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Abstract- The operation of a surface hydroelectric power 

plant made up with paddles that articulate with one 

another to form a close chain is analyzed. This chain is 

partially submerged in a stream of water in such a way 

that the drag force of the stream causes its movement. 

The extractable power is theoretically calculated 

according to the stream speed and to the number of 

submerged paddles. A prototype of a paddle chain is 

designed and built in order to carry out measurements. 
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Suppose you have a stream of water in a laminar flow with 

velocity V in the course of which a floating paddle chain is 

anchored with N submerged and moving paddles driven by 

the stream of water with velocity  v  relative to the shore, as 

it is shown in Figure 1, so that the relative velocity of the 

paddle chain with respect to the stream is u = V - v.  

             

                                          

 

We will consider that the surface facing the stream of each 

paddle is  A, being  d  the separation distance between two 

consecutive paddles, although we will not take into account 

quantitatively the effects of that separation, which will be 

studied experimentally later. 

 

If  P  represents the real obtainable power, P    the nominal 

output power when considering only the  N  submerged 

paddles,  P    the contribution  from the paddles that are  on   

the support wheels and enter or leave the water, while P      

represents the losses due to friction of the links of the 

paddles on the support wheels and of the axles of the same 

ones on their bearings, you will have that: 

    

             

 
We will calculate the output rated power P   and leave for 

the end a qualitative consideration about  P    and  P   . We 

will assume that the latter will remain constant. 

If we assume that the separation distance  d  between 

paddles is not changed and that the velocity  v  of the 

paddle chain is the same for different values of  N, then  P   

will be the same and  P    will only depend on  N  for each 

value of  v  that is fixed. 

 It is also reasonable to assume that the expression obtained 

for P    will converge to a linear function for values  N >> 1.  

Designating with  r  the density of the water we will call     
P    the mechanical power that reaches the first of the  N  

submerged paddles, which we will identify from now on as 

a function  K, dependent on the relative speed of the stream, 

that is: 

 

It is immediate to see that  K ( v = V ) = 0  and also that     

K ( v = 0 ) = 0 , so that there is a value that maximizes the 

one of  K ( v = 1/3 V ) , as indicated in Figure 2.  

 

                                             

We will calculate the expression of  P    for some value of  

v  that we will assume fixed. 
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Figure  1 

Figure  2 

P  =  P    (u, d, N)  +  P    (u, d)  -  P                           (1) s o r 

P      =  1/2    A  u    v  =  K (u)                        (2)   2 
e 1 
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Under such conditions the value of  K  expressed by ( 2 ) 

shall remain the same for all value of  N, obtaining for the 

nominal output power  P      of the first paddle the following 
value:  

 

where    is an efficiency factor between  0  and  1. 
We will number the submerged paddles in increasing order 

and in the sense of the flow of the stream from  1  to  N , as 
shown in Figure 3. 

                                    

                                      

In order to calculate the general expression for the nominal 

mechanical power that is possible to extract from the paddle 

chain we will apply the above to the first paddle and then 
extend the result to the i-th paddle. 

Figure 4 shows a qualitative representation of some 

streamlines in the space between two consecutive paddles 

according to the following description. 

 

  

                                        

The mechanical power not extracted by the first paddle will 

be lost or returned to the stream of water and we will call it 

remnant power between paddles 1  and  2 . Whereas ( 3 ) is 

given by:  

 

A fraction  of this power (corresponding to the one carried 

by the stream represented by dashed line in Fig. 4) will be 

lost due to lateral leaks and turbulence, while the rest 

(corresponding to the continuous lines in Fig. 4) will affect 

paddle 2, according to the following expression: 

 

 

A fraction that comes from the mainstream (dotted and 

dashed lines in Fig. 3) must be added to this contribution, 

which we can write as:  

 

 

From ( 4 ), ( 5 ) and ( 6 ) the following expression results 

for the output power of paddle 2 due to the fraction of the 
remaining power and the contribution of the mainstream:  

 

 

Presumably the coefficients   and    will be dependent on 
the separation distance  d  between paddles, which as we 

have said we will not take into account quantitatively in this 

model, while  must be mainly related with the geometry of 
the paddles.  

Next we will deduce the expression corresponding to the 

output power of the i-th paddle to finally calculate the total 

nominal output power of the set of N paddles, with the 

hypothesis that the different coefficients will maintain their 

same values when moving from one paddle to the next.  

Considering the first pair of paddles ( i = 1 ) we have the 

scheme represented in Figure 5 that balances the partial 

powers involved.  

