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ABSTRACT
The article describes the results of experimental research concerning a prototypical hydrodynamic clutch controlled via changes in flow rates of the working fluid. The aim of the research was to collect experimental data
to confirm the practical possibility of using such a control method of the hydrodynamic clutch and to compare
this with other currently used methods. A change in flow rate of the working fluid was obtained by increasing the
distance between rotors. The experimental research was conducted on a test rig built specifically for this purpose.
On the basis of the research, the influence of the clutch filling level, the direction of rotation and the temperature
of the working fluid on the clutch torque were determined. The experimental research shows that the transferred
torque is significantly influenced by the width of the gap between rotors, the rotational speed of the input shaft, the
clutch filling degree and the temperature of the working fluid. Thus, these values may be used to control the torque
transferred by the hydrodynamic clutch. The temperature of the working fluid is not recommended as a control
value due to the fact that it is dependent on the working conditions of the hydrodynamic clutch. On the basis of the
test results, it was proven that hydrodynamic clutches controlled by increasing the distance between rotors can be
successfully used, for example, in drive systems of wind farms.
Keywords: hydrodynamic clutches, drive systems, hydrodynamic clutch control, hydrodynamic clutch tests.

INTRODUCTION
The hydrodynamic components of transmission systems, such as hydrodynamic torque converters (HTC), hydrodynamic clutches (HC) and
hydrodynamic brakes use the kinetic energy of
the working fluid to transfer the mechanical energy from the drive motor to the working system of
a machine. HC consist of two rotors: a pump and
a turbine placed in a leakproof casing filled with a
working fluid. HTC is additionally equipped with
stator rotors. In multielement HTCs, it is most
common to use one pump rotor and a few turbine
rotors, as well as a few stator rotors.
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Hydrodynamic components are used in energy industry, machine industry and automotive
industry due to their numerous advantages, mainly: damping torsional vibrations, the possibility
to work while the output shaft is immobile, and
automatic adjustment of output shaft rotation depending on its load.
In technology, the general aim is to achieve
the highest possible efficiency of machines and
devices. However, there are also drive motors
in which the efficiency of a drive system is not
relevant due to an excess of energy supplied to
the system. This type of system includes the drive
systems of electric power generators in wind
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farms. Due to the necessity do maintain a constant frequency of the generated electric power,
the rotor of a generator must rotate with a constant rotation speed. When the current frequency
is 50Hz and there is a single pair of generator
poles, the speed is 3000 rpm. An unpredictable
increase in wind speed results in an increase of
rotational speed of the wind farm rotor in relation
to a determined rotational speed of the generator,
and it results in generating more mechanical energy than necessary. Additionally, the rotational
speed of the wind farm rotor must be limited due
to the durability of rotor blades.
The article describes the experimental tests
performed on a HC controlled by increasing the
distance between pump and turbine rotors. For
example, the developed design of the HC can be
used in a wind farm drive. This manner of control,
despite its simple construction, has not hitherto
been used in hydrodynamic drive systems due to
low efficiency. A change in the distance between
rotors causes a change in the torque transferred
by the HC, subsequently changing a change in
speed ratio (i.e. the ratio of the clutch output
shaft rotational speed to the clutch input shaft
rotational speed). When the rotational speed of a
wind farm rotor exceeds the nominal speed, as a
result of changes in wind direction or speed, the
distance between rotors increases thus causing a
decrease in the torque transferred by the clutch. It
also causes a change in the kinematic ratio to one
that provides the required value of the rotational
speed of the output shaft of the clutch connected
directly to the generator shaft.
The main aim of works described in the article is increasing the level of knowledge about
drive systems by the development of a new control method of the hydrodynamic clutch by increasing the distance between rotors. The concept
of the hydrodynamic clutch controlled by increasing the distance between pump and turbine rotors
is innovative. This method has not been used in
hydrodynamic transmission systems.

