
JES, Vol. 52, No. 1, Jan. 2024            DOI: 10.21608/jesaun.2023.239362.1267 Part C: Mechanical Engineering 

 

https://doi.org/10.21608/jesaun.2023.239362.1267 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 

16 

 

Numerical Investigation on the Effect of the Azimuthal Deviation on the 

Performance of Equal Speed Co-Rotating Double Rotor Small-Scale 

Horizontal-Axis Wind Turbine 
 

Received 27 September 2023; Revised 20 November 2023; Accepted 20 November 2023 

 

 

A. Abdelfattah 1 

M.F. EL-Dosoky  2 

O. Hassan 3 

M.M.S. Ahmed 4 

Ahmed Hamza H. Ali 5 

 

 

 

 

Abstract 

A double-rotor setup is a promising approach to increase wind turbine 

power extraction. One  common double-rotor configuration is the co-

rotating-equal-speed arrangement. The performance of this setup is 

affected by the azimuthal deviation between the two rotors, which 

remains constant during rotation. To identify the impact of azimuthal 

deviation, a numerical investigation was conducted using 10 m/s input 

wind speed and 0.9 m turbine diameter. The separation distance 

between the two rotors varied for two values of 0.14 and 0.25 rotor-

diameter. The power coefficient of both rotors and the overall turbine 

were analyzed at different azimuthal deviations using Reynolds-

averaged Navier–Stokes 𝑘 − 𝜔 SST equations. The azimuthal 

deviation was positive when the front rotor preceded the rear and 

negative when the rear preceded the front. At 0.14 rotor-diameter 

separation, positive deviation increased the front rotor power 

coefficient but decreased the rear’s, while negative deviation had the 

opposite effect on both rotors. The maximum changes in the power 

coefficient of the front and rear rotors at tip speed ratio of 5 were Δ𝐶𝑃 =

0.058 and Δ𝐶𝑃 = 0.066, respectively.  However, the net harvesting 

power by the double-rotor wind turbine exhibited slight marginal 

change of Δ𝐶𝑃 = 0.008  at a tip speed ratio of 5. In contrast, at the 

greater separation, the power coefficients of both rotors and the overall 

turbine showed slight change with the variation of the azimuthal 

deviation with a marginal change of Δ𝐶𝑃 = 0.012 at a tip speed ratio of 

5. Moreover, the highest increase in the power coefficient was 15% 

compared to single rotor. 
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Nomenclature: 

𝐶   Chord length (m). 

𝐶𝑃     Power Coefficient = Ω𝑇/0.5𝜌𝐴𝑉∞
3. 

𝐶𝑝𝑠     Static pressure Coefficient = (𝑝 − 𝑝∞)/0.5𝜌𝑉∞
2. 

𝐶𝐹     Axial thrust coefficient = 𝐹𝑎/0.5𝜌𝐴𝑉∞
2 

𝐷𝑓     Front rotor diameter (m). 

𝐷𝑟     Rear rotor diameter (m). 

𝐷𝑅    Diameter ratio = D𝑓/Dr. 

𝐹𝑎    Axial thrust (N) 

𝑘      Turbulence kinetic energy (m2/s2). 

𝑝    Pressure (Pa). 

𝑅   Rotor radius (m). 

r   Radial distance (m). 

𝑆𝑅    Rotor spacing Ratio = 𝑋/𝐷𝑓. 

T   Torque (N.m). 

𝑇𝑆𝑅   Tip speed ratio = Ω𝑅/𝑉∞. 

U   Blade tangential velocity = Ω𝑟 

𝑉    Absolute velocity magnitude (m/s). 

𝑉∞    Free stream velocity magnitude (m/s). 

W   Relative velocity (m/s). 

Greek letters: 

𝛼   Angle of attack (degree). 

β   Relative flow angle (degree). 

𝜃     Pitch angle (degree). 

𝜀     Turbulent dissipation rate (m2/s3). 

Δ𝜑    Angular deviation (degree). 

Ω    Angular velocity (rad/s). 

𝜓   Main-to-auxiliary rotors rotational speed ratio Ω2/Ω1. 

𝜔    Specific turbulent dissipation rate (1/s). 

Subscripts: 

𝑓   Front. 

