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ABSTRACT

Detached eddy simulation is employed to investigate the wake development downstream of the rotor of an axial-flow turbine and its depen-
dence on the tip speed ratio. In this study, we found that the trend of the momentum deficit as a function of the rotational speed shows oppo-
site directions in the near wake and further downstream. While the momentum deficit in the near wake increases with the rotational speed, it
decreases further downstream. For instance, we found that at six diameters downstream of the rotor the streamwise velocity in its wake recov-
ered to about 30% of its free-stream value at the lowest simulated tip speed ratio of 4, while its recovery was equal to about 65% at the largest
tip speed ratio of 10. This is due to the earlier breakdown of the tip vortices. The results of the computations demonstrate indeed that mutual
inductance phenomena between tip vortices, promoting pairing events and the eventual instability of the helical structures, occur at shorter
downstream distances for higher values of tip speed ratio. Wake instability enhances the process of wake recovery, especially due to radial
advection. Therefore, higher rotational speeds do not promote wake recovery through more intense tip vortices, but through their greater
instability. Implications are important, affecting the optimal distance between rows of axial-flow turbines in array configurations: the opera-
tion at higher rotational speeds allows for smaller distances between turbines, decreasing the cost and environmental impact of farms consist-
ing of several devices.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203285

I. INTRODUCTION

The wake development of axial-flow, drag-generating rotors is of
critical importance: it affects the speed of the momentum recovery
downstream of them. This is the case, for instance, of the axial-flow
turbines widely utilized in both fields of wind and hydrokinetic energy.
These devices are usually required to operate in farm configurations.
This is problematic, since interference among turbines is usually detri-
mental to their performance. Therefore, the design of farms or arrays
requires proper optimization.1–7 Downstream rows ingest the flow
coming from the upstream devices, resulting in lower performance, in
comparison with the same device operating in isolation, due to a
reduction of the momentum available at their inflow.6–12 Therefore,
the ability to predict the length of the wake development downstream
of axial-flow rotors and the speed of the process of wake recovery is
especially critical for the selection of the mutual distance between devi-
ces. This choice is a function of the rotational speed, which affects the
extent of the wake signature.

In the present study, we focus on the influence of the tip speed
ratio, k, of the rotor of an axial-flow turbine, representing its rotational

speed in non-dimensional form, on the speed of its wake recovery. In
our earlier studies, we have analyzed the dependence of the process of
wake recovery on the stability of the tip vortices shed by a similar tur-
bine.13–15 Here, we will show that the speed of this process is substan-
tially affected by k. This has important implications on the selection of
the relative distance between devices in array configurations, depend-
ing on their expected working conditions.

Since the instability of the tip vortices is believed to be the trigger
of the process of momentum replenishment downstream of axial-flow
rotors,16–19 their accurate simulation in numerical studies is critical to
properly reconstruct the correlation of their dynamics with the speed
of wake recovery. The need of resolving the dynamics of the tip vorti-
ces results in a large computational cost of high-fidelity simulations: (i)
they require fine levels of resolution in both space and time, resulting
in a large count of grid nodes; (ii) since they are typically adopted to
resolve the wake dynamics, their fine resolution needs to be extended
to wider downstream distances; (iii) since they are targeted at resolving
the unsteady dynamics of the wake, they need a long advancement in
time. In addition, if the simulation of multiple operative conditions is

Phys. Fluids 36, 055109 (2024); doi: 10.1063/5.0203285 36, 055109-1

VC Author(s) 2024

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

 23 June 2024 08:51:16

https://doi.org/10.1063/5.0203285
https://doi.org/10.1063/5.0203285
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0203285
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0203285&domain=pdf&date_stamp=2024-05-06
https://orcid.org/0000-0003-3436-9749
https://orcid.org/0000-0002-3831-8423
https://orcid.org/0000-0001-9371-7120
mailto:antonio.posa@cnr.it
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0203285
pubs.aip.org/aip/phf


required, to explore the dependence on the tip speed ratio, as in the pre-
sent study, the computational burden becomes even more challenging.
Therefore, although a number of blade-resolving Reynolds-averaged
Navier–Stokes (RANS) computations,20–32 detached eddy simulations
(DES),25,27–29,33–36 and large eddy simulations (LES),13–15,37–47 dealing
with the wake development of axial-flow turbines, is currently available
in the literature (see Niebuhr et al.48 for a recent review), systematic
studies dealing with the influence of k on the process of wake recovery
of axial-flow rotors are uncommon. Furthermore, the analysis of the
influence of k is often limited to the parameters of global performance
of the turbine. In this work, we exploit well-resolved DES to capture the
phenomena of mutual inductance between tip vortices, their resulting
instability and their correlation with the process of wake recovery across
a range of values of k. The dynamics of the tip vortices is captured by
means of an overlapping grids strategy, clustering grid cells at the outer
boundary of the wake.

One of the most advanced studies in the field is the recent work
by El Fajri et al.,49 who adopted both RANS and DES to analyze the
wake of a three-bladed turbine. They utilized a rotating mesh consisting
of 3.5 � 106 cells in the framework of a finite-volume methodology to
discretize the region of space surrounding the turbine and an addi-
tional, stationary grid consisting of 14.4 � 106 cells, encompassing the
nacelle and the stanchion. Their analysis confirmed DES to be well
suited to capture properly the process of instability of the tip vortices.
As expected, RANS promoted their faster dissipation and was unable to
predict their coupling and following breakdown into turbulence. DES
verified a faster coupling and instability of the tip vortices for increasing
values of k, ranging between 2.00 and 6.15, although the study of sensi-
tivity to k was carried out on a coarser grid of 7� 106 cells.

RANS computations dealing with an axial-flow hydrokinetic tur-
bine were conducted by Tian et al.,50 with the purpose of analyzing the
sensitivity to tip speed ratio, turbulence intensity at the inflow, and
yaw angle. A grid consisting of 8 � 106 finite volumes was adopted.
Although a few details on the wake features were provided, the analysis
was actually focused on the global performance of the turbine, with
limited information on the process of wake recovery. A RANS study
was also reported by García Regodeseves and Santolaria Morros,51

who carried out computations for three values of the tip speed ratio of
a horizontal axis wind turbine, using a multi-block hexahedral mesh
consisting of an overall number of 37.5 � 106 finite volumes.
Increasing values of k resulted in a smaller pitch of the tip vortices,
their faster instability and a faster recovery of momentum downstream
of the turbine. However, a systematic analysis of the process of wake
recovery and its correlation with the dynamics of the tip vortices was
not conducted. A similar study was carried out by Siddiqui et al.52

They simulated a small wind turbine by RANS on computational grids
up to 4.0 � 106 cells, using both the sliding mesh interface and multi-
ple reference frame techniques to handle the multiple parts of the tur-
bine in relative motion. Although three values of tip speed ratio were
simulated, an analysis of its influence on the process of wake recovery
was not discussed.