LITERATURE REVIEW
The universality of applications of hydrodynamic components causes the fact that currently
multiple research works are conducted, both
theoretical and experimental. The aim of these
works is to analyse the phenomena occurring
within working spaces of rotors and, as a result,

to improve the characteristics of the whole hydrodynamic component. In theoretical research, in
order to describe the phenomena occurring during the working fluid flow, it is most common to
use one dimensional and three dimensional (3D)
models constructed with the use of Computational Fluid Dynamics (CFD) numerical methods. Experimental research mainly serves the
purpose of drawing up the characteristics which
depict the actual performance of hydrodynamic
components. The research results are also used to
identify and verify the mathematical models of
hydrodynamic components.
In order to conduct the calculations of the
influence of selected HTC constructional parameters on its characteristics, the study [1, 2] uses a
one dimensional model with specifically selected
coefficients. A similar mathematical model is
used by Kęsy and Kęsy [3] in order to improve
the production process of HTC rotors. The study
[4, 5] shows the application of a one dimensional
HTC mathematical model in an analysis and an
evaluation of damping properties of a vehicle
drive system. Jung et al. [6] compared different
3D numerical methods used to describe the flow
within the HTC working fluid, such as: the frozen rotor, the sliding mesh method and the mixing plane methods, and subsequently they verify
the results of calculations during bench tests.
Similar reflections can be found in publications
[7, 8]. The study [9] shows an evaluation of the
possibilities to use an a typical working fluid (a
mixture of oil and air) within a partially filled HC,
on the basis of numerical 3D calculations and experimental research. Schweitzer and Gandham
[10] conducted an analysis of a working fluid
flow within the HTC using CFD methods, and the
results of the numerical calculations are verified
on a test station using laser Doppler velocimetry
LDV. Similar research is shown in the studies [11,
12, 13, 14, 15, 16, 17]. The study [18] shows an
optimization of the selection of the entry angle
for a pump rotor and the entry angle for a turbine rotor in a HTC. The optimization criterion
is the maximal efficiency. The CFD software
was used for the optimization. Similar research
is described in the article [19], where Liu et al.
optimized the HTC blade described using six
parameters. The optimization calculations used
the CFD method and the design of experiments
method (DOE). In turn, the study [20], on the basis of bench tests, a multicriterial optimization of
hydrodynamic gear was conducted, assuming an
219
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objective function which takes into consideration
the torque ratio, efficiency and the high efficiency
range. The decision variables are as follows: the
active diameter, blade angles on an average line,
and dimensionless parameters describing the meridional cross-section of the hydrodynamic gear.
The multiple-stream model is used as the mathematical model. A genetic algorithm is used for
optimization calculations.
A disadvantage of classic hydrodynamic
components is a constant dependency of the
transferred torque on the rotational speed of rotors. Therefore, in practice, the hydrodynamic
components are controlled in different manners,
which results from the theoretical dependence describing the torque occurring on the rotors of the
hydrodynamic clutch, in the following form [21]:
(1)
Mn = f {ni2, G(rim, Fim, βim), Q(ν)} ρ
where: f – function symbol, n – rotational speed
of a rotor, G – selected geometrical parameters of the working space, r – radii
in meridional section, F – meridional
section, βn – blade angles on the average
line, Q – flow rate of the working fluid
within the working space, ρ – working
fluid density, ν – kinematic viscosity of
the working fluid; the index I – represents the number of the rotor blade in the
hydrodynamic component; the index m
equal to 1 or 2 – represents, respectively,
the inlet or outlet of the rotor.
The dependence analysis (1) shows that the
control of the torque of a hydrodynamic component is possible via changes in:
− rotational speed of rotors;
− geometric parameters of the working space,
including blade angles and radii of the meridional section;
− flow rate of the working fluid within the
working space;
− physical parameters of the working fluid.
The simplest manner of controlling the mechanical components is to change the rotational
speed on the input shaft, which causes a change
of the torque M on the output shaft. The study
[22] presents the design of the drive system in
which the CVT gear is placed between a drive
motor and a HTC in order to change the speed of
the pump rotor n1.
In practice, a change of geometric parameters
of a working space in hydrodynamic components
is implemented by rotating the blades – most often the stator blades – around the transverse or
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the longitudinal axis, in relation to the rotation
axis of the rotor [21, 23]. The working space
geometry can also be changed by placing an additional rotor to the hydrodynamic component.
This method is applied mainly to change the rotation direction of the output shaft of the hydrodynamic component [24].
The most commonly used manner of changing the flow rate of the working fluid is changing
the filling degree of the working fluid in the working space, which causes a change in the torque of
the hydrodynamic component [25].
The possibility to control the hydrodynamic
components as a result of changes in the physical
parameters of the working fluid, creates the possibility to employ the so-called smart fluids (electrorheological or magnetorheological) in which
shear stresses change after an electric or a magnetic field occurs, respectively [26]. Prototypical
designs of hydrodynamic components controlled
in this manner were introduced in the study [27]
which described a HC with electrorheological
fluid, and in the study [28] which described a HC
with a magnetorheological fluid.
The analysis of the presented control methods shows that the proposed control method
of hydrodynamic clutch by increasing the distance between rotors is easy to implement in
terms of construction.
An example of usage of a hydrodynamic
component in a drive system of a wind farm is
depicted in Fig. 1 [29].

