


We do not consider the inuence of Reynolds numbers on the aerodynamic characteristics of the wind 
turbine in order to simplify the calculation.

What wing movement speed is optimal?

The following are questions that are not considered in the calculation:

Aerodynamic calculation of a linear motion wind-driven power plant

What wing area is required given a certain wind speed and wing movement speed?

How important is the wing lift-to-drag (L/D) ratio?

How many wings are needed?

The main questions that the calculation must answer are:

A - Area swept out by the wing

U - Wing velocity in m/s

        2.   Key

- An example of a calculation for a turbine with a wingspan of 24 meters

LIST OF SYMBOLS 

a - Wing spacing

b - Effective wing span

s - Relative wing area

        1.  Abstract

The following issues will be considered in an additional calculation:

We calculated the velocities and angles of ow around the wings of a linear wind turbine given various 
combinations of ow velocity and wing velocity. We created gures to determine the parameters of the 
optimal wind turbine.

d - Wing distance

- Effect of the deection of the wind direction from the perpendicular

c - Chord length

S - Wing area
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Wz - Stagnation of flow

Wy - Downwash of flow

Vr – Resulting stream velocity, apparent wind

V0 - Freestream velocity in m/s

The total area of   the wings can be adjusted by changing the number of wings

- Wing velocity in m/s
- Wing area 

per unit of path length.

k - Wing lift-to-drag (L/D) ratio

Cl - Lift coefficient

Rz - Wing force projection on the Z axis

η2 -  Second row of a two line linear generator efficiency

ηdwf - Average efficiency of a two line linear turbine

λ - Wing speed ratio 

L - Wing lift

D - Wing drag

R -  Full wing force

Pz - Stream slowdown pressure 

Cd - Drag coefficient

ρ - Freestream density

Ry - Wing force projection on the Y axis

η - One line linear turbine efficiency

η� - First row of a two line linear generator efficiency

3. Parameters regulating the wind turbine

- Angle of attack of the wing
The wind turbine can be managed by adjusting the following parameters:
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The basic aerodynamic design of the plant proposes the use of two rows of wings that 
move in opposite directions. This design allows the second row of wings to return to the 
system the energy that was lost by the first row of wings due to the downwash of flow. 
In order to understand the role that is played by the downwash of flow in the system, we 
started the calculation with an analysis of the system consisting of a single row of 
wings. We hypothesize that the wings will form a fairly rare aerodynamic lattice, which 
allows the influence of the wings on each other to be cancelled out. The distance 
between adjacent wings relative to the chord length is taken as the criterion for lattice 
density. It is assumed that if the distance between the wings is greater than 1.2 chord 
lengths, the influence of the wings on each other can be cancelled out. 

4. Determination of the optimal geometric parameters of the wind turbine

 Design case 1. Power plant with a single row of wings

Fig. 1. The distance between the wings

- Stagnation of flow

- Downwash of flow

- Freestream velocity in m/s

- Speed of movement of the wing perpendicular to the flow

To find the velocity and direction of flow that acts on the wing, the sum of the following 
four vectors can be graphed:
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Fig. 2. The principle underlying the construction of the velocity polygon

To simplify the calculation, in the first approximation we assume that the flow velocity at 
a distance from the turbine is directed perpendicular to the direction of the wing 
movement. The stagnation of flow in the wing zone is assumed to be equal to one third 
of the initial flow velocity. This is a consequence of Betz's law for the ideal wind 
generator. Ideal turbine theory shows that the maximum coefficient of wind energy 
usage of an ideal wind turbine is achieved precisely with such stagnation of flow. 

Let's call the current wind in the wing coordinate system "apparent wind," which is a 
term that is borrowed from yachting.

The downwash of flow has been found graphically, whereby it is assumed that the 
direction of the total vector of change in the flow velocity (downwash + stagnation) is 
opposite to the direction of the resultant aerodynamic forces arising on the wing. We 
can graph the direction of the resultant aerodynamic forces by adding the arctangent of 
the wing lift-to-drag (L/D) ratio of the wing to the perpendicular from the current flow 
velocity. As by the time we start the calculation we do not know the direction of the 
current flow velocity, we can initially choose this speed arbitrarily and then clarify it over 
the course of several calculations, since the iterative refinement process allows us to 
quickly converge on the answer. 

04



Fig. 3. Graphical determination of the downwash of flow

The efficiency of a one line linear turbine η is defined as the ratio of the wing project 

force on the y-axis to the force projection of an ideal turbine without a downwash of flow. 
The vector e determines the direction of the flow velocity, which would lack downwash of 
flow in an ideal turbine, but with the necessary stagnation of flow. The vector 
perpendicular to e determines the direction of the aerodynamic force in an ideal wind 
transducer, with an infinitely large wing lift-to-drag (L/D) ratio.
η = 0.59f/h
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Fig. 4. Graphical determination of the efficiency of the turbine

Specific stream slowdown pressure in the turbine plane given an air density of ρ = 1.22 
kg/m3 :

Rz = 0.59 × 3/2 ×  ½ρV0² × А

Rz/А = Pz =  0,59 × 3/2 ×  ½ρV�² = 0.54V�²

We can determine the specific aerodynamic force that is generated per square meter of 
wing and the projection of this force in the direction of motion on the basis of the 
determined direction and flow rate. When we multiply the force projection on the wing 
speed movement, we obtain the power that can be generated by one square meter of 
wing.  We can see from the analysis of the velocity polygons that in order to maintain 
optimal stagnation of flow, the projection of the aerodynamic force Rz should be constant 
for each flow rate V0.

