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ABSTRACT

In this study, we investigate the energy exchanges
between coherent structures in the wake of a model multiscale
geometry consisting of a cylinder and a leeward control rod
using Particle Image Velocimetry (PIV) data. For certain
control rod positions, we observe new secondary coherent
motions with distinct characteristic frequencies in the flow
field aside from the frequencies associated with the sheddings
of the control rod, the main cylinder and its harmonics.
We employ the multiscale triple-decomposition technique
proposed by Baj et al. (2015), to extract the spatio-temporal
structure of the coherent modes associated with each of the
frequencies and also study the energy exchanges to/from
the coherent motions using the triple decomposed kinetic
energy budget equations derived by Baj & Buxton (2017). We
find almost the same sequence of energy transfers between
the primary and secondary modes as reported by Baj &
Buxton (2017) for a different multiscale geometry, hinting at a
possible universality of these structures in any multiscale flow.
We perform a series of PIV experiments to look for similar
energy exchanges in the wake of a representative rotor which
is also a multiscale system due to the presence of multiple
length (and time) scales simultaneously introduced in the flow
from the nacelle, tower and rotor blades. If the universality
in energy exchanges is upheld even for a multiscale system
with rotation, it would prove to be a powerful tool for the near
wake-modeling of wind turbines.

INTRODUCTION

Multiscale flows are encountered everywhere around us,
for instance flow through offshore platforms, a forest or
cityscape or even flow through a wind turbine. In any multi-
scale flow different length (and time) scales are simultaneously
introduced into the flow. Understanding the multiscale inter-
actions in these flows is not only of fundamental interest but
also is important in modelling industrially relevant flows such
as the wake of a wind turbine. In a wind turbine wake, forcings
are introduced at different length scales by the tower, nacelle,
tip vortices etc. The importance of the nacelle and tower in the
development of the near wake has been highlighted in some
studies e.g. (Foti ez al., 2018), but has not been quantified in
detail. Understanding the energy exchanges in such a complex
multiscale geomerty requires prior understanding from a sim-

pler multiscale flow. Hence, we first discuss results of a sim-
plified multiscale geometry consisting of a main cylinder and
a leeward control rod. The control rod has a diameter an order
of magnitude smaller than the main cylinder, thereby coher-
ence is introduced into the flow at significantly different length
and time scales. Interestingly, for certain positions of the con-
trol rod, the interaction between the wakes of the two wake
generating bodies generates new coherent structures. In fact,
Cicolin et al. (2021) recently reported the observation of two
such new frequencies which exactly corresponded to the sum
and difference of the frequencies corresponding to the funda-
mental sheddings of the control rod and the main cylinder. In
this work, we develop a deeper understanding of the process
of generation of these new coherent motions with the same
data set as Cicolin et al. (2021). In order to understand the
interaction between the different coherent structures, we em-
ploy the multiscale triple decomposition technique proposed
by Baj et al. (2015) where the flow field is decomposed as the
combination of the mean component (i7), sum of contributions
from different coherent motions (3} ;) and the incoherent or
stochastic part (') as follows

u(x,y,t) = a(x,y) + Yy (x.y,0) +u (x,3,1) (1
!

In order to obtain the energy transfers to/from the coher-
ent structures, we use the multiscale triple decomposed turbu-
lent kinetic energy transport equations derived by Baj & Bux-
ton (2017). Based on the coherent energy budget equations, we
identify the differences in the process of formation of different
coherent structures and also their roles in the energy cascade
process. Finally, some preliminary results from PIV experi-
ments on a model wind turbine is shown and the multiscale
nature of the wind turbine wake is discussed.

PIV experiments and data set

The PIV experiments of Cicolin ef al. (2021) had a main
cylinder of diameter (D) 0.05m and the control rod’s diameter
(d) was 0.1D. The control rod was mounted at a centre-to-
centre distance (R) of 0.7D while the control rod angle (8)
was varied between 90° and 140° (see fig. 1). The free stream
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Figure 1. A schematic of the multiscale geometry consisting
of a main cylinder and a control rod (the image is reproduced
from Biswas et al. (2022))

velocity (Us) was fixed at 0.4m/s giving a Reynolds number
Rep = 20 x 10? for the cylinder and Re; = 2 x 10° for the
control rod. Readers are referred to Cicolin et al. (2021) for
further details of the experimental measurements.