A recent study, based on particle imaging velocimetry (PIV) mea-
surements, was conducted by Di Felice et al.,53 where the performance
of a tidal turbine and the near wake evolution of its tip vortices were
analyzed as functions of the tip speed ratio. Details including transport
and production of turbulent kinetic energy were reported, besides
first-order statistics of the wake flow, correlating them with the process

of instability of the tip vortices. However, the analysis was limited to
less than a diameter downstream of the rotor of the turbine and the
process of wake recovery occurring at more downstream coordinates
was not investigated. PIV was also adopted by Bourhis et al.54 to assess
the Reynolds number effects on the performance of a micro wind
energy harvester, but in this study the analysis was especially focused
on the performance of the turbine, rather than on its wake features.
The recent PIV experiments by Biswas and Buxton55 were conducted
on a model-scale wind turbine at two different values of tip speed ratio,
finding its strong influence on the dynamics of the tip vortices in the
wake. They revealed that the pairing mechanisms of the tip vortices
was characterized by a two-step process at the lower tip speed ratio, as
the one observed by earlier experiments dealing with the wake of
marine propellers.56 In contrast, at the larger tip speed ratio the tip
vortices shed by the three blades of the turbine appeared to merge
more quickly through a single-step process.

The survey above demonstrates that studies dealing with the anal-
ysis of the correlation of the speed of wake recovery with the phenom-
ena of instability of the tip vortices and the tip speed ratio are very
limited in the literature, even when high-fidelity approaches are
adopted. This limitation is tied to two major issues: (i) the focus is
often on the performance of the rotor, rather than on the correlation
between wake features and performance; (ii) in some studies an analy-
sis of the wake dynamics is included, but it spans only a narrow range
of values of k. In this work, we contribute to the understanding of the
problem by means of blade-resolving, DES computations, across a
wide range of values of k. This allows us exploring its influence on the
wake instability and the resulting recovery, through a detailed discus-
sion on the phenomena of coupling between tip vortices and their
eventual breakdown, starting the process of momentum replenishment
of the wake core from the free stream. Details are included through an
analysis of each term of the momentum balance equation. We find
that, despite the increasing momentum deficit in the near wake for
higher values of k, the wake recovery is actually faster, due to the ear-
lier breakup of the wake coherence. This phenomenon allows the
development of inward radial flows, bringing momentum from the
free-stream into the wake core. This behavior of the wake flow has
important implications in the interaction between streamlined turbines
in farms, since the downstream devices ingest the flow coming from
the upstream ones: a faster instability of the wake and its recovery at
higher values of tip speed ratio are beneficial to the closer spacing
between turbines in array configurations. These conclusions are
achieved by using one of the most well-resolved DES computations to
date, where a grid consisting of almost 36 � 106 cells is utilized in the
framework of a finite-volume formulation. Overlapping grids allow
clustering points in the regions of interest of the domain, especially the
boundary layer of the blades and the outer region of the wake, popu-
lated by the tip vortices shed by the rotor.

In the following, we provide details on the numerical methodol-
ogy (Sec. II), the computational setup (Sec. III), the analysis of the
results (Sec. IV), and the final conclusions of this study (Sec. V).

II. METHODOLOGY

The Navier–Stokes equations for incompressible, Newtonian flu-
ids were resolved using a DES approach, implemented within a solver
developed in-house at CNR-INM.57–59

The governing equations in non-dimensional form can be
expressed as
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where p and ui (for i¼ 1, 2, 3) are the state variables for incompressible
flows, i.e., pressure and the velocity components across the three coor-
dinate directions, while
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is the stress tensor. In Eq. (2), Re is the Reynolds number, defined as
Re ¼ L̂V̂=�̂ , where L̂ and V̂ are the length and velocity reference
scales, respectively, and �̂ is the kinematic viscosity of the fluid (all
dimensional quantities will be indicated with �̂). �t is the turbulent vis-
cosity, which was computed via a DES approach based on the one-
equation, Spalart–Allmaras turbulence model.60,61 This resolves a
transport equation for an auxiliary variable, ~� ,

D~�
Dt

¼ 1
r

@

@xj
� þ �Tð Þ @~�

@xj

" #
þ cb2

@~�

@xj

@~�

@xj

( )

þ cb1 1� ft2½ �~S~� � cw1fw � cb1
k2

ft2

� �
~�

d

� �2

; (3)

with �T ¼ ~� fv1, being

fv1 ¼ v3

v3 þ C3
v1

where v ¼ ~�

�
: (4)

In Eqs. (3) and (4), ~S ¼ R þ ~� fv2=ðjdÞ2, whereR ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
RijRij

p
; Rij

is the rotation tensor, and d is the distance from the closest wall. All
other functions and constants in these equations are defined as in the
original paper by Spalart and Allmaras.60

In the DES approach, away from the solid walls the model auto-
matically switches to a large eddy simulation (LES) approach, with the
purpose of resolving the dynamics of the larger eddies. In the Spalart–
Allmaras DES, this is accomplished by replacing the distance from the
closest wall d in Eq. (3) by a new function ~d , defined as

~d ¼ min d;CDESDð Þ; (5)

where D is the maximum size of the cells along the three directions in
space (i.e., D ¼ max½dx; dy; dz�Þ, and CDES is a scalar constant
(CDES¼ 0.65). As demonstrated by Spalart et al.,61 starting from the
distance CDESD, where the production and destruction terms for ~�
(the last two terms in Eq. (3), respectively) balance each other, the
eddy viscosity is adjusted to scale with the local deformation rate
S ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S ijS ij

p
(S ij is the rate-of-strain tensor of the velocity field)

and the distance ~d , i.e., ~� / S ~d . Therefore, close to the wall (i.e.,
where d � CDESD) the model is equivalent to the classical Spalart–
Allmaras one (i.e., it behaves like a RANS model). In contrast, far from
the wall (i.e., where d � CDESD) the model reduces to ~� / SD, i.e., it
is equivalent to the Smagorinsky one,62 which scales the sub-grid scale
eddy viscosity with the strain rateS and the size of the filter, D, which
is tied to the resolution of the computational grid.