We can express the resulting aerodynamic force as apparent wind Vr and wing area S:

S = R/( ½ρVr² ×  Cl) = (Rz × i/g)/( ½ρVr² ×  Cl)

Specific wing area per square meter that is swept out:

R=½ρVr2 ×  Cl × S 

s = S/A = (Pz × i/g)/( ½ρVr² ×  Cl)
Each wing services an area that is swept out that is S = b × d in size.

hence:

s = S/A = c × b /b × d = c/d 

R = Rz × i/g

The relative area of   the wing can be expressed as the chord length and wing distance:

The required resulting force of the wing is calculated from the coefficients taken from the 
velocity polygons:

R/A = Pz × i/g
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Fig. 5. Clarification of the relative area of   the wing

The results of the calculation are presented in Tables 1–4.

Polygons were created for wind speeds of 4, 6, 8 and 12 m/s, and for wing velocities that 
are perpendicular to the wind direction of 1, 2, 3, 4, 6, 10, 15 m/s. 
The figures associated with this calculation are given in Appendix 1.
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Table 2. Wind speed V0 = 6 m/s. Pressure of the stagnation of flow Pz = 19.44 n/m2

Table 1. Wind speed V0 = 4 m/s. Pressure of the stagnation of flow Pz = 8.64 n/m2

Vs, m/s Vr,  m/s λ g f h i R, n s η

1 3.49 0.25 1 2.67 0.96 1.39 12.01 1.62 0.21

2 3.99 0.5 2 2.67 1.45 2.47 10.67 1.1 0.32

3 4.62 0.75 3 2.67 1.68 3.44 9.9 0.76 0.37

4 5.31 1 4 2.67 1.79 4.38 9.46 0.55 0.4

Vs, m/s Vr,  m/s λ g f h i R, n s η

1 5.05 0.17 1 4 1.05 1.45 28.2 1.81 0.15

2 5.5 0.33 2 4 1.74 2.65 25.8 1.4 0.26

3 5.98 0.5 3 4 2.18 3.71 24 1.1 0.32

4 6.58 0.67 4 4 2.45 4.69 22.8 0.86 0.36

6 7.96 1 6 4 2.66 6.56 21.3 0.55 0.39

10 11.66 1.67 10 4 2.49 10.31 20 0.24 0.38

15 15.8 2.5 15 4 2.27 15.17 19.7 0.13 0.33

Table 3. Wind speed V0 = 8 m/s. Pressure of the stagnation of flow Pz = 34.56 n/m2

Vs, m/s Vr,  m/s λ g f h i R, n s η

1 6.6 0.13 1 5.33 1.1 1.49 51.5 1.94 0.12

2 7 0.25 2 5.33 1.91 2.77 47.9 1.6 0.21

3 7.46 0.38 3 5.33 2.48 3.89 44.8 1.32 0.27

4 7.98 0.5 4 5.33 2.9 4.94 42.7 1.1 0.32

8 10.46 1 8 5.33 3.68 8.8 38 0.57 0.4
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Table 4. Wind speed V0 = 12 m/s. Pressure of the stagnation of flow Pz = 77.76 n/m2

Vs, m/s Vr,  m/s λ g f h i R, n s η

1 9.76 0.08 1 8 1.15 1.53 119 2.05 0.08

2 10.11 0.17 2 8 2.09 2.9 112.8 1.81 0.15

3 10.5 0.25 3 8 2.86 4.15 107.6 1.6 0.21

4 10.95 0.33 4 8 3.47 5.3 103 1.51 0.26

12 16.4 1 12 8 5.34 13.13 86.2 0.53 0.39

- In order to reduce the downwash of flow, we need a two line linear power plant with 
wings that move in opposite directions.

- The losses from the downwash of flow at low wing speeds with a one line linear 
power plant sharply increase.

- The graphs show that the angles of the apparent wind relative to the wing are the 
same at the same wing speed (ratios of wing velocity perpendicular to the flow to the 
flow velocity). This makes it possible to move from the calculation of velocities to the 
calculation of wing speed and thereby drastically reduce the number of calculations.

Conclusions based on the results of the calculation of a one line linear wind-
driven power plant:

We propose the design of a two line linear wind turbine, in which the first and second 
rows of linearly moving wings move in opposite directions. In this case, the 
aerodynamics are configured so that each row reduces the wind speed by one-sixth of 
the initial speed in the area of   the wings. From the analysis of the velocity triangles it 
can be seen that in a two line linear power plant the downwashes of flow in the first and 
second rows are approximately equal in magnitude and move in opposite directions, 
which makes it possible to obtain a zero total downwash of flow and to eliminate the 
associated efficiency rate losses.