𝑚𝑎𝑥    Maximum. 

𝑟   Rear. 

th   Theoretical. 

Abbreviations: 

BEMT   Blade Element Momentum Theory. 

DRWT   Double Rotor Wind Turbine. 

MRF   Moving Reference Frame. 

RANS   Reynolds-Averaged Navier-Stokes. 

SRWT   Single-Rotor Wind Turbine. 

SST   Shear Stress Transport. 

TSR    Tip Speed Ratio. 

 

 

1. Introduction  

 

The dependence on wind turbines to meet diverse electricity demands prompts rapid 

development in wind turbine technologies. Notably, the Double Rotor Wind Turbine 
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rear rotor blade pitch angle was 0𝑜 or 1𝑜. Also, Lee et al. [6] monitored the highest turbine 

power coefficient when both rotors’ blade pitch angles were set to 0𝑜. Whereas Abdel Karim 

et al. [5] concluded that the rear rotor pitch angle has insignificant impact on the turbine 

performance within the range between 0𝑜 and 2𝑜, assuming the front rotor blade pitch angle 

remained at 0𝑜. Moreover, maintaining the rear rotor pitch angle out of this range was found 

to negatively influence the turbine power coefficient. Regarding the rotors relative rotational 

speed, it was demonstrated that maintaining a lower rotational speed for the rear rotor 

improves the turbine power coefficient [3], [5] and [7]. This was attributed to the disturbed 

influx of low-velocity air reaching the rear rotor, reducing the angle of attack. Therefore, 

reducing the pitch angle was used to alleviate the reduction in the angle of attack. 

The impact of the direction of rotation of the front rotor on the turbine performance was 

analysed in several studies. The turbine performance was enhanced with the counter-rotating 

configuration compared with the co-rotating configuration in terms of higher power 

coefficient and lower thrust coefficient [3], [4],[5], and [8]. This can be attributed to the larger 

angle of attack accompanied by the counter-rotating configuration. Consequently, the lift 

force direction is changed to have a large tangential component, generating more torque and 

increasing the turbine power extraction [9]. Hwang et al. [7] modified the rotors' diameters, 

the blades' twist, the chord distributions, and the rotational speeds of the rotors to enhance 

power performance. The modifications were conducted based on an optimization study that 

utilized the Multi-Island Genetic Algorithm, resulting in the achievement of a maximum 

power coefficient of 𝐶𝑃𝑚𝑎𝑥 = 0.47. Furthermore, the turbine power efficiency was improved 

by 90% by using a diameter ratio of 𝐷𝑅 = 0.9 and a rotational speed ratio of 𝜓 < 1 at a wind 

velocity of 8 m/s. A summary of the standard research methodologies, the main considered 

parameters, and the main outputs of the mentioned studies is in Table. 1. 

 

Table 1. Description of the main characteristics, methodologies, and output of a few DRWT studies. 

Reference 
Numerical 

method 

Experimental 

method 

Front 

diameter 

Rear 

diameter 

Wind 

velocity 

Rotation 

direction 

Concerned 

parameters 
𝚫𝐂𝐏%  

[2] 

Quasi 

steady 

strip 

Open field 5.5 m 11 m variable counter 
𝐷𝑅 = 0.5 

𝑆𝑅 = 0.4 
21% 

[3] BEMT - variable variable - counter 

𝐷𝑅 = 0.5 

𝜓 < 1 

𝜃𝑓 =  6,  

𝜃𝑟  = 1,0 

8.9% 

[4] 
RANS- 

𝑘 − 𝜀 
- variable 0.944 m - counter 

𝐷𝑅 = 1 

𝑆𝑅 = 0.5 
19.37% 

[5] 
RANS- 

𝑘 −  𝜔 
- 0.9 m 0.9 𝑚 10 m/s 

Co- 

counter 

𝑆𝑅 

𝜃𝑟 = 0 − 2 

𝜓 = 0.8  

20.27% 

[6] 

Free wake 

vortex 

lattice 

- 4.5 m 4.5 m - counter 

𝑆𝑅  

𝜃𝑓  = 0 

 𝜃𝑟 =  0 

12% 

[8] - 
2.4 𝑚 𝑥 2.3 𝑚 

wind tunnel 
0.15 m 0.28 m 6.5 m/s 

Co- 

counter 

Direction of 

rotation 

(counter) 

