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Abstract 

Double-blade vertical axis wind turbines (DB-VAWTs) can improve the self-starting performance of lift-driven 
VAWTs. We here propose the quadruple-multiple streamtube model (QMS), based on the blade element momentum 
(BEM) theory, for simulating DB-VAWT performance. Model validity is investigated by comparison to computational 
fluid dynamics (CFD) prediction for two kinds of two-dimensional DB-VAWT rotors for two rotor scales with three 
inner-outer radius ratios: 0.25, 0.5, and 0.75. The BEM-QMS model does not consider the effects of an inner rotor on 
the flow speed in the upwind half of the rotor, so we introduce a correction factor for this flow speed. The maximum 
power coefficient predicted by the modified BEM-QMS model for a DB-VAWT is thus closer to the CFD prediction. 

Keywords: Wind turbine, Double-blade rotor, VAWT, BEM, CFD, QMS. 

1. Introduction 

Vertical axis wind turbines (VAWTs) offer lower costs due to the simplified mechanics, because the wind direction is unimportant to 
performance. However, small-scale lift-driven VAWTs typically have poor self-starting performance [1]. Therefore, a variety of steps 
have been tried to improve self-starting performance: increasing blade chord length, adding more blades, using drag-driven wind 
turbines as a starter, and designing blade airfoils for high aerodynamic performance (for example, [2]). Double-blade vertical axis wind 
turbines (DB-VAWTs), such as the one shown in Fig. 1 (a), are an example for improving self-starting performance. DB-VAWTs can 
produce larger starting torque than conventional single-rotor VAWTs with the same blade chord length. Figure 1(b) shows a new type 
of VAWT with multiple looped blades forming a double-blade rotor structure, as in a DB-VAWT. This VAWT was named the butterfly 
wind turbine (BWT) [3] because as it rotates around the vertical axis it has the shape of a butterfly. The BWT may offer reduced costs, 
good self-starting performance, high energy efficiency, and good vibration handling because of the direct installation of the armless 
looped blades on the central axis. 

Although propeller-type horizontal axis wind turbines (HAWTs) are the primary turbines for large-scale wind power generation, 
large-scale VAWTs have been recently proposed and developed for offshore wind power because of their low operational and 
maintenance costs [4]–[10]. A large-scale VAWT requires struts or arms that connect the blades and central rotating axis, and the cross-
section of the struts should also be airfoils to reduce drag. These airfoil struts produce lift force if they incline against the horizontal 
plane, and so the structure can be regarded as a partial double-blade rotor. 

Since the flow field of a double-blade rotor is very complex, it is difficult to predict performance by using conventional blade 
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element momentum (BEM) theory. In the present paper, we propose a new flow field model, which we call the quadruple-multiple 
streamtube (QMS) model, for predicting the performance of double-blade rotors. The QMS model extends the double multiple 
streamtube model (DMS model) [11], which is based on the BEM theory. The validity of QMS modeling is investigated by comparison 
with computational fluid dynamics (CFD) results. Additionally, characteristics of double-blade VAWTs are investigated by simulating 
two sizes of outer rotor and varying the ratio of the inner rotor radius to the outer rotor radius in each case. 

 

(a)DB-VAWT          (b)BWT  
 

Fig. 1 Double-blade vertical axis wind turbine (left) and butterfly wind turbine (right) 
 

2. Predicting VAWT Performance 

2.1 Quadruple-Multiple Streamtube Model 

The DMS flow model [11] used in conventional BEM theory and the QMS flow model proposed in this paper are shown in Fig. 
2. In the DMS model, with a1 and a2 as the induced-velocity factors in the upwind and downwind zones respectively, flow 
velocity is expressed as follows: 

 
 101 1 aVV                                                  (1) 

 
 1012 21 aVVe                                               (2) 

 
 2122 1 aVV e                                                (3) 

 
 212 21 aVV eW                                              (4) 

 
Here, V0 is the upstream uniform velocity and VW is the rotor-wake velocity. Ve12 is an equilibrium-induced velocity used as an 
input for the downwind zone.  

