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Abstract
This study aims to investigate the aerodynamic and aeroacoustic performance of a counter-rotating wind turbine (CRWT) 
to define the effect of rotational wind speed of the front rotor on the sound pressure level of CRWT, using CFD simula-
tion. For this purpose, NREL Phase VI wind turbine was considered as the single rotor, and validation of aerodynamic and 
aeroacoustic simulation has been carried out for the solver. Then, 3D simulation has been applied on single rotor and 
counter-rotating wind turbines to scrutinize the acoustic level of CRWT by changing the rotational speed of the front 
rotor. The unsteady flow simulation was carried out with the realizable k–ε Reynolds-averaged Navier–Stokes turbulence 
model, and the calculated flow field data were utilized using Ffowcs Williams–Hawkings model for predicting the acoustic 
level at receiver location, defined based on the IEC61400-11 standard. The results show that increasing the rotational 
wind speed of the upstream rotor leads to augmenting the noise emitted from CRWT. On the other hand, for tip speed 
ratios (TSR) ranging from 6 to 12, with increasing the front rotor RPM, the power coefficient of CRWT enhances, while 
for the TSR more than 12, an inverse behavior has been observed and power coefficient declines along with increasing 
front rotor’s speed of revolution.

Keywords Counter-rotating wind turbine (CRWT) · CFD modeling · Aerodynamics · Aeroacoustics · Ffows Williams–
Hawkings method · Noise analysis

List of symbols
A  Blade swept area  (m2)
c0  Speed of sound (m/s)
CRWT   Counter-rotating wind turbine
f  Function defining location of control surface
FW–H  Ffowcs Williams–Hawkings model
H  Heaviside function
L  Blade span (m)
li  Local force vector components exerted by the 

surface on fluid (N)
n  Number of the blades
ni  Normal unit vector
p  Surface pressure (static) (Pa)
Pin  Power in wind flow
Pout  Mechanical power extracted from the wind

pij  Compressive stress tensor (Pa)
RANS  Reynolds-averaged Navier–Stokes
ri  Component of unit vector in radiation direction
rj  Radiation vector between observer and source 

at emission time (m)
S  Surface area  (m2)
t  Observer time (s)
Tij  Lighthill stress tensor (Pa)
TSR  Tip speed ratio
ui  Velocity (m/s)
V0  Free stream velocity (m/s)
vi  Control surface velocity (m/s)
xi  Observer location (m)
yi  Source location (m)
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Greek symbols
�  Air density in
�  Angular velocity
�  Dynamic viscosity

1 Introduction

In recent decades wind energy, which is a renewable 
energy source, has been considered as an appropriate 
alternative for fossil fuels in the energy market worldwide. 
The development of the wind energy industry helps to 
decrease the dependency on fossil fuel. As a result, many 
researchers have studied different aspects of wind tur-
bines numerically and experimentally [1–3]. Since wind 
energy sources, as well as suitable sites (both onshore and 
offshore locations) for installing wind turbines, are limited, 
wind turbines with higher efficiency are needed. Conse-
quently, quite a bit of research has been carried out to find 
solutions to gain more energy from available wind sources. 
HAWT systems that are much more widely used have a 
rotor as well as an electrical generator installed at the top 
of a tower. The maximum efficiency of such a wind turbine 
is 59% based on the Betz limit, while according to Newman 
[4], by adding an additional rotor with the same swept 
area, this limit will be increased to 64%. Counter-rotating 
wind turbines have been introduced to increase the effi-
ciency of wind turbines, reducing the wake losses. This is 
the reason for many recent studies on CRWTs, which are 
proposed as an effective solution to absorb more energy 
from wind. The main concept behind CRWTs is harnessing 
the residual energy in the wake of the first rotor by the 
additional rotor, which is installed in the downstream of 
the front rotor. CRWTs with two rotors having the same or 
different diameters have been considered as an effective 
solution to get more energy form the same wind source 
and have become a favorite topic for analysis.

