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Abstract 

The unsteady vortical flows and laminar-turbulence transition over a 2-bladed 

cycloidal rotor are investigated numerically at two advance coefficients, with special 

emphasis on the influence of two turbulence models, namely the original SST k-ω 

model and SST γ-Reθt transition model. The numerical results are compared with the 

existing numerical and experimental data, in terms of the global performance and 

detailed internal flow structures. The primary results show that increasing the 

advanced coefficient can’t change the transition location of the performance for the 

single blade, but the magnitudes of these variables. Then, combined the forces acting 

on two blades and the blade loadings, the difference of the vertical force and 

propulsive force of the rotating system and single blade are clarified clearly for two 

turbulence models. Finally, at advancing side, the transition and its evolution on a 

single blade is elaborated. It shows that the SST γ-Reθt transition model is superior in 

predicting the overall performance, and is highly subjected to the disturbances, 

characterized by the large-scale vortex structures and massive flow separation, 

compared with SST k-ω model. Simultaneously, it has the capability to capture the 

transition process, from growing waves of the laminar boundary layer induced by the 

roll-up vortices to the fully generation of the separation bubble. It believes that this 

work can deep the understandings of underlying flow physics inside the cycloidal 

roto at low Reynolds number.  

Keywords: Cycloidal rotor; SST γ-Reθt transition model; Vortical flows; Laminar-

turbulence transition  
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1. Introduction 

Cycloidal propeller, consisting of several vertical blades with the variable-pitch 

motion, has widely applications to many engineering equipment, involving the 

vertical-axis wind turbine (VAWT), underwater propulsion system and micro air 

vehicle (MAV). The main kinematic principle of a cycloidal propeller is that not only 

does the blade rotate around the shaft, but also it has a pitching motion around a 

pivot-point, as shown in figure 1. By changing the relative attack-of-angle θA (the 

angle between the blade chord and tangential direction of the blade rotating 

trajectory), the lift and propulsive force of the rotating system, induced by the sum 

of components of forces (lift and drag) acting on each blade, are produced 

continuously. Moreover, in a revolution, the blade would undergo the retreating and 

advanced sides, represented by the opposite blade geometry placement, which shows 

different vortex structures and the resultant blade loadings, because of the earlier 

flow separation near the sharp leading edge on the retreating side [1].  

 
Fig.1 Sketch of a cycloidal rotor.  

In a cycloidal rotor, there is a special event that should be paid more attention 

to: laminar-turbulence transition. At low Reynolds number, the airfoil/hydrofoil 

performance is adversely affected by the presence of a laminar separation bubble 

(LSB). Except for the increase of the drag, the LSB-induced undesirable effects, such 

as flow oscillation and abrupt stall, is always unavoidable. The formation of LSB is 

mainly caused by the separated laminar boundary layer which is subjected to the 

adverse pressure gradient. The shear layer is highly susceptible to disturbances, and 

transition to turbulence emerges through two-dimensional Kelvin-Helmholtz 

instability. Then, the energetic turbulent shear layer reattaches to the foil surface. 

However, the separation, transition and reattachment points depend on many 

parameters, including the incidence [2-3], Reynolds number [4-5], freestream 

turbulence level [6-7] and surface roughness [8]. For the moment, it proves that the 

conventional Reynolds-averaged Navier-Stokes (RANS) turbulence models only 
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resolve the fully turbulent flows without the consideration of the transition effect. 

Therefore, the RANS-based turbulence models coupled with the transition models 

are proposed, in which the Shear Stress Transport (SST) γ-Reθt transition model [9-

10] achieves a good reputation and it has already been applied to many engineering 

flows. With application to the vertical-axis wind turbine, the SST γ-Reθt transition 

model shows the advantage in predicting the aerodynamic performance [11-13]. 

Additionally, Lam and Peng [14] clarified that the SST γ-Reθt has the same capability 

in capturing the time-averaged characteristics of VAWT wakes, compared with the 

Detached Eddy Simulation (DES). Furthermore, a lot of investigations concerning 

the influence of the pitch angle [15], existence of the shaft [16] and solidity [17], 

were conducted using the SST γ-Reθt model on VAWT. Recently, Lind et al. [18] 

employed the Spalart-Allmaras (SA) γ-Reθt model to study the internal flow 

structures of a cycloidal rotor at different advanced coefficients, and the primary 

results show that the aerodynamic performance and blade-wake interaction are 

predicted well. Based on the aforementioned investigations, it seems that the main 

focus is on the performance prediction and simple description of general flow 

structures. However, at low Reynolds number, the information about the transition 

on the blade due to the dynamic effect is not understood well.  

The vortical flows inside the cycloidal propeller are extremely complicated, 

always involving the blade-wake and wake-wake interactions, the near-wall 

transitional flow and massive flow separation, which depends on the operating 

conditions and geometrical parameters remarkably. Until now, based on the 

experimental measurement and numerical simulation, some progress has been 

achieved in the prediction of the overall performance and flow structures over such 

devices. Paillard et al. [19] conducted the simulation on an active variable-pitch 

cross-flow Darrieus tidal turbine, with special emphasis on the sinusoidal pitch 

function. The results show that the function β=2(cos(2ωt)-1) results in the 

performance improvement by 52%. Then, Chen et al. [20] clarified that compared 

with the fixed-blade turbine, the turbine with the sinusoidal pitching blades has a 

much higher performance. With an appropriate pitching amplitude, the power 

efficiency increases and the fluctuation of the power output, rotating speed and torque 

output are suppressed obviously. Later on, Chen et al. [21] also proposed a novel 

sinusoidal pitching function, in which the blade has a fixed pitch in a limited range 

of the azimuthal angle, and the main results present that the power efficiency 

increases by 20%. For the 4-bladed cycloidal rotor, Benedict et al. [22] performed 

the experiments to check the influence of two important parameters, namely chord-

to-radius ratio and pitch-pivot-point, on the global performance. The main conclusion 

is that the lift per unit power of the rotor is increases with the chord-to-radius ratio 

until the value of 0.67, while moving the pitch-pivot-point to the leading edge can 
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improve the lift-based efficiency. Then, Benedict et al. [23] analyzed the effects of 

different parameters on the cycloidal propeller performance comprehensively. It 

concludes that the optimal chord-to-radius is about 0.5-0.8 depending on the pitching 

amplitude, while increasing the solidity by increasing the blade chord can produce 

the higher power loading (thrust/power). Simultaneously, the asymmetrical pitching 

with a higher pitch angle at the top than at the bottom generates a better power loading, 

which is also reported by Benedict et al. [24-25]. Finally, the optimal pitch-pivot-

point is almost located at 25-35% of the blade chord. In conclusion, it can be seen 

that the work on the cycloidal rotor is quite rare and most of them only concentrate 

on the performance prediction with various geometrical parameters and under 

different working conditions, but the detailed description of the internal flows and 

how the near-wall flow affects the performance of the rotating system and single 

blade is deserved to be investigated.  

