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10 Abstract
Small wind turbines (SWTs) face significant challenges in achieving commercial viability due to lower efficiency and higher
energy costs compared to utility-scale systems and competing renewable technologies. Counter-rotating dual rotor wind
turbines (CR-DRWTs) with dual rotational armature configurations offer a potential pathway for efficiency improvements
through doubled direct drive power, minimal mechanical complexity, and reduced noise characteristics suitable for urban
15 applications. This study investigated the aerodynamic performance of a 1.6 m diameter CR-DRWT through wind tunnel
testing at the Centre Scientifique et Technique du Batiment (CSTB) in Nantes, France, at wind speeds ranging from 4 to 15
m/s. Enhanced instrumentation including RPM and pitch angle sensors provided detailed operational measurements. The
turbine achieved maximum power output of 1014 W and a peak power coefficient (CP) of 0.33, and demonstrates reliable
self-starting capability at 3.5 m/s. A Blade Element Momentum (BEM) model was adapted for dual rotational armature
20 systems and validated against experimental data, showing good overall agreement. Differential evolution optimization
algorithms identified optimal operational parameters with upstream rotor pitch angles of 9.8° and downstream angles of 0.6°,
both operating at tip-speed ratios near 6. The optimized configuration predicted a theoretical maximum CP of 0.51,
indicating substantial performance improvement potential. The study demonstrates that dual rotational armature CR-DRWT
eliminates gearbox requirements while maintaining competitive performance, offering a mechanically simpler and
25 potentially more cost-effective solution for small-scale wind energy applications, particularly in urban environments where

compactness and low noise are critical design constraints.

1 Introduction

While modern wind turbines have become the largest rotating machines on earth with further upscaling planned, renewed
interest in small wind turbines (SWTs) is fostered through local energy transition and smart grid development. SWTs have
30 traditionally lacked the aerodynamic refinement of larger turbines, resulting in lower efficiency, lower capacity factors, and
higher energy costs (Bianchini et al., 2022). Still, SWTs serve diverse applications worldwide, including power generation
for households, industrial centres, farms, and isolated communities; hybrid energy systems for remote monitoring and
telecommunications; and direct energy services like water pumping, desalination, and purification (Chagas et al., 2020).
While SWTs can outperform PV systems in annual power generation at specific locations, investments require site-specific
35 wind resource assessments, and support schemes must avoid subsidizing low-potential areas (Jurasz et al., 2025). Studies
have also shown potential for urban wind applications (Bereziartua-Gonzalez et al., 2025; Calautit and Johnstone, 2023).
Despite these opportunities, SWTs face significant economic challenges. Their energy costs typically exceed both residential
electricity prices and those of competing technologies like rooftop solar and utility-scale wind farms. These elevated costs

stem from limited development compared to large-scale systems, plus disproportionately high expenses for electrical
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40 connection, resource assessment, and installation (Simic et al., 2013). To achieve commercial viability, SWTs must either
achieve substantial cost reductions, for example through targeted policy incentives (Jurasz et al., 2025) or significantly
improve their energy capture capability (Bianchini et al., 2022).

Dual rotor wind turbine (DRWT) configurations represent one potential pathway for efficiency gains, though this approach
introduces trade-offs such as higher manufacturing costs, increased structural weight, and greater mechanical complexity.

45 DRWTs can be categorized into co-rotating systems (CO-DRWT) where both rotors rotate in the same clockwise direction
or counter-rotating (CR-DRWT) systems where one rotor rotates clockwise and the other counter clockwise. Several
mechanical configurations exist for dual-rotor wind turbines (DRWTs). Multiple experiments are performed on individual
wind turbines placed close together or a set-up with two rotors each having a separate generator. To design a complete single
DRWT system, one approach employs a bevel gear system that connects both rotors to a single generator shaft (Jung et al.,

50 2005; Schepers et al., 2024). Alternatively, a double rotational armature generator features one rotor connected to the
generator stator and the other to the generator rotor (Adema et al., 2025; Booker et al., 2010; Mitulet et al., 2015). This latter
configuration offers notable advantages including doubled direct drive power, minimal starting torque, high electrical and
mechanical efficiency, compact design, and reduced noise and vibration—characteristics that make it particularly suitable for
small-scale urban wind applications.