NREL Phase VI wind turbine, which is selected as the 
base model of this study, was tested experimentally by 
NREL in NASA wind tunnel. NREL published the test out-
puts as well as wind turbine design information [5]. This 
information has been utilized by many researchers for 
verifying their codes. The performance of this turbine has 
been studied numerically in quite a bit of research, aiming 
to have an accurate prediction of nearfield flow. Park et al. 
[6] carried out a CFD simulation on different sizes of NREL 
Phase VI wind turbine to investigate the performance of 
various sizes and study scale effect, using FLUENT soft-
ware. They have found out that the results obtained by 
the realizable k–� turbulence model have the best agree-
ment with experimental as well as blind test data. In this 
research, they presented a new method for the correction 
of wind turbine scale effects. To validate their correction 

method, they also tested 12% NREL Phase VI scale model 
in the wind tunnel, and the results showed a great correla-
tion with the data obtained by CFD simulation. Jang and 
Joung [7] investigated the aerodynamic performance of 
NREL Phase VI wind turbine through performing 3D simu-
lation. In this research, validation of torque produced by 
NREL Phase VI wind turbine was performed considering 
the results from [5–7]. Different studies have been carried 
out to predict the effect of having an auxiliary rotor on 
the performance of wind turbines. A preliminary version 
of CRWT with 6 Kw capacity was fabricated and tested in 
2003 in the USA, and the results show up to 40% more 
power comparing to the SRWT case. This work revealed 
that CRWT systems have better performance at low rotor 
velocities (16–20 RPM) that shows these CR wind turbines 
can be used in utility-scale wind turbines rotating at these 
rotational speeds [8]. Jung et al. [9] investigated a 30 kW 
CRWT performance, which had a generator with a differen-
tial planetary system. The experimental data of the scaled 
model rotor was used for predicting the wake behavior 
of the secondary rotor located upwind of the first rotor. 
The Blade Element Momentum theory, combined with 
Experimental Wake Model, was used in order to define 
the optimized rotor’s sizes and their axial distance. The 
performance of CRWT was compared with SRWT, and 
21% power increase was observed in the rated power. Lee 
et al. [10] studied the performance of CRWT and SRWT, 
applying the free wake vortex lattice method and com-
pared the obtained results. To have a fair comparison, he 
compared the performance of the CRWT with that of an 
SRWT model with the same solidity as well as an SRWT 
with half solidity. The outputs showed that maximum  CP 
of CRWT is 30% more than that of SRWT with half solid-
ity, but 5% less than SRWT with the same solidity. Habash 
et al. [11] carried out wind tunnel tests on a scaled model 
of CRWT under different operational conditions and differ-
ent Reynolds numbers to investigate the effect of counter-
rotating wind turbine configuration on its performance. 
The results show that in the same condition, CRWT could 
produce 20–40% more power in comparison to SRWT. The 
results also show that CRWT may produce up to 60% more 
power compared to SRWT. Moreover, the main problem 
of wind turbines, which is the performance in low-wind, 
by using CRWT would be solved since it can decrease the 
cut-in wind speed at the same time keeping the perfor-
mance. Ozbay et al. [12] studied experimentally the wake 
specification as well as performance of dual-rotor wind 
turbines in two different positioning, counter-rotating (CR) 
and co-rotating (CO), with a fixed distance of 0.25 diam-
eter between front and rear rotors, and compared the 
performance of these models with single-rotor wind tur-
bine (SRWT). The specification of flow around the wind 
turbines was quantified using a particle image velocimetry 
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(PIV) system. They found out that under the same circum-
stances, COWT produces 48% and CRWT 60% more power 
than conventional SRWT, since in CRWT configuration, 
the swirling velocity in the wake flow of the front rotor 
has the same direction as the rear rotor, and this velocity 
apply an additional torque on the rear rotor. This means 
that the downwind rotor will absorb more kinetic energy. 
This is revealed in free-run PIV measurement results since 
the velocity deficits are higher in the wake flow of the 
CRWT. Investigating static and dynamic loads acting on 
SRWT and DRWT shows that forces in DRWT are much 
higher than that of acting on SRWT, which increases the 
production and maintenance cost of these models. Wang 
et al. [13] evaluated experimentally the performance of 
a dual-rotor wind turbine using a PIV system, in two dif-
ferent conditions, isolated condition and wind farm sce-
nario. They observed that in DRWTs, aerodynamic losses 
in the root region of the blade decrease, which leads to 
more power production in an isolated condition, and the 
efficiency increases in the wind farm scenario resulting 
from augmenting the turbulent mixing in the wake area 
of DRWT. Koehuan et al. [14] studied the performance of 
CRWT through CFD simulation considering non-dimen-
sional parameters, which are diameter ratios, the axial 
distance between two rotors and power coefficient, and 
compared the performance in different configurations 
for a variety of tip speed ratios (TSR). They found out that 
when the diameter ratio D1/D2 = 1 at relative TSR = 9.6, the 
max of power coefficient equal to 0.5219, which is 16.49% 
greater than that of SRWT, can be achieved. The maximum 
total  CP is observed in the ratio D1/D2 = 1. Following the 
increase of axial distance,  CP of the front rotor gets larger 
and becomes closer to the power coefficient of the single 
rotor, while this has a negative impact on rear rotor per-
formance. Hwang et al. [15] applied BEM (blade element 
momentum) theory in order to optimize a Counter Rotat-
ing wind turbine using this assumption that the rear blade 
is located in the fully developed region of the front rotor. 
Considering rotational speeds, radius ratios, and pitch 
angles of two rotors as design parameters and applying 
torque balance, power and trust coefficients were evalu-
ated. By applying BEM theory on the front rotor, power 
and trust coefficients were defined. The data which was 
defined at this step was considered as input data for the 
rear rotor. It must be mentioned that the study is carried 
out considering a constant distance of 0.33 D between the 
front and rear rotor, and since they couldn’t confirm that 
the flow in this distance is fully developed, the flow model 
for BEM theory was corrected by Vortex Lattice Method. 
Based on the optimization results, which were obtained 
using a genetic algorithm, they found out that for higher 
efficiency, a smaller size should be considered for the front 
blade rather than the rear blade. Furthermore, in spite of 