For the numerical solution of the governing Eqs. (1) and (3), an in-
house, finite-volume solver has been adopted.57,58,63 The discretization of

the computational domain was based on an overlapping grids
strategy.64,65 The numerical approximation of the convective fluxes was
obtained by a fourth-order centered formula, whereas the viscous
fluxes were estimated by a standard second-order scheme. More details
about the discretization in space can be found in our earlier
works.57,58,63

Pressure-velocity coupling was achieved through a pseudo-
compressibility approach.66 The advancement of the solution in the
physical time was carried out by means of a second-order, three-points
implicit backward finite-difference discretization. The discretization in
the pseudo-time was based on the Euler implicit scheme. A local time-
stepping approach and a multigrid method67 were adopted to acceler-
ate the convergence toward a steady-state solution in the pseudo-time,
which is a divergence-free solution in the physical time. In particular,
in the present study four grid levels were utilized: at each level the grid
size was doubled in each direction, compared to the higher level grid.
Therefore, at the second, third, and fourth grid levels the cells number
was diminished of factors 8, 64, and 512, relative to the finest, first-
level grid.

III. SETUP

DES computations were conducted on the rotor of an axial-flow,
hydrokinetic turbine for five values of k ¼ X̂R̂=Û1, where X̂ is the
rotational speed of the turbine, R̂ the radial extent of its rotor and Û1
the axial velocity of the incoming flow. All non-dimensional quantities
below are scaled by D̂; Û1 and q̂, unless otherwise stated, where D̂ is
the diameter of the rotor and q̂ is the density of the fluid. The simu-
lated values of k are reported in Table I, where also both the diameter
and chord-based Reynolds numbers, ReD and Rec, are provided. They
are defined, respectively, as ReD ¼ D̂Û1=�̂ and Rec ¼ ĉŴ=�̂ , where
ĉ is the chord of the rotor blades at 75%R̂ from the axis of the rotor
and Ŵ is the magnitude of the relative velocity of the incoming flow at

the same radial location, computed as Ŵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Û

2
1 þ ð0:75R̂X̂Þ2

q
. It

should be observed that k was changed across cases by varying the
rotational speed. Therefore, as shown in Table I, ReD is constant, while
Rec is variable across values of k.

The geometry of the rotor is illustrated in Fig. 1. Its blades are the
same as in the hydrokinetic (tidal) turbine model considered in the
physical experiments by Draycott et al.,68 who conducted measure-
ments in the FloWave Ocean Energy Research Facility at the
University of Edinburgh, across a wide range of values of k, including
the ones reported in Table I. The model-scale Reynolds numbers are
the same as those we simulated. Our numerical model considered a
simplified geometry of the hub and no supporting tower downstream
of the rotor. The absence of the support in the numerical model

TABLE I. Simulated working conditions.

k ReD Rec

4.00 1:04� 106 1:51� 105

5.00 1:04� 106 1:85� 105

6.45 1:04� 106 2:35� 105

8.00 1:04� 106 2:90� 105

10.00 1:04� 106 3:60� 105
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allowed us to simulate the flow in a reference frame rotating with the
turbine, resulting in a dramatic speed-up of the computations and sav-
ing of core-hours.

All computations were conducted using an overlapping grids
strategy. The computational domain was discretized by a cylindrical,
background grid, using additional refinement blocks around the tur-
bine and in its wake. Blocks with both Cartesian and toroidal topolo-
gies were adopted, with the purpose of increasing the resolution in the
regions where sharp gradients are expected, as in the areas populated
by the tip and hub vortices. A visualization of a meridian section of the
grid blocks in the vicinity of the rotor and in its near wake is provided
in Fig. 2. Details of the blocks discretizing the region of space around
the blades are visualized in Fig. 3.

The grid was designed to achieve an average near wall spacing
below one viscous length, so no wall-functions were required, since

the boundary layer over the surface of the bodies immersed within
the flow was resolved. Details on the grid resolution in wall-units, yþ,
over the surface of the blades are given in Fig. 4, where panels (a)
and (b) deal with the pressure and suction sides, respectively. A
decrease in the values of yþ occurs at the tip of the blade, thanks to
the refinement blocks designed to resolve that region. Figure 4(c)
provides also the number of grid cells over the surface of each blade
within each particular range of wall resolution. About the resolution
in the near wake, it was designed to properly resolve the tip vortices.
For instance, at one diameter downstream of the plane of the turbine
the size of the grid cells resolving those structures was equivalent to
about 4:0� 10�3D; 5:5� 10�3D and 1:0� 10�2D along the stream-
wise, radial, and azimuthal directions, respectively. As discussed
below, defining the tip vortices as the region where Q> 15 (Q is the
second invariant of the velocity gradient tensor), this resolution was

FIG. 1. Geometry of the rotor: (a) frontal view and (b) side view.

FIG. 2. Detail of a meridian section of the mesh, showing the overlapping grids in the region in the vicinity of the rotor.
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equivalent to about 20 cells across the diameter of the cross section
of the tip vortices.

An in-house, overlapping grid preprocessor65 was utilized to
assemble the overall grid. In total, the grid was composed of 288 blocks

for the near field discretization (i.e., the blades of the rotor and the
nacelle) and 19 blocks to resolve the wake and the far field, for a total
of about 35.7� 106 finite volumes: about 10.1� 106 of them were uti-
lized for the solution of the flow within the region of the body-fitted
grid around the rotor (the hub and the three blades), about 22.8 � 106

for the solution of the wake flow and about 2.8 � 106 for the far field.
Details are provided in Table II.

Computations were carried out enforcing a constant time step:
the resolution in time was equivalent to a rotation of 1� per time step.
The size of the domain ranged from six diameters upstream of the
rotor plane to ten diameters downstream. The lateral boundaries were
placed at ten diameters from the axis of the cylindrical domain.
Dirichlet, uniform boundary conditions were adopted for velocity at
the inflow and for pressure at the outflow. In particular, a uniform
axial velocity was prescribed at the inlet section of the domain.
Homogeneous Neumann conditions were enforced for pressure at the
inlet and for the velocity vector at the outlet. Free-stream conditions
were prescribed at the lateral boundary of the computational domain,
i.e., a homogeneous Neumann condition was enforced for all variables.
No-slip conditions for velocity and zero pressure gradient along the
normal direction were enforced on the surface of the rotor.