55 (Newman, 1986) extended the classical 1D Betz theory for single actuator discs to configurations with multiple discs
demonstrating that a dual rotor system can theoretically achieve a Power Coefficient (CP) of 8/75 = 0.64, with an induction
factor of 3/5 at the second rotor. These values exceed those of a single rotor operating at the Betz limit (CP = 0.59, induction
factor = 1/3). Through smoke visualization experiments in a wind tunnel using porous discs at varying separation distances,
Newman recommended a minimum spacing of 0.5 D (where D is the rotor diameter) between discs to minimize flow

60 curvature and non-uniformity, thereby maintaining the validity of the 1D assumptions. More recently, (Sundararaju et al.,
2017) investigated CR-DRWTs with equal-diameter rotors. They found that the maximum achievable CP reaches 0.814
when the rotors are separated by an axial distance of 2.8 D. Their work also revealed that reducing the axial spacing toward
zero causes the power coefficient to decrease progressively toward the single-rotor Betz limit.

Limited amount of field and lab scale testing on DRWTSs has been performed in the past years. A field test by (Jung et al.,

65 2005) showed a CP of approximately 0.5 for a 30 kW CR-DRWT with asymmetric rotors (5.5 m front, 11 m rear) connected
via bevel gears to a planetary gearbox, with simulations indicating optimal performance at 0.5 D spacing. Small-scale wind
tunnel experiments on DRWTs are more common and have produced varying results. (Habash et al., 2011) and (Mitulet et
al., 2015) both reported approximately 60% increases in energy production compared to single rotor configurations, testing
turbines with rotor diameters of 23 cm and 2.5 m respectively, at spacings ranging from 0.3-2.3 D and 0.4 D. The first using

70 individual generator per rotor and the latter a double rotational armature configuration. (Zhao et al., 2020) found relative
improvements in the CP of 5.3-28.9% with a 0.55 m radius turbine at optimal 0.3 D spacing and individual generators per
rotor. The CP values found were 0.34-0.41 versus 0.31-0.35 for single rotor operation at 8-14 m/s wind speed. A wind tunnel
test including Particle Image Velocimetry (PIV) measurements comparing co- and counter-rotating DRWT systems
conducted by (Ozbay et al., 2014) concluded a 60% power increase for a counter-rotating DRWT and 48% increase for a co-

75 rotating DRWT compared to a single rotor configuration. Individual turbine models with 1.27m radius at different spacings
(0.7 D - 6.5 D) were tested by (Yuan et al., 2014). It was found that counter-rotating produced 20% more power compared to
co-rotating in the near wake. Which decreased to only 4% at 5.0 D. (Wang et al., 2018) tested asymmetric rotor designs
(0.28 m front, 0.15 m rear, with 0.25 D spacing) and observed smaller gains of 7.2% for counter-rotating and 1.8% for co-
rotating configurations. At 3.5 D (Mihle et al., 2017) found a significant improvement of 2% in power production by

80 operating the upstream rotor counter rotating.

On the contrary, no power increase was found for a bevel gear CR-DRWT system with 1.6 m rotors at 0.64 D spacing by

(Schepers et al., 2024). But, more recently, (Adema et al., 2025) tested the same turbine with a double rotational armature
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design instead of bevel gears and observed a 10% CP increase, highlighting how mechanical and electrical design may
influence the observed performance of DRWT systems.

85 Modelling of DRWT systems has gained significant attention due to their potential to enhance energy capture and reduce
wake losses. Two primary approaches, Blade Element Momentum (BEM) and Computational Fluid Dynamics (CFD) offer
complementary insights into DRWT performance with the BEM method commonly used as the preferred tool (Peng et al.,
2025). Several BEM models have been developed for DRWT systems (Amoretti et al., 2023; Lee et al., 2012; Yin et al.,
2022). Experimental validation is crucial to increase the accuracy of these methods. By analysing design parameters such as

90 pitch and rotational speed it is found that the CP of a DRWT increased when both rotor shared power production not when
the upstream rotor extract maximum power (Lee et al., 2012). Both (Amoretti et al., 2023; Yin et al., 2022) developed BEM
models dedicated to DRWT systems with the first finding an increase in CP of 10.6% for a CR-DRWT with respect to single
rotor and the latter a 5% CP increase. Additionally, several studies modelled DRWT systems using CFD simulations. (Wang
et al., 2022) modelled a diverse range of DRWT systems using CFD-RANS (co- and counter-rotating rotors of varied sizes,