In the double-blade rotor cases to which the QMS model is applied, fluid in a streamtube intersects rotor planes up to four 
times. When this is the case, by introducing a1, a2, a3, and a4 as the induced-velocity factors in each cross-section, flow velocity 
can be modeled as follows: 

 
 101 1 aVV                                                  (5) 

 
 2122 1 aVV e                                                (6) 

 
 3233 1 aVV e                                                (7) 

 
 4344 1 aVV e                                                (8) 

 
 434 21 aVV eW                                              (9) 
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Here Ve12, Ve23, and Ve34 are equilibrium-induced velocities; they are modeled as follows: 
 

 1012 21 aVVe                                              (10) 

 
 21223 21 aVV ee                                            (11) 

 
 32334 21 aVV ee                                            (12) 

 
On the basis of the BEM theory, each induced-velocity factor, which must satisfy both the momentum theory and the blade 
element theory at each cross section, is found by iterating to convergence. In the QMS model, the induced-velocity factors (i.e., 
velocities in a streamtube) are calculated in the order a1, a2, a3, a4, from the upstream side. Correspondence between the outer 
rotor (radius: R; azimuth: R ) and the inner rotor (radius: b; azimuth: b ) is given by  

 
bR bR  coscos                                            (13) 

 
Some streamtubes in the double-blade rotor do not intersect the inner rotor. In such streamtubes, the DMS model is used instead to 
obtain the flow velocity. 
 

     
 

Fig. 2 (a) DMS model used for a conventional (single) rotor and (b) QMS model proposed for double-blade rotors 
 

2.2 Simulated Rotors 

Two rotors are selected for simulation in this study; these have different outer rotor diameters, as shown in Fig. 3. Both rotors 
are two-dimensional DB-VAWTs with three pairs of double blades; each pair consists of an outer blade and an inner blade. For 
the large-scale rotor (case A), the chord lengths of the outer and inner blades (c1 and c2) are 1 m and the radius of the outer rotor R 
is 10 m. The radius of the inner rotor b is 2.5 m, 5.0 m, or 7.5 m. The diameter Da of the rotational axis is 1.5 m; this is considered 
in the performance calculations. For the small-scale rotor (case B), the chord lengths of the outer and inner blades (c1 and c2) are 
0.2 m and the radius of the outer rotor R is 1 m. The radius of the inner rotor b is 0.25 m, 0.5 m, or 0.75 m. The diameter Da of the 
rotational axis is assumed to be 0.15 m.  

In this study, the blade sections are assumed to be symmetrical NACA 0018 airfoil for BEM calculations. However, to account 
for flow curvature effects [12], blade sections obtained by conformal mapping [13] of NACA 0018 airfoil to the curvilinear flow 
along the blade path are assumed in CFD analysis. That is, the present study assumes that the results of BEM calculation using 
symmetrical airfoil data correspond to the performance of a wind turbine rotor with cambered blades as obtained by 
transformation of the symmetrical airfoil to an equivalent curvilinear flow field. BEM and CFD calculations are two dimensional. 

Although the supporting struts are not considered in the present calculations, the installation position of a blade on a virtual 
arm is assumed to be 25% of the chord length from the leading edge. The pitch angle of each blade at the blade installation 
position is tabulated in Table 1, together with camber for each blade and rotor condition. In the BEM calculations, for example, 
the pitch angle of the outer blade in case A was set at 1.43°; the corresponding value in case B was set at 2.87°. The upstream 
uniform flow velocity V0 was assumed to be 10 m/s in this study. 

