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KINEMATIC AND STATIC MODELLING OF
THE ADJUSTABLE-BLADE MECHANISM

USED IN KAPLAN TURBINES
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Abstract: One way to increase the Kaplan turbines performance consists in
adjusting the wicket gates angle and the blades angle based on the flow
discharge of each specific location. The blades angle can be obtained with
different types of mechanisms that allow the blades rotation while the turbine
is in operation. Nowadays, the most used mechanisms for blades rotation
contain levers connected to a vertical rod, rotating or sliding inside the
runner hub. For a good efficiency and to avoid blocking, the blades’ driving
mechanism has to be analyzed kinematically and statically. Therefore, the
paper presents the kinematic and static features of the mechanism of TRRR
(T — translation, R - rotation) type used for blades rotation. Numerical
simulation of the main kinematic and static parameters is further performed.
The optimum dimensions of the levers can be determined in order to minimize
the pressure angles values. The simulation results allow establishing
geometric and operating requirements for the Kaplan turbine, which are

useful for designer and developers in the field.
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1. Introduction

The Kaplan turbine is an axial flow
reaction turbine that is mainly used in low
head applications (2-40 m) on streams with
medium to high discharges (0.2 - 40 m*/s)
[1]. The turbine can operate with fixed or
adjustable blades and wicket gates [2].
Thus, the Kaplan turbine is called double-
regulated when both the blades and the
wicket gates are adjustable. In this case,
the runner speed is adapted to any head or
discharge variation, operating with a
higher efficiency for a wide range of
power inputs. Therefore, this is the most
flexible Kaplan turbine, working between

15% and 100% of the design discharge.
The single-regulated Kaplan turbine allows
a good adaptation to variable discharge,
aswell, working between 30% and 100%
of the design discharge [3]. Consequently,
one way to increase the efficiency of the
Kaplan turbines consists in adjusting the
wicket gates angle, and the blade pitch
angle, based on the flow discharge of each
specific location. The speed and power
regulation are obtained with the wicket
gates, whose function consists in
controlling the discharge going into the
runner and adapting the angle of the flow
towards the runner blades angle.
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Fig, 1. Mechanisms used for blades rotation: of RRRR type [6] (a), and of TRRR type
[7] (b and ¢)

The wicket gates rotate around their axes
due to a rotating mechanism [3]. Besides,
the blades angle can be obtained with
different types of mechanisms. These
mechanisms allow the blades rotation
while the turbine is in operation.
Generally, the range in which the blades
angle takes values is 16° (low flows) -47°
(high flows) from the horizontal plane [4].
In the early designs, the blades rotation
was obtained with a 2D or 3D cam
mechanism [4]. Nowadays, other solutions
are used, containing levers connected to a
vertical rod, rotating (Figure 1,a) or sliding
(Figure 1,b and c) inside the runner hub

[5]. Different solutions are presented in the
literature [3, 6, 7, 8, 9, 10, 11] with either
rotating or sliding input motion. Thus, the
driving mechanisms can be of RRRR type
or TRRR type.

The wicket gates and blades rotations
during turbine operation have to be
carrefully monitorized as their position
influence the turbine  performance.
Therefore, tests had to be performed in
order to better control the relative position
of the wicket gates and blades and to find
the mechanisms singular positions that can
lead to blades blocking on the hub. But
these tests proved to be expensive and not
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to easy to be performed [4]. Therefore, the
blocking positions of the adjustable-blade
mechanism have to be determined by using
a kinematic and static modeling that
outlines the values of the pressure angle
and the forces on the blades.
Consequently, the paper presents the
kinematic and static modeling of the most
used mechanism for the blades rotation -
the mechanism of TRRR type. The
optimum dimensions of the levers can be
determined in order to minimize the values
of the two pressure angles. The results
allow establishing operating requirements
for the Kaplan turbine, which are useful for
designer and developers in the field.

