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Abstract. The present paper takes a broad view on our previous experimental studies of flows
behind different single and dual configurations from passive disks or active rotors to establish
new aspects of the wake development [1-4]. The aim of the present examination is to obtain a
better understanding of the wake formations and interactions between wind turbines in wind
farms. A correlation between independent investigations of the near [1] and far wakes behind
single [2] and dual [3-4] systems will be established to the same operating regimes and flow
conditions. New examinations of the old data need because two main differences in the wake
behaviour for the disk-disk and the rotor-rotor systems were found: the wake intensity grows for
the dual disks in comparison with the single one, but in contrast to this, wake intensity behind
the dual rotor system is smaller than the one behind a single rotor. These differences may be
explained by an influence of the rotor tip vortices which are absent in the disk-disk model. The
present retesting of the near and far wake data should provide an evidence of this conclusion.

1. Introduction

In spite of the extensive investigations of turbine interaction in wind farms, the prediction of the
available power and structural stability of wind turbines located in the wake of other turbines in a wind
farm are still open questions [5-6].

In the present paper, we will compare the wakes behind solitary setups containing a solid disk (D) or
a three-bladed HAWT rotor (R); dual coaxial models consisting of either two identical rotors (R-R) or
two identical disks (D-D), and a mixing coaxial model including both single disk and rotor (D-R). In the
comparison, we used the solid disk because both disk and rotor far wakes have inherited similar Strouhal
oscillations [1]. All systems were studied at the same spatial positions in a uniform inflow of the water
flume [1-4] and the dual systems were investigated for different interspatial distances along the setup
axis, Lx = 4, 6 and 8D. The investigations were carried out in the water flume of length 35m, 3m width
and an operative height of 0.9m. The 3m wide test section is fitted with transparent walls at a distance
of 20 m from the channel inlet. The freestream flow speed in the flume was Uy = 0.54 m/s. The axis of
setup with the rotors or disks was positioned at a height of 0.5m from the channel bottom and 1.5 m
away from the two walls of the flume. The experimental setup is basically the same as in [1-4] with the
disk diameter Dg= 0.3 m and the three-bladed rotors have and a blade length of 0.159 m.

The purpose of the analysis is to reconstruct and compare the wake developments and decays behind
all systems to recognize and describe factors impacting on the wake formation and evolution. The
present retesting of both near and far wake data should provide an evidence of a significant role of the
tip vortices in the rotor which are absent and could not effect on the wakes behind the disks.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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2. Dissimilar behavior of far wakes behind different dual systems

New examinations of the old data need because two main differences in the far wake behavior for the
D-D and R-R systems were found in [3]. The wake intensity grows for the dual disks in comparison
with the single one, but in contrast to this, wake intensity behind the dual rotor system is smaller than
the one behind a single rotor. Fig. 1 shows downstream variations of the maximum axial velocity deficit
AU _U,-U
UO - UO
D and R [2]; the D-D [3], D-R [4] and the R-R [3] setups for the different distances of the dual systems:
Lx=4,6, 8D.

in the wake behind all possible configurations (U is velocity on the setup axis): the single
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Figure 1. Far wakes of the different dual configurations. Dashed lines indicate both single cases.

The experimental data using regression techniques to fit all velocity profiles were approximated by a

rational function G(x) =AU (x)/Uy =a(x—Xg)~ 23 (lines on Fig. 1), where the attenuation constants a
and x, are collected in table 1.

Table 1. The attenuation constants for the single
and dual configurations of the disk or rotor setups.

Type of the setup a X0
Single disk 0.31 3.2
D-D 0.49 2.1
D-R (optimal R) 0.51 2.1
R-R (optimal R and R) 0.71 2.1

Single rotor (optimal R) 0.85 3.2
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As seen from all graphs of Fig. 1, the velocity deficits of the far wakes from all single and dual
configurations are well described by this rational function with the same exponent (-2/3) and the
different values of the attenuation constants (Table 1). For clarity, the first graph shows the wake
developments only for the single disk [8] or rotor [9]. The disk just as a passive flow damper and the
rotor as an active energy conversion explain the difference in the strengths of both wakes.

For all dual systems in which the disk placed at a forward position, the data on the next two plots of
Fig. 1 and the corresponding constants of Table 1 indicate some growth of the velocity deficits in the
far wakes as compared with ones behind the single disk. Fig. 1 also shows that the total wake deficit
increases in the both cases (D-D and D-R) when the distance between the first disk and second element
decreases from Ly = 8D to 4D. A damping influence of the second disk or rotor on the initial wake behind
the forward passive disk produces the extra velocity deficit for both cases (D-D and D-R) too.

The last plot of Fig. 1 shows the wake behavior behind two active wind turbine rotors (R-R)
extracting power from the flow at the optimal operating conditions of both ones.
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Figure 2. Variations of the power coefficients of the second rotors in the setups: (a) D-R and (b) R-R.

For the first rotor an angular velocity of the servo drive, n; = ng = 2.29 rps, coincides to the design
TSR of the single rotor (A = o= 5) with the maximal power coefficient Cpo= 0.37 and the incoming
freestream flow (U1 = Ug = 0.54 m/s). An evolution of the optimal operating regimes for the second
rotor in both D-R and R-R cases is not such a simple task since the velocity U, of the incident flow
upstream from the second rotor is not known and not uniform behind either the forward disk or rotor.
The optimal angular velocity of the servo drive (n,) in the both cases were varied until optimum power
conditions (max Cpz) were achieved (Fig.2 and Table 2) [4, 10].

Table 2. Operating parameters of the dual setups.