Fig. 1. Drive system of a power generator
used in wind farms: 1 – input shaft, 2 – planetary gear, 3 – fixed transmission gear, 4 – hydrodynamic torque converter, 4 – output
shaft; P – pump, T – turbine, S – stator
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a)

b)

Fig. 2. View on HC rotors with spatially shaped blades: a) pump’s rotor, b) turbine’s rotor

This system, called WinDrive, consists of
a HTC controlled via rotating the blades of a
stator immobile rotor and two planetary gears.
Employing a planetary gear allows dividing
the power flux so that only a part of it flows
through the HTC.

EXPERIMENTAL RESEARCH

Fig. 3. Prototypical HC: 1 – casing, 2
– pump rotor, 3 – turbine rotor, 4 – bearings, 5 – input shaft, 6 – output shaft

The experimental research was aimed at collecting the experimental data enabling to evaluate the practical possibilities of controlling the
hydrodynamic clutch by increasing the distance
between rotors and comparing this control method with other control methods. The tests were
conducted on a test station built specifically for
this purpose. The test object was a HC with the
rotors the blades of which were spatially shaped
and made with pressed sheet metal, Fig. 2.

Table 1. Data concerning the prototypical HC
Parameter

Value

Outer diameter of the clutch, Dz

273 mm

Active diameter of the pump rotor and the turbine rotor

250 mm

Number of blades in the pump rotor and the turbine rotor
Volume of the of the working space, V

39
7.6 dcm3

Volume of the working fluid

7 dcm3

Rotation direction of rotors

Left/right

Entrance angle for the pump rotor, β11 (left rotations)

118˚

Entrance angle for the pump rotor, β11 (right rotations)

62˚

Exit angle from the pump rotor, β12 (left rotations)

65˚

Exit angle from the pump rotor, β12 (right rotations)

115˚

Entrance angle for the turbine rotor, β21 (left rotations)

59˚

Entrance angle for the turbine rotor, β21 (right rotations)

121˚

Exit angle from the turbine rotor, β22 (left rotations)

137˚

Exit angle from the turbine rotor, β22 (right rotations)

43˚
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a)
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Fig. 4. Test station for HC analysis; a) test station schematic:1 –AC drive motor, 2 – analysed HC, 3 – temperature sensor, 4 – frame, 5 – digital temperature indicator, 6 –DC brake placed on guideways, 7 – brake cooling
system, 8 – encoder, 9 – leadscrew motor, 10 – leadscrew motor’s driver, 11 – rotation direction switch for
leadscrew, 12 –PC, 13 –12V power supply, 14 – control cabinet; b) view on mechanical part of test station