Inspired by the previous studies, the main purpose of the present work is to 

simulate the unsteady flows inside a two-bladed cycloidal rotor by SST γ-Reθt 

transition model, with special attention to the internal flow structures, involving the 

effect of the vortex evolution on the performance change and near-wall transitional 

flows, at two different advance coefficients. In addition, the results obtained by the 

transition model are compared with that of the original SST k-ω model. It believes 

that this work can shed light on the underlying flow physics of the cycloidal propeller 

under low Reynolds number condition and provide some experience to have a better 

design and optimization of such devices.   

2. Turbulence modelling 

2.1 SST k-ω turbulence model 

The SST k-ω model is a two-equation eddy-viscosity model combining the 

Wilcox k-ω and k-ε models. The Wilcox k-ω model is well suitable for simulating 

flows in viscous sub-layer while the k-ε model is used to predict the flow behaviour 

far away from the wall. The choice of SST k-ω model as a baseline is for the reason 

that it accounts for the transport of turbulence shear stress and gives highly accurate 

predictions of the onset and the amount of flow separation under adverse pressure 

gradient [26]. The governing equations of SST k-ω are written as follows 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑘) = 𝑃𝑘 − 𝐷𝑘 +

𝜕

𝜕𝑥𝑗
((𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
)               (1) 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝜔) = 𝛼

𝑃𝑘

𝜈𝑡
− 𝐷𝜔 + 𝐶𝑑𝜔 +

𝜕

𝜕𝑥𝑗
((𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
)        (2) 

The eddy viscosity 𝜇𝑡 used to close the equations, are given by 
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𝜇𝑡 = 𝑚𝑖𝑛 [
𝜌𝑘

𝜔
;

𝑎1𝜌𝑘

𝑆𝐹2
]                                                   (3) 

The information concerning the definitions of sources terms and values of 

parameters in these two equations can refer to the reference [26]. 

2.2 𝜸 − 𝑹𝒆𝜽𝒕 transition model 

The transport equations of intermittency 𝛾 and transition momentum thickness 

Reynolds number 𝑅𝑒𝜃𝑡 are given by 

𝜕

𝜕𝑡
(𝜌𝛾) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝛾) = 𝑃𝛾 − 𝐸𝛾 +

𝜕

𝜕𝑥𝑗
((𝜇 +

𝜇𝑡

𝜎𝑓
)

𝜕𝛾

𝜕𝑥𝑗
)                (4) 

𝜕

𝜕𝑡
(𝜌𝑅𝑒𝜃𝑡) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑅𝑒𝜃𝑡) = 𝑃𝜃𝑡 +

𝜕

𝜕𝑥𝑗
(𝜎𝜃𝑡(𝜇 + 𝜇𝑡)

𝜕𝑅𝑒𝜃𝑡

𝜕𝑥𝑗
)           (5) 

The definitions of the correlations and values of various parameters in these 

two equations are described minutely in reference [9-10]. 

2.3 Coupling 𝜸 − 𝑹𝒆𝜽𝒕 transition model with SST k-ω model 

The effective intermittency 𝛾𝑒𝑓𝑓  is used to bridge the 𝛾 − 𝑅𝑒𝜃𝑡  transition 

model with the original SST k-ω model by modifying the production and diffusion 

terms in turbulence kinetic energy equation, which is shown as follows 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑘) = 𝑃̃𝑘 − 𝐷̃𝑘 +

𝜕

𝜕𝑥𝑗
((𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
)           (6) 

𝑃̃𝑘 = 𝛾𝑒𝑓𝑓𝑃𝑘;  𝐷̃𝑘 = 𝑚𝑖𝑛(𝑚𝑎𝑥(𝛾𝑒𝑓𝑓, 0.1), 1.0)𝐷𝑘                (7) 

It can be seen that the SST γ-Reθt transition model is relatively simple, which 

has no direct relationship with the momentum equation and eddy viscosity of SST k-

ω model, leading to the robustness improvement. Besides, it also shows the 

advantage in predicting the influence of high free-stream turbulence level on buffeted 

laminar boundary layer [9-10].  

3. Problem descriptions 

3.1 Geometry parameters and computational configuration 

The two-dimensional 2-bladed cycloidal rotor is adopted in the present work 

and the main geometrical parameters are listed in Table 1. It should be noted that the 

blade operates with a sinusoidal motion and the pitching amplitude θamp is constant 

with a value of 35º. The initial position of the azimuthal angle ψ is from negative X 

axis, while the phase angle Ф changes from ψ=90º in anticlockwise direction. When 

the blades move in clockwise direction, bringing about the continuous generation of 
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the propulsive force in negative X axis and lift in positive Y axis, which is shown in 

figure 1. In this work, the flow structures are mainly studied at λ=0.52 and 0.73. The 

corresponding Reynolds numbers defined in Table 1 [27] are 3.56×104 and 3.91×104 

respectively.  

Table 1 Main geometrical parameters of the cycloidal rotor 

Blade number (Nb) 2 

Inlet velocity (U0/(m/s)) 5, 7 

Blade chord (c/m) 0.0495 

Blade profile NACA0015 

Rotor radius (R/m) 0.076 

Rotating speed (n/(r/min)) 1200 

Pitching pivot location (%×c) 25 

Blade pitching kinematics θA=θampsin(ψ+Φ) (Φ=90°) 

Advanced coefficient (λ) λ=U0/ωR 

Reynolds number (Re) 
𝑅𝑒 = √𝑈0

2 + (𝜔𝑅)2𝑐/𝜈 

The rectangular computational domain is shown in figure 2a, which has an 

extension of 10c for the inlet section and 30c for the outlet region, based on the 

rotating center. The top and bottom walls have the same distance of 10c. In figure 2b, 

the sliding mesh technique is employed to control the propeller and blade movements 

by creating three periodic interfaces. The two small rotating circles covering the 

blades individually have the radius of c and they have the rotating and pitching 

motions simultaneously. The large rotating circle, which has a radius of 3c, only has 

the rotating motion. 