2. Kinematic and static modelling of the
TRRR mechanism

The most used driving mechanisms for
the blades rotation are of crank - rocker
(RRRR) and slider — rocker (TRRR) types.
The kinematic and static modelling of the
TRRR type mechanism is further presented
aiming to optimize the geometry in order
to avoid the mechanism blocking. The
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structural and kinematic diagrams of the
driving mechanism are presented in Figure
2, where the rocker 1 is connected to the
blade and the slider 3 is the driving bar.
The input parameters are the slider speed
vy and the driving force P;, while the
output power is characterized by the rocker
speed w; and torque T;. The dimensions of
the bar mechanism are denoted by AD = g,
AB =r, BC =1, where e is the mechanism
eccentricity (Figure 2a). The blades angle
10 is a function of the slider stroke sg. As
the variation of the blades angle has to be
in the range 16° — 47°, the mechanism
modelling aims to determine the
dependence between the input and output
parameters.

Thus, based on the kinematic diagram
from Figure 2b, the following relation
is obtained:

e? —2ersing, +r°sin’ ¢ + 55, 1)

— 25,47 COS @y + ° COS” @y =17

S30

Fig. 2. The structural (a) and kinematic (b) diagrams of the adjustable-blade
mechanism
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The blades angle can be determined from
relation (1) as function of the slider stroke

P10 = P10(S20):
@, =arcsin(4cose)-¢, )
where the following notations are used:

2, 2 2 52

e +s5q+1r° =1

— =tge , 30 =4.
e 2er

When imposing the blades angle, the S30
slider position relative to joint A is obtained

from relation (2) s45 =534, ((plo) as follows:

2
Sg9 =7 COS @y +l\/l—(§—§sin (ploj (3)

The pressure angles between the slider 3

and the connecting rod 2, denoted by [, +
and between the rocker 1 and the F
connecting rod 2, denoted by B, (Figure
2b) are useful in determining the singular F
positions in which the mechanism can be
blocked. These angles are given by the  Fig. 3. The diagram used in the static
relations (4) and (5): modelling
; - the rocker:
B —arcsin o0 ¢ @)  ,-Fp=0;
Pl ©)
1, =90- ((Plo + st) ©®) b_
b=rsin(p, +st);

The static modelling of the adjustable-
blade driving mechanism is based on the
following assumption: the friction in the Q- FsinB,, =0;
revolute joints is neglected compared to the

- the slider:

friction in the sliding joint, due to the use of 7,sin
bearings. Thus, the forces equilibrium -1 =
equations for the rocker and the slider can rsin(e; +B2;)

be written based on the diagram from

Figure 3 (F is the reaction force in the P, — FcosBy; —puQ=0;
revolute joint, acting along the connecting

rod): T, 0SB 3

. ”Sin((Pl "‘st) HHe: 0
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The relations (1) — (7) can be used in the
numerical simulations to determine the
optimal dimensions for avoiding the
blocking positions of the blades driving
mechanism.

3. Numerical simulations for the main
kinematic and static parameters of the
blades driving mechanism

A double-regulated Kaplan turbine with
the external diameter of 500 mm is
considered. The blades driving mechanism
is of TRRR type, with the following
dimensions: »=207.5 [mm] (imposed by

the turbine diameter), 1=1712 [mm]
(imposed by the turbine height).
The rocker stroke is A, =31°, as

indicated by the Kaplan turbine producers
[4] (Figure 4). It is considered that the
stroke is symmetrical relative to the
horizontal plane.

Fig. 4. The extreme positions of the blades
driving mechanism

In this case, the main kinematic and static
parameters of the driving mechanism can be
determined based on Figure 4:

. 180-Ag,

P = =745,

e=r COS[%} =200 [mm],
(A
55 = 2rsm[%j =11093 [mm], (8)

A
Blzmax = i% =115.5" < B =0,

Bogma =90— (‘Plo + Blz): 2.46° < By, =07,
0y, =87.538".