95 including configurations with equally but also non-equally sized rotors). Compared to single rotor systems an increase in
performance is found for all configurations. The benefit in performance from a counter-rotating system compared to a co-
rotating system is less conclusive. A net benefit of 7% CP is found by (Rosenberg et al., 2014) using RANS by modelling
the NREL 5SMW rotor in combination with a 25% size secondary rotor at 0.2 D, and a 4.6% benefit using large eddy
simulations. Another CFD simulation on the NREL SMW rotor with an additional rotor of 180kW at 0.1 D downstream of

100  the main rotor resulted in additional performance of 1.74% despite both rotors having slight efficiency decreases (Peng et al.,
2025). For equal sized rotors at 0.5 D spacing a peak CP of 0.53 is found by (Koehuan et al., 2017) using CFD simulations.
The present study will examine the performance of a CR-DRWT through wind tunnel measurements at the Centre
Scientifique et Technique du Batiment (CSTB) in Nantes, France. The wind tunnel test takes place within the framework of
the 2025 International Student Wind Turbine Competition (International Small Wind Turbine Contest (ISWTC) | Hanze

105 UAS, 2025; Schepers et al., 2024). The CR-DRWT is an improved design iteration from (Adema et al., 2025). This study
significantly extends the previous research by incorporating additional RPM and pitch sensors to deepen understanding of
the turbine. Furthermore, additional contributions include a continuation in development of a BEM model for a CR-DRWT
with double rotational armature configuration as well as implementing optimization algorithms to identify optimal tip-speed
ratio (TSR) and pitch settings. By validating this BEM model with actual wind tunnel measurements provides a foundation

110  for substantial improvements in future dual-rotor wind turbine designs.
The remainder of the paper is structured as follows: section 2.1 presents the design of the CR-DRWT after which the wind
tunnel set-up and procedure are explained in 2.2. The BEM model as well as adaptations for a double rotational armature
design are shown in section 2.3. An optimization algorithm for operational parameters are laid out in section 2.4. The results
of both the wind tunnel test, BEM model, and optimization are in section 3 after which the results are discussed in section 4.

115 Conclusions are presented in section 5.

2 Methods and Materials

This chapter describes the method and materials used in the study. The mechanical, electrical, and aerodynamic design of the
CR-DWT are presented after which the test procedure in the wind tunnel is explained. The BEM model used is explained
including proposed adaptations to model a dual rotational armature design. Finally, an optimization strategy is presented to

120  determine optimal operating conditions for future designs.
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2.1 Design of the DRWT

The mechanical, electrical, and aerodynamic design of the CR-DRWT used in this study are presented in earlier work in a
different wind tunnel (Adema et al., 2025). The mechanical and electrical design of the turbine are equal. The generator is
still an inline Windstream 1.4 kW PMDC with operating conditions: 0-120 V, maximum current 20A for 30 minutes, 10 A
125  continuous operation, and startup torque of 0.153 Nm. Some significant changes have been made to the aerodynamic design
as well as to the sensors on the turbine.
Numerous studies emphasize the importance of measuring blade pitch angles and rotor RPM during wind tunnel
measurements of wind turbines (Adema et al., 2025; Amoretti et al., 2023; Bai et al., 2023; Bontempo and Manna, 2025;
Erturk et al., 2018; Zhao et al., 2020). Thereto, additional sensors measuring RPM and pitch angles are mounted on the
130 DRWT. Rotor rpm is measured through slotted discs connected to the rotor and stator passing through two calibrated light
gage sensors. Pitch angles are set with 4 Actuonix Motion P16-R linear actuators controlled by and Arduino Mega board
with two L298B motor drivers. A Arduino-based control system is used to operate pitch and brake actuators while the
generator output is monitored in real-time through a Python based data acquisition interface.
The mounting system for the blades is changed and therefore the twist distribution at zero pitch. The new chord and twist
135  distribution are shown in Fig. 1. The blades consist of SG6043 airfoils and are fabricated with a 3d printed core laminated
with 2 carbon fibre layers. The downstream rotor is mirrored with respect to the upstream rotor. Optimal TSR for these

blades is around 5.5 calculated using QBlade. Rotor diameter for both rotors is 1.6 m leading to a 2 m? swept frontal area.
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140  Figure 1: Aerodynamic design of both rotors of the DRWT. Left: the chord distribution. Right: the twist distribution.
2.2 Wind Tunnel Set-up and Test Procedure

