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to estimatetheaerodynamicpowerofanew three-bladedtandem (biplane)geometry.
The objective of this study is to predict the lift and the power coefficients in order to
estimate the efficiency, accordingto the blades active surfaces of the two designs,
monoplane three-bladed and three-bladed in tandem configurations. The results
obtained by the simulation show relatively a significant agreement with the
experiencesandthe 6DOFapproachpublished previously. The efficiency ofthe tandem
rotor is higher than the monoplane three-bladed rotor (Cp max = 0.46). The climatic

Keywords: zone of Nouadhibou (Mauritania)is the windiest during the year 2021 referring to the
Nouadhibou; Tiaret; performance; H- variation of the average measured wind speeds comparing to Tiaret zone. The
Darrieus; power; three-bladed; tandem; installation of thisnew type of design at the zone of Nouadhibou is preferable interms
lift; torque of the highest produced aerodynamic power.

1. Introduction

Energy has always been necessary for the continuity of humanity, in particular, basic needs like
food and the daily man activities. Therefore, human requirements for fossil energy sources have
become greater due to the industrial revolution. However, the high rate of consumption, which
depends mainly on available fossil resources relatively, increases carbon emissions, MULLER, O. et
al.,, [1]. These emissions decreased slightly by 6% in 2020 due to the contraction of industrial activities
during the period of the COVID19 pandemic, as well as, the gradual return to renewable energy
sources.

Due to the global health and political crises influencing rising fuel costs, as well as, the
environmental effects, developing countries are moving towards intelligent management of urban
areas through the construction of buildings equipped with positivesources, RajeanderanR. etal., [2].
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Currently, wind turbines installed in urban areas have become promising to compensate the
acute shortage of power plants, Hau, E. etal., [3].

The vertical axis wind turbines VAWT is the most useful in urban areas because of its simplicity
and its adaptation with the random velocity direction. Anemometersinstalled on the buildings roofs
over a specifictime range may measure the wind speed correctly, Nofirman F. et al., [4].

Several years ago, many investigations were carried out in order to estimate and develop the
production capacities of different configurations of the vertical axis wind turbines design.

Numerical investigation of Dominy,R. G. etal., [5] confirms that the self-starting of athree-bladed
rotor is technically possible comparing to a two-bladedrotor for stationary wind speed. If the wind
turbine reaches its operating optimal mode, the aerodynamic power produced will be independent
of the solidity and the tip speed ratio TSR becomes invariant, explaining the causes of the inability of
low solidity fixed pitch vertical axis wind turbines and the features to aid self -starting. Rezaeiha, A. et
al.,, [6]. The numerical investigation carried out by Kaufmann, K et al., [7]. Expresses the relationship
between the wing span direction and the dynamic stall vortex formation. Islam, M. et al., [8] have
tested several numerical models, which have already been used to predict the performances of
vertical axis wind turbines, in particular the conception of H-Darrieus rotors prototypes.

Kooiman, S.J. et al., [9] Express that the aerodynamic performances of vertical axis wind turbines
are independent of the direction of the field of fluctuating speeds, nevertheless, its effect is
guantifiable. The paperof Ashwindran, S. et al., [10] studied the sensitivity of the quality of the sliding
mesh and the effect of the turbulence model, as well as, the choice of the time step including the
aerodynamic forces. Ramirez, D.A et al., [11] carried out the design and the hydrodynamic analysis
of a Darrieus vertical axiswind turbine of 500 W, for a free flow speed of 1.5 m/s used for the blades
design. A range of experimental and numerical assessment of airfoil polar for use in Darrieus wind
turbines carried out by Bianchini, A. et al., [12]. The results show a higherlift coefficientat stall, and
should be taken with NACA 0018 data comparing to data from experiments of Sheldahl et al., [13].
The newest optimization carried out by Palanisamy Mohan Kumar et al., [14] consists of designand
construction of vertical axis Darrieus type micro wind turbine and shed additional light on sensorand
data acquisition. Edwards, J. M. et al, [15] study in their paper the different aerodynamic
performance of a small-scale vertical axis wind turbine VAWT by new experimental methods.