All simulations were advanced in time for at least two flow-
through times to develop the solution and achieve statistically steady
conditions. Then, statistics were computed across ten revolutions.
Computations were performed on high-performance computing clus-
ters. Coarse grain (distributed memory) and fine grain (shared mem-
ory) parallelizations were achieved via calls to standard Message

FIG. 3. Blocks of the mesh discretizing the regions (a) across the span of each
blade, (b) its tip, and (c) its root.

FIG. 4. Resolution of the computational grid in wall-units: (a) pressure side of a
blade, (b) suction side of a blade, and (c) number of grid cells over the blade within
each range of near wall resolution.

TABLE II. Mesh details.

Zone Number of blocks Number of cells

Hub 18 1.7M
Blade root (each) 4 0.1M
Blade (each) 64 1.5M
Blade tip (each) 22 1.2M
Far field 7 2.8M
Wake refinement blocks 12 22.8M
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Passing Interface and Open Message Passing libraries. In the present
study, each case utilized 192 cores, resulting in a computational cost of
about 250000 core hours.

IV. RESULTS

In the following, the radial, azimuthal, and axial coordinates are
denoted as r, #, and x, respectively. The origin of the radial coordinate,
which is oriented outwards, is placed on the rotor axis. The axial coor-
dinate is oriented downstream and its origin is on the plane through
the mid chord of the blades at the radial coordinate 75%R̂ (note that
the streamwise location of the mid chord is a function of the radial
coordinate).

The power and thrust coefficients are defined as

CP ¼ P̂
1
2 q̂ÂÛ

3
1
; CT ¼ T̂

1
2 q̂ÂÛ

2
1
; (6)

where P̂ is the power extracted by the rotor from the flow, T̂ is the
axial force experienced by the rotor, and Â ¼ pD̂

2
=4 is the frontal

area of the rotor.
Below, the non-dimensional radial, azimuthal, and axial velocity

components are denoted as ur, u#, and ux, respectively, while the non-
dimensional pressure is indicated as p. In the following discussion of
the results, both time-averaged and phase-averaged statistics are pre-
sented. The former are computed in an inertial reference frame, where
the observer sees the blades rotating, while the latter are computed in a
reference frame rotating together with the rotor, where the blades are
stationary, relative to the observer. The operators � and h�i are utilized
to denote time-averaged and phase-averaged statistics, respectively.
The fluctuations in time are indicated as �0.

The turbulent kinetic energy is defined as

k ¼ 1
2

u0rð Þ2 þ u0#
� �2 þ u0xð Þ2

h i
; (7)

where ðu0rÞ2 ; ðu0#Þ2 , and ðu0xÞ2 are the time-averaged mean-squares of
the fluctuations of radial, azimuthal and axial velocity components,
respectively. The phase-averaged turbulent kinetic energy is based on a
similar definition, considering instead the phase-averaged mean-
squares of the fluctuations of the three velocity components.

The analysis of the results of the computations is organized as fol-
lows. In the Sec. IVA, verification and validation are reported on the

global parameters of performance of the rotor. Then, Sec. IVB pro-
vides an overview of the flow and a glimpse of the phenomena of
mutual inductance, pairing, and instability of the vortices shed from
the tip of the blades. The following Sec. IVC illustrates these phenom-
ena in detail, showing the strong dependence of their streamwise coor-
dinate on the value of the tip speed ratio. The velocity spectra of Sec.
IVD give additional evidence of this dependence, characterized by a
shift of the leading frequency in the wake of the rotor from the blade
frequency to the shaft frequency, as the pairing events between tip vor-
tices lead to the onset of a single helical vortex, eventually experiencing
auto-inductance phenomena and the resulting instability. This instabil-
ity is the source of increasing levels of turbulent stresses, especially at
the outer boundary of the wake, as demonstrated in Sec. IVE. The
breakup of the tip vortices starts the process of recovery of streamwise
momentum in the wake core of the turbine, as discussed in the Sec.
IVF as a function of the tip speed ratio. The Sec. IVG shows that this
recovery is mainly tied to phenomena of radial advection, resulting
from the onset of inward radial flows from the free stream into the
wake core.

TABLE III. Verification assessment for power and thrust coefficients.

k Load S3 S2 S1 P Convergence SRE
UFSM

S1

4.00 CP 0.346 0.378 0.385 2.18 MC 0.387 1.62%
CT 0.523 0.584 0.598 2.07 MC 0.603 1.57%

5.00 CP 0.361 0.413 0.426 1.97 MC 0.431 1.67%
CT 0.624 0.685 0.699 2.17 MC 0.703 1.71%

6.45 CP 0.376 0.405 0.414 1.79 MC 0.417 1.21%
CT 0.690 0.739 0.752 1.82 MC 0.758 1.38%

8.00 CP 0.351 0.419 0.382 � � � OC � � � � � �
CT 0.778 0.874 0.832 � � � OC � � � � � �

10.00 CP 0.288 0.327 0.295 � � � OC � � � � � �
CT 0.835 0.917 0.855 � � � OC � � � � � �

FIG. 5. Comparison between the present computations (circles) and the measure-
ments by Draycott et al.68 (squares) on the time-averaged power (a) and thrust (b)
coefficients.

TABLE IV. Validation assessment for power and thrust coefficients.

k Load EXP DES
e

EXP

4.00 CP 0.367 0.387 5.40%
CT 0.543 0.603 11.01%

5.00 CP 0.420 0.431 2.51%
CT 0.638 0.703 10.11%

6.45 CP 0.420 0.417 �0.79%
CT 0.697 0.758 8.74%

8.00 CP 0.394 0.382 �3.17%
CT 0.738 0.832 12.76%

10.00 CP 0.314 0.295 �6.16%
CT 0.746 0.855 14.72%
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A. Verification and validation

Comprehensive verification (i.e., the assessment of the order of
convergence and numerical uncertainty) and validation (i.e., the com-
parison against reference data) of the results from DES computations
are reported for the time-averaged power and thrust coefficients.

Verification is conducted following the so-called factor of safety
method (FSM).69 Numerical results for different grid refinements are
obtained by exploiting the multigrid capabilities of the solver, i.e., the
numerical solutions are computed on the three finest grid levels, gener-
ated by removing from the next finer one every other grid points.
Accordingly, the time steps on the coarser grid levels are also recur-
sively doubled. The results of the verification assessment are summa-
rized in Table III.