the smaller rotor, the front rotor has a higher efficiency in 
the optimized design.

The prerequisite of the study on solutions for reduc-
ing aerodynamic noise of wind turbines, which is a lim-
iting factor for developing wind energy, especially the 
small ones which are going to install in residential areas, 
is an exact prediction of aerodynamic noise radiated 
from wind turbines. Advanced computing facilities have 
provided researchers with the opportunity of applying 
computational aeroacoustic analysis utilizing the flow 
field data, which is gained by CFD solvers. Tadamasa 
and Zangeneh [16] carried out a study on NREL phase 
VI wind turbine to calculate emitted noise according 
to FW–H equations. They defined the flow parameters 
required for acoustic prediction using Reynolds aver-
aged Navier–Stokes (RANS). Using FW–H codes, they 
studied the contributions of different types of noise. 
Mo et al. [17] studied the acoustic specification of NREL 
Phase VI wind turbine using Fluent software. They cal-
culated the flow field data around the wind turbine by 
the LES turbulence model and predicted the noise gen-
erated by the Ffows Williams–Hawkings method. They 
observed that tip vortices produced from a rotating wind 
turbine create aerodynamic noise. Obtained results were 
in a satisfactory agreement with previous studies. Maizi 
et al. [18] carried out a numerical simulation on 12% 
scaled model of NREL Phase VI wind turbine, aiming to 
reduce the noise generated by the wind turbine with-
out considerable influence on the power performance. 
They considered three different blade shapes; standard 
blade, reference tip blade, and sharp tip blade, and per-
formed aeroacoustic analysis. They found out that the 
shark tip blade is the most efficient configuration with 
7% reduction in noise and only 3% reduction in power 
compared with the standard blade. Giridhar et al. [19] 
predicted noise radiated from NREL Phase VI wind tur-
bine by performing 3D computational simulation under 
different wind velocities. SST k–ω RANS turbulence has 
been used in a steady analysis to calculate flow field 
data. Flow field data were utilized to estimate acoustic 
power distribution on the blade surface through the 
Curle Broadband Noise Source model. Also, the sound 
level at the location of the receiver was defined by apply-
ing Improved Delayed Detached Eddy Simulation and 
Ffowcs Williams–Hawkings model. Zhu et al. [20] car-
ried out a comprehensive review, including a variety of 
noise generation and propagation models developed for 
wind turbines in the technical university of Denmark. 
These various models were presented and analyzed with 
attention to numerical modeling. Also, the state-of-the-
art models for noise prediction under complex inflow 
conditions have been presented. These models have 
also been explained according to their computational 
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cost requirements as well as applications. Ghasemian 
et  al. [21] applied Improved Delayed Detached Eddy 
turbulence model for simulating the flow around NREL 
phase VI wind turbine and Ffowcs William and Hawkings 
(FW–H) acoustic analogy to estimate the emitted noise 
at different wind speeds, as well as different distances 
in the range from 20 to 140 m. The influence of chang-
ing the distance of receiver and wind velocity on Overall 
Sound Pressure Level (OASPL) has been studied by com-
parison of the outputs.