Employing rotors with spatially shaped blades
in HCs, instead of using ones with radial blades,
allows widening the test range of a clutch as a
result of obtaining different characteristics of HC
performance for left rotations and right rotations
of the input shaft. The HC schematic is shown in
Figure 3. The basic data concerning the prototypical HC is presented in Table 1.
Figure 4 shows the schematic of the test station consisting of a frame, an AC drive motor, a
DC motor serving as a brake, a steering system, a
rotor sliding system and a computer measurement
system registering measurement data in real time.
The pump rotor and the turbine rotor are
placed directly on the shafts of the AC drive motor
and the break, respectively. In order to increase the
distance between rotors, the brake on the shaft of
which the turbine rotor is placed, shift horizontally
along the station axis on guideways fixed to the

station’s frame. A leadscrew is used to move the
brake. The leadscrew is bearing-mounted on supports permanently fixed to the station frame, and
it cooperates with a nut fixed to the brake casing.
The leadscrew is propelled with a controlled DC
electric motor integrated with a worm gear, Fig. 5.
The change of the filling degree ψ (which is
described as a ratio of the working fluid volume
within the working space to the whole volume
of the working space) is performed with an immobilized drive motor and is realised by adding
or removing a specific amount of working fluid
through the drain hole of the HC. The measurement was performed with use of a measuring cup.
The control of the drive motor and the brake
is realised by control systems AC Drive and DC
Drive by Emerson company. The performance of
these systems is overseen by a PLC driver which
is compatible with the encoders fixed to the shafts

Fig. 5. Realization method of the increase the distance between rotors: 1 – DC motor used as brake, 2 – guide ways, 3 – electric motor with worm gear and lead
screw, 4 – station’s frame, 5 – lead screw, 6 – coupling, 7 – worm gear
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Table 2. Data concerning the electrical components of the test station used to analyse the HC
Usage

Model / type

Type of current

Parameter properties

Main drive

Tamel 3SG132S-4-IE2 5.5 kW

AC

n =1460 rpm
Un = 400 V

Brake

Multimoto G11.05 5.5 kW

DC

n = 1480 rpm
Un = 400 V

Leadscrew drive

BOSCH 058970130 0.1 kW

DC

n = 50 rpm
U = 12 V

PLC driver

Siemens Simatic DP
6ES7151-8AB01-0AB0

AC

U = 230 V

AC Drive control system

Emerson Unidrive SP 1406

AC

Un = 400 V

DC Drive control system

Emerson Mentor MP 25A4R

AC

Un = 400 V

of the electric motors. The basic data concerning
the electrical components of the test station is presented in Table 2.
The computer measurement system is integrated
with an electric control system of the test station.
During the measurements of the torques M and rotational speeds of the shafts of the electric drive motor
n1 and of the brake n2, the data was collected from
the PLC driver and then registered with the use of
a PC with professional software. During the experimental research with an immobilized HC shaft, in order to measure the torque, a KM 102 K strain gauge
is used, whose measurement range is up to 500 N.
The sensor fixed to the station frame is pressed on by
a rod fixed to the electric brake axis. The value of the
registered force is obtained from an MD 150T digital
measuring gauge. The temperature of the working
fluid is measured with a Heraeus M222 temperature
sensor (produced by Conrad Electronic company)
permanently fixed on the outside of the HC.
The experimental research constitutes an important source of information about the performance of the test subject under various working
conditions. The theoretical analysis of the issue
allows defining the number of knowledge gaps in
the existing research methods and indicating new
areas to be examined [30, 31]. It is important to

properly plan the research and its implementation
according to a specific pattern [32].
On the basis of the results of the HC experimental
research, it is possible to draw up the characteristics
which determine how the torque M transferred by the
clutch is influenced by the following quantities:
− width of the gap between rotors (h),
− rotational speed of the input shaft (n1),
− filling degree of the clutch (ψ),
− temperature of the working fluid (T).
The accuracy of the measurements on the
working station is shown in Table 3.
Due to a small mass and a compact design
of the HC, and consequently a small thermal
capacity and small housing surface, during the
research, especially for high values of rotational speed, the temperature of the working fluid
Table 3. Accuracy of measurements performer on the
test station
Measured quantity

Relative measurement error [%]

h

2

n1, n2

2

M

5

y

5

T

1

Table 4. Bench test plan for a prototypical HC
No.
of test
series

h [mm]

n1
[rpm]

n2
[rpm]

Temperature range
T [˚C]

y [%]

Rotation direction

1.

h=0

0 - 1200

n2 = 0

80 - 90

92

Left, right

2.

h=0

600 - 1200

n2 ≠ 0

80 - 90

92

Left, right

3.

h=0

0 - 1000

n2 = 0

40 - 50
80 - 90

92

Left, right

4.

h=0

1000

n2 ≠ 0

80 - 90

84
88
92

Left, right

5.