7.2% 

[10] BEMT - 7.16 m 7.16 m 10 m/s counter - 2 − 8% 
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Several simplifications can be implemented for practical DRWT applications, such as 

utilizing co-rotating rotors with equal rotation speeds to facilitate construction. While 

extensive research has focused on the impact of various geometrical parameters on DRWT 

performance, little attention has been given to studying the effect of the azimuthal deviation 

Δ𝜑 between the rotors in the co-rotating equal-speed DRWT configuration. The azimuthal 

deviation describes the angle between the azimuthal positions of the front and rear rotors, as 

shown in Fig. 1. In this paper, a co-rotating DRWT utilizing two identical rotors rotating at 

the same speed is numerically modelled and studied concerning the Azimuthal deviation Δ𝜑 

between rotors in the range from Δ𝜑 = −15 to Δ𝜑 = +15. The adopted small-scale turbine 

has a diameter of 0.9 m with two spacing ratios of 𝑆𝑅 = 0.14 and 𝑆𝑅 = 0.25. The study aims 

to elucidate the power coefficient performance under various configurations of azimuthal 

deviation and spacing ratios. 

 

 

2. Methods and Tools 

 

2.1 Model Geometry 

The base case DRWT model was built using two identical rotors of the 0.9 m diameter, as it 

was designed by Krogstad and Lund [11] for a SRWT. The 3-bladed rotor, with blade chord 

and twist angle distributions depicted in Fig. 3 and Fig. 4, was designed for a SRWT operating 

in a rated wind velocity of 10 m/s and a 𝑇𝑆𝑅 = 6. For the DRWT study, the rotor was 

replicated for 𝐷𝑅 = 1 with two spacing ratios of 𝑆𝑅 = 0.14 and 𝑆𝑅 = 0.25. The study 

adopted a blade pitch angle of 𝜃 = 0𝑜, and equal rotating speed (𝜓 = 1) for both rotors. The 

rotors were installed with various deviation angles ranging between Δ𝜑 = −15 and Δ𝜑 =

+15 during the study and with Δ𝜑 = 0 during validation. 

 
Fig. 3. Blade chord distribution [11]. 
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Fig. 4. Blade twist distribution [11]. 

 

2.2 Numerical method 

The Multiple Reference Frame (MRF) method was adopted to simulate Rotors’ rotation. Two 

side-by-side rotating inner domains around the two rotors were used in the DRWT cases, 

while a single inner domain was used in the SRWT case. The interaction between the two 

rotors' flow fields was simulated by assigning an interface boundary condition at the 

separating surfaces. A stationary outer domain wrapping the two inner rotating domains was 

built with no-slip boundary conditions assigned for its cylindrical outer face. An inlet velocity 

of 10 m/s was imposed at the domain inlet boundary condition, while atmospheric pressure 

was assumed at the domain outlet. The axial and radial dimensions of the cylindrical global 

domain were chosen as 12𝑅 and 5𝑅, respectively. The selection of radius 5𝑅 was based on a 

domain-independence test conducted by Abdel Karim et al. [5],  representing a larger flow 

area than the area of the wind tunnel where the reference turbine was tested [11]. The inlet 

and outlet planes are located at distances of 2𝑅 and 10𝑅 before and after the front rotor 

location, respectively. The inner rotating domain radius and thickness was assumed to be 

1.333𝑅 and 0.45𝑅 based on [5]. Domains dimensions are depicted in Fig. 5. 

For a reduced calculation cost and time, only one-third of the physical domain was modelled 

using periodic planes. The proposed domains and their boundary surfaces are shown in Fig. 

5. The second-order upwind scheme was used to descritatztion the convective terms in the 

solved equations using the ANSYS FLUENT pressure-based algorithm. The RANS model 

was employed to simulate the flow field around the turbine. Whereas 𝑘 −  𝜔 Shear Stress 

Transport (SST) was used to model turbulence stresses. The combination was proved to have 

good accuracy in capturing and quantifying the mean flow characteristics such as the turbine 

power and thrust [5], [11]–[13]. 