 

2.3 Calculation by BEM-QMS 

Performance of the double-blade rotors was simulated by the BEM theory with the QMS model (BEM-QMS), which was 
described in section 2.1. As a standard for comparison, the performance of a single rotor equivalent to the outer rotor was 
calculated in each case by the BEM theory using the conventional DMS model. The aerodynamic data of NACA 0018 presented 
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by Sheldahl and Klimas [14] were used as the input into an in-house program for VAWT performance prediction. However, 
aerodynamic data were replaced with the data presented by Kumar et al. [15] for cases in which there was both a low Reynolds 

number ( 54 106.1100.1  Re ) and a small angle of attack ( 25 ). The modified Gormont model with AM = 6 (Berg’s 

modification [16]) was used in the dynamic stall model together with Paraschivoiu’s modification [11], which replaces the 
dynamic stall model in the high turbulence range (105° to 225° in Fig. 2). However, to avoid discontinuity, our BEM-QMS 
program smoothly switches the dynamic stall model on and off at the boundary of the high turbulence range. For both the outer 
and inner rotors, the number of streamtubes is 36, in the direction normal to the mainstream. In the present BEM predictions, the 
effects of the rotor axis were considered by assuming the wake of a stationary cylinder. 

 

                
 

Fig. 3 Simulated objects. (a) case A: R = 10 m, c1 = c2 = 1 m; (b) case B: R = 1 m, c1 = c2 = 0.2 m 
 

Table 1 Camber and pitch angle of each blade in each case 
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Fig. 4 Power characteristics of a 17 m Darrieus rotor. Both simulated data by BEM-DMS and experimental data are shown. 
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Results of predicting the power characteristics of a 17 m Darrieus rotor (Sandia Corporation) by using our BEM program are 
shown in Fig. 4, which also shows a plot of experimental data at constant rotational speed of 50.6 rpm [17]. The blade airfoil of 
the 17 m rotor is NACA 0015 and the aerodynamic data given by Sheldahl and Klimas [14] were used for the BEM prediction in 
Fig. 4. The BEM prediction for the 17 m rotor was a three-dimensional calculation, with vertical division into 21 levels. For each 
level, the DMS model was used to obtain the velocity field and the aerodynamic forces of the blades; these forces were 
numerically integrated to obtain the whole rotor performance. As shown in Fig. 4, the prediction by our BEM program agrees well 
with the experimental results over a wide range of tip speed ratios. 

 

2.4 Calculation by CFD 

To validate the BEM-QMS model, two-dimensional CFD analysis was conducted. The simulation objects are two sizes of 
double-blade rotors, described as cases A and B above (Fig. 3), a single rotor with outer radius 10 m, and a single rotor with outer 
radius 1 m; these sizes correspond to the outer rotor sizes of cases A and B, respectively. Examples of the generated meshes are 
shown in Fig. 5. In case A, the calculation domain consisted of a region of motion (a circle with radius of 12 m) and a static region 
(a 960 m × 1280 m rectangle). The calculation domain in case B was a 1:10 scale version of the calculation domain in case A. The 
size of the calculation domain and the resolution of the mesh were chosen to have minimal impact on the results. The CFD solver 
used was ANSYS Fluent v13; the QUICK scheme was used for the momentum equation, and the secondary accuracy scheme was 
chosen for the pressure equation. Time integration was performed by a second-order implicit method, and the SST-k- turbulence 
model was used; the size of the time step was set to the time in which a rotor revolves one degree. The number of cells was about 
260,000 in the region of motion and about 40,000 in the static region. Each calculation was carried out up to five complete 
revolutions of the rotor, and the power and torque coefficients were obtained by averaging the power and torque during the last 
revolution. 

Figure 6 illustrates the results of case A with inner-outer radius ratio b/R = 0.5 and tip speed ratio of 4; panel (a) shows the 
distribution of the streamwise velocity component, and panel (b) shows the distribution of vorticity component. From these, it can 
be seen that the streamwise velocity greatly decreases within the radius of the inner rotor and its wake, and the outer rotor blade 
moving in the downwind side traverses the vortices ejected by the inner rotor blades. 
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(a) Overall calculation region     

 

(b) Rotating region (Case A, b/R = 0.5)  
 

Fig. 5 Examples of generated mesh for 2D CFD analyses 
 

     

 

(a) Distribution of streamwise velocity component       

 

(b) Distribution of vorticity component  
 

Fig. 6 Two-dimensional CFD analysis for case A with b/R=0.5 and tip speed ratio 4 



 