The DRWT is tested in the aerodynamic test section at CSTB. The section is 12 m long, 6 m wide, and has a height of 5 m.
The airflow is controlled to keep a uniform and constant velocity, taking into consideration air density variations. The
maximum free stream windspeed is 70 m/s. Turbulence intensity in the empty test section is less than 1.5% (Braud et al.,
145 2024). The blockage ratio of the 2 m? rotor is 6.7%, which is below 10% mentioned in the literature above where corrections
need to be made (Al-Obaidi and Madivaanan, 2022; Chen and Liou, 2011; Jeong et al., 2018).
The CR-DRWT is placed on steel frame connected to the floor of the wind tunnel, see Fig. 2. For mounting, testing, and
dismantling of the turbines a timeslot of 2 hours was available. Wind speeds were increased in 1 m/s increments from the
moment the turbine self started, starting at 4 m/s up to a maximum of 15 m/s. The DC generator is connected to a
150 programmable Chroma DC load. The resistance of the programmable load is increased at each wind speed until the
maximum power point is found. The resistance, voltage, current, and power production are measured for 10 seconds with 0.1
second intervals. From the 100 datapoints per wind speed, average values and standard deviations are determined. The
measured average power is then combined with the tunnel speed, air density, and the rotor surface area to determine the
power coefficient (CP) of the wind turbine.

155
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Figure 2: The DRWT in the wind tunnel at CSTB.

2.3 BEM Model for Dual Rotational Armature

The BEM model in this study is based on the work of (Amoretti et al., 2023) who developed a configurable BEM model for
160  dual rotor systems. Their model includes two distinct rotors with individual generators. This work extends this model as in a
dual rotational armature design both rotors are connected through a single generator. Their model has the following
assumptions: The flow is considered inviscid and incompressible, the system is in a stationary state, the retroaction from the
second rotor to the first one is neglected, there is no radial speed taken into account, the expansion of the flow at the rear of
the first rotor is not considered. The last assumption is made because the expansion of two adjacent concentric annular
165  sections would result in the intersection of the two respective flows and give complex flow velocity calculations (Amoretti et

al., 2023). The model is presented in condensed form in the following sections.

2.3.1 Single Rotor BEM

For this study the definition of rotor, blade, and blade elements is according to Fig 3. A rotor with radius Ry, and hub

radius Ry, rotates at angular velocity Q about the axial direction —. Each blade is discretised into N elements of length dr
ex

170  atradial position r, characterized by chord length c, twist angle 8, and the aecrodynamic profile.

e

Figure 3: BEM parameters definition. Left: global wind turbine, middle: Blade element definition, right: flow velocities and forces
seen by a blade element. Adapted from figures 2 to 4 from (Amoretti et al., 2023).

The axial and tangential forces on a blade element are then as in Eq. (1) and Eq. (2):

175 dF, = % * p* ¢ *dr x V2 * [Cp * cos(®) + Cp = sin(P)], @)
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dFy =%*p*c*dr*Vbzr * [Cy * sin(®) — Cp * cos(P)], 2)

Where p is the air density, V,,. is the relative velocity seen by the blade, C; and C, are airfoil lift and drag coefficients, and ®
is the sum of attack angle o and twist angle B. The torque produced by a blade element is described as Eq. (3) leading to a
total rotor power as in Eq. (4) in which B is the number of blades of the turbine. The power coefficient (CP) can be

180 determined as in Eq. (5) where V_ax0 is the upstream wind speed.

dM =r*dFy, 3)
R
Pturbine =B=x IRP}::)I; Q*dM > (4)
Prurbi Peurbi
C, = turbine _ turbine , 5
4 Pwina [%*P*”(Rpropz_Rhubz)*Vax,03] ( )

The axial and tangential velocities seen by the blade are modified by induction coefficients a and a' leading to the relative