In Table III, S3, S2, and S1, denote the results from the coarse,
medium and fine meshes, consisting of 0.6, 4.5, and 35.7 � 106 cells,
respectively, whereas the estimated order of accuracy is indicated as
P. In order to compare the uncertainty with the estimated solution,
the numerical uncertainties at 95% confidence level (UFSM) on the
power and thrust coefficients are reported for the finest grid as per-
centage of the relevant solution, S1. Since a negligible iterative uncer-
tainty was verified (of the order of 0.01% of the solution), the grid
uncertainty can be considered as the only significant contribution to
the numerical uncertainty. The type of convergence is also reported in
Table III: MC and OC denote monotonic and oscillatory convergence,
respectively. Following the FSM, the numerical uncertainty can be esti-
mated only in the case of monotonic convergence.

FIG. 6. Visualization of the tip vortices by means of isosurfaces of the second
invariant of the velocity gradient tensor70,71 (Q¼ 15) from instantaneous realiza-
tions of the solution for (a) k ¼ 4:00, (b) k ¼ 5:00, (c) k ¼ 6:45, (d) k ¼ 8:00,
and (e) k ¼ 10:0, colored by the vorticity magnitude.

FIG. 7. Phase-averaged contours of azimuthal vorticity for (a) k ¼ 4:00, (b) k ¼ 5:00,
(c) k ¼ 6:45, (d) k ¼ 8:00, and (e) k ¼ 10:0.
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The results in Table III show monotonic convergence for the low-
est values of k, characterized by an actual order of convergence close to
the theoretical value, that is 2, for both power and thrust coefficients.
Instead, oscillatory convergence is observed for the highest values of k.
The numerical uncertainty is always less than 2% of SRE for the lowest
values of k, which are those characterized by monotonic convergence.

The time-averaged results on the parameters of performance are
compared against the experiments by Draycott et al.68 Tests were carried
out at the same values of Re and k as the present computations (Table I),
keeping a constant value of the free-stream velocity equal to 0.866m/s
and changing the rotational speed of the turbine for testing different
values of k. Draycott et al.68 utilized a turbine model with a rotor of
diameter D̂ ¼ 1:2 m and blades of chord length ĉ ¼ 55 mm at 75%R̂.

The comparison between experiments (EXP) and DES results is
shown in Fig. 5 and in Table IV. The largest differences between DES
and EXP, e, are observed for the largest and smallest values of k, i.e.,
when the turbine is working far away from the design condition. In
the other cases the relative error (e=EXP) on the power coefficient is
within 4%. On average, the thrust is overestimated by DES by about
11%, compared to the measurements. Taken into account the agree-
ment on the power coefficient, the likely reason for the difference
affecting the thrust coefficient is attributable to the vertical support
downstream of the rotor, utilized during the experiments, but missing

in the computational model. This generates a blockage downstream of
the turbine, increasing the pressure levels on the suction side of its
blades and reducing the average axial force experienced by its rotor.
This blockage is missing in the computations, resulting in a more sig-
nificant jump of pressure between the upstream, pressure side of the
blades and their downstream, suction side.

B. Overview of the flow

Figure 6 provides an overview of the influence of k on the wake
features. Increasing rotational speeds result in a faster development of
the instability of the tip vortices. They deviate from their initial helical
trajectory, undergo coupling, and eventually lose their coherence,
breaking up into smaller structures. The speed of this process increases
with k. It is known that the helical trajectory of the tip vortices is sub-
ject to both short-wave and long-wave instabilities.72 These deviations
of the tip vortices from their theoretical trajectories trigger mutual
inductance phenomena, which amplify vortex meandering and pro-
mote coupling between them. Higher values of k result into a smaller
pitch of the tip vortices, i.e., a smaller angle relative to the azimuthal
direction and a shorter distance between the spirals of the tip vortices.
As a result, for increasing values of k their mutual inductance is accel-
erated and so is the resulting breakup of their coherence, in agreement

FIG. 8. Instantaneous realizations of the solution for k ¼ 4:00. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the first pairing event
between tip vortices.

FIG. 9. Instantaneous realizations of the solution for k ¼ 5:00. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the first pairing event
between tip vortices.
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with the behavior observed in the wake of marine propellers.56,73–77

Interestingly, the results in Fig. 6 show that first the tip vortices experi-
ence mutual inductance, leading them to join into a single, larger heli-
cal vortex. Then, this vortex undergoes auto-inductance, which leads
to instabilities, vortex meandering and eventual breakdown. This result
indicates that the theoretical studies on isolated helical vortices72,78–80

are also relevant to the dynamics of the wake of actual turbines,
although consisting of multiple blades shedding multiple tip vortices,
since the later stages of the instability process are governed by auto-
inductance phenomena.

Figure 7 shows contours of phase-averaged azimuthal vorticity.
By providing the signature of the tip vortices on the plane, they high-
light the decreasing distance between tip vortices at higher values of k.
Meanwhile, they show the wider signature of the vortex originating
from the pairing of the original helical vortices. However, as k grows,
the signature of this vortex diffuses at more upstream locations, as a
result of its earlier breakdown. In Sec. IVF, we will demonstrate the
influence of this phenomenon on the speed of wake recovery.

C. Coupling process of the tip vortices

The visualizations in Sec. IVB pointed out phenomena of paring of
the tip vortices. This phenomenon is clearly visible on an azimuthal

plane cutting the tip helical vortices, as in the instantaneous snapshots
reported in this section (Figs. 8–19). The traces of the helical tip vortices
on the plane are equally spaced when formed, but as they advect down-
stream, two vortices are attracted to each other, resulting in a pair of co-
rotating vortices, until they merge into one single helical vortex.
Eventually, auto-inductance phenomena involving the spirals of this sin-
gle vortex accelerate its process of instability. This sequence of events
leads to the breakup of the coherence of the tip vortices shed by the rotor
and is faster at higher values of k. In this section, this phenomenon is dis-
cussed in detail for each k. In agreement with the visualizations of Fig. 6,
this process is discussed up to x=D ¼ 4:0, where the grid resolution is
fine enough to avoid numerical diffusion of the coherent structures.

The k ¼ 4:00 case is illustrated in Fig. 8, where contours of azi-
muthal vorticity are visualized in the regions where Q> 15 (Q-crite-
rion by Jeong and Hussain71) with the purpose of isolating the core of
the tip vortices. A sequence of three instantaneous realizations of the
solution is provided, corresponding to a rotation of 50� between pan-
els, where #t represents the angular position of the turbine, relative to
that visualized in Fig. 1. It is worth noting that for this small value of k
the extent of the high-resolution block of the computational grid is
able to include only the first pairing event between two of the three tip
vortices of the wake system. This pairing, involving the tip vortices
denoted as b and c, is indicated by arrows in Fig. 8 and leads to the

FIG. 10. Instantaneous realizations of the solution for k ¼ 5:00. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the second pairing event
between tip vortices.