21

3. Results 

3.1 Comparison between BEM-QMS and CFD 

Figure7 shows a comparison between BEM-QMS and CFD results obtained for the total power coefficients of double-blade 
rotors; panels (a) and (b) show cases A and B, respectively. The power characteristics of single rotors in both cases are also shown 
in Fig. 7 for comparison. The BEM and CFD predictions agree well on the maximum power coefficient of the single rotor in case 
A. However, the predicted tip speed ratio at which the maximum power coefficient will be obtained in BEM predictions is higher 
than that in CFD predictions. Differences between BEM and CFD predictions for a single rotor tend to grow as rotor size is 
decreased; this is shown in Fig. 7(b), which shows results for case B. The causes of this discrepancy on small-scale rotors are not 
yet clear. Possible causes include the dynamic stall model (or the selection of the AM parameter) and the aerodynamic data at low 
Reynolds numbers. For example, the blade Reynolds number at tip speed ratio  = 3 in case A is between 6103.1   
and 6106.2  ; in case B the same tip speed ratio gives a Reynolds number between 5106.2   and 5103.5  . 

The difference between BEM-QMS and CFD predictions for double-blade rotors are large in both case A and case B. The 
maximum power coefficient predicted by CFD decreases greatly with increasing inner-outer radius ratio. However, the BEM-
QMS prediction shows a small decrease in the maximum power coefficient. Nevertheless, the predictions by BEM-QMS and CFD 
agree qualitatively: the power coefficient increases at lower tip speed ratios and decreases at higher tip speed ratios with 
increasing inner-outer radius ratio. 
 

0 1 2 3 4 5 6 7 8 9 10
0

0.1

0.2

0.3

0.4

0.5

0.6

λ

C
p

Single rotor(BEM)
b/R = 0.25 (BEM)
b/R = 0.5   (BEM)
b/R = 0.75  (BEM)

Single rotor(CFD)
b/R = 0.25 (CFD)
b/R = 0.5   (CFD)
b/R = 0.75 (CFD)

0 1 2 3 4 5 6 7 8 9 10
0

0.1

0.2

0.3

0.4

0.5

0.6

λ

C
p

Single rotor(BEM)
b/R = 0.25 (BEM)
b/R = 0.5   (BEM)
b/R = 0.75  (BEM)

Single rotor(CFD)
b/R = 0.25 (CFD)
b/R = 0.5   (CFD)
b/R = 0.75 (CFD)

 
                     (a) Case A (large rotor)                              (b) Case B (small rotor) 
 

Fig. 7 Total power coefficients vs. tip speed ratio in (a) case A and (b) case B 
 

Figures 8 and 9 show the contributions from the outer and inner rotors to the torque coefficient. Despite some differences in 
the tip speed ratio at peak torque, the maximum torque coefficients of the outer rotor approximately agree between the BEM-QMS 
and CFD predictions in case A for each inner-outer radius ratio (Fig. 8(a)). In case B (Fig. 8(b)), the maximum torque coefficient 
of the outer rotor for b/R = 0.25 almost agrees between the BEM-QMS and CFD predictions, but the difference between the 
predictions grows as the value of b/R increases. As seen for power coefficients, the tip speed ratios corresponding to the maximum 
torque coefficients are higher in BEM-QMS predictions than in CFD predictions. 

Predicted torque coefficients of the inner rotor in case A agree well for tip speed ratios between 3 and 4 when the inner-outer 
radius ratio is 0.75 or 0.5 (see Fig. 9(a)). In contrast to the outer rotor torque coefficients, the tip speed ratio predicted by BEM-
QMS as giving the maximum torque coefficient of the inner rotor increases with decreasing the value of b/R in case A; yet, the tip 
speed ratio for torque peak, as predicted by CFD, does not depend on b/R in Fig. 9(a). In Fig. 9(b), showing case B, the inner-rotor 
torque coefficients from BEM-QMS predictions have two peaks; this is likely due to dynamic stall effects. Although an exact 
judgment is impossible due to the small number of CFD predictions, the CFD results seem to decrease monotonically between 
 = 2 and  = 3 (Fig. 9(b)). Except for these details, the BEM-QMS and CFD predictions for the inner-rotor torque coefficients 
coincide quantitatively in case A and case B. 