185 wvelocity following Eq. (8).
Vbax = (1 - a) * Vax_O 5 (6)

Vie=(1+a)*Qxr, (7)

Vpr =+ Vbaxz + Vbtz (8)

The induction coefficients are computed iteratively via a fixed-point algorithm presented in (Amoretti et al., 2023) and for

190 each iteration the coefficient are calculated using Eq. (9) and Eq. (10). The iterative convergence criterion is set to £ = 1073,

1
Aty = T Frsin(®)2 o ©
Si[CL-cos(®)+Cprsin(®)]
’ _ 1
a (n+1) — 4=F xsin(®@)«cos(®) > (10)
s¥[Cp*sin(P)—Cp*cos(P)]

In which s is the local solidity shown in Eq. (11) and F is Prandtl's tip loss factor (Hansen, 2015) as in Eq. (12) and Eq. (13):

cxB

= 2xmsr” (1 1)
195 F= %* arccos(e™) , (12)
— B Rprop=7
f= 2 * r*sin(®) ’ 13)
For high induction factors (a > 0.2), Spera's correction is applied (Hansen, 2015) and Eq. (9) is replaced by:
Anany =5 % [2+ K+ (1 —20) — J(K(1 - 2a) + 2)” + 4(K xa? — 1) , (14)

With

*Fxsi 2
200 K =——+sin@” (15)

sx[CLxcos(P)+Cp=sin(P)] ’

2.3.2 Wake Velocity Evolution

For the second rotor the axial and tangential velocities downstream of the upstream rotor evolve with the distance after the
rotor. The velocity evolution is defined with a distance coefficient Cyi5¢qnce (x) based on propeller stages (Gur, 2019) , in

which x is the distance from the first rotor.

Caistance () = 1+ ——, (16)
x2+Rprop?

The wake velocities at distance x from the rotor are then calculated as:

Vi (%) = Ve o * (1 = Caistance (x) * @) , amn

Ve(x) = —a' * Q*r* Caisrance (%), (18)

205
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2.3.3 Dual-Rotor Configuration

210 For the second rotor at distance x = d downstream from the upstream rotor, the upstream wind velocities are now V. (d)
and V,(d) The axial velocity seen by the second rotor blade is calculated in Eq. (19). The tangential velocity depends on

rotation direction. In this case the counter-rotating configuration and thus following Eq. (20).
Vbaxz = (1 - az) * Vax(d) s (19)
Viez = (1+a'2) + (Qz 1 = Ve(d)) . (20)

215 The BEM algorithm is applied to both rotors sequentially, with the downwind rotor calculation incorporating modified
inflow conditions. All other BEM equations (forces, induction factors, corrections) remain structurally identical for the
second rotor. The model accepts geometrical parameters (blade geometry, rotor radii, number of blades), aerodynamic data
(lift/drag polars), operational parameters (rotational speeds), environmental conditions (wind speed, air density), and

configuration settings (rotor spacing, rotation direction).

220  2.3.4 Adaptation for Dual Rotational Armature Design

In order for a CR-DRWT with a dual rotational armature design to be in balance both rotor torques need to be equal (Kutt et

al., 2020; Li et al., 2021). From the BEM model the available aerodynamic torque is calculated for both rotors and the lowest

value is considered leading. The net generator RPM is the sum of the RMP of both rotors as the system is counter-rotating.

The power then follows Eq. (23) and the power coefficient of the CR-DRWT is according to Eq. (24), where P4 is
225 calculated as in Eq. (5).

Qgeneramr = QTGtDT + QSt(ltOT ) (21)

Ter-prwr = Min (Trotor, Tstator) » (22)

Per—prwr = (Qgeneramr * TCR—DRWT) , (23)
PcR-DRWT

C, == 24

p_total Puind ( )

230

2.5 Optimization of CR-DRWT BEM model

The ISWTC competition of 2025 included a Weibull distribution (A = 7.1 and k = 2.4) to calculate the Annual Energy
Production (AEP). Thereto, the turbine is optimized for performance in these conditions. AEP is maximized and the TSR
and pitch angles for both rotors are the variables to optimize. A differential evolution method is constructed with the
235  scipy.optimize module in python to find the global optimum of the 4 parameters (Qiang and Mitchell, 2014; Storn and Price,
1997). Population size is set to 15, the strategy is “best1bin”, mutation is set to (0.5, 1), and recombination is set to 0.7. A
total of 30 optimization runs are performed to account for randomness in a differential evolution method. The boundary
conditions for both rotors are set for the pitch angles at (-2, 12) degrees and for TSR at (5, 7).
The BEM model presented will also be ran with the pitch and TSR settings from the optimization to assess the maximum

240 performance of the CR-DRWT, this will be compared to the wind tunnel measurements as well.