The comparative numerical study carried out by AKERMI et al., [16] focuses on the unsteady
numerical analysis of the 6DOF approach, and shown that the two-blade design does not achieve
higherspecificspeeds accordingtothe wind speed (TSR<4), due to theirstructural and aerodynamic
limitations. Enderaaj S. et al., [17] tried to optimize a Vertical axis wind rotor Solidity applied for
Cooling Tower configuration. The results of comparative analysis of Wind speedsin Northeastern of
Thailand developed by Natthapat Pawintanathon et al., [18] shown that the economicinvestment
dependson wind energy potentials of differentregion.

The results of the comparative study made by Perry Roth-Johnson et al., [19] of the biplane wind
rotor show that this designis attractive for large blades.

Several experimental tests have been carried out by Rodriguez-Sevillano, A.A et al., [20] in wind
tunnel onthe biplane configurationin orderto evaluate theiraerodynamic performances; the results
obtained have been useful in micro air vehicles.

The present investigation focuses on the effect of the wind speed variation at the produced
aerodynamic power. The estimated power coefficients are useful to carry out a Comparative study
of the performances, the efficiency, and the aerodynamic effect of the blades active areas variation
to the monoplane three-bladed wind rotor configuration, as well as, the new proposed biplane three-
bladed design.
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This numerical study is applied ontwo climaticzones; the region of Tiaret from Algeria, the other
is Nouadhibou from Mauritania, for the last year 2021 [weatherspark platform 2021].

2. Methodology
2.1 Aerodynamic Performances:

The air profileimmersedin airflow can be subjected to various aerodynamic forces. These forces

cause a slowingdue to the tangential friction with the body surface or normal lifting forces as shown
in Figure 1.

Fige

Fig. 1. Aerodynamic performances

The tip speed ratio defined as:

TSR = 28 (1)
U,

[ee]

where the tip speedratios, TSR, rotor radios, R, Angular velocity,w, Inletvelocity, U,

The power coefficient corresponds to the efficiency and aerodynamic performances of a wind
turbine. Itisthe ratio betweenthe poweravailable in the wind and the power developed by the rotor
(limit of Betz).

P P
Cp =—=17——=
Pa  pAUE

(2)
where the power coefficient, Cp, Sweptarea, A, Air density, p, Aerodynamicpower, P

The torque coefficient is defined by the ratio between the power coefficient and the specific
speed.

_ %
47 Tsr (3)

where the torque coefficient, Cq
The solidity factor is defined by geometrical ratio of the chord length, number of bladesand the
rotor radios:

5= NC (4)
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where the solidity,o, Blades number, N, Blade chord length C, Rotor diameter, D
Reynolds numberis based on a relationship betweenthe free streamvelocity and the speed ratio

R, =— (5)

where the Reynolds number, Re, Kinematicviscosity, v

The nominal power is defined according the sweptsection, as well as, the materials used for the
construction of the rotor, the nominal velocity can be can be defined empirically by the relationship
[18].
Uy = 15U, (6)
where the nominal velocity, Uy

2.2 Unsteady Modeling of Turbulent Flow

Turbulent flows are governed by Navier-Stockes equations that are established according to the
components (u;,u;) and the fluid pressure:

Continuity
L 9 ()=
ac ox; (pu;) =0 (7)
Momentum conservation
ap d _ 9
>, (pui) +gj(l)uiuj) = gj(—ﬂ%’ +1745) (8)
2.3 Implemented Climatic Zones

This section deals with the extended hourly mean wind vector (speed and direction) at 10 meters
above the ground.
The average hourly wind speedin Nouadhibou and Tiaret experiences significant seasonal variation
over the course of the year. Table 1. Shows the variation of the average wind speed during the 2021
year.
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Tablel

Wind velocity during the last year 2021 [Weather spark 2021]

Months

Wind vel ocities m/s
Nouadhibou (Mauritania)

Wind velocities m/s
Tiaret (Algeria)