The particle image velocimetry (PIV) measurements conducted in a closed-

section wind tunnel were used to validate our simulations, in terms of the velocity 

and vorticity contours. The wind tunnel has a maximal velocity of 45m/s and the 

turbulence level is about 0.25%. The lift, propulsive force and shaft torque of the 

cycloidal rotor were measured by a precise 3-component wind tunnel force balance. 

The information of the experimental setup and the measurement precision accuracy 

is included in reference [28]. 

3.2 Mesh generation 

The mesh distribution is critical to the laminar-turbulence transition, massive 

flow separation and unsteady wake. In the commercial code STARCCM +, the hybrid 

mesh, including the trimmed cell in the external region and prism layer cell near the 

blade surface, is employed in this work. To avoid existence vortex dissipation due to 

artificial diffusion in the rotor’s wake, the densely meshed region around the rotor is 

extended up to the outlet boundary, as presented in figure 2a. Table 2 shows the mesh 
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distributions in two rotating parts covering two blades and near the blade surface at 

λ=0.52. The aspect ratio of 1.15 and prism layer thickness of 2×10-3 m are unchanged 

(shown in figure 2c) and the mesh arrangement near the wall depends on the number 

of the prism layer (from case 1 to case 4). In all tested cases, the target size has the 

same value with minimum size because of its weak effect. Case 2, 5 and 6 are used 

to check the influence of the streamwise mesh distribution by changing the target and 

minimum size near the blade surface while the effect of the mesh in two rotating parts 

(RP) are presented by case 2, 7 and 8. The time-averaged lift and propulsive force of 

the rotating system in last five rotations for different sets of meshes are compared 

with the available experiments [28]. It can be seen that there is a significant change 

of the lift and propulsive force when the prism layer increases to 70 and 75. In order 

to explain this particular event, the instantaneous vertical force coefficient CVF 

(CVF=FVF/(0.5*ρ*U0
2*c), where FVF is the vertical force) and propulsive force 

coefficient CPF (CPF=FPF/(0.5*ρ*U0
2*c), where FPF is the propulsive force) of one 

blade in the last rotation is plotted in figure 3. It seems that the discrepancy of the 

global performance obtained by different meshes becomes larger as the number of 

the prism layer increases. Therefore, an instant, at ψ=140º for right blade, is selected 

to study the detailed near-wall flow structures. The spanwise vorticity contours of 

different tested cases are presented in figure 4 and the results show that there are 

massive vorticity shedding on both sides of the blade. The distributions of vorticity 

for case 1 and 2 are almost the same, but it varies considerably for case 3 and 4, 

especially on the right surface. In figure 5, the velocity profiles on the right side at 

four locations are plotted and it shows that the results keep nearly same for case 1 

and 2, but a little difference at the blade trailing edge where the flow separation 

occurs. However, the velocity profiles of case 3 and 4 are totally different, due to the 

vorticity shedding in figure 4. There are several reasons for that: (1) there is a little 

distortion of near-wall meshes in case 3 and 4; (2) this is presumably induced by the 

large value of specific turbulence frequency ω, which scales with the first grid point 

height [29]; (3) Very small y+ (y+=yuτ/ν, where y is the distance to the wall, uτ is the 

friction velocity and ν is the kinematic viscosity) leads to the SST blending function 

switching to k-ε in the boundary layer, which is also observed in a compressor tested 

case [29]. Furthermore, by the comparison of meshes in case 2, 5 and 6, it can be 

seen that increasing the cells in the streamwise direction has a better performance. 

Then, the results of case 2, 7 and 8 show that further reduction of the mesh size in 

two rotating parts has a little deterioration of the performance, possibly due to the 

more resolved vortical flows. In conclusion, according to the above information, the 

mesh in case 7 is applied finally to all the following simulations.  
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Table 2 Mesh distributions and global performance prediction of tested cases 

 Target 

size of the 

mesh in 

RP (m) 

Minimu

m size of 

mesh in 

RP (m) 

Target size 

of the mesh 

near the 

blade (m) 

Minimum 

size of the 

mesh near the 

blade (m) 

Numbe

r of the 

prism 

layer 

Distance of 

the first 

layer to the 

wall (m) 

Lift 

(N) 

Propulsive 

force (N) 

Case 1 7×10-7 7×10-7 2×10-7 2×10-7 60 6.8×10-8 0.452 0.241 

Case 2 7×10-7 7×10-7 2×10-7 2×10-7 65 3.4×10-8 0.489 0.245 

Case 3 7×10-7 7×10-7 2×10-7 2×10-7 70 1.7×10-8 0.570 0.245 

Case 4 7×10-7 7×10-7 2×10-7 2×10-7 75 8.4×10-9 0.716 0.217 

Case 5 7×10-7 7×10-7 8×10-7 8×10-7 65 3.4×10-8 0.528 0.207 

Case 6 7×10-7 7×10-7 5×10-7 5×10-7 65 3.4×10-8 0.507 0.248 

Case 7 6×10-7 6×10-7 2×10-7 2×10-7 65 3.4×10-8 0.494 0.247 

Case 8 5×10-7 5×10-7 2×10-7 2×10-7 65 3.4×10-8 0.473 0.246 

EXP       0.490 0.260 

 
       (a) 

       

(b)                                                                 (c) 

Fig.2 Computational configuration and mesh distributions. (a) Mesh in computational domain; 

(b) Mesh in three rotating parts; (c) Mesh near the blade surface. 

Inlet 

Outlet 
Topwall 

Bottomwall Refined mesh in the wake  

Three rotating parts  

Interfaces 

Prism layer 

Refined mesh in 

streamwise direction 
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Fig.3 Instantaneous performance of one blade in a revolution. (a) Vertical force coefficient; (b) 

Propulsive force coefficient. 
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      (c)                                                                           (d) 

Fig.4 Spanwise vorticity contours at ψ=140º. (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. 
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Fig.5 Velocity profiles at ψ=140º. (a) y/c=0.4; (b) y/c=0.5; (c) y/c=0.6; (d) y/c=0.8. 