The diagram of velocity triangles for a two line linear power plant is shown in Fig. 11

The total extent of the stagnation of flow and the resulting air flow speeds are identical 
to the wind turbine variant with one row of wings, which makes it possible to apply the 
calculated values   of the total area of   the wings of a one line linear turbine to a two line 
linear one with satisfactory accuracy.

4.2 Design case 2. Power plant with two lines of wings moving in opposite directions
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Fig. 6. Velocity triangles for a two line linear wind turbine

The figures associated with this calculation are given in Appendix 1.

The results of calculation are presented in Table 5:

Table 5. Efficiency of a one line linear and two line linear wind turbine depending on the wing speed

λ s η η1 η2 ηdwf

0.13 1.94 0.12 0.15 0.25 0.2

0.25 1.6 0.21 0.25 0.38 0.32

0.38 1.32 0.27 0.31 0.44 0.38

0.5 1.1 0.32 0.36 0.47 0.42

1 0.56 0.4 0.43 0.48 0.46

2 0.19 0.38 0.42 0.41 0.42

4 0.05 0.23 0.3 0.23 0.27

We are able to graph the required relative areas of the wings of the wind turbine and the 
calculated efficiencies of various wind turbine proposals on the basis of the calculation 
results:
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Fig. 7. The required areas to ensure optimum efficiency given a wing lift coefficient of 
Cl = 1 and Cl = 2

Fig. 8. Efficiency of a one line linear and two line linear power plant depending 
on the wing speed
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on the wing speed in comparison with existing types of wind turbines
Fig. 9. Efficiency of a one line linear and two line linear power plant depending 

5. Influence of the wing lift-to-drag (L/D) ratio

The wing lift-to-drag (L/D) ratio K is the ratio of the lift force generated by the wing to the 
force of aerodynamic drag. For a wing with a lower wing lift-to-drag (L/D) ratio, the force 
vector is developed in such a way that the projection of the useful force becomes 
smaller. This directly reduces the maximum achievable efficiency of the wind turbine. We 
can see from an analysis of the velocity triangles that the higher the wing speed of the 
wing, the greater the negative impact of the low wing lift-to-drag (L/D) ratio. 
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Fig. 10. The influence of the wing lift-to-drag (L/D) ratio of the wing on the projection of 
aerodynamic force where there is downwash of flow

The calculation shows that when the wing speed is less than 1, an abnormally dense 
aerodynamic lattice is required for the wings, which has very low wing lift-to-drag (L/D) 
ratio. Only in a two line linear power plant at wing speeds above 0.8 the clearance 
between wings is safe in order to satisfy the conditions that are necessary for obtaining 
a suitable wing lift-to-drag (L/D) ratio.

6. The influence of the density of the aerodynamic lattice
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Fig. 11. The influence of the relative area of   the wings on the clearance between the 
wings in a one line and two line linear wind turbine
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- The optimal wing speed range for wind turbines that are based on the linear principle 
of wing movement is 0.8...2.0, which corresponds to linear movement speeds of 4...24 
m/s with a wind velocity range of 5...12 m/s. In this case, the efficiency of the wind 
transducer is within the range of 0.42... 0.46.

- The loads on the structure at low wing speed are sharply reduced.
- The division of the required area of   the wings into 2 rows makes it possible to double 
the clearance between adjacent wings, which greatly improves the aerodynamic 
characteristics of the latticed wing.

- A two line linear power plant with wings that move in opposite directions makes it 
possible to reduce the losses on the downwash of flow and obtain a good efficiency 
with a low wing speed.
- The requirements for the ensuring the wing lift-to-drag (L/D) ratio of the wing at low 
wing speeds are sharply reduced.

- The proposed diagram of a two line linear wind turbine with a linear wing movement 
makes it possible to implement a wind turbine with very low speeds of movement given 
satisfactory efficiency indicators.

7. Recommendations on how to select the required area and the wing lift-to-drag 
(L/D) ratio of the wing

8. The main conclusions that we can draw from the calculation: 

 The wing aspect ratio is the ratio of the wing span to the average aerodynamic chord 
length. As the wing aspect ratio is elongated, the weight and cost of the wing structure 
increases dramatically.  The general nature of the relationship is such that an increase 
in the lift coefficient makes it possible to reduce the required wing area. However, this 
leads to a decrease in wing lift-to-drag (L/D) ratio. To maintain the same level of wing 
lift-to-drag (L/D) ratio while at the same time increasing the lift coefficient, the aspect 
ratio of the wing must be increased. One reasonable option would be to choose an 
aspect ratio of 6 for the wing and an operation mode with a lift coefficient of Su = 1. 
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Appendix 1. Drawings of velocity polygons for the calculation of the wind turbine

Fig. 1. Velocity   polygons for wind speeds of 4 m/s
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Fig. 2. Velocity   polygons for wind speeds of 6 m/s
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Fig. 3. Velocity   polygons for wind speeds of 8 m/s

Fig. 4. Velocity   polygons for wind speeds of 12 m/s
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Fig. 5. Velocity polygons for the first row of a two row turbine
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Fig. 6. Velocity polygons for the second row of a two row turbine
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