Despite many studies that investigated different 
aspects of CRWTs, very little attention has been paid to 
noise generated by these turbines. The emitted noise 
is one of the most critical issues associated with wind 
turbine technology since these wind generators are 
installed in or near residential areas, and when acoustic 
levels are higher than what is allowed in regulations and 

standards, it could annoy people. Predicting noise radi-
ated from CRWTs can lead to finding solutions to reduce 
the emitted noise and help to develop these interest-
ing novel wind turbines. Therefore, this article study not 
only the power performance of these turbines but also 
the generated aerodynamic noise by these turbines. The 
influence of rotational speeds changes of the front rotor 
on the total noise generated by a three-bladed CRWT 
has been investigated in the current study.

2  Governing equations

2.1  Turbulence model

The ensemble-averaged continuity and momentum 
equations for turbulent flow are represented as follows:

(1)
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+
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A variety of parameters such as the purpose of the 
study, the physical condition of the problem, the desired 
accuracy, the available computer performance, the 
model which was used by previous research for the same 
problem must be considered before selecting a turbu-
lence model.

In the present study, the realizable k–� turbulence 
model is used, which was also mentioned by [6] to pro-
vide results exhibiting a quite good agreement with the 
experimental data in a similar problem.

2.1.1  Transport equations for the realizable k–ε model

The realizable k–� model, which was applied in this study, 
has been suggested by Shih et al. [22]. In this model, trans-
port equations for turbulent kinetic energy k and dissipa-
tion rate � are as follows:

where Gk is the production of turbulence kinetic energy 
due to average velocity gradients, Gb represents turbu-
lence kinetic energy due to buoyancy, YM is the contri-
bution due to compressibility, Sk and S� are source terms 
which are defined by the user, C1 , η and S are constants 
which can be determined by the following equations:

The eddy viscosity is calculated as follows:

For the Realizable k–� turbulence model, the constant 
terms take the values.
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2.2  Acoustic analogy

The first equation of aerodynamic noise based on the anal-
ogy of sound radiated by fluctuating monopole, dipole, or 
quadrupole aeroacoustic sources was proposed by Lighthill 
[23]. Then it was developed by Curle [24] by including the 
influence of static boundaries. Ffocs Williams–Hawkings [25] 
have presented a method to predict the noise emitted from 
objects in motion by considering the influence of the mov-
ing solid body in Lighthill’s acoustic analogy. The influence 
of flow was studied carefully by Ffowcs Williams et al. [26].

FW–H (Ffowcs Williams–Hawkings) analogy has been 
applied in this research to predict the noise emitted from 
the turbine in both SRWT and CRWT cases. Time histories 
of generated sound pressure at a specified receiver loca-
tion can be calculated in ANSYS-FLUENT. Time-accurate 
parameters such as velocity, pressure, and density on the 
control surface, which are required for acoustic analysis, 
were computed using URANS equations. Various acoustic 
sources, as well as different receivers, can be selected and 
analyzed using the FW–H acoustics model in FLUENT [27].

2.2.1  Ffowcs Williams–Hawkings equations

The Ffowcs Williams-Hawkings (FW–H) equation, an inho-
mogeneous wave equation obtained by rearranging con-
tinuity as well as Navier–Stokes (N–S) formulations, is used 
to define the acoustic level at a defined receiver which is 
located in a certain point placed downstream of the acous-
tic source. The nearfield flow data required for calculating 
the acoustic pressure are obtained from CFD analysis. The 
FW–H formulation is written as follows:

Where c0 is the speed of sound in far-field, and Tij is the 
Lighthill stress tensor:

(9)1

c2
0

�2p�

�t2
− ∇2p� =

�2

�xi�xj

{

TijH(f )
}

−
�

�xi

{[

Pijnj + �ui
(

un − vn
)]

�(f )
}

+
�

�t

{[

�0vn + �
(

un − vn
)]

�(f )
}

(10)Tij = �uiuj + pij − c2
0

(

� − �0
)

�ij

ui and vi are fluid and surface components in the xi 
direction, and un and vn are the fluid velocity and control 
surface velocity in the direction normal to control surface. 
H(f ) Heaviside function and �(f ) is the Dirac delta function. 
In the above equation, the value in f is defined by subscript 
0. The primed value denotes the difference between the 
value in the undisturbed medium and in the real state. p′ 
is defined as: p′ = c2

0

(
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.
pij is compressive stress tensor which can be written as:

In order to facilitate the use of generalized function 
theory and Green function to achieve the solution, a 
mathematical surface that introduces a discontinuity in 
the unbounded fluid domain was represented. The motion 
and shape of this control surface which represents the 
source surface (blade and shaft), is determined by f

(

x⃗.t
)

.
with f < 0 for the interior region and f > 0 for the exterior 
region.

Using the free-space Green function at the location 
of the receiver of a far-field, the solution of Eq.  (12) is 
obtained:

where

r is the distance of the observer from the noise source, � 
is the time when noise is emitted from the source, and t is 
the time when the observer receives noise [28].

The total acoustic pressure of the retarded-time formu-
lation of FW–H equation can be defined as follows:
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Where:

3  Physical model

3.1  Single rotor wind turbine and counter‑rotating 
wind turbine geometry

The wind turbine selected for this study is NREL Phase VI 
since there are enough data about its aerodynamic and 
acoustic performance. NREL Phase VI with airfoil S809 is a 
wind turbine operating with a stall-regulated method and 
has 10.058 m diameter and 19.8 kW rated power. It rotates 
with a constant 72 rpm rotational speed and has a hub 
height of 12 m. After validation of CFD analysis through 
comparison with results from previous studies, the numer-
ical study has been performed for the three-blade configu-
ration of NREL Phase VI, since this configuration has been 
proved to be the most efficient design.

The information on CRWT based on NREL Phase VI wind 
turbine is specified in Table 1. The front rotor, located 
upstream, is 50% scaled. The distance ratio is 0.5 d, d is 
the front rotor’s diameter.

3.2  Boundary conditions and meshing

The domain used for the computational study is a cylin-
der consists of two rotating regions which present front 
and rear rotors and a stationary surrounding region. The 
domain diameter is 10 times, and the domain height is 16 
times larger than the diameter of the rear rotor.

As boundary conditions, inlet velocity is defined in the 
inlet section and pressure outlet on the outlet section 

(16)Ui =

(

1 −
�

�0

)

vi +
�ui

�0

(17)Li = Pijnj + �ui
(

un − vn
)

where the flow leaves. Blade and hub surfaces are set as 
no-slip wall boundary condition, and the sides are sym-
metry boundaries. The simulation is carried out on 1/3 of 
the domain considering 120° periodic boundary condition 
to decrease computational cost and time. The geometry 
of the counter-rotating wind turbine, as well as applied 
boundary conditions, are illustrated in Fig. 1.

The created mesh, which was used for domain discre-
tization, is an unstructured mesh containing 7,829,504 tet-
rahedral cells, as shown in Fig. 2. For the purpose of accu-
rate simulation of flow, very fine mesh size was applied 
near the leading and trailing edges of the front and rear 
blades. Aiming to obtain the appropriate y+ value for the 
realizable k–� turbulence model, unstructured meshes 
with inflation layers on walls were utilized by employing 
first layer thickness as also recommended by [1]. The maxi-
mum amounts of y+ on surfaces of front and rear blades 
have been reported in Table 2.

The quality of mesh was checked considering maximum 
skewness and maximum orthogonal quality, which are 
0.89,608 and 0.95,168, respectively.