3.3 Boundary conditions and numerical parameters 

When given the boundary conditions, the classical one, velocity imposed on the 

inlet section and pressure assigned on the outlet part, is applied to the present 

computations. The top-wall and bottom-wall are set as symmetry planes to eliminate 

the sidewall effect. The blade surface is treated as no-slip wall condition. The finite-

volume-based segregated flow solver is utilized to simulate the unsteady vortical 

flows. In the simulations, the second-order upwind spatial discretization is used for 

the convective flux and the second-order central discretization is employed to the 

diffusion term. The previous studies show that the freestream turbulence level has 

great impact on the transition [6-7]. In this work, the inflow turbulence intensity of 

0.25% is chosen, which is consistent with the experimental measurement [28]. 

Simultaneously, the influence of the eddy viscosity ratio μt/μ (μt is the eddy viscosity 

and μ is the dynamic viscosity of the working fluid) is tested. In figure 6, on basis of 

the instantaneous vertical force and propulsive force coefficients in the last revolution, 

it seems that the results stay same as the eddy viscosity ratio changes from 10 to 0.01, 

but a little difference when it decreases to 0.001. It is reasonable to choose a low 

value of eddy viscosity ratio because of relatively low Reynolds number. Gauthier et 

al. [30] and Kinsey and Dumars [31] analyzed the unsteady flows around tandem 

oscillating hydrofoils of the hydrokinetic turbine, with the eddy viscosity ratio of 

0.001 at Reynolds number 5×105. In addition, the propulsive force of the cycloidal 

rotor has a slight improvement when μt/μ=0.001 is selected.  
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        (a)                                                                         (b) 

Fig.6 Instantaneous performance of one blade in a revolution. (a) Vertical force coefficient; (b) 

Propulsive force coefficient. 

The time-step, which has a close relationship with the simulation stability, has 

also remarkable influence on the numerical accuracy. The instantaneous vertical 

force and propulsive force coefficients of a single blade in the last rotating cycle are 

displayed in figure 7. Compared with the smallest one, using a relatively large value 

of time-step leads to a large discrepancy of the performance in some regions, for 

examples, vertical force coefficient at ψ=280º~340º and propulsive force coefficient 

at ψ=160º~220º. However, when the time-step is 0.5º, there are some large flow 

oscillations and the global performance has a slight decrease because of the more 

complicated vortical flows. Therefore, the time-step of 1º is adopted with the 

consideration of the computational resources and numerical stability. 
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        (a)                                                                         (b) 

Fig.7 Instantaneous performance of one blade in a revolution. (a) Vertical force coefficient; (b) 

Propulsive force coefficient. 
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The selection of the convergence target is also essential to the numerical 

accuracy. The effect of different convergence-iteration loops on the performance of 

a single blade is displayed in figure 8. It is observed that the iteration loop of 30 has 

an overprediction/underprediction of the instantaneous performance in some regions, 

for instances, at ψ=100º-140º and ψ=160º-220º. Then, if the iteration loop reaches to 

a value of 50, the convergence target has no evident influence on the results. Thus, 

the combination of 10-4-50 is adopted in all the cases. 
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        (a)                                                                         (b) 

Fig.8 Instantaneous performance of one blade in a revolution. (a) Vertical force coefficient; (b) 

Propulsive force coefficient. 

The other points that should be paid attention to are the use of wall function 

and numerical convergence. The all y+ wall treatment is used in the current work, for 

the reason that it combines the low y+ wall treatment for the fine mesh and high y+ 

wall treatment for the coarse mesh. In addition, it also has reasonable answers for 

intermediate mesh which falls within the buffer region of the boundary layer. As a 

consequence, it is suitable for a wide range of near-wall mesh densities. Actually, it 

proves that there is no distinction in performance achieved by low y+ and all y+ wall 

treatments. Moreover, the maximal y+ does not exceed the value of 0.5 at any 

locations in a rotating cycle. What is more, in unsteady computations, 15 rotations 

are necessary to get a periodic result, as shown in figure 9. Both the vertical force 

and propulsive force coefficients in last 5 rotations show no difference.  
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   (a)                                                                        (b) 

Fig.9 Instantaneous performance of one blade in last 5 cycles. (a) Vertical force coefficient; (b) 

Propulsive force coefficient. 

4. Results and discussion 

4.1 Analysis of unsteady flow structures 

The computational results, including the time-averaged lift, propulsive force, 

power and calculated efficiency of the cycloidal rotor, are displayed in Table 3 for 

different turbulence models, at two λ. The efficiency is defined as η=(-Fx×U0)/P (Fx 

is negative propulsive force and P is the power). At λ=0.52, the lift, propulsive force 

and efficiency obtained by SST γ-Reθt transition model (SST TM) are very close to 

the experiments. The power predicted by different turbulence models is always lower 

than the experimental measurement, largely induced by the neglect of the power 

consumption of the shaft and other mechanical components. In addition, although the 

produced power shows a good agreement with the experimental value, the Reynolds 

stress model (RSM) underpredicts the lift and overpredicts the propulsive force. Then, 

when λ is 0.73, both the SST k-ω model and SST TM underpredict the propulsive 

force because of its small value, but the power and efficiency obtained by SST TM 

has relatively small discrepancy compared with the experiments. 
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Table 3 Results of different turbulence models 

λ=0.52 Lift (N) Propulsive force (N) Power (W) Efficiency (%) 

Laminar model 0.574 0.181 2.517 35.96 

Spalart-Allmaras (SA) model 0.485 0.187 2.032 46.01 

Realizable k-ε model 0.588 0.234 2.299 50.89 

SST k-ω model 0.475 0.236 2.823 41.80 

SST TM 0.494 0.247 3.136 39.38 

RSM 0.469 0.306 3.408 44.89 

EXP 0.49 0.26 3.55 36.6 

λ=0.73     

SST k-ω model 0.619 -0.0566 1.44 -27.49 

SST TM 0.614 -0.00489 1.99 -1.72 

EXP 0.64 0.06 2.50 16.8 

The instantaneous vertical force, propulsive force and power coefficients 

(Cpower=P/(0.5*ρ*U0
3*c, where P is the power) of the single blade for three 

turbulence models, namely SST k-ω model, SST TM and RSM, are plotted in figure 

10 at two λ. The performance obtained by RSM is only presented at λ=0.52 and the 

results show a noticeable fluctuation, which is owing to the disordered flow structures 

caused by resolving more equations in RSM with fine mesh and small timestep. The 

present work is also compared with the existing computational results using SA γ-