Types of the setup Parameters Values
Ly - distance 4D 6D 8D
D-D U2/Uog 0.41 0.58 0.61
(Cn2t+ C11)/Cro 1.69 1.86 1.97
D-R (optimal R) U2/Uog 0.45 0.73 0.80
I’lz/}’lo 1 1 1
max Cpa/ Cro 0.48 0.69 0.83
(Cm2t+ C11)/Cro 1.59 1.62 1.64
R-R (optimal R and R) Uz/Ug 0.33 0.55 0.68
na/no 0.66 0.88 0.95
max Cpa/ Cpo 0.11 0.39 0.51
(Ct2+ Cr1)/Cro 1.32 1.65 1.74
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Table 2 also shows estimations of the axial velocity component U, of the incident flow before the
second disk or rotor and a ratio (Crxt+ Cr1)/Cro of the total trust coefficients of all dual setups to the
corresponding values of the single cases.

It is clearly seen from the R-R plot, just like any other case of Fig. 1, that the velocity deficit decreases
monotonically and in a smooth manner for all the considered cases without large deviation from the
fitting G - curve, shown by the solid line. Nevertheless, the wake deficit behind both active rotors (R-
R) decreases, as compared to the single samples (R) in contrast to the former dual systems with the
forward passive disk (D-D and D-R) when it grows. Next difference of the R-R case indicates by more
concentrations of the measuring point along the fitting curve. Hence, we can conclude that the variations
of the rotor positions do not have a significant effect on the wake deficit just like other cases with the
forward passive disk (D-D and D-R).

3. Possible explanations: total thrust, turbulence or near wake impacts

The comparison between the dual passive disks, both passive disk and following active rotor and the
dual active rotors shows a strong difference between the wake behaviors in the systems with the forward
passive and active obstacles. The evaluation of both wake curves (D-D and D-R) for the passive forward
disk indicates an increase in the wake deficit behind the second obstacle, as compared to the single
samples (D). In contrast to this, the wake behind the active system of the dual rotors (R-R) decreases,
as compared to the single samples (R).

Possible differences in the total thrust behaviors of the passive or active systems were tested and
compared as our first idea for this explanation. The thrusts of the disk and rotor systems were measured
in [10-11]. The ratio of the total thrust (Cro+ Cr1) of these dual D-D, D-R and R-R systems to the single
samples of D or R (Cro) was calculated by varying the distance Ly (Table 2). For all cases, the flow
velocity (Uy) in the wake before the second disk or rotor was also estimated and presented in the same
table. From this investigation, we can conclude that the total thrust grows for all cases, as compared to
the single samples, and it is not clear why the duplication of the passive or active systems results
differently in the wake deficit.

Our next step for the explanation of the difference between D-D or D-R and R-R systems concerns
the testing of possible differences in the turbulence characteristics. This was tested and Fig. 3 shows the
comparison of the distribution of the RMS-values in the wake behind all the considered disk and rotor
systems.
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Figure 3. A comparison of RMS in the far wakes for both D-D, D-R, and R-R systems.

As seen in the figure the distributions are almost equal. Hence, it can be concluded that it is not the
turbulence characteristics that cause the different wake behavior of the different configurations.

One can just guess that a strong influence of the helical tip vortices producing the active systems
only to explain these differences. Indeed, the helical vortex system behind rotors plays an important role
in a generation of the velocity deficit in the wake. For example, these vortices can reduce the velocity
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in the near wake with up to two times as much as in the rotor plane [12-14]. The helical tip vortices are
not present when considering the flow about a disk [15]. Thus, the most likely candidate for explaining
the different behavior is that the tip vortex in the near wake has an influence on the far wake
characteristics in the rotor case.

The properties of the helical tip vortices behind a single rotor and the near wake of a single disk have
been studied in many investigations (see e.g. [1, 15-17] and references hereby). In Fig 4 we reproduce
profiles of the typical axial velocity distributions in the wakes behind both single rotor and disk to
compare them with the ones generating behind the different dual systems on the same distance
respectively. The examinations of the new data of the velocity profiles indicate a strong difference in
the near wake behavior for the dual passive or active setups as it was found for the velocity deficit in
the far wakes (Fig. 1).
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Figure 4. A comparison of the axial velocity profiles behind different single and dual testing systems with
optimal TSR and L,=8D.

Indeed the wake intensity grows for the dual systems when the disks put as the initial passive flow
disturbance (for D-D) because the second disk produced an additional resistance in the flow. In contrast
to this, the wake intensity behind the dual active rotor system (R-R) becomes smaller than it is behind
the single rotor by a reducing of the tip vortex influence in the wake development when the second rotor
put in a disturbance. It should also be mentioned that the disturbances coming from the first disk make
a very similar “reduction” of the wake profiles behind the second rotor in the dual system D-R to
compare with the single rotor (please compare the black symbols on the plots D-R and R-R of Fig. 4).
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4. Conclusions
The far wake developments behind the passive and active dual systems (disk-disk; disk-rotor and rotor-

rotor) have been studied for different interspatial positions and operating regimes. The measurements
show that the velocity deficits in the far wakes for all the considered cases follow a rational dependence
with the same rate, but with different wake attenuation coefficients. The resulting velocity deficit of the
dual disks strongly depends on the distance between them and the wake intensity grows for the dual
disks in comparison with the single one. In contrast to this, the decay of the velocity deficit behind dual
rotors is nearly independent of the interspatial distance between them and the wake intensity behind the
dual rotor system is smaller than the one behind a single rotor. The differences may be explained by the
influence of the rotor tip vortices which are absent in the disk-disk model. Thus, our experiments indicate
that a dual disk system cannot satisfactorily replace a system of dual rotors when analyzing wake
properties behind wind turbines but the first disk in the disk-rotor system may be used as a method of
the tip vortex control in the rotor wake.
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