FIG. 11. Instantaneous realizations of the solution for k ¼ 6:45. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the first pairing event
between tip vortices.
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formation of a larger vortex, denoted as bþ c. As shown in Fig. 6(a), at
x=D ¼ 4:0 the two vortices composing the wake system after this pair-
ing event, which are indicated as a and bþ c in Fig. 8, are still sepa-
rated and coherent.

Figure 9 shows the first coupling for k ¼ 5:00, occurring at about
x=D 	 1:8. This is faster than that seen in Fig. 8, which is located at
about x=D 	 3:3. For this higher value of k, the streamwise extent of
the finer region of the computational grid is large enough to capture
also the second pairing, leading to a system consisting of a single heli-
cal vortex. This is illustrated in the sequence of Fig. 10, where the two
remaining vortices join into a single vortex at about x=D 	 2:9. As
shown in Fig. 6(b), this vortex is still stable and coherent at the outlet
boundary of the high-resolution region of the computational grid.

For k ¼ 6:45, the first and second coupling events move further
upstream, at the streamwise locations x=D 	 0:8 and x=D 	 1:3,
respectively. They are illustrated in the visualizations of Figs. 11 and
12. These events lead to a wake system consisting of a single helical
vortex, indicated as aþ b þ c in Fig. 12. For this case of k, the strem-
wise extent of the fine region of the domain is large enough to capture
also phenomena of auto-inductance of the single vortex aþ b þ c,
leading eventually to its instability and breakup. An auto-inductance
event is shown at x=D 	 3:2 in Fig. 13, where consecutive spirals of

the same helical vortex interact with each other, promoting meander-
ing and accelerating the process of instability.

Figures 14 and 15 show that the first and the second pairing
events for k ¼ 8:00 are very close to each other: they locate about at
the streamwise coordinates x=D 	 0:6 and x=D 	 0:7, respectively.
Also, the auto-inductance phenomena, affecting the vortex originating
from the merging process of the original tip vortices, occur earlier,
compared to that observed in Fig. 13 for k ¼ 6:45. At k ¼ 8:00, auto-
inductance events begin at x=D 	 1:9, as illustrated in Fig. 16. These
trends are confirmed at the highest value of k: coupling phenomena
move closer to the plane of the rotor and become also much closer to
each other as the tip speed ratio grows. At k ¼ 10:0 these phenomena
occur in the range of streamwise coordinates 0:3 < x=D < 0:5, as
illustrated in Figs. 17 and 18. Further downstream, the first auto-
inductance events are observed at x=D 	 1:2, as shown in Fig. 19.

Table V summarizes the streamwise locations of the pairing and
auto-inductance events discussed in this section across values of tip
speed ratio.

D. Velocity spectra

Probes were placed at the radial coordinate r=D ¼ 0:55 from the
rotor axis in its wake. Figure 20 shows the power spectral density, PSD,

FIG. 12. Instantaneous realizations of the solution for k ¼ 6:45. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the second pairing event
between tip vortices.

FIG. 13. Instantaneous realizations of the solution for k ¼ 6:45. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating an auto-inductance event
between spirals of the single helical vortex originated more upstream from the three
vortices shed by the rotor.
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of the time history (in a stationary reference frame) of the azimuthal
velocity at five streamwise coordinates. Although all probes were
placed at the same azimuthal location, this choice does not affect the
following results, due to the symmetry of the flow problem. On the
horizontal axes, frequencies are scaled using the frequency of the blade
passage, fb. Figure 20(a) deals with the lowest value of k. This panel dis-
plays a strong, leading peak at the frequency f¼ fb up to x=D ¼ 2:0,
due to the passage of the tip vortices shed by the rotor. The maxima at
the higher harmonics of fb are also well distinguishable. Meanwhile, an
evident shift of the energy toward lower frequencies is already occur-
ring between x=D ¼ 0:5 and x=D ¼ 2:0, reinforcing the maxima first
at the frequency f ¼ 2=3fb and then at the frequency f ¼ 1=3fb, indi-
cating that the process of pairing between tip vortices is affecting the
distribution of the power spectral density. At x=D ¼ 3:0, this shift
becomes more obvious: the peak at the blade frequency declines
sharply, becoming similar to the maxima corresponding to f ¼ 1=3fb
and f ¼ 2=3fb. This trend is confirmed further downstream, at
x=D ¼ 4:0, where the peak at f ¼ 2=3fb becomes smaller, while that
at f ¼ 1=3fb gets even stronger, demonstrating again the transition
from a wake system dominated by the blade frequency to one domi-
nated by the shaft frequency, as the coupling between tip vortices
results in the onset of a single helical structure. Figure 20(b) deals with
the case k ¼ 5:00. All phenomena discussed above develop at a faster

rate. The blade frequency is the leading one at both x=D ¼ 0:5 and
x=D ¼ 1:0, but already at x=D ¼ 2:0 the strongest maxima locate at
f ¼ 1=3fb and f ¼ 2=3fb. In the panels of Figs. 20(c) and 20(d), this
change is already distinguishable at x=D ¼ 1:0 and x=D ¼ 0:5, respec-
tively. Eventually, at the highest tip speed ratio, corresponding to
Fig. 20(e), the coupling process is so fast that at x=D ¼ 0:5 the peak at
the shaft frequency is already orders of magnitude stronger than that
at the blade frequency, in line with the visualizations reported above
on the influence of k on the streamwise location of the mutual and
auto-inductance events.

E. Development of turbulent stresses

The breakdown of the tip vortices results in increasing levels of
turbulent stresses. They are growing functions of both the streamwise
coordinate and k. This is shown in the phase-averaged contours of
Figs. 21 and 22, where the turbulent kinetic energy and the shear stress
associated with the resolved fluctuations of the radial and streamwise
velocity components are reported. As the instability of the tip vortices
develops, both Figs. 21 and 22 show their phase-averaged signature as
local maxima/minima of turbulent stresses at the outer boundary of
the wake. When their breakup occurs, the signature of the tip vortices
is replaced by a wide area of high turbulent stresses, expanding radially

FIG. 14. Instantaneous realizations of the solution for k ¼ 8:00. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the first pairing event
between tip vortices.