Reθt transition model (SA TM) [28]. At two λ, it is observed that the large difference 

of the performance occurs in the lower half cycle when the blade is undergoing the 

advancing side, which may be due to the choice of turbulence model and the 

numerical solver. The critical locations where the values of forces and power have 

the transition, are listed in table 4 for different turbulence models. It concludes that 

increasing λ has no obvious effect on the force production regions, but has little 

influence on the peaks of these variables. Besides, it seems that the results of the 

single blade obtained by the SST k-ω model and SST TM have no evident difference, 

which is presented in figure 10. 
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        (e)                                                                         (f) 

Fig.10 Instantaneous vertical force, propulsive force and power coefficients of single blade in a 

revolution at two λ. (a), (b) and (c) at λ=0.52; (d), (e) and (f) at λ=0.73. 
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Figure 11 shows the forces (lift and drag) acting on one blade at different ψ 

when λ is 0.52. At ψ=32º, the blade is nearly vertical and it is experiencing the 

retreating side. At this moment, the components of lift and drag generated in the 

positive X axis leads to the production of the large negative propulsive force, which 

is shown in figure 10b. However, the component of the lift is almost balanced by the 

component of the drag in Y axis. Consequently, the vertical force on this blade 

approaches to zero. This situation is quite similar with that at ψ=144º, but the 

components of lift and drag in negative X axis are responsible for the creation of the 

large positive propulsive force. For the propulsive force transition, the critical 

moment is when the blade is almost located at ψ=90º and ψ=270º. At these two 

positions, the lift FL provides the vertical force of the blade totally, but the direction 

is contrary, as shown in figure 10a. Simultaneously, the drag FD makes the 

contribution to the propulsive force at ψ=90º and 270º, but its magnitude is extremely 

small because the relative attack-of-angle is nearly equal to zero.  

Table 4 Main production regions of forces and power 

λ=0.52 Negative 

vertical force 

region (º)  

Positive 

vertical force 

region (º) 

Negative 

propulsive 

force region (º) 

Positive 

propulsive 

force region (º) 

Negative 

power 

region (º) 

Positive 

power 

region (º) 

SST k-ω  32-144 144-360 0-89 89-269 0-83 83-338 

SST TM  32-144 144-360 0-89 89-269 0-83 83-338 

SA TM [28] 32-153 153-360 0-96 96-267 0-87 87-344 

λ=0.73       

SST k-ω  34-140 140-360 0-90 90-269 0-92 92-312 

SST TM  34-140 140-360 0-90 90-269 0-88 88-323 

SA TM [28] 36-151 151-360 0-103 103-269 0-100 100-272 
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        (a)                                                                             (b) 

                                                   

          (c)                                                                          (d) 

Fig.11 Sketch of forces acting on one blade at different ψ. (a) ψ=32º; (b) ψ=90º; (c) ψ=144º; (d) 

ψ=270º. 

The detailed flow structures achieved by two turbulence models, including the 

velocity and vorticity contours, are shown in figure 12 at ψ=0º when λ is 0.52. The 

numerical simulations are compared with the experimental measurements [28]. At 

this instant, both two blades have the largest relative incidence. Compared with the 

experiments, it seems that the present computation can capture the gross feature of 

the internal flow structures, such as the trajectory of wakes shedding from two blades 

and the interaction of blade B with its own wake. By the comparison of velocity and 

vorticity distributions, it is observed that the vortical flows dissipate quickly for SST 
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TM, particularly in the wake region, which infers that the earlier onset of vortex 

shedding due to the susceptibility of disturbances. To clarify the difference of near-

wall flows for two turbulence models, the pressure coefficient Cp (Cp=p/(0.5×ρ×U0
2), 

where p is the pressure) and relative velocity contours of blade B are plotted in figure 

13. Based on the pressure distributions, it is observed that there is almost no 

difference for blade A, but has evident dissimilarity for blade B, especially near the 

leading edge (x/c=0~0.35) and the trailing edge (x/c=0.65~1.0) on the suction surface. 

The pressure difference near the leading edge is primarily due to the low-pressure 

region induced by the prediction of the stagnation point, but it recovers quickly at 

x/c=0.35. Then, downstream from x/c=0.65, the onset of boundary layer separation 

is evident, which is earlier and more violent for SST TM, causing the significant 

pressure degradation.   
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       (d) 

   

       (e)                                                                         (f) 

Fig.12 Velocity and vorticity contours. (a) and (d) Experiments; (b) and (e) SST k-ω; (c) and (f) 

SST TM. 
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       (a)                                                                       (b) 

 

      

      (c)                                                                          (d) 

Fig.13 Pressure and relative velocity. (a) Pressure of blade A; (b) Pressure of blade B; (c) SST 

k-ω; (d) SST TM. 

 

When ψ is 30º, the flow filed is more complicated than that at ψ=0º, shown by 

the distributions of velocity and vorticity contours in figure 14. It is obvious that the 

wake of blade A has a strong interaction with blade B, which is quite different from 

that in figure 12 where the blade B interacts with its own wake. In addition, the wake 

of blade B also has a strong interaction with wake B itself. Then, the detailed flow 

structures over two blades are displayed in figure 15, including the pressure 

coefficients, relative velocity contours and velocity profiles. For blade A, the main 

difference of the pressure predicted by two turbulence models is at x/c=0.25~0.5, due 
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to the existence of many small-scale vortices inside the boundary layer. Clearly, the 

SST TM resolves more scales near the wall, even a small vortex near the trailing edge 

causing the pressure drop on the pressure side, as shown in figure 15a. Afterwards, 

the flow over blade B is more complex. There are three obvious distinctions for two 

turbulence models: (1) the low-pressure region near the leading edge on the suction 

side; (2) the flow separation after the middle chord; (3) the high-pressure region near 

the leading edge on the pressure surface. The pressure difference near the leading 

edge both on two sides is as a result of the stagnation point deviation. Certainly, the 

blade-wake interaction also more or less leads to this difference. Near the blade 

trailing edge, the flow separation predicted by SST TM is more intensive, which has 

great impact on the blade loading.  What is more, in figure 14e, 15e and 15f, it is 

found that the blade-wake interaction has a significant effect on the external flow 

filed near the leading edge, especially for SST k-ω model, presented by the velocity 

profiles near the leading edge of the pressure side, which are shown in figure 15g and 