Table 1  Specification of CRWT 

Specifications Front rotor Rear rotor

Number of blades 3 3
Rotor diameter 5.029 m 10.058 m
Distance between rotors 2.015 m
Rotor position Upwind Downwind
Rotation direction Clockwise Counterclockwise

Fig. 1  Configuration of counter-rotating wind turbine
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3.3  Computational simulation

The numerical simulation has been carried out using 
available CFD solver, ANSYS Fluent 19.2. Setting up the 
CFD  Simulation is detailed in Table 3. A steady-state 
simulation has been carried out first to facilitate conver-
gence. This solution has been taken as the initial field for 

the subsequent unsteady calculations. In the unsteady 
simulations, a second-order implicit scheme is used for 
the discretization in time. Considering the frequency (f ) 

Fig. 2  Computational meshes of domain

Table 2  y+ value for front and 
rear rotors

TSR Rotor Max Y+

8 Front 18.485
Rear 60.263

12 Front 27.172
Rear 64.009

16 Front 38.191
Rear 70.625

Table 3  The information of solver setting

Item Solver setting

Type of solver Pressure-based
Viscous model K−� realizable
Near-wall treatment Standard wall function
Velocity–pressure coupling algorithm SIMPLE
Pressure Second order
Momentum Second-order Upwind
Turbulent kinetic energy Second-order Upwind
Turbulent dissipation rate Second-order Upwind
Time step 0.000,041,667 s



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:86 | https://doi.org/10.1007/s42452-019-1864-7

of 1200 Hz, the time step size (∆t) was calculated from 
∆t = 1/2f, resulting in a time step size of 0.000,041,667 s. 
In these simulations, with the chosen time-step size, the 
maximum local Courant number has remained below 1.

In Fig. 3 The details of unsteady simulation for the 
dual rotor wind turbine in the highest tip speed ratio 
is presented. According to the results, no change was 
observed after 10.2 s in the values of Cp for the time 
steps lower than 0.01  s, which approves the conver-
gence. Furthermore, in each time step considering the 
number of iterations, all residuals have been converged 
and fallen below the Convergence criteria  10−7.

4  Results of the study

4.1  Grid independence test

To be sure that CFD results are independent of the mesh 
size, a grid-independent test has been carried out. Five 
different meshes, with 2,369,843, 3,026,964, 3,863,253, 
4,729,306, and 5,473,265 elements, were studied, and 
the performance of the wind turbine at the wind speed 
of 7 m/s considering power coefficient for the cases was 
analyzed. As depicted in Fig. 4, the difference of power 
coefficient between fine and very fine grid systems is 
less than 1 percent. Based on this comparison, the mesh 
with 4,729,306 has been considered for the CFD analysis.

4.2  Validation

4.2.1  Torque and power coefficient

Low-speed shaft torque and power Coefficient and obtained 
from CFD analysis, which can be calculated according to 
Eqs. (18) and (19), were compared with the experimental 
data provided by NREL [5] as well as the data from previous 
numerical studies and illustrated in Fig. 5. According to the 
figure, the model predictions for different wind speeds are 
in good agreement with both experimental and the former 
study data [7]. The error observed at higher wind speeds 
can be explained by separation phenomena and lower 
accuracy of the turbulence model for separated flows. The 
near-wall flow is not resolved but modeled by using the so-
called “wall functions”. It is known that the wall-functions are 
not accurate in the vicinity of separation and reattachment 
points, and, consequently, cannot very accurately predict 

Fig. 3  Investigation of the unsteady simulation stability

Fig. 4  Grid independence test for NREL Phase VI wind turbine rotor

Fig. 5  Comparison between results from experimental and numeri-
cal considering torque and power coefficient
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the separation point. This principally reduces the prediction 
accuracy if separation is involved.

Low-speed shaft torque and power coefficient are given 
by:

(18)T = nCT

(

1

2
ρV2

0
AL

)

(19)CP =
Pout

Pin
=

T ⋅ ω
1

2
ρV3

0
A

4.2.2  Acoustic validation

Considering the sound pressure level at the receiver loca-
tion, which is defined by the Eq.  (20), validation of the 
applied model for aeroacoustic simulation was done.

Comparing the simulation results with the data from 
previous research, as depicted in Fig. 6 shows the appro-
priate accuracy of the current computational aeroacous-
tic analysis with the results obtained by Tadamasa and 
Zangeneh [16]. Comparison is based on sound pressure 
level at the location of the receiver defined in IEC 61400-
11 international standard, which is on-axis 17.029 m 
(rotor diameter/2 + tower height) from the rotor and at 
the bottom of the wind turbine’s tower.

