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Abstract: Test rigs for model hydraulic turbines are used to perform various standardized tests on model turbines by simulating
characteristics of the running water, at which the actual turbine will work. Test cell is a frame structure that is placed between the high head
and the low head reservoirs of a test rig. It accommodates a generator-bearing assembly and the model turbines to be tested. Since model
turbines are custom made systems, the frame structure is required to be designed according to the highest possible loading condition, within
the capacity of the test rig, to ensure structural integrity while also considering the ease of assembly. A custom hydrostatic bearing for
generator is required to support the potentially harmful axial and radial forces, and bending moments produced by the turbine. In this study,
design of a test cell for a hydraulic model turbine test rig is presented.
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1. Introduction

Hydraulic turbines are designed by using improved numerical
methods and computational fluid dynamics techniques. Although
these tools provide precision and accuracy in turbine design and
analysis, experiments are still required to validate the designs.
Model turbines of typically 1/5 to 1/10 scale are used to perform
validation tests. A test rig for model hydraulic turbines is essentially
a hydroelectric power plant in small scale. Characteristics of the
running water, at which the actual turbine will work, are simulated
by applying certain similarity relationships.  Cavitation
characteristics, efficiency, torque and pressure differences are some
of the parameters investigated in the experiments which are
standardized by the International Electrotechnical Commission
(IEC) [1]. Flexibility of the test rig is a key feature such that a range
of turbines with varying dimensions and characteristics can be
tested with minimum modification.

There are several model hydraulic turbine test laboratories with
various capabilities. Some of them are established by companies
manufacturing hydraulic turbines and some by academic
institutions. Fine Institute of Hydraulic Machinery [2], S.Morgan
Smith Memorial Hydraulic Laboratory of Voith [3] and Laboratory
for Hydraulic Machines of Ecole Polytechnique Fédérale de
Lausanne (EPFL) [4] are such laboratories. Fine Institute of
Hydraulic Machinery has the capability to test Francis-type,
Kaplan-type, Bulb-type turbines and reversible pump-turbines with
two test rigs. In this laboratory, tests up to 90 m head and up to 1.8
m3/s flow rate can be performed. Francis-type and Kaplan-type
turbines are put to performance and cavitation tests in S.Morgan
Smith Memorial Hydraulic Laboratory of Voith with a maximum
head of 131 m and a maximum flow rate of 1.13 m3/s. Laboratory
for Hydraulic Machines of EPFL introduces three test rigs
appropriate to tests up to 120 m head and up to 1.4 m3/s flow rate
for every type of hydraulic turbine.

This paper presents the design of a test cell for a model turbine
test rig, which has a maximum pumping power of 2 MW. Heads
from 10 m to 160 m and flow rates from 0.2 m3/s to 2 m3/s can be
simulated on model turbines having up to 650 mm runner diameter.
The test cell is a frame structure which accommodates a generator-
bearing assembly and the model turbines to be tested. It is placed
between the high head and low head reservoirs, and its outer
dimensions are constrained by the layout of the test rig. The test cell
must be adjustable in order to position various model turbines that
are within the capacity of the test rig. Hence, the highest possible
loading condition designates the test cell. Design validation work
including finite element analysis of stress, deformation and
vibration are conducted to ensure structural integrity of the test cell.
Fine Institute of Hydraulic Machinery and S.Morgan Smith
Memorial Hydraulic Laboratory of Voith both introduce a simple
design for the test cell, a platform supported by four columns. The
model turbine and the generator bearing-assembly are assembled to
the platform. On the other hand, Laboratory for Hydraulic Machines
of EPFL has the test stand including a lot of moveable columns to
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support the platform at any height and distance. In similar approach
with Laboratory for Hydraulic Machines of EPFL, to have a rigid
structure with the necessary load carrying capability, an improved
design with the flexibility presented in this study.

Design of the generator bearing is another important aspect of
this study. A custom hydrostatic bearing is designed to couple the
runner of the model turbine to the generator and support the
potentially harmful axial and radial forces. The bearing also enables
torque measurement