We now compare the BEM-QMS and CFD predictions on variation of torque exerted on a blade as a function of that blade’s 
azimuth. The analysis techniques are two dimensional, which we address by defining the non-dimensional torque CQ (blade 
torque coefficient) by using the torque Q exerted on a blade with unit height; this is calculated as follows: 

 

                                        
DRV

Q
CQ

2
05.0 

                                           (14) 

 
where  is air density and D is the outer rotor diameter (D = 2R). 

Figure 10 shows the predicted torque variations for one blade in the single rotor case. The difference between BEM and CFD 
predictions is large when the azimuth is between 0° and 120°; this is true for both large and small rotors. In this azimuth range, 
blades move upstream in the upwind half-cycle and flow is not turbulent. The BEM calculations do not consider secondary flow. 
However, the CFD predictions show the effects of secondary flow, which are especially illustrated by the shift in the position of 
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torque-dip (azimuth of around 270° in Fig. 10) caused by the wake of the rotational axis. The difference between BEM and CFD 
predictions may arise from these secondary flow effects. Because the angle of attack is large when azimuth is between 30° and 
120°, the choice of dynamic stall model might also be reflected in prediction differences. Although there are some differences 
between predictions for other ranges of azimuth, as shown in Fig. 10, overall, predictions of torque variations of single rotors 
agree between the BEM and CFD methods when tip speed ratio is 3. 

Blade torque coefficients CQ of the double-blade rotor in case A with b/R = 0.75 at tip speed ratio 3 are shown in Fig. 11. In 
Fig. 11(a), the CQs of the outer and inner rotors predicted by BEM-QMS are compared to the CQ of the single rotor. In Fig. 11(b), 
the CQs predicted by CFD are compared similarly. The CQ of the outer rotor predicted by BEM-QMS is the same as the CQ of 
the single rotor for azimuth from 0° to 180°. This shows that the BEM-QMS model did not reflect the drop in upstream velocity 
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(a) Case A (large rotor)                              (b) Case B (small rotor) 
 

Fig. 8 Torque coefficients of outer rotors in (a) case A and (b) case B 
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(a) Case A (large rotor)                                (b) Case B (small rotor) 
 

Fig. 9 Torque coefficients of inner rotors in (a) case A and (b) case B 
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Fig. 10 Blade torque coefficient CQ of a single rotor for λ=3 and rotor radius (a) 10 m and (b) 1 m. 
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Fig. 11 Blade torque coefficient CQ of double-blade rotor with λ = 3 (case A, b/R = 0.75) predicted by 
(a) BEM-QMS and (b) CFD  

 
due to the inner rotor. The CQ of the outer rotor predicted by CFD is smaller than the CQ of the single rotor in the upstream half-
cycle. However, BEM-QMS and CFD predict similar torque variations in the downwind half-cycle. 
 

3.2 Modification of the QMS Model 

The difference between the maximum blade torque coefficient (in the upwind half-cycle) predicted by CFD for the outer rotor 
and that for the single rotor, CQ , depended on the value b/R. The value CQ differed between case A (c1/R = 0.1) and case B 

(c1/R = 0.2). The maximum blade torque approximately depends on the square of upstream wind speed V0. Because the inflow into 
the double-blade rotor is decreased by the existence of an inner rotor, we assume a virtual upstream-velocity drop 0V  

equivalent to the decrease in the maximum blade torque max
outQ of the outer rotor. If a common constant C is introduced, the 

maximum blade torque of the single rotor max
sQ and that of the outer rotor max

outQ are assumed to be given by the following 

equations: 
 

2
0

max CVQs                                            (15) 

 

                                            200
max VVCQout                                       (16) 

 
Using eqs. (14)–(16), CQ can be approximately related to 00 /VV as follows: 
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                  (17) 