 

                                     

For reasons of brevity we will define: 

 

s 
1 

P        =   K                                      (3) 
s 1 

Figure  3 

Figure  4 

 

 Lines representing 

lateral leaks and 

turbulence 

 

 Lines carrying 

remnant power to 

the next paddle 

 

 Lines that come 

from the mainstream 

P          =  K  ( 1 -   )                                                (4) r 
1, 2 

P        =  P          ( 1 -   )                                           (5) 
e 

2 
r 

1, 2 

P           =  K                      (with    >  0 )             (6) c 
1, 2 

P      =  K    [  ( 1 -   )  ( 1 -   )  +    ]          (7) s 
2 

Figure  5 

F  =  ( 1 -   )  ( 1 -   )                                           (8) 
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K  being the output power of the first paddle the 
expression ( 7 ) results in the following form: 

 

      

Continuing with the calculation procedure, the following 

sequence of output powers of the successive paddles can be 

completed:  

 

 

 

 

 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Finally we obtain the following result for the i-th paddle:  

 

 

 

 

and the total rated power output will be obtained by 

calculating: 

 

 

 

resulting in the following expressions: 

  

 

 

 

Finally the following result is obtained for the total rated 

output power from the paddle chain:  

 

Taking into account the expression ( 1 ), the real obtainable 

power will be given by: 

 

  

We will define ( N ) as the actual obtainable power per 
unit of input power to the first paddle, i.e.:  

 

 

from which the expression ( 10 ) leads to: 

 

  

 

 

Disregarding for N >> 1 the term in F     , being that F < 1 , 

we obtain the following linear approximation for the actual 

output power per unit of input power:  

 

 

 

 

that is, from ( 11 ) and ( 12 ) it can be written: 

 

  

 

 

 

 

 

being:    

                           

 

 

 

Curves similar to those represented qualitatively in Figure 6 

can be drawn from experimental determinations of the 

actual obtainable output power per unit of input power for 

different values of N, and taking into account ( 12 ) and      

( 14 ) it has been defined:  

 

N 

P       =  K    (  F  +    ) s 
2 

P       =  K   s 
1 

P       =  K    (  F  +    ) s 
2 

P       =  K    (  F    +    F  +    ) s 
3 

2 

P       =  K    [  (  1  -    )  F           +        F          ] s i 

i - 1 j - 1 
i 

j = 1 

P     =      P s 

N 

i = 1 
s 

i 

P     =  K    [  ( 1 -   )    F          +           F         ]  = 
s 

N 

i = 1 

i - 1 
N i 

i = 1 j = 1 

j - 1 

=  K    [  ( 1 -   )    F         +                   ] 
i - 1 

N 

i = 1 

N 

i = 1 

1 - F 

1 - F 

i 

P    =               [  N    +  (  1  -             )  (  1  -  F     ) ]   (9) 
s 

K   

1 - F 

N 

1 - F 

P ( N ) =                [  N    +  (  1  -             )  (  1  -  F     )  + 
K   

1 - F 



1 - F 

N 

+   P    -  P                         (10) o r 

 ( N )  =  P ( N )  /  K 

 ( N ) =             N  +             ( 1  -             )  ( 1 -  F     )  + 
N   

1 - F 1 - F 1 - F 

   P    -  P o r 

K 
+                                          (11) 

 * ( N )  ≈            N  +            ( 1 -           )  + 


1 - F 



1 - F 



1 - F 

P    -  P 

+                                          (12) 
o r 

K 

 ( N ) =  a  N  +  b  -            ( 1 -            )  F     + 
  N 

1 - F 1 - F 

+                                         (13) 
K 

P    -  P 
o r 

 * ( N )  ≈  a  N  +  b  +                                     (14) 
K 

P    -  P 
o r 

a  =                                                                        (15) 

b  =               ( 1 -             )                                      (16) 

1 - F 

1 - F 



 

1 - F 

B  =  b  +                             
P    -  P    o r 

K 
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Obviously, values of  may be determined experimentally 
only while the paddle chain is in motion, i.e. provided that 

 (N) > 0 is met.  
It has been suggested in Figure 6 that this condition is not 

met by representing negative values of power for small 

values of N, that is, having assumed that the power 

obtainable from a few paddles was not sufficient to 

overcome friction.  

The value of  F can be obtained as follows from defining:  

 

and taking into account ( 13 ) and ( 14 ) it results:  

 

 

 

 

whence:  

 

 

Also, for M = 0:  

 

 

and from ( 17 ) in general results for every value of i :  

 

 

 

Since from ( 13 ) and ( 14 ) it is:  

 

 

Taking into account ( 18 ) the result is:  

 

 

from where:  

 

 

From Figure 6 we have that:  

 

 

and taking into account ( 19 ) it turns out the following:  

 

 

expression that must converge to the actual removable 

power of a water wheel, that is, when the paddle chain does 

not have any submerged paddles in the linear section        

(N = 0) and only those ones of the support wheels are 

considered.  