3 Results

This chapter present the results of the wind tunnel test and BEM model including optimization. First the results of the wind

tunnel are presented together with the BEM model validation.
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3.1 Airfoil data

245 The aerodynamic data to describe the airfoil performances was generated with QBlade. Lift and drag coefficients for angles
of attack from -10° to 25° are calculated with a transition amplification ratio of Ncrit = 9 corresponding to clean wind tunnel
conditions. Figure 5 displays the aerodynamic data. The curve is then extrapolated to 360° (Montgomerie, 2004). For the

BEM code, the aerodynamic data is interpolated according to the individual Reynolds number for each blade element.
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250  Figure 4: Profile aerodynamics of SG6043 airfoil at Ncrit =9.
3.2 Wind tunnel test

Air pressure in the wind tunnel at the time of the experiment was 1018 hPa, average humidity was 51.2%, and average
temperature was 25.5 degrees Celsius. The density is then calculated as 1.18 kg/m?. The wind tunnel speed is determined
through the measurement of the dynamic pressure and air density. Rotor RPM was measured in 10 RPM increments. The
255 data was acquired through a laptop interface connected with the turbine, measurements were sampled at discrete wind speed
intervals rather than continuously logged due to the streaming nature of the sensor output.. The generator RPM is determined
through the voltage and current measurements as well as the generator characteristics. At 6 m/s optimal operational pitch
settings were determined by manually changing pitch angels and resistance values to reach maximum power production. The
settings for the collective pitch angles were 8.6 degrees for the upstream rotor and 1.7 degrees for the downstream rotor
260  during the experiment. The results for the wind tunnel test are presented in Table 1. The turbine self-starts around 3.5 m/s
and starts producing power at 4 m/s. A start-up procedure is developed where the downstream rotor is allowed to operate
first by breaking the upstream rotor, and consecutively allowing the upstream rotor to start once the downwind rotor reached
the operational point. Maximum power production was 1013.79 + 8.58 W at 15.00 m/s wind tunnel speed. The maximum RPM of
the generator was 2150 RPM. The rear rotor was generally rotating faster than the front rotor at lower wind speeds while at
265 higher wind speeds the RPM became more similar and the rear rotor seemed to stabilize. Net generator RPM does keep
increasing with wind speed.
A simulation using the BEM code from section 2.3 with identical inputs for pitch and rpm as during the experiment has been
performed. The results for the power production and the CP are shown in Fig. 6 and Fig. 7 together with the CSTB wind
tunnel results. Overall the BEM model follows the outcome of the wind tunnel tests nicely but the model underpredicts
270  slightly between 10 and 14 m/s the power performance. The downstream rotor operates at a higher CP than the upstream
rotor which is to be expected considering the input pitch angles. The upstream rotor has limited performance as it is limited
in torque production by the downstream rotor operating with reduced axial velocity. The CP and TSR for the downstream

rotor are calculated with the reduced windspeed after the upstream rotor following Eq. (17).

275
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Table 1: Measurement results from CSTB windtunnel tests

eawe)
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Wind tunnel Upstream Downstream  Generator
Voltage [V]  Current [A] Power [W] CP [-]