 
In the eq. (17), C and C  are constants. Because CQ  is attributed to the existence of the inner rotor, it should be related to 

not only the inner-outer radius ratio b/R but the solidity of the inner rotor which is defined by bZcin /2  where Z is the 

number of blades.  
Figure 12 shows the dependence of inCQ   on b/R. The relationship between inCQ   and b/R seems to be almost 

linear, except the cases of λ=2 of case A and λ=4 of case B. The broken line depicted in Fig.12 is given by the following equation: 
 

0151.0103.0 


R

bCQ

in
                                    (18) 

 
Using eqs. (17) and (18), we assume the following relationships: 

 







 


0151.0103.0

0

0

R

b
inCQ

V

V
                            (19) 

 
Note that eq. (19) is valid when the inner-outer radius ratio b/R is larger than 0.147. To account for these assumptions, eq. (5) is 
multiplied by a factor Cf  as follows: 
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 101 1 afVV C                                         (20) 

 







 


 0151.0103.011

0

0

R

b
k

V

V
f inCC                            (21) 

 
where Ck is a constant. Although the constant Ck  should be determined from experimental data, the value was set at 0.2Ck  

on the basis of CFD predictions. We note that the expression of eq. (21) was determined for the case Z = 3 and the possibility 
that the numerical values (0.103 and -0.0151) in eq. (21) depends on the number of blades Z has not been ruled out here. 
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Fig. 12 Dependence of inCQ   on b/R 

 

3.3 Comparison between Modified BEM-QMS and CFD 

The power coefficients calculated by the modified BEM-QMS for cases A and B are compared with the CFD predictions in 
Fig. 13. Comparing predictions by modified BEM-QMS with the values shown in Fig. 7 shows that the maximum power 
coefficient at each value of b/R is close to the corresponding value of CFD. The position of the power peak predicted by the 
modified BEM-QMS shifts toward a low tip speed ratio with increasing b/R. This tendency makes the predictions by modified 
BEM-QMS closer to the CFD predictions than the original BEM-QMS predictions were. 

Figures 14 show the torque coefficients of the outer rotor; it is obvious that the torque curves in Fig. 14 are improved over the 
curves in Fig. 8. Improvements for high tip speed ratios are especially remarkable. 

The torque coefficients predicted by the modified BEM-QMS for the inner rotor are compared with CFD predictions in Fig. 15. 
The maximum torque coefficient for each b/R is smaller than the original prediction (Fig. 9); this tendency means that the original 
predictions were closer to CFD predictions on this measure. However, the tip speed ratio predicted for the torque peaks by the 
modified BEM-QMS is lower than that predicted by BEMS-QMS; as a result, for inner rotor torque characteristics, CFD 
predictions were better matched by modified BEM-QMS predictions than by BEM-QMS predictions. 
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Fig. 13 Total power coefficients from modified BEM-QMS in (a) case A and (b) case B 
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Fig. 14 Torque coefficients of outer rotors from modified BEM-QMS in (a) case A and (b) case B 
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Fig. 15 Torque coefficients of inner rotors from modified BEM-QMS in (a) case A and (b) case B 
 

 
Figures 16 (a)–(c) show comparisons of blade torque coefficients CQ between the modified BEM-QMS and CFD predictions 

for case A; Figs. 16 (d)–(f) show the same for case B. All the torque variations compared in Fig. 16 were obtained with tip speed 
ratio 3, and variations in both the outer and the inner rotors are depicted for all inner-outer radius ratios. In both case A and case B, 
the influence of the inner rotor on the outer rotor torque is apparent in the downwind half-cycle (180° to 360°) and the range of the 
influence (i.e. the area in which torque decreases) expands with increasing b/R. The predictions for the outer rotor torque by 
modified BEM-QMS and CFD agree well in the downwind half-cycle. 