On the other hand, from (15) and ( 16 ) you have that:  

 

 

from where:  

 

 

 

From ( 15 ) you have that:  

 

Figure  6 

G ( M )  =   * ( M )  -   ( M ) 

G ( M )  =                ( 1 -              )  F 

G ( M + p )  =                ( 1 -              )  F 



1 - F 

























1 - F 

M 

1 - F 



1 - F 

 M + p 

F     =                                                          (17) 
p G ( M + p ) 

G ( M ) 

F     =                                                          (18) 
G ( p ) 

G ( 0 ) 

p 

F  = 

G ( i + 1 ) 

G ( i ) 

G ( 0 )  =   * ( 0 )  -   ( 0 )  =  b 

 * ( 0 )  -   ( 0 )  = 
G ( p ) 

F 
p 

 ( 0 )  =   * ( 0 )  -                                           (19) 
G ( p ) 

F 
p 

 * ( 0 )  =  B  =  [   * ( N )  -  a  N  ] 
N >> 1 

 ( 0 )  =  [   * ( N )  -  a  N  ]              -                      (20) 
N >> 1 

G ( p ) 

F 
p 

=                   -     
b 

a 

1 1 

 1 - F 

   =                                                                        (21) 
1 - F 

( 1 - F ) 
b 

a 
1  + 

  = 
a  ( 1 - F ) 


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and taking into account ( 21 ) we obtain:  

 

From the definition ( 8 ) we have that: 

  

 

and taking into account ( 22 ) the result is:  

 

 

Considerations regarding the shape and separation 

distance between paddles  

The expressions ( 20 ), ( 21 ), ( 22) and ( 23) allow us to 

characterize the design of the paddle chain in order to 

improve the general operation.  

Changes in the shape of the paddles will mainly affect the 

value of the parameter , while the effect of varying the 
separation d between paddles should be mainly the 

variation in the value of the parameters  and .  
With regard to the separation d between paddles, two 

extreme cases may be distinguished:  

1er case: d  0 

If the separation distance  d  between paddles were very 

small compared with the linear dimensions it is reasonable 

to think that the device will have to behave as if there were 

only a single paddle. That is, there should be no significant 

contributions from the adjacent water stream (  0) since 
there would not be enough space to enter.  

Starting from the expression ( 11 ) we will have for   0:  

 

 

 

Recalling that for d  0 the power that has not been 
extracted by the first paddle must be mostly returned to the 

stream (  1), since there will be no fraction of it capable 
of entering practically into non-existing spaces between 

paddles, it will result in F  0, from where:  

 

 

 

result that corresponds to the removable power per unit of 

input power for a single paddle and which indicates the 

possibility that it results in   0 , i.e. that the paddle chain 
cannot be moved by the current due to an excessive friction.  

2nd case: d     

In the case that the separation distance between paddles is 

very large compared to the extinction range of the 

turbulence, it is reasonable to assume that   1 since it 
will facilitate the entry of water from the mainstream, 

which is equivalent to interpreting that each paddle will 

tend to be seen as independent of the others.  

At the same time, because there will be no remaining power 

capable of reaching the next paddle (i.e.   1), we will 

then have F  0, resulting that:  

 

 

 

expression that indicates that while the first paddle will 

allow to extract power from the stream the remaining ones 

will only capture power from the adjacent stream as well as 
indicates that there will be a minimum value for N from 

which the paddle chain can move without being stopped by 

friction.  

In the case that  approaches to the unit the power must 
increase linearly with the number of paddles, that is:  

 

 

Experimental prototype  
 

In order to simplify the construction and economize in 

tooling, small dimensions will be adopted for the paddles, 

of the order of a few centimeters, and due to the quantity 

required for experimentation, two injection molds will be 

built for the manufacture of these parts with injected 

polypropylene.  

Figure 7 shows the outlines of a prototype that includes a 

pair of side floats and a stream accelerator channel located 
below the submerged paddles. However, the prototype to be 

tested will be simplified in the less relevant aspects, such as 

the accelerator channel and the generator.  