speed [m/s] Rotor [RPM]  Rotor [RPM] [RPM]
4.14 22.71+£0.54 0.42+0.01 9.49 +1.63 0.11+0.02 60 340 400
5.27 31.57+£0.33 1.05+0.01 33.31+£4.00 0.19 £0.02 260 390 650
5.90 39.38+0.29 1.43+0.03 56.33 £ 1.61 0.23£0.01 250 540 790
7.10 38.38+£0.05 3.48+0.01 133.58+1.27  0.32£0.00 210 630 840
8.16 41.75+£0.22  5.01 £0.02 209.25+1.99  0.33+0.00 245 705 950
9.14 4986 £0.22  6.04+0.01 301.05+220  0.33+0.00 360 830 1190
10.05 57.54+0.19 6.97+0.01 401.31+£1.50  0.33+0.00 400 940 1340
11.15 66.45+0.15 8.07+0.05 53591+3.40  0.33+0.00 520 1000 1520
12.18 73.51+£0.23 891 £0.07 654.75+559  0.31£0.00 620 1050 1670
13.04 80.12+0.22  9.74+0.07 780.29 +5.54  0.30+0.00 800 1050 1850
13.93 8591+032 1037+0.08 890.98+5.54  0.28+0.00 960 1050 2010
15.00 91.72+£0.31 11.05+£0.07 1013.79+8.58 0.25+0.00 1100 1050 2150
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Figure 5: Results of the wind tunnel test compared to BEM results. The figure shows both rotors individually, the DRWT and the
wind tunnel test data.
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The results of the differential optimization routine are presented below in Fig. 7. The plot shows the cumulative results of 30

optimization runs. The optimization favours both rotors operating at TSR 6 near the optimal of 5.5. The TSR is calculated

using the free stream windspeed for the upstream (front) rotor and the reduced axial velocity for the downstream (rear) rotor.

What stands out is the difference in pitch settings the optimization favours. A high pitch for the upstream rotor and nearly no

290 pitch for the downstream rotor. The optimization prioritizes performance of the downstream rotor.

The BEM model with the optimized pitch and TSR settings is shown in Fig. (8) and Fig. (9). The maximum power output of
the CR-DRWT at 15 m/s is 1880 W, and a maximum CP of 0.51 around 10 m/s. Compared to the wind tunnel tests at CSTB

the optimized CR-DRWT significantly outperforms the measurements. The power production of the upstream rotor closely

matches the recorded power from the CR-DRWT from the wind tunnel tests. Also, Fig (9) shows that the optimization

295 maximizes performance of the rear rotor with a much higher CP for the downstream rotor for all windspeeds compared to the

CP for the upstream rotor.
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4 Discussion

305 The current iteration of the CR-DRWT shows improvement with respect to earlier work (Adema et al., 2025). Especially as
precise RPM and pitch measurements are performed. Absolute CP values of around 0.5 are both found in field studies as
well as in modelling of CR-DRWT systems (Amoretti et al., 2023; Jung et al., 2005; Koehuan et al., 2017). The current
experimental results reach only a maximum CP of 0.33. The findings of this study are more in line with earlier wind tunnel
experiments on a CR-DRWT of comparable size (Mitulet et al., 2015; Zhao et al., 2020). There is therefore still potential to

310 increase the efficiency of turbines with limited rotor size. The optimization does show theoretical values reaching a CP of
0.51 confirming the possible improvements.

From Fig. (9) it is visible that for the lower wind speed regions the maximum CP seems to be lower than at the higher wind
speeds. As the optimization uses a Weibull distribution some wind speeds regions might not be fully optimized. An analysis
is performed where the same optimization strategy is performed at low wind speed (4 to 6 m/s), at middle wind speed (8 to

315 10 m/s) and at high wind speed (13 to 15 m/s) to assess whether additional performance may be achieved. The results are
presented in Table 2 together with the global optimization from section 3.3. It becomes clear that the global optimum
achieved with the Weibull function closely matches the optimization for separate wind speed regions. It can be concluded

that the current optimized parameters are most likely the best combination for this CR-DRWT.
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320 Table 2: Optimization results for different wind speed regions

Wind Climate Pitch Upstream  Pitch downstream TSR Upstream TSR Downstream
(m/s) Rotor [deg] Rotor [deg] Rotor Rotor
Global (4 - 15) 9.79+ 0.79 0.62+ 2.13 5.94+0.38 6.20 £ 0.69
Low (4 -6) 8.84 £2.13. 0.72£1.10 5.59+0.83 5.39+0.72
Middle (8 — 10) 9.39+0.49 0.61 +£1.25 6.24 +0.49 6.32 +£0.49
High (13 - 15) 9.95+0.19 0.99 +1.00 7.03 +£0.26 6.23 £0.57