In the upwind half-cycle, modified BEM-QMS and CFD agree well on the outer-rotor torque coefficients for azimuth between 
120° and 180°, but for azimuth between 0° and 120° the difference in predictions is large. This was previously seen in the single 
rotor case (Fig. 10). The difference is particularly conspicuous in case B, and the discrepancy between predictions of the modified 
BEM-QMS and CFD increases with increasing b/R. As mentioned above, although the cause of the difference in this azimuth 
range is not clear, the effects of secondary flow and dynamic stall model are candidates. We plan to continue investigating the 
causes of such differences and further improving the BEM-QMS model in the future. 

The differences are large between modified BEM-QMS and CFD for variations in inner-rotor torque, shown in Fig. 16. 
However, the tendency of inner rotor CQ to increase with increasing b/R is apparent. The smaller the tip speed ratio becomes, the 
stronger the effect. As shown in Figs. 15 and 13, in the low tip speed ratio range, the inner rotor torque and overall rotor power 
increase with increasing the inner-outer radius ratio, and this improves the self-starting performance of double-blade rotors. 

4. Conclusion 

To predict the performance of DB-VAWTs, a new flow model was proposed for the BEM theory; this QMS model uses a 
nested model based on the conventional DMS model. From the results of comparisons between CFD analysis and BEM-QMS 
analysis, it was determined that the effects of the inner rotor on the decrease in upstream velocity must be included. To accomplish 
this, the original BEM-QMS model was modified by introducing a correction factor fc to the upstream velocity. Modified BEM-
QMS showed improved agreement with CFD. Both versions of BEM-QMS predicted an improvement in self-starting for a 
double-blade rotor at low tip speed ratios, especially when increasing the ratio of the inner rotor radius to the outer rotor radius.  
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However, the blade torque coefficients predicted by the modified BEM-QMS for azimuth between 0° and 120° (upwind side) 
differed from those predicted by CFD; this occurred for the single rotor case as well. The cause of this difference is not yet clear. 
In this study, the BEM-QMS model was compared with only CFD. The effect of changing the number of blades or varying the 
chord length was not investigated. Further verification of the model by comparison with experimental data and further 
improvements to the model are still necessary. 
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(a) Case A, b/R = 0.25                          (d) Case B, b/R = 0.25 
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(b) Case A, b/R = 0.5                           (e) Case B, b/R = 0.5 
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(c) Case A, b/R = 0.75                           (f) Case B, b/R = 0.75 
 

Fig. 16 Comparison between modified BEM-QMS and CFD predictions for CQ when 3  
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Nomenclature 

AM 

ai 

b 
C, C , C   
Cp 
CQ 
c 
c1 
c2 
D 
Da 

fC 
kC 
Q 

max

outQ  
max

sQ  
R 
Re 

Constant of dynamic stall model 
Induction factors (i=1, 2, 3) 
Radius of inner rotor [m] 
Constants 
Rotor power coefficient 
Torque coefficient of a blade 
Chord length [m] 
Chord length of outer rotor blade [m] 
Chord length of inner rotor blade [m] 
Diameter of outer rotor (= 2R) [m] 
Diameter of rotational axis [m] 
Correction factor 
Constant of upwind-flow speed reduction 
Torque acting on a unit-height blade [Nm] 
Maximum blade torque of outer rotor [Nm] 
Maximum blade torque of single rotor [Nm]
Radius of outer rotor [m] 
Local Reynolds number (= Wc/) 

V0 
Vi 
Veij 

VW 
W 
Z 
  

1  

2  

  
  
  

in  

  

b  

R  

  

Upstream velocity [m/s] 
Induced velocity (i=1, 2, 3, 4) [m/s] 
Equilibrium-induced velocity (ij=12, 23, 34) [m/s] 
Wake velocity [m/s] 
Relative velocity [m/s] 
Number of blades 
Angle of attack [deg.] 
Pitch angle of outer rotor blade [deg.] 
 

Pitch angle of inner rotor blade [deg.] 
 

Tip speed ratio (=R /V0) 
 

Kinematic viscosity [m2/s] 
Air density [kg/m3] 
Solidity of inner rotor (=Zc2/b) 
Azimuth [deg.] 
Azimuth of inner rotor blade [deg.] 
Azimuth of outer rotor blade [deg.] 
 

Turbine rotational speed [rad/s] 
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