   =  a  +  b  ( 1 - F )                                              (22) 

  =  1  - 
F 

1 -  

   =  1  -                                                                  (23) 

1  -  [  a  +  b  (  1 - F  )  ] 

F 

                    ( 1 - F     )  + 



1 - F 

N 

K 

P     -  P o r 

       + 
K 

P     -  P o         r 

        [  1  +  (  N - 1 )    ]  + 
K 

P     -  P 
o         r 

    N    + 
P     -  P o         r 

K 
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Each paddle shall consist on one or more surfaces (see 

Figure 8) installed in appropriate links that shall be 

articulated with each other. A bayonet-type crimp between 

the different links will allow their relative rotation within a 

small angle when reaching the wheels that hold the paddle 

chain. However, this angle will be limited in order to avoid 

the possibility of spontaneous disassembly of the whole.  

The power-collecting surfaces, represented in Figures 7 and 

8 by concave discs, will be removable in order to study the 

effect of changes in shape and size. For simplicity the study 

will start with flat discs. 

                                                                                                  

  

 

 

The separation between links may be varied in a discrete 

way, by inserting links without collecting surfaces, in order 

to be able to study the effects of the distance between 
paddles.  

Preliminary calculations  

The minimum distance between links shall be chosen in     

d = 30 mm and we shall assume a relative velocity of the 
flow regarding the one of the paddle chain u = V – v  of      

1 m/s. We will choose for the power-collecting surfaces of 

each link plastic discs with 56 mm in diameter, resulting in:  

 

 

 

Recalling the expression ( 9 ) for the total rated power, i.e.:  

 

 

 
Table I is obtained, in which arbitrary but reasonable values 

have been chosen for the various parameters of the formula 

that gives the power. 

The linear approximation has been used for the calculation 

of the power and a lower error of the order of 0,33 % has 

been accepted when considering terms with N > 4.  

 

 

            

 

                                     

 

 

It is observed that for N = 30 the calculated value of 

obtainable rated power, that is, disregarding the friction 
losses and the contribution of the paddles on the support 

wheels, would be of the order of 16 W, i.e. an easily 

measurable value.  

Injection molds  

In the next column and page there are photographs of the 

injection molds for the manufacture with polypropylene of 

the collecting discs and the links of the paddle chain of a 

first prototype, a photograph of one link with its discs 

installed, a paddle chain with one meter in length showing 

only its links and the first prototype finished with its side 

floats.  

          

Figure  7 

Figure  8 

A  =  1/2  x    x  5,6    x  10       m     =  49,3  cm 
2          - 4     2                      2 

K  =  1/2  x  10      x  49,3  x  10       W  =  2,46  W 
3                         - 4 

P  =                [  N    +  (  1  -               )  (  1  -  F     )      

] 
1 - F 

K   

1 - F 

N 

u  (m/s)                 F              P (W) 

1            0,4      0,6       0,4      0,24     0,52 N  +  0,61 

Arbitrary  values 

Table  I 
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Conclusions  

Assuming that the number of paddles on the support wheels 

is much less than N it is reasonable to accept that P  << P, 

in which case it can be disregarded.  

Also, taking into account that the previous tests carried out 

in a pool indicated that the movement of the paddle chain of 

the first prototype is very smooth starting from the rest, 

which would show a small value of static friction, it is also 

acceptable to assume that it will be possible to disregard     

P   when compared with P.  

A first prototype (see the photograph in the middle of this 

column) was towed in a swimming pool and it could be 

observed that when it is stopped from propelling and is left 
adrift the paddle chain stops, as expected because the 

relative velocity to the one of the water becomes zero          

( K = 0 ).  

Also, as we mentioned in the previous section, it was seen 

that the movement of the paddle chain continuously 

accompanies the one of the frame in the water, which 

indicates very small losses (the movement does not occur 

by jumps, as it should be if it obeyed a significant static 

friction) as well as a good coupling between the paddles of 

the chain and the water.  

Figure 9 shows a larger prototype and an electric generator 
that are currently being built to evaluate the various 

parameters defined in the course of this paper and some 

possible shapes for the paddles in order to improve the 

design.  

o 

r 

Photoghraphs of the injection molds 

of the collecting discs and the links 

Link with its polypropylene collecting discs 

 

 

  

1 meter in length paddle chain made 

with 72 polypropylene links without 

their collecting discs ( N = 30 ) 

1 meter in length prototype with 72 polypropylene 

links and their discs and side floats ( N = 30 ) 
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It should be noted that the limit for the number of paddles 

of the chain is imposed by the tensile effort that the links 

can withstand. Although this limitation will prevent 

excessively increasing the length, in order to obtain greater 

powers it will be possible generally to install several 
floating structures in parallel taking advantage of the ease 

of installation.  
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