15h.   
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        (b)                                                                          (c) 

 
 

 

       (d) 

    

        (e)                                                                          (f) 

Fig.14 Velocity and vorticity contours. (a) and (d) Experiments; (b) and (e) SST k-ω; (c) and (f) 

SST TM. 
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     (e)                                                                          (f) 
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       (g)                                                                          (h) 

Fig.15 Pressure, relative velocity and velocity profiles. (a) Pressure of blade A; (b) Pressure of 

blade B; (c) and (e) SST k-ω; (d) and (f) SST TM; (g) Velocity profile of blade B at x/c=0.05 

on the lower surface; (h) Velocity profile of blade B at x/c=0.1 on the lower surface. 

In the next moment, at ψ=60º, blade B has already come across the wake 

shedding from blade A, but the wake A contacts with wake B near the trailing edge 

of blade B. Besides, the wake of blade B also has an interaction with itself, indicating 

a wake-wake interaction. The trajectory of wake shedding from blade A in the 

experiments has a little difference compared with the simulations, which impacts 

directly on the upper surface of blade B, as shown in figure 16d. However, the 

computations can still seize the gross feature of unsteady vortical flows. The detailed 

description of the flow field near the blade surface is shown in figure 17, using the 

pressure coefficients and velocity contours. The pressure of blade A predicted by 
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SST k-ω model has some difference compared with that obtained by SST TM, in 

regions where the small-scale vortex attaches on the pressure side and the flow 

separation emerges near the trailing edge of the suction side. At ψ=30º, the unstable 

area of the pressure on the pressure side is at x/c=0.25~0.5, but it extends to 

x/c=0.3~0.7 with the development of the attached vortex at ψ=60º. The SST TM 

resolves the discrete vortices inside the boundary layer, resulting in the pressure 

fluctuation, as shown in figure 17a.  Near the trailing edge of the suction side, the 

pressure is greatly influenced by the large-scale flow separation vortex, especially 

for SST k-ω model. For blade B, the laminar separation bubble predicted by SST TM 

is formed near the leading edge. After LSB, the flow would reattach on the surface 

and then the turbulent boundary layer separation appears, shown in figure 17f. But 

the SST k-ω model only captures the fully turbulent boundary layer after a turbulent 

separation bubble, which will be discussed later in detail. Generally, it concludes that 

the considerable difference of the pressure on the suction side of blade B is due to 

the laminar-turbulence transition and turbulent boundary layer separation.  
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        (d) 

    

       (e)                                                                          (f) 

Fig.16 Velocity and vorticity contours. (a) and (d) Experiments; (b) and (e) SST k-ω; (c) and (f) 

SST TM. 
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     (c)                                                                          (d) 

      

       (e)                                                                          (f) 

Fig.17 Pressure and relative velocity. (a) Pressure of blade A; (b) Pressure of blade B; (c) and 

(e) SST k-ω; (d) and (f) SST TM. 

As shown in figure 18, the velocity and vorticity contours at λ=0.73 are 

displayed and the computational results are compared with the experimental data. At 

ψ=0º, the wake of blade A has no contact with blade B. But blade B has a visible 

interaction with the wake shedding from itself near the leading edge. Compared with 

that in figure 12, the interaction position is much closer to the leading edge, due to 

the change of the relative velocity Urel. It also can be seen that the blade-wake 
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interaction predicted by SST k-ω is more obvious. The pressure, relative velocity and 

velocity profiles are shown in figure 19 to study the near-wall flows and its impact 

on the performance of the single blade. According to the simulation results, it is found 

that the pressure distribution of blade B on the suction side has relatively large 

difference. The large relative velocity develops from the leading edge to the trailing 

edge for SST TM, leading to the performance enhancement because of the lower 

pressure, as shown in figure 19b. This occurrence is due to the prediction of the low-

pressure region near the leading edge and less impact of blade-wake interaction for 

SST TM in figure 18f. In addition, the pressure has the fluctuation for SST k-ω model, 

as a result of many individual vortices. Very close to the wall, the reverse flow occurs 

earlier for SST TM, for the reason that it has the ability to detect the instability of the 

boundary layer disturbed by the external environment. Moreover, near the leading 

edge of the pressure side, the external flow structure is strongly affected by the blade-

wake interaction for SST k-ω model, which is shown in figure 19e and 19f. 
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           (d) 

    

       (e)                                                                          (f) 

Fig.18 Velocity and vorticity contours. (a) and (d) Experiments; (b) and (e) SST k-ω; (c) and (f) 

SST TM. 
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         (e)                                                                    (f) 

Fig.19 Pressure, relative velocity and velocity profiles. (a) Pressure of blade A; (b) Pressure of 

blade B; (c) SST k-ω; (d) SST TM; (e) Velocity profile of blade B at x/c=0.05 on pressure side; 

(f) Velocity profile of blade B at x/c=0.15 on pressure side. 

 

At ψ=30º, the velocity and vorticity contours obtained by the simulations and 

experiments are shown in figure 20, when λ is 0.73. Although the flow structure is 

quite similar with that at λ=0.52, there is no blade-wake interaction at this position. 

The change of the relative velocity, due to the increase of the freestream velocity, 

modifies the trajectory of the wake shedding from blade A. But for blade B, the wake-

wake interaction is still captured clearly by two turbulence models. To study the 

difference of flow structures near the blade surface, the blade loadings and velocity 

contours of two blades are shown in figure 21, respectively. The pressure distribution 

on the pressure side is quite similar for two turbulence models and a little difference 
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is induced by the existence of a small-scale attached vortex. Then, on the suction side 

of blade A, flow separation occupying a large part of the blade surface exists, 

particularly near the trailing edge, leading to the remarkable pressure difference. 