4.3  Aerodynamic performance

The performance of SRWT, as well as CRWT, have been 
scrutinized through the study of  CP variation with chang-
ing TSR. For CRWT, the rotational speed of the rear rotor is 
considered constant and equal to 72 rpm, while the front 
rotor speed of rotation varies to have different amounts of 
TSR, as well as define the effect of the rotational speed of 
the front rotor on the performance of CRWT.

Tip speed ratio of CRWT can be defined as follows:

This study investigates a wide range of TSR to have a 
better evaluation of wind turbine operation. The over-
all performance of SRWT and CRWT over a range of TSR 
(2–18) is depicted in Fig. 6. Comparing power coefficients 

(20)Lp = 10 log10
(

p̂2∕p̂2
ref

)

(21)TSRCRWT =
Rrear�front

V0
+

Rrear�rear

V0

Fig. 6  Comparison between sound pressure level measured with 
simulation and Tadamasa and Zangeneh [16] at 7 m/s

Fig. 7  Comparison of  CP under 
different tip speed ratios 
between CRWT and SRWT 



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:86 | https://doi.org/10.1007/s42452-019-1864-7

against TSR based on results from numerical simulation 
reveals that in the SRWT case, the performance enhances 
as tip speed ratio increases. The maximum  CP in TSR = 6 
is 0.45, but an inverse relation between  CP and TSR is 
observed for TSR more than 6. Increasing TSR results in 
reducing the power coefficient.

Results in Fig. 7 show that adding a rotor to conven-
tional SRTW can enhance the total performance of the 
wind turbine. While the peak power coefficient for SWRT 
is 0.45 and obtained at TSR = 6, the optimum  CP for CRWT 
is 0.53, which is achieved at TSR = 12. After this tip speed 
ratio,  CP decreases along with augmenting TSR.

Fig. 8  View of pressure contours on the blades of CRWT at TSR = 8

Fig. 9  View of pressure contours on the blades of CRWT at TSR = 12
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Fig. 10  View of pressure contours on the blades of CRWT at TSR = 16

Fig. 11  Streamlines passing 
through the front and rear 
blades of CRWT at TSR = 8
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Figures 8, 9 and 10 illustrate pressure contours on front 
and rear rotors of CRWT at three tip speed ratios.

Since the rotor RPM of the rear blade is fixed, no con-
siderable increase in pressure contours observed with 
increasing tip speed ratio, while increasing TSR effectively 
influence pressure contours on the front blade. As TSR 
increase, the pressure level on surfaces of front rotors aug-
ments, due to the higher rotational velocity of the blade.

the velocity field around the front and rear rotors of 
CRWT is illustrated in Figs. 11, 12, and 13. As can be seen 
in the figures, there is a region near the hub behind the 
rotors with high velocity, which shows the poor aero-
dynamic performance of blades at the root area. It is 
because of design reasons since thick airfoils are used 
in these sections to support the blade structurally. It is 
the reason for adding a small rotor in front of the original 
blade the same as this current study to harness the wind 
energy in these sections.

As an influence of the front rotor, the pressure level 
in the near region of the rear rotor reaches its maxi-
mum value, and velocity in two directions reaches zero. 

Following this, the streamlines move forward, and the 
stagnation line is formed at the surface of the rear blade.

4.4  Aeroacoustic performance

The acoustic analysis presented in this section has been 
performed under the constant wind speed of 7 m/s for 
SRWT and CRWT. In the CRWT case, the rotational speed 
of the rear rotor kept constant, and the effect of changing 
rotor RPM of the front rotor on the noise generated by 
CRWT was investigated. The results have been obtained 
by applying the FW–H acoustic analogy, which is an inte-
gral form solution to the Lighthill equation considering an 
observer located at the point specified by IEC 61400-11 
international standard. Figure 14 shows the sound pres-
sure levels for the frequency ranging from 60–1200 Hz at 
the receiver location for SRWT and CRWT with different 
TSRs.

As illustrated in the figure, the sound pressure levels of 
CRWT are higher in comparison with SRWT. Besides, with 

Fig. 12  Streamlines passing 
through the front and rear 
blades of CRWT at TSR = 12
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increasing TSR, the noise generated from CRWT becomes 
higher.