Generally, the dimensions of the driving
mechanism can be determined based on
relations (1) — (5) by imposing the rocker
angular stroke (i.e. Ap, =31”), the rocker
length (i.e. »=207.5[mm]) and minimum

values of the pressure angles. The lengths of
the rocker and of the connecting rod are
limited by the turbine dimensions. The
eccentricity and the slider stroke can be
determined based on relations (1) and (3).
The rotation angles of the blades
corresponding to the rocker stroke can be
obtained by imposing minimum values of
the pressure angles. In the general case, the
geometric and kinematic parameters can be
expressed as function of the rocker length r
for an imposed stroke Ao, and a null value
of the pressure angle (3,3 at the ends of the
slider stroke. The numerical simulations for
the angular stroke A@y and the pressure
angles By, and By (relations (3)-(5)) versus
the slider reduced position Ss~ are

presented in Figure 5, where Sy, =Sy, /T

The case study that was previously
presented is illustrated in Figure 5 with
dotted lines: the blades’ angle @i, for the
slider (motor) stroke S;~ is indicated in
Figure 5,a; the values of the pressure
angles By and By, for the rocker position

¢, =87.538° (the corresponding Sz is
given in the diagram from Figure 5,a) can
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be obtained from Figure 5,b and c.

Based on relation (6) and (7), the driving
force P; can be determined as function of
the torque on the blade shaft T, (the torque
generated by the water power), for a
friction coefficient in the sliding joint
p=0.1 (steel). The required force and the
friction force in the sliding joint (the linear
actuator) can be obtained as function of the
torque T, and the blades rotation stroke.
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The diagrams from Figure 6a present the
dependence of the reduced force Ps =Ps/r
on the slider reduced position sz~ for
different values of the torque that rotates
the blades T,. The reduced reaction force
Q*=Q/r and the friction force in the sliding
joint pQ, respectively, can be determined
as functions of the slider reduced position
s from the numerical simulations
presented in Figure 6b.
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Fig. 5. Numerical simulations for: the blades angles ¢,y (a), the pressure angle f,3 (b)
and the pressure angle B, (c) versus the slider reduced position Ss
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Fig. 6. Numerical simulations for: the reduced driving force (a), and the reduced reaction
force (b) as function of the reduced slider position for different values of the torque that
rotates the blades

4. Discussions and conclusions

The results of the numerical simulations
allow  highlighting the  following
conclusions:

- the dimensions of the adjustable-blade
mechanism can be determined from the
diagram in Figure 5,a by imposing the
blades stroke and minimum values of the
pressure angles, and by adopting the rocker
and connecting rod lengths in relation to the
turbine dimensions; the other geometrical
parameters can be obtained by using rel. (1)
and (3);

- the values of the pressure angles between
the rocker and the connecting rod B, and
between the slider and the connecting rod
B2s should be as small as possible, being
important for the correct functioning of the
driving mechanism;

- for a correct functioning and a higher
reliability — of  the  adjustable-blade
mechanism, the eccentricity should be
determined as function of the rocker and
connecting rod lengths for minimum values
of the pressure angles Bi, and By For
instance, the rocker rotation angle ¢, can

be obtained for an imposed rocker stroke
Aprand minimum values of the two

pressure angles, in module; to minimize the
values of these angles, the blades’ angular
stroke should be symmetrical to the
horizontal plane;

- the driving force P increases with the
increase of the torque required to rotate the
blades, T, (for the numerical case, the force
variation is a parabolic function, with an
increment of 5 at the stroke ends). The force
takes smaller values for the blades’ angle in
the range 50° — 180° relative to the
horizontal plane. Thus, the motor that is
required to actuate all the blades will be
characterized by a smaller power;

- the friction force in the sliding joint is
maximum for the horizontal position of the
blades (Figure 6b) and increases with the
increase of the torque T; the use of a motor
with lower power leads to an increased
efficiency of the driving mechanism;

- in the hypothesis of using bearings in the
revolute joints, the friction force in the
sliding joint is maximum when the rocker is
orthogonal on the sliding direction and
increases with the increase of the torque Ty;
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- in most of the structural cases, the relation
between the two pressure angles is |Biz| >Bzs
max- FOr a mechanism with known levers
dimensions, its eccentricity is chosen so that

B2l £ Brzmax aam @A [B12 maxl = [Br2 minls
respectively, at the slider stroke ends.

The simulation results are useful to the
designers and developers in the field for
dimensioning  the  blades’ driving
mechanism under the requirement of correct
functioning.
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