In the optimized scenario the upstream rotor seems to almost reach performance of the CR-DRWT in the wind tunnel as seen
in Fig. (8). This raises questions if a single rotor could achieve better performance than the optimized CR-DRWT. The BEM
model is run with an isolated upstream rotor effectively modelling single rotor operation. The aerodynamic performance of a
325 single rotor at 2.5 degrees pitch as in previous work (Adema et al., 2025) reaches slightly better performance as the
optimized CR-DRWT with a maximum CP of 0.54 for the single rotor compared to 0.51 for the CR-DRWT. However,
(Adema et al., 2025) concluded that the current direct drive configuration is not optimized for single rotor operation. The
same turbine with equal rotor and pitch settings only reached a maximum CP in single rotor operation of 0.23. For the
current small wind turbine generator the additional costs for a second rotor may be lower than the addition of a gearbox,
330 highlighting the potential of DRWT systems in compact simplified designs (Booker et al., 2010).
In most existing wind tunnel experiments, Reynolds numbers are much lower than those encountered in actual situations,
limiting their ability to replicate real-world conditions. This limits the ability to model and predict the performance of
DRWT’s in real-world conditions (Hollands et al., 2020). The same holds for the current experiment with Reynolds numbers
between 25.000 and 200.000. Attention needs to be paid to possible inaccuracies in predicting airfoil characteristics at such
335  low numbers.
An attempt to use a BEM model incorporating both axial and tangential influences on the inflow at the downstream rotor
(Amoretti et al., 2023), as well as adaptation for a dual rotational armature design b has shown good agreement with the
current findings while some deviations remain. An additional CFD analysis of the current turbine configuration presented in
this study will be a valuable addition in understanding the flow field around both rotors. Knowing the detailed flow field
340 around the downstream rotor a detailed aecrodynamic design can be performed to further optimize the CR-DRWT. Also such
an analysis may reveal unknown (3 dimensional) aerodynamic effects not captured in current BEM model.
Finally, (Bontempo and Manna, 2025; Wang et al., 2018) propose new calculation methods for optimizing this rotor
geometry for DRWT designs. Currently, for simplicity, the downstream rotor is mirrored with respect to the upstream rotor.
Using the BEM model presented in this work detailed blade designs using the aforementioned design methods can be

345 performed to further increase the performance of dual rotor wind turbines.

5 Conclusions

This study investigated the performance of a counter-rotating dual rotor wind turbine (CR-DRWT) with dual rotational
armature configuration through wind tunnel testing at CSTB in Nantes, France. The research extended previous work by
incorporating enhanced measurement capabilities including RPM and pitch angle sensors, developing an adapted BEM
350 model for dual rotational armature systems, and implementing optimization algorithms to identify optimal operating
parameters. Wind tunnel tests were conducted at wind speeds ranging from 4 to 15 m/s with a 1.6 m diameter rotor,
achieving maximum power output of 1014 W and validating the adapted BEM model against experimental data. The main

conclusions are:
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- The adapted BEM mode for dual rotational armature design showed good overall agreement with wind tunnel
355 measurements, and an optimization algorithm revealed optimum operational parameters.

- Experimental wind tunnel testing achieved a maximum CP of 0.33, which is higher than previous iterations of the
same turbine but below the theoretically optimized value of 0.51, indicating substantial room for improvement
through optimal pitch angle and tip-speed ratios for both rotors.

- The CR-DRWT with dual rotational armature design demonstrated reliable operation with self-starting capability at

360 3.5 m/s. The dual rotational armature configuration eliminates the need for gearboxes, potentially offering a more
cost-effective and mechanically simpler solution for compact small wind turbine designs, particularly suited for

urban applications requiring low noise and vibration.

To advance the understanding and performance of CR-DRWT systems, detailed computational fluid dynamics simulations
should be performed to capture 3D flow effects not modelled by the current BEM approach. Experiments at higher Reynolds
365 numbers closer to real-world operational conditions are needed to improve performance prediction accuracy and validate
airfoil characteristics. The development of blade geometries specifically optimized for the downstream rotor, rather than
using mirrored configurations, should be pursued using the validated BEM model and advanced design methods from recent
literature. Field testing under real atmospheric conditions is essential to assess practical performance, durability, and

economic viability of the optimized CR-DRWT configuration.
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