According to Figs. 15, 16 and 17, the highest pressure 
level is observable at the tip of the rear blade. It reveals 
that the tip of the blades can be regarded as the dominant 
noise source for all TSRs. On the other hand, increasing TSR 
leads to augment overall sound pressure levels.

5  Discussion

Previously, many researchers studied the aerodynamic 
performance of CR wind turbines and found out that the 
power output enhanced considerably compared to con-
ventional (single rotor) wind turbines, and observed that 
the power output enhanced considerably compared to 
conventional (single rotor) wind turbines [9–15], but the 
aeroacoustics performance of these wind turbines have 
been not investigated, while aeroacoustic behavior of 
any wind turbine is a significant aspect which must be 
considered, mainly when the wind turbine is considered 

Fig. 13  Streamlines passing 
through the front and rear 
blades of CRWT at TSR = 16

Fig. 14  Total noise from SRWT and CRWT blade at various tip speed 
ratios
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to be installed in the places near areas people live and 
work, since the noise emission from wind turbine can have 
negative influences on their environmental quality of life. 
Considering the fact that precise prediction of aeroa-
coustic noise is the first step for the later studies on noise 

mitigation measures, besides since there is no attention to 
the aeroacoustic behavior of CR wind turbines, the focus 
of this research is both aerodynamic and aeroacoustic per-
formance of counter-rotating wind turbines.

Fig. 15  Contours of sound 
pressure level on rear and front 
blades of CRWT at TSR = 8

Fig. 16  Contours of sound 
pressure level on rear and front 
blades of CRWT at TSR = 12

Fig. 17  Contours of sound 
pressure level on rear and front 
blades of CRWT at TSR = 16
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The result of power performance in the present 
research has been compared with the former studies 
carried out on a single rotor wind turbines [5–7] and 
counter-rotating wind turbines [9–14]. The same trend 
has been observed for power enhancement in CR wind 
turbines. The results of aeroacoustic performance have 
been only compared and validated for the single rotor 
wind turbine [16–19], for the reason that the aeroacous-
tics of CR wind turbines have not been comprehensively 
studied earlier. The comparison of aeroacoustic results 
also showed high correctness of the current numerical 
work. The results of our study revealed that despite the 
efficiency of CR wind turbines is significantly greater 
than single-rotor wind turbines, the noise generated 
from these turbines is higher, too.

6  Conclusions

This work was carried out to study the effect of vary-
ing rotational velocity on the produced power as well 
as noise generated from CRWT. For this purpose, the 
three-bladed geometry of NREL Phase VI wind turbine 
has been selected as SRWT, and CRWT configuration 
was achieved by adding a 50% scaled of SRWT as a front 
rotor, which was placed upwind and upstream of the rear 
rotor. A variety of tip speed ratios has been considered 
for CRWT by changing the rotor RPM of the front blade, 
while the rotational speed of the rear rotor was constant 
and equal to 72 rpm. The power coefficient and sound 
pressure levels of CRWT under different TSR have been 
predicted utilizing URANS and FW–H acoustic analogy. 
The near- field flow has been calculated, and then, the 
data of pressure fluctuations on the blades of front and 
rear rotors have been used to calculate the generated 
noise of CRWT. The numerical simulation outputs have 
been validated using the data from former studies and 
experimental data for NREL Phase VI. All data have been 
achieved considering constant free wind velocity of 
7 m/s. The results show that adding an auxiliary rotor to 
SRWT can improve efficiency, also increasing the rota-
tional speed of the front rotor leads to higher power 
coefficient for TSR ranging from 6 to 12, but for tip speed 
ratios higher than 12, with increasing TSR, power coef-
ficient declines. Investigating the aeroacoustic perfor-
mance of CRWT revealed that generated noise increases 
along with augmenting TSR. According to the outputs, 
at the same wind speed of 7 m/s, CRWT with a TSR of 
12 can achieve a power coefficient that is higher than 
that of SRWT, but the sound pressure level is also higher 
than a single rotor wind turbine. The results of this article 
define that although CRWT has a better performance in 
comparison to SRWT, the noise generated by CRWT is 

also higher, which must be considered and controlled, 
especially in the residential areas.
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