When it comes to the blade B, the turbulent boundary layer separation changes the 

blade loading evidently from the middle chord to the trailing edge, but this 

phenomenon becomes weak compared with that in figure 15. Ultimately, the results 

show that SST TM has the capability to capture more scales near the wall. 
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          (d) 

   

      (e)                                                                          (f) 

Fig.20 Velocity and vorticity contours. (a) and (d) Experiments; (b) and (e) SST k-ω; (c) and (f) 

SST TM. 
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     (c)                                                                  (d) 

       

     (e)                                                                  (f) 

Fig.21 Pressure and relative velocity. (a) Pressure of blade A; (b) Pressure of blade B; (c) and 

(e) SST k-ω; (d) and (f) SST TM. 

When ψ increases to 60º, the wake of blade A has a weak interaction with the 

wake B near the trailing edge, compared with that at λ=0.52. From the distributions 

of velocity and vorticity, it seems that the vortical flows obtained by SST TM are 

more unstable, characterized by more individual vortex in shedding wakes, as shown 

in figure 22e and 22f. As a complementary, the pressure and velocity contours are 

presented in figure 23, to analyze the detailed near-wall flow structures. For blade A, 

it is undergoing the retreating side and massive flow separation nearly exists on the 

whole suction side, particularly from x/c=0.4~1.0. There are three vortex structures 

located at the leading edge. After the reattachment, the turbulent boundary layer 

separates and two vortices connecting with each other are generated. Evidently, the 
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presence of the trailing edge flow separation causes a lower pressure for SST k-ω 

model, leading to a better performance for blade A. On the suction side of blade B, 

there is only a small vortex attached on the blade trailing edge for SST k-ω model, 

but SST TM captures the slender separation bubble, the reattachment and the 

turbulent boundary layer separation clearly. 
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          (d) 

    

        (e)                                                                          (f) 

Fig.22 Velocity and vorticity contours. (a) and (d) Experiments; (b) and (e) SST k-ω; (c) and (f) 

SST TM. 
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     (c)                                                                    (d) 

          

      (e)                                                                    (f) 

Fig.23 Pressure and relative velocity. (a) Pressure of blade A; (b) Pressure of blade B; (c) and 

(e) SST k-ω; (d) and (f) SST TM. 

The global performance of the cycloidal rotor at two λ are displayed in figure 

24, to explain the difference of lift and propulsive force coefficients predicted by two 

different turbulence models. It can be seen that the main difference of the lift 

coefficient is nearly at ψ=30º and 90º while it is at ψ=30º for the propulsive force 

difference when λ is 0.52. At ψ=30º, the blade A is almost vertical and the vertical 

force is almost equal to zero, which is shown in figure 10a. Due to the components 

of the lift and drag in Y axis, the large magnitude of the lift for the cycloidal system 

is provided by blade B. However, in figure 15b, the blade loading obtained by SST 

TM is larger than that of SST k-ω model because of the earlier and more intensive 

flow separation near the trailing edge, resulting in the larger lift of the cycloidal rotor. 
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Furthermore, blade B can provide the positive propulsive force, but its magnitude is 

larger for SST TM as a consequence of the larger blade loading in figure 15b. 

Simultaneously, blade A produces the negative propulsive force due to the 

components of the lift and drag in X axis, which is shown in figure 11a. As a result, 

according to the propulsive force generated by two blades, SST k-ω model achieves 

the negative propulsive force with large value.  

Then, at ψ=90º, based on the force sketch in figure 11b and 11d, each blade can 

generate the vertical force completely provided by the lift, but with different values 

shown in figure 25a and 25b. Obviously, the vertical force on blade B is much larger 

than blade A, which brings about the positive lift of the cycloidal rotor. For blade A, 

the pressure difference predicted by two turbulence models is due to the large flow 

separation on the trailing edge of the suction side. However, the impact is more 

apparent for SST k-ω model. In addition, on the pressure side, the flow state is also 

extremely different, as presented in 25c and 25d. Blade B also makes the contribution 

to the lift difference of the rotating system, and the blade loading obtained by SST 

TM is much larger than SST k-ω model, resulting from the attached large-scale 

laminar separation bubble. Generally, it concludes that the massive flow separation 

on the suction side of blade A has greater impact on the blade loading for SST k-ω 

model, while the laminar separation bubble with large size predicted by SST TM is 

the main contributor to the large pressure difference of blade B. 

As λ increases to 0.73, the noticeable phenomenon is the negative propulsive 

force with large magnitude at ψ=30º, compared with that at λ=0.52. By the 

comparison of pressure distributions in figure 15a and 21a, there is no much 

difference for blade A, which means that the negative propulsive force created by 

blade A is quite similar with the increase of λ. However, for blade B, the positive 

propulsive force at λ=0.52 is much larger than that at λ=0.73, because of the larger 

blade loading shown in figure 15b, compared with that in figure 21b.  
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       (c)                                                                      (d) 

Fig.24 Instantaneous performance of the rotating system. (a) and (b) Lift and propulsive force 

coefficients at λ=0.52; (c) and (d) Lift and propulsive force coefficients at λ=0.73. 
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      (c)                                                                    (d) 

         

      (e)                                                                    (f) 

Fig.25 Pressure and relative velocity. (a) Pressure of blade A; (b) Pressure of blade B; (c) and 

(e) SST k-ω; (d) and (f) SST TM. 

4.2 Main features of laminar-turbulence transition 

In this section, the characteristics of laminar-turbulence transition over the 

blade surface at two λ for SST k-ω model and SST TM are discussed thoroughly. 

Several positions at advancing side are selected to clarify the transition evolution. 

The distributions of turbulent kinetic energy at λ=0.52 and the corresponding skin 

friction coefficients (Cf=τw/(0.5*ρ*U0
2), where τw is wall shear stress) are displayed 

in figure 26 and 27, respectively. In this work, it is found that both two turbulence 

models can capture the existence of the separation bubble (SB) leading to the 

transition near the leading edge, due to the extremely low Reynolds number. By using 
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SST TM, Winslow et al. [32] pointed out that there is a large-scale leading-edge flow 

separation bubble, when the Reynolds number is below 5×104, which is quite similar 

with the event in the current investigation. For the SST k-ω model, the relatively 

small separation bubble is observed while SST TM can capture the SB with a 

relatively large size. Additionally, it seems that the separation bubble obtained by 

SST TM is composed of multiple vortices initially. Dong et al. [33] observed that a 

nonclassical laminar separation bubble structure, which includes two vortices with 

the cores locating around the transition point, is evident with the increase of Reynolds 

number to 5×105. On the oscillating airfoil, Negi et al. [34] used the large eddy 

simulation to investigate the transition over a pitching airfoil with a small amplitude, 

and the main results reveal that there is spatially growing wave of the laminar 

boundary layer when the LSB is absent. These growing waves are amplified 

gradually with the increases of LSB size, which indicates that the transition is 

triggered by this laminar boundary layer instability. Usually, after the reattachment, 

the boundary layer would become fully turbulent until the occurrence of the turbulent 

boundary layer separation, which is often detected over the stationary objectives. 