FIG. 15. Instantaneous realizations of the solution for k ¼ 8:00. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the second pairing event
between tip vortices.
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toward the wake core for increasing values of k. In agreement with our
earlier discussion, this area shifts upstream at higher values of k. In
addition, it becomes wider across both streamwise and radial direc-
tions, indicating the growing importance of turbulent mixing for
increasing values of k. The present results highlight that, although
higher values of k produce larger levels of momentum deficit just
downstream of the rotor, they trigger a more intense turbulent mixing
and in turn a faster wake recovery. These trends are illustrated more
quantitatively in Fig. 23. They represent data from the field of turbu-
lent kinetic energy k, shown in Fig. 24. In Fig. 23, the values of turbu-
lent kinetic energy were averaged over cross sections ranging from the
wake axis up to the radial coordinate R
, where the time-averaged
streamwise velocity is equivalent to 0:95U1, which is arbitrarily taken
as the outer boundary of the wake. It is shown that the peak intensity
of the turbulent stresses grows more than linearly as a function of k,
besides moving to upstream coordinates.

F. Speed of wake recovery

The results in Fig. 25 show the streamwise evolution of the time-
averaged axial velocity downstream of the rotor, whose wake flow is

illustrated by means of time-averaged contours in Fig. 26. At each
streamwise coordinate, the streamwise velocity was averaged in space
assuming again the wake boundary at the radial location where
ux ¼ 0:95U1. As expected, the largest momentum deficit just down-
stream of the turbine is achieved at the highest value of k. However, in
that case the recovery of the wake starts more upstream and is faster.
In Fig. 27, dealing with the streamwise evolution of the radial location
of the wake boundary, R
 ¼ rðux ¼ 0:95U1Þ, although the wake
width is initially a growing function of k, the case of its highest value is
the only one showing wake contraction at downstream coordinates
within the available extent of the computational domain, confirming
the faster development of the process of wake recovery.

These results are consistent with the discussion reported by
Lignarolo et al.,16,17 Posa and Broglia,13 and Posa et al.15 As long as the
tip vortices at the boundary of the wake keep coherent, they act as a
“shield” to the penetration of momentum from the free-stream into
the wake core. Since at higher values of k their instability is faster, as
illustrated in Sec. IVB, also the process of wake recovery is accelerated,
despite the achievement of higher levels of momentum deficit just
downstream of the rotor. The latter results in stronger radial gradients
of streamwise velocity, reinforcing the radial flows developing

FIG. 16. Instantaneous realizations of the solution for k ¼ 8:00. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating an auto-inductance event
between spirals of the single helical vortex originated more upstream from the three
vortices shed by the rotor.

FIG. 17. Instantaneous realizations of the solution for k ¼ 10:0. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the first pairing event
between tip vortices.
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downstream of the instability of the tip vortices. In addition, the stron-
ger intensity of the tip vortices at higher loads produces larger values
of the turbulent stresses and more intense mixing phenomena when
they undergo instability, as discussed in Sec. IVE, promoting further
the process of wake recovery at higher tip speed ratios.

G. Comparisons across terms of wake recovery

To gain more insight into the mechanism of wake recovery, in
this section the time-average of the streamwise component of the
momentum equation is considered. The streamwise flux of streamwise
momentum can be expressed as35,81–87
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where sjx is the jx element of the tensor of the modeled Reynolds
stresses. In Fig. 28, the six terms at the right hand side of Eq. (8) are
indicated as Ri, with i ¼ 1;…6, where R1 is the radial advection, R2

the radial turbulent transport, R3 the streamwise turbulent transport,

R4 the pressure gradient, R5 the viscous diffusion, and R6 the modeled
turbulent transport. Positive values of Ri are equivalent to a positive
contribution to replenishment of streamwise momentum downstream
of the rotor.

Figure 28(a) shows the most significant contribution to wake
recovery, represented by the radial advection of streamwise momen-
tum. Its streamwise evolution was averaged again over cross sections
from the wake axis up to the local radial coordinate R
. Radial advec-
tion is initially negative, due to wake expansion. This is stronger for
increasing values of k, due to the growing dynamic solidity of the

FIG. 18. Instantaneous realizations of the solution for k ¼ 10:0. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating the second pairing event
between tip vortices.

FIG. 19. Instantaneous realizations of the solution for k ¼ 10:0. Contours of azi-
muthal vorticity in the areas of Q> 15. Arrows indicating an auto-inductance event
between spirals of the single helical vortex originated more upstream from the three
vortices shed by the rotor.

TABLE V. Streamwise locations of the pairing and auto-inductance events.

k First pairing Second pairing Auto-inductance

4.00 x 	 3:3 x> 4.0 x> 4.0
5.00 x 	 1:8 x 	 2:9 x> 4.0
6.45 x 	 0:8 x 	 1:3 x 	 3:2
8.00 x 	 0:6 x 	 0:7 x 	 1:9
10.00 x 	 0:4 x 	 0:5 x 	 1:2
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turbine and the resulting larger blockage to the incoming flow. Then,
as a result of wake instability, the development of negative, inward
radial flows brings streamwise momentum into the wake core from
the outer free stream. This phenomenon occurs more upstream and
at a faster rate for higher values of k, as a result of the faster breakup
of the wake coherence. This contribution to wake recovery decays
downstream, due to the depletion of the radial gradients of stream-
wise velocity as the wake gains momentum. This process occurs at a
faster rate for increasing values of k, due to the faster recovery. For
instance, at the most downstream coordinates in Fig. 28(a), the values
of R1 for k¼ 10 become lower than those for k¼ 8 and k ¼ 6:45, for
which the process of recovery is still at an earlier stage. The turbulent
transport terms in Figs. 28(b) and 28(c) were found less significant in
comparison with radial advection. In contrast, the pressure gradient
term is important across the near wake, giving a negative contribution
to wake recovery, but declining within a short distance downstream,
as shown in Fig. 28(d). Interestingly, this term was weakly affected by
the value of k, in comparison with the term of radial advection. As
expected, viscous diffusion in Fig. 28(e) is practically negligible.
Meanwhile, the modeled turbulent transport in Fig. 28(f) grows at
downstream coordinates, due to grid coarsening away from the rotor.
It shows a dependence on k which is similar to that observed for R1,
achieving higher values at more upstream coordinates for increasing
tip speed ratios. Overall, the results in Fig. 28 point out that most

FIG. 20. Power spectral density (PSD) of the time history of the azimuthal velocity
at probes placed at the radial coordinate r=D ¼ 0:55: (a) k ¼ 4:00, (b) k ¼ 5:00,
(c) k ¼ 6:45, (d) k ¼ 8:00, and (e) k ¼ 10:0.

