shape
parameter is plotted for multiple time scales 7, converted into
spatial scales p by applying Taylor’s hypothesis. For cases
AA—1.5,AA -2, and AB, a central wake part can be observed
for —1 <y/D < 1 where the shape parameter decreases from
A%(p/D=0.01)~0.2to A%(p/D = 1) = 0. This is typical of
flows with features of homogeneous, isotropic turbulence and
similar to results found in the central region of a single wake
(Neunaber et al., 2020; Vinnes et al., 2023). Interestingly, the
AB configuration shows a symmetrical pattern for A2 although
both the velocity profile and the turbulence intensity profile are
asymmetric (cf., Figure 3(c) and (f)). In the outer regions, A2
increases for all scales. A ring of high intermittency across
all scales can be identified at the outer regions for these cases.
For the AA — 3 and BB cases, two individual wakes can be
identified; while the spacing is too wide to clearly identify the

intermittency ring in the AA — 3 case, for the BB configuration,
the onset of the intermittency ring is very sharp, in agreement
with the narrower double-wake profile.

Overall, at 30D, we find features of fully developed tur-
bulence in the central region of the double wakes and the ring
of high intermittency across all scales. In the central far wake
wake region, intermittency is therefore only present for small
scales, i.e., p < D.

CONCLUSION AND OUTLOOK

We have presented results from a hot-wire study of wake
merging downstream of two types of porous discs in differ-
ent combinations. We investigated the influence of span-wise
spacing and disc type on the wake characteristics. Our find-
ings indicate that maximum turbulence levels and the rate of
turbulence decay are dependent on the disc spacing. Further-
more, combining two discs with different blockage distribu-
tions leads to an asymmetric wake with varying turbulence
levels and an enhanced vortex shedding peak in the spectra.
This suggests an alternative flow behavior compared to a set
of identical discs where the wake of the non-shedding disc is
excited by the wake of the shedding disc once they start in-
teracting. To further advance the understanding of turbulence
in the wake, we also investigate the internal intermittency of
the wakes by means of the shape parameter, and in agreement
with former studies, we identify a ring of high internal inter-
mittency across all scales surrounding the double wake at 30D
downstream. For all spacings and disc combinations, the tur-
bulence in the central region exhibits classical behavior with
a decreasing shape parameter, and vanishing intermittency for
scales larger than the disc diameter.



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25-28, 2024

a)

10.00

p/D
0.50

0.01

b)

10.00

p/D
0.50

<)

p/D
050 1000 001

0.01

d)

10.00

p/D
0.50

e)

p/D
050 1000 001

1

0.0

0.0 0.5 10 15

Figure 5. Span-wise evolution of the shape parameter
A%(p/D) at 30D downstream for (a) case AA and 1.5D spac-
ing, (b) case AA and 2D spacing, (c) case AA and 3D spacing,
(d) case BB and 2D spacing, and (E) case AB and 2D spacing.
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