However, in figure 26b, the boundary layer is still laminar after the reattachment, 

which is presumably ascribed to the laminar flow occupying large portion of the 

upper surface at low Reynolds number and the delayed transition resulting from the 

dynamic effect [35]. Conversely, the flow after the SB is fully turbulent for SST k-ω 

model. Then, at ψ=60º, the separation bubble has already formed and it expands 

towards the middle chord and the separated flow near the trailing edge sheds into the 

wake gradually. In general, the bubble size obtained by SST TM is relatively larger 

and the development of the transition is predicted more clearly. From the 

distributions of skin friction coefficients in figure 27, it is evident that the flow 

separation is always near the leading edge and the reattachment point moves 

downstream with the increase of ψ, which is because the transition is normally 

located at the trailing edge when the relative attack-of-angle is small. Additionally, 

it is discovered that there is no difference in flow separation point for two turbulence 

models, but the transition and reattachment locations are more upstream for SST k-

ω model, as a consequence of the separation bubble size.  
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     (g)                                                                          (h) 

Fig.26 Distributions of turbulent kinetic energy (Left column is SST k-ω model while right 

column is SST TM). (a) and (b) ψ=50º; (c) and (d) ψ=60º; (e) and (f) ψ=70º; (g) and (f) ψ=80º. 
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Fig.27 Distributions of skin friction coefficients at different ψ. (a) ψ=50º; (b) ψ=60º; (c) ψ=70º; 

(d) ψ=80º. 
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Afterwards, the distributions of turbulent kinetic energy and skin friction 

coefficients at λ=0.73 are shown in figure 28 and 29, respectively. In figure 28b, the 

roll-up vortices cause the growing wave of the laminar boundary layer when the 

separation bubble does not occur. Obviously, the shape of roll-up vortices is much 

slenderer than that at λ=0.52, due to the change of the relative velocity. When the 

flow separation appears near the trailing edge, the level of the turbulent kinetic 

energy becomes very high. However, for SST k-ω model, the fully turbulent 

boundary layer is observed after the separation bubble with a small size, which means 

that the formation of the separation bubble is delayed as the Reynolds number 

increases. At next moment, as shown in figure 28c, the separation bubble gradually 

develops and it moves towards the middle chord gradually as the relative attack-of-

angle becomes smaller. Then, in figure 28f, the region where two vortices co-exist 

has high level of turbulent kinetic energy, leading to the local transition onset. 

Downstream from the reattachment point, the boundary layer is still laminar and a 

vortex is evident, leading to a small change of the skin friction coefficient shown in 

figure 29c. Finally, at the incidence where the relative velocity coincides with the 

airfoil leading edge, a separation bubble is totally formed by two vortices and the 

vortex after the reattachment of the separation bubble is located near the trailing edge. 

Generally, it concludes that the roll-up vortices lead to the growing wave of the 

laminar boundary layer and then the local transition onset is induced by two 

distinctive vortices. Consequently, the single separation bubble is generated by these 

two vortices and it develops towards the trailing edge. In figure 29, it is observed that 

the roll-up vortices cause the jump of the wall shear stress. Increasing the freestream 

velocity leads to the flow separation, transition and reattachment points moving 

downstream, especially for the reattachment point. 
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      (g)                                                                          (h) 

Fig.28 Distributions of turbulent kinetic energy (Left column is SST k-ω model while right 

column is SST TM). (a) and (b) ψ=60º; (c) and (d) ψ=70º; (e) and (f) ψ=80º; (g) and (f) ψ=90º. 
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Fig.29 Distributions of skin friction coefficients at different ψ. (a) ψ=60º; (b) ψ=70º; (c) ψ=80º; 

(d) ψ=90º. 
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5. Concluding remarks 

The unsteady vortical flows and laminar-turbulence transition over a 2-bladed 

cycloidal rotor is investigated using the original SST k-ω model and SST γ-Reθt 

transition model. The obtained results are compared with the available numerical and 

experimental data. The main conclusions are listed as follows: 

(1) Among different turbulence models, the SST TM has the superiority in 

predicting the global performance of the cycloidal rotor, and the results obtained by 

RSM have large fluctuations due to the very refined mesh and small timestep. 

(2) The transition of the vertical force, propulsive force and power from a 

negative/positive value to a positive/negative one, is analyzed using the force 

distribution on a single blade, which shows that increasing/decreasing λ has no 

impact on that. The transition of the vertical force is mainly at ψ=32º and 144º, where 

the blade profile is almost perpendicular to the horizontal axis, due to the balanced 

components of the lift and drag in the vertical direction. Moreover, the propulsive 

force transition occurs at ψ=90º and 270º when the blade geometry is parallel to the 

horizontal axis, due to the small value of the drag.  

(3) Near the airfoil surface, the low-pressure and high-pressure zones near the 

blade leading edge due to the stagnation point deviation, the existence of the attached 

vortex, the massive flow separation and laminar-turbulence transition induced by the 

separation bubble, have a great impact on the performance of the cycloidal rotor 

system and single blade. In addition, the blade-wake and wake-wake interactions has 

a strong effect on the external flow filed.   
(4) The main difference of the lift is at ψ=30º and 90º while it exists at ψ=30º for 

the propulsive force difference, due to the force direction and blade loading on the 

single blade. When analyzing the performance difference of the cycloidal rotor under 

different conditions, the force (vertical and propulsive forces) distribution of the 

single blade, the forces (lift and drag) acting on the blade and the pressure difference 

of each blade are necessary.    
(5) The transition induced by the separation bubble at two λ when the blade 

undergoes the advancing side are revealed. It concludes that SST TM is highly 

sensitive to the disturbances and has the capability to capture the evolution of the 

transition, from the growing wave of the laminar boundary layer to the fully 

development of the separation bubble. However, the SST k-ω model only resolves 

the turbulent flow after the formation of the turbulent separation bubble. 
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