December
January
February
March
April

May

June

July
August
September
October
November

5,75
6.03
6,33
7,14
7,69
7,75
6,72
6,14
6.36
6.08
5.44
5.39

436
4,42
4,22
4,22
3,86
3,58
3,47
3,44
3,53
3,78
4,25
4,42

2.4 Experimental Validation

The computation areachord lengthis C=1m. Figure 2 Shows that two-dimensional average steady
inlet velocity has been introduced. Air-air interface condition defines the adjacent areas (fixed and

rotating area).
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Fig. 2. Calculation domains

Several grids of the vertical wind rotor have beengenerated and tested includingthe calculation

convergence criteria and experimental validation for

configurations.

the two-bladed and three-bladed

The numberof 2D hexahedral elements counts approximately 450,000 and 270,000 successively.
The numerical investigation was carried out at the AnsysV 17.1 Fluent code using parallel calculation:
Intel Core i5 3.10 GHz processor computing machine, 4 GB of RAM, 64 bits. Figure 3 shows the quality

of generated mesh.
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Fig. 3. Mesh quality

Table 2 Resumes the technical characteristics of vertical axis wind rotor prototype.

Table2

Wind turbine prototype datasheet
Technical specifications values
Nominal power 10 Kw
operational wind velocity 3m/s
Allowable wind velocity 20m/s
Rotor height 14 m
Rotor area 68 m?

2.5 Tip Speed Ratio (TSR) Choice

Figure 4 indicates the results of numerical computation carried out on the two configurations by
the 6DOF approach. the results shown express that the specific speed TSR = 4 represents the
optimum operation mode for the two and three vertical axis bladed rotors at a wind speed equal or
lessthan 10 m/s.

—- Two bladed rotor (10m/s)
—— Three bladed rotor (10m/s)
—+ Two bladed rotor (20m/s)

6 : — Three bladed rotor (20m/s)

TSR (-)

TSR=4

—

0 T T i T
00 04 08 12 1.6

UT ()
Fig. 4. Tip speed ratiovs time report [16]
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3. Results
3.1 Results Validation

Figure 5 shows the variation of the lift force coefficient Ciaccording to the rotor angle. The results
obtained by the unsteady k-w SST model express a good agreement with those obtained
experimentally by Sheldahl etal., [13] and Alessandro et al., [12], However, an overestimation of the
lift force has been noticed at 20° angular position comparing to the experimental results and the
6DOF approach.

Even so, the unsteady k-w SST model shown its efficiency during the simulation by the good
prediction of aerodynamicstall, justified by the drop lift force at the azimuthal position8 =12 °.

20 ® Exp Sheldahi et al.
Exp Alessandro et al.

= BDOF Akermi et al.

— }Unsteady K- SST

1,5
1,0 S
0,5+

0,0 +

Lift coefficient (-)

_0|5 -
1,0 - e}

21,5

2,0 —t
0 30 60 90 120 150 180

Rotor angle (°)
Fig. 5. Lift coefficient vs rotor angle

3.2 Tandem (Biplane) Concept

The concept of the biplane as shown in Figure 6 and Figure 7 was first used in the early days of
aviation, when engines wereheavy, notvery powerfuland with low flight speed. Therefore, it needed
a large wing area to provide lift [18].

The formulaof the biplane is summarized in two wings of often-equal span, placed one above the

other. This concept isfrequently applied on horizontal axis wind turbines but remains promising for
vertical axis wind rotors, particularly, inurban areas.

o & O
<o & O

520 5(4) 5(-)

Fig. 6. Aerofoils Tandem stagger [20]
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Fig. 7. Aerofoils in Tandem

3.3 Grid Generation

Figure 8 below represents the generated grid of the three-bladed tandem vertical wind rotor.
Where, the two blades of the biplane are displaced (Stagger)of 0, 5 * Chord Downstream shift and
spaced vertically by 1 * chord. The generated grid consists of two calculation domains, once rotating

and the other fixed, ensuring the boundary conditions. The total number of the 3D hexahedral
elementsis 329000.

Fig. 8. Three bladed Tandem H-Darrieus wind rotor grid

3.4 Lift Coefficient Results

As shownin Figure 9 the lift coefficient results obtained have been compared to the experiences
published previously.