FIG. 21. Contours of phase-averaged turbulent kinetic energy on a meridian
plane through the axis of the turbine: (a) k ¼ 4:00, (b) k ¼ 5:00, (c) k ¼ 6:45,
(d) k ¼ 8:00, and (e) k ¼ 10:0.
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recovery, as well as its strong dependence on k, comes from radial
advection of streamwise momentum: the breakup of the tip vortices
allows the development of inward radial flows transporting momen-
tum from the free stream into the wake core. These phenomena are
accelerated by higher values of k.

V. CONCLUSIONS

The wake shed by the rotor of an axial-flow, hydrokinetic turbine
was reproduced by detached eddy simulation, using an overlapping-
grids technique. This strategy gave us flexibility in clustering grid
points in the areas of large gradients only, allowing us to accurately

resolve the dynamics of the tip vortices and their breakdown. The
dependence of the wake recovery process on the tip speed ratio was
analyzed, through its correlation with the phenomena of mutual
inductance, coupling and eventual instability of the tip vortices shed by
the rotor. Although earlier studies are available in the literature on
eddy-resolving computations of axial-flow rotors, their analysis of the
influence of the tip speed ratio is usually limited to the global parame-
ters of performance or a narrow range of values of the rotational speed,
without focusing on the process of wake recovery. In contrast, in this
work, detached eddy simulation is exploited to gain insight on the
wake features, the individual phenomena of pairing between the tip

FIG. 22. Contours of the phase-averaged turbulent shear stress hu0xu0r i on a meri-
dian plane through the axis of the turbine: (a) k ¼ 4:00, (b) k ¼ 5:00,
(c) k ¼ 6:45, (d) k ¼ 8:00, and (e) k ¼ 10:0.

FIG. 23. Streamwise evolution of the turbulent kinetic energy. At each streamwise
coordinate, average over cross sections ranging from the wake axis up to the radial
location where ux ¼ 0:95U1.

FIG. 24. Contours of turbulent kinetic energy on a meridian plane through the axis
of the turbine: (a) k ¼ 4:00, (b) k ¼ 5:00, (c) k ¼ 6:45, (d) k ¼ 8:00, and
(e) k ¼ 10:0.

FIG. 25. Streamwise evolution of the time-averaged streamwise velocity. At each
streamwise coordinate, average over cross sections ranging from the wake axis up
to the radial location where ux ¼ 0:95U1.
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vortices shed by the rotor and the mechanism of wake recovery down-
stream of their instability, across a wide range of values of tip speed
ratio.

We found that, although higher values of tip speed ratio pro-
duced higher levels of momentum deficit just downstream of the rotor,
its process of wake recovery was also faster. At higher rotational speeds
the pitch of the tip vortices is smaller, resulting in a shorter distance
between them, promoting mutual inductance phenomena. The present
high-fidelity computations allowed us to isolate carefully each of these
phenomena of mutual inductance, leading to paring events between
tip vortices and their eventual instability and breakdown into
turbulence.

In their studies, Lignarolo et al.16,17 pointed out that the tip vorti-
ces were incorrectly considered by the past literature as a source of tur-
bulent mixing and resulting wake recovery. They found instead a
strong correlation between wake recovery and the instability process of
the tip vortices populating the outer boundary of the wake, since the
latter triggers the penetration of higher-momentum fluid into the
wake core from the free stream. Our results, spanning a number of val-
ues of tip speed ratio, are helpful to explain the source of the past,
incorrect interpretation of the role of the tip vortices in the process of
wake recovery, brought into question in the works by Lignarolo
et al.16,17 Stronger tip vortices at higher loads do not result per se in a
more intense turbulent mixing, but they experience a faster instability,
accelerating the process of wake recovery. The analysis we reported on
the momentum balance equation showed that this process is mainly
driven by radial advection, associated with the radial flows produced
downstream of the breakup of the tip vortices from the gradient of
streamwise velocity between the wake flow and the free stream.
Therefore, the onset of intense radial advection phenomena occurs at
more upstream coordinates for increasing values of k, due to the faster
instability of the helical tip vortices.

The implications of these results are important and not obvious:
higher rotational speeds promote a faster wake recovery. Wind and
hydrokinetic turbines are usually required to work in the wake of
upstream turbines in configurations of multiple devices. Therefore,
mutual interaction between them is an important limitation to their
performance, since downstream turbines ingest the decelerated flow
coming from the upstream ones. In addition, large flow structures, as
the tip vortices, as long as they keep coherent, are detrimental to the
structural stresses and fatigue experienced by downstream devices.
Therefore, the relative distance between rows in a farm should be tuned
to the expected, design tip speed ratio of operation of the turbines:
higher rotational speeds allow for shorter distances between turbines,
despite the larger levels of momentum deficit just downstream of them,
thanks to their faster wake instability and recovery. These results are
also in line with the outcomes of earlier studies, which demonstrate
that the wake development of turbines in conditions of higher free-
stream turbulence is faster.8,88–90 This is explained by the faster instabil-
ity of the tip vortices, accelerated by the free-stream turbulence.

The present study also pointed out that the process of instability
of the tip vortices is characterized first by mutual inductance between
them, leading to their pairing and the generation of a single helical vor-
tex. Then, phenomena of auto-inductance between the spirals of this
single vortex trigger instability and eventual breakup into smaller
scales, promoting turbulent mixing and wake recovery. These findings
indicate that also theoretical analyses focusing on the process of insta-
bility of isolated helical vortices72,78–80 are relevant to the dynamics of
the wake of actual axial-flow turbines. Although they shed multiple tip
vortices (typically three, as in the present case), the later stage of the
instability process involves also phenomena of auto-inductance of a
single, larger helical vortex.

We should acknowledge that in the present work, a simplified
geometry was considered, which is the rotor only of an axial-flow
hydrokinetic turbine. In our future studies, we plan to include the
effect of the supporting tower of the turbine as well as that of the free-
surface. The comparison with the results of this study will help us in
isolating those effects on the phenomena of instability of the tip vorti-
ces and the resulting process of wake recovery.

FIG. 26. Contours of time-averaged streamwise velocity on a meridian plane
through the axis of the turbine: (a) k ¼ 4:00, (b) k ¼ 5:00, (c) k ¼ 6:45,
(d) k ¼ 8:00, and (e) k ¼ 10:0.

FIG. 27. Streamwise evolution of the radial coordinate, R
, where ux ¼ 0:95U1,
assumed as the wake boundary.
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