 

2.3. Grid Meshing 

A hexahedral structured Grid was utilized throughout the global domain for higher accuracy 

and lower calculation time and cost. The distribution of the grid along the domain’s 

boundaries and the blade surface can be observed in Figs. 6 and 7, respectively. The total 
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number of grids was determined using a grid-independence test applied to the SRWT case, 

ensuring the stability of the calculation results without significant variations as the number of 

cells increased. The power and thrust coefficients remained relatively stable beyond 4.5 

million cells, exhibiting marginal changes of 0.003% and 0.1%, respectively, as shown in Fig. 

8. 

 

 
Fig. 5. Illustration of the domains and boundary zones. 

 
Fig. 6. Grid shape on the blade surface. 
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Fig. 7. Grid shape at blade mid-span airfoil and its leading edge. 

 

 
Fig. 8. SRWT Power and thrust coefficients variation with the number of cells at 𝑇𝑆𝑅 = 6. 

 

 

3. Model validation 
 

The model validation process was performed in two stages; the first one was to validate 

SRWT results against the experimental and numerical data obtained by Krogstad and Lund 

[11], while the second was to validate the proposed DRWT model against the data obtained 

by Abdel Karim et al. [5]. Fig. 9 shows the validation of SRWT results regarding the power 

and thrust coefficient variation with the TSR. The power and thrust coefficients from the 

present study are observed to agree with the benchmark data. The most significant 

discrepancy is found at 𝑇𝑆𝑅 = 4 with 4.4% and 5.1% deviation for the power and thrust 

coefficients, respectively. The DRWT validation data is shown in Fig. 10. The two curves of 

power coefficient variation against TSR from present study and Abdel Karim et al. [5] are 
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Fig. 16. Absolute flow passage from the front rotor to the rear rotor blades at a)  Δ𝜑 = −15 

and b)  Δ𝜑 = +15 at 𝑇𝑆𝑅 = 5. 

 

 
Fig. 17. Pressure coefficient in the mid-distance between the front and rear rotors for the 

angular deviations of a)  Δ𝜑 = −15 and b)  Δ𝜑 = +15 at 𝑇𝑆𝑅 = 5. 

 

 

a)  Δ𝜑 = −15          b)  Δ𝜑 = +15 

a)  Δ𝜑 = −15      b)  Δ𝜑 = +15 
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Fig. 24. Pressure coefficient distribution in the mid-distance between the front and rear 

rotors of Δ𝜑 = +15 with rotor spacing of a)  𝑆𝑅 = 0.14 and b)  𝑆𝑅 = 0.25 at 𝑇𝑆𝑅 = 5. 

 

 

5. Conclusions 
 

The effect of azimuthal deviation on the performance of a DRWT was investigated in this 

study. The results suggested that the azimuthal deviation has no remarkable impact on the 

overall turbine power coefficient with a change in the maximum power coefficient by Δ𝐶𝑃 =

0.008 at 𝑆𝑅 = 0.14  and Δ𝐶𝑃 = 0.014 at 𝑆𝑅 = 0.25  at the optimal  𝑇𝑆𝑅 = 5. This slight 

effect was attributed to distinct reasons in the two considered rotor spacing cases. At 𝑆𝑅 =

0.14, representing the small distance between rotors, the angular deviation was found to have 

a contrasting effect on the front and the rear rotors. The maximum change in the power 

coefficients of the front and rear rotors was Δ𝐶𝑃 = 0.058 and Δ𝐶𝑃 = 0.066. As azimuthal 

deviation increased from negative to positive value, the power extraction by the rear rotor 

increased because it was exposed to a less disturbed flow, which increased the angle of attack 

and power extraction. Also, a relatively high-pressure region is created in front of the rear 

rotor, which decreases the front rotor power extraction. The net extracted power from the 

front and rear remained almost consistent, as the positive and negative effects of the azimuthal 

deviation almost declined each other. At 𝑆𝑅 = 0.25, representing the significant distance, the 

increased distance between the two rotors facilitated flow recovery, resulting in almost the 

same power coefficients for both rotors at different azimuthal deviations and, consequently, 

the same total power extracted by the DRWT. Eventually, the highest increase in the 

maximum power coefficient over the SRWT was indicated to be 15% at 𝑇𝑆𝑅 = 5. 
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