The results show a relative agreement with an important lift drop in the angular interval [100,
120°], comparing to the experimental values, which can be justified by the high solidity (number of
blades) of the three-bladed geometry compared to the two-bladed one, as well as, the high wind
inletvelocity introduced for the lift coefficient prediction (Nouadhibou, V=7.75m/s).
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The resultsvalidation faced the limitation of preliminary experiments and investigations for this new
proposedtype of wind turbine configuration, especially the three-bladed tandem wind rotor.

® EXxp Sheldani et al.
e Exp Massimi et al.
= B6DOF Two bladed H-Darrieus
Akermi et al.
Three bladed Tandem H-Darrieus
present simulation

Lift Coefficient (-)

=3 = & v I % & * & - [ % 0 * I
20 40 60 80 100 120 140 160 181
Rotor Angle (°)
Fig. 9. Lift coefficient validation

Figure 10 expresses that the maximum value of lift coefficient is higher for the Tandem
configuration comparing to the monoplane three-blade configuration Ci=2.25 at the azimuth angle 6
= 110° (Nouadhibou climaticzone).

The maximum lift value is highest for the Tandem configuration comparing to the monoplane
three-blade configuration C=1.8 at the azimuth angle 6 = 45° (Tiaret climaticzone) asshownin Figure
11.

The numerical results obtained show that the liftis proportional to the inletwind velociy for the
two climatic zones (Vmax=7.75 m/s for Nouadhibou zone and Vmax=4.42 m/s for Tiaret climatic zone).

—— Three bladed H-Darrieus 2 —— Three bladed H-Darrieus
25-4 ——— Three bladed Tandem H-Darrieus —— Three bladed Tandem H-Darrieus
2,04
15 -
< 10 o]
2 £
S 054 .g
© £
3 3
= 054 £
-
-1,04
-154
£ ! ) : Y L ! ) ! 40 80 120 160
20 40 60 80 100 120 140 160 180
Rotor Angle (°) Rotor anale (°)
Fig. 10. Lift coefficient for the climatic zone of Fig. 11. Lift coefficient for the climatic zone of
Nouadhibou from Mauritania Tiaret from Algeria

3.5 Power Coefficient Results
The results shown in Figures 12 and Figure 13 confirm that the efficiency of the Tandem wind

rotor is higher than the monoplane three-bladed rotor for the two climatic zones Nouadhibou and
Tiaret probably due to the increase of the blades active areas (Cpmax= 0.46 and 0.26 successively).
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3.6 Velocity and Pressure Contours of Three Blade Tandem Rotor (Vmax = 7.75 m/s)

The specificspeed (TSR) taken into account for the prediction of the power coefficient is A=4
dependingonthe optimal operating mode of the vertical wind aerogenerators.

The velocity and the static pressure contours shown in Figures 14 and Figure 15 successively
indicate a significantacceleration of the flow on the extrados part of the Tandem blades comparing
to the monoplane three-bladed configuration due to the low-pressure areas.
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Fig. 14. Velocity contours (Ve = 7.75 m/s)
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Fig. 15. Static pressure contours (Vmax = 7.75 m/s)
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4. Conclusions

The present work focuses on a comparative numerical investigation of two geometric
configurations of vertical wind rotors, monoplane three-blade type and the three-blade Tandem
designor biplane.

The comparative study is basing primarily on the aerodynamic performances of the two
configurations studied. The lift force generated by the Tandem wind-blades interaction is greater
than the monoplane configuration due to the double active surface subjectedto the liftforce.

The estimated power of the tandem wind turbine is the highest (Comax=0.48) in particular for the
windy climatic zone of Nouadhibou, wind speed exceeds 7.75 m/s.

The main defect noted after interpretation of the numerical results obtained for the Tandem
configurationisthe possibilityof animportant aerodynamicbraking during the rotation of the blades,
probably due to the aerodynamic wake generated by the interaction of the blades in tandem with
the wind at the inlet of the wind rotor comparing to the monoplane three-blade rotor.

The present study will be followed by several parametric investigations, depending on the
relationship between the angle of attack and the pitch angle with the aerodynamicperformances, as
well as the possibility of self-starting of this new configuration. The prediction of the aerodynamic
characteristics can be improved by the 6DOF approach introducing the mass properties of the
Tandem rotor.
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