0.5 ≤ h ≤ 50

1000

n2 ≠ 0

80 - 90

92

Left, right
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increased rapidly. Because of that, the measurements were performed in two temperature ranges:
40˚C - 50˚C and 80˚C - 90˚C. In order to increase
the credibility of the tests, the measurements were
repeated several times, the extreme results were
dismissed and the remaining ones were averaged.
The test plan determined after initial analysis
is shown in Table 4.

Fig. 6. Dependence M = f(n1) for different rotation directions of the input shaft; n2
= 0, h = 0, ψ = 92 %, T = 80 – 90˚C

EXPERIMENTAL RESEARCH RESULTS
The HC characteristics illustrating the influence of rotation direction of the input shaft n1 on
the torque transferred by the clutch M for n2 = 0
(test series 1, Table 4) is shown in Fig. 6.
Fig. 7 and Fig. 8. show the characteristics
depicting how the torque M is influenced by the
speed ratio and input shaft rotations n1 for left
and right rotations of the input shaft (test series
2, Table 4).
The characteristics depicting the influence
of temperature T of the working fluid on the
dependence of the torque M on the rotational
speed n1, for left and right rotations of the input
shaft (test series 3, Table 4) is shown in Fig. 9
and Fig. 10, respectively.
Fig. 11 and Fig. 12 show the characteristics depicting the influence of the clutch’s filling degree ψ
on the transferred torque M (test series 4, Table 5).
The characteristics depicting how the torque
M is influenced by the speed ratio ik and by the
size of the gap between rotors h for left and right
rotations of the input shaft (test series 5, Table 4)
are shown in Fig. 13 and Fig. 14, respectively.

Fig. 7. Dependence M = f(ik, n1) for left rotations of the output shaft; h = 0, ψ = 92%, T = 80 – 90˚C
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Fig. 8. Dependence M = f(ik, n1) for right rotations of the input shaft; h = 0, ψ = 92%, T = 80 – 90˚C
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Fig. 9. Dependence of M = f(n1) for left rotations of the input shaft for different temperatures T; h = 0, n2 = 0, ψ = 92%

DISCUSSION OF EXPERIMENTAL
RESEARCH RESULTS
The torque M transferred by the HC for
each left rotation direction is significantly
larger than for a right rotation direction, Fig.
6. The difference in the values of the torques
M is the greater the higher the rotational speed

Fig. 10. Dependence of M = f(n1) for right
rotations of the input shaft for different temperatures T; h = 0, n2 = 0, ψ = 92%

n1 of the input shaft is. For the input shaft rotational speed n1= 1000 rpm, the torque M is
85% higher than for right rotations.
The rotational speed of the input shaft has a
large influence on the value and waveform of the
torque M, which is shown in Fig. 7 and Fig. 8.
A decrease in the torque M caused by a decrease
in the rotational speed of the input shaft n1 from

Fig. 11. Dependence of M = f(ik,ψ) for left rotations of the input shaft; h = 0, n1 = 1000 rpm, T = 80 – 90˚C

Fig. 12. Dependence of M = f(ik,ψ) for right rotations of the input shaft; h = 0, n1 = 1000 rpm, T = 80 – 90˚C
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Fig. 13. Dependence of M = f(ik, h) for left rotations of the input shaft; n1 = 1000 rpm, ψ = 92%, T = 80 – 90˚C

Fig. 14. Dependence of M = f(ik, h) for right rotations of the input shaft; n1 = 1000 rpm, ψ = 92%, T = 80 – 90˚C