New PIV experiments are conducted on a scaled wind tur-
bine model in the recirculating water channel in the hydrody-
namics flume at Imperial College London. The 3D printed
model wind turbine consisted of a nacelle and a tower to repli-
cate the wake dynamics of an actual wind turbine to the ex-
tent possible. Fig. 2 shows a schematic of the model geom-
etry along with important dimensions. The turbine is run by
a stepper motor RS 829-3512 and the torque is transmitted to
the shaft connected to the wind turbine through a pulley and
belt mechanism, that passes through the wind turbine tower.
The freestream velocity was fixed to 0.2 m/s and maximum
chord based Re was 4 x 103, Experiments were conducted at
tip speed ratios (A) varying from 3-6. 3 experiments were con-
ducted over a large field of view (FOV) in the central cross sec-
tional plane extending up to 3.5 rotor diameters in the stream-
wise direction. 3 Phantom v641 cameras were used to capture
the data at a frequency of 100Hz. The FOV of the first ex-
periment (henceforth referred to as FOV 1) focused the region
below the nacelle (see fig. 2) (a)) to capture the evolution of
the tip vortices. In the second experiment, the FOV (FOV 2)
focused the region above the nacelle to understand the effect of
the tower. The third experiment focused on the nacelle wake.
In this paper, preliminary results are shown for A =4.5 only in
FOV 1 and FOV 2.

RESULTS AND DISCUSSIONS

By definition, a multiscale flow contains coherent motions
of several distinct frequencies. To identify the important fre-
quencies in the flow consisting of a main cylinder and a con-
trol rod considered herein, let us first observe the evolution of
the transverse velocity spectra for different values of 6 with
streamwise distance. In fig. 3(a) see that the near field (x/D =
1) for 8 = 90° consists of a number of prominent frequencies.
The low frequency peak at Strouhal number (S; = fD/Us) of
around 0.166 (associated frequency, f,,, =~ 1.3Hz) corresponds
to the vortex shedding of the main cylinder, while the other
strong peak at S; = 2.45 (associated frequency, f. ~ 19.6Hz)
corresponds to the fundamental shedding mode of the control
rod. Around f,, two additional prominent peaks are observed
(indicated by green arrows) which correspond to the frequen-
cies fe & fm- Atx/D =2, f,, is more energetic and harmonics
of f,, are observed. However, f. and f. £ f;, are not observed
at this station, which shows that these modes are spatially less
persistent. The strength of f. as well as f. & f;,, depends on the
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Figure 2. (a) Side view wind turbine model along with motor
and mounting system. The field of view of the two experiments
are shown as FOV 1 and FOV 2. Sub figure (b) shows the front
view of the wind turbine model.

0=90° 0=090°

(a) (b)

©| [] ' @

Figure 3. Frequency spectra of the transverse component of
the fluctuating velocity at x/D =1 (a,c) and x/D = 2 (b,d) for
0 =90°and 6 = 115°

precise position of the control rod. At 8 = 115°, the control
rod is effectively shadowed by the separated shear layer from
the main cylinder, hence f. is not prominent, nor are f. & f,
(see fig. 3(c)), while the harmonics of f;, are prominent at
x/D =2 (fig.3(d)). Interestingly fig. 3(a) reveals a particular
spatial configuration of the modes f, + f;,. fc+ f resides near
the separated shear layer between the main cylinder and the
control rod whereas, f, — f;; resides more towards the oppo-
site separated shear layer of the control rod, which is remark-
ably similar to the observation of Baj & Buxton (2017) for
a fundamentally different multiscale flow, a one dimensional
multiscale static mixer.

The spatio-temporal velocity field (d;(x,y)) associated
with each of the frequencies identified in the flow field can be
obtained by using the multi-scale triple decomposition shown
in equation 1. We apply optimal mode decomposition (OMD),
first proposed by Wynn ez al. (2013) to obtain (i (x,y)) for
each of the coherent motions. The OMD algorithm is a gen-