1000 rpm to 800 rpm is 35%. The waveform of
the torque curve M for left rotations of the input
shaft is more similar to the quadratic relationship
which results from theoretical considerations.
An average 40˚C decrease in temperature of
the working fluid, for speed n1 = 1000 rpm, contributes to a 50% decrease of the torque for left
rotations of the input shaft and 65% for right rotations of the input shaft. The increase in the torque
M is greater, the higher the rotational speed n1 is,
see Fig. 9 and Fig. 10.
An 8% decrease in the value of the filling degree ψ caused a decrease in the value of the transferred torque M for the speed n1 = 1000 rpm, the
maximal decrease is 55% for left rotations of the
input shaft and 70% for right rotations of the input shaft, see Fig. 11 and Fig. 12.
The characteristics presented in Fig. 13 and
Fig. 14 show that for the rotational speed n1 =
1000 rpm, an increase in the gap width h from
0 to 50 mm caused a significant decrease in the
torque value M, wherein the decrease was larger
for right rotations of the input shaft (30%) than
for the left rotations (20%). Additionally, for left
rotations, the influence of the gap width h on the
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value of the torque decreases when the kinematic ratio increases ik. However, for right rotations
of the pump rotor, the influence is maintained on
a similar level.
The results obtained from the experimental
research allow determining a manner in which
a HC with sliding rotors can be used in a drive
system of a wind farm with a constant power
electric generator. The electric generator needs
to have a determined nominal speed nf in order
to maintain a constant frequency of the generated
electric current. By adjusting the angles of the rotor blades β and/or the filling degree ψ it is possible to select a HC for a drive system, so that
with an average wind speed and a determined HC
working temperature, one can obtain the assumed
rotational speed of the input shaft of the electric
current generator nf when distance h between the
pump rotors is around 50% hmax. Then, when the
wind speed changes, the nominal speed nf can be
maintained as a result of changes in the distance
between pump rotors and turbine rotors. However, when the wind speed increases, the torque
transferred by the HC should be decreased, i.e.
the rotors should be shifted away from each other;
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when the wind speed decreases, the torque transferred by the HC should be increased. i.e. the rotors should be shifted towards each other. The
process can be controlled via a control system
with feedback, where the controlled value is nf,
and the controlling value is h.
While assessing the operation of the drive
system with a hydrodynamic clutch, the range
of torque changes and the adjustment time are
mainly taken into account. In the tested prototype
of a drive system containing a hydrodynamic
clutch controlled by rotor shifting, it is possible
to achieve the full adjustment range from zero
when the rotors are fully extended to the maximum torque when the rotors are fully retracted.
The adjustment time depends on the time of the
rotor shift, during the tests was a few seconds.
The comparison of the test results with the results
obtained in the works [33, 34, 25, 29, 27] shows
that both the range of torque changes and the adjustment time obtained in the tested prototype of
drive system containing a hydrodynamic clutch
controlled by rotor shifting do not differ from the
value occurring with other methods of regulation,
such as: the change rotational speed, the change
filling and change flow rate.

CONCLUSIONS
1. The HC experimental research shows that the
transferred torque is significantly influenced by
the width of the gap between rotors, the rotational speed of the input shaft, the clutch filling degree and the temperature of the working
fluid. Thus, these values may be used to control
the torque transferred by the HC. The temperature of the working fluid is not recommended
as a regulating value due to the fact that it is
dependent on the HC working conditions.
2. The monotonous decrease of the torque transferred by the HC as the distance increases between rotors, as observed during the research,
suggests that the gaps between rotors should be
used as a regulating value for automatic control
system with feedback. A wide range of changes
in the value of the torque transferred by the HC
(when the gap between the rotors is 50 mm)
indicates that a technical application of this
manner of control will not increase the clutch
dimensions significantly.
3. Significant differences in the values of the
torque transferred for left and right rotations

of the input shaft show that it is advisable
to adjust blade angles of the rotors, while
building a HC controlled by sliding pump
and turbine rotors.
4. The conducted research shows that the HCs
controlled by shifting rotors can be successfully employed in the drive systems of machines,
where energy losses caused by controlling
are insignificant, for example in the generator
drives in wind farms.
5. Further work on the developed control system
should be aimed at creating a model of the hydrodynamic clutch and simulating this clutch,
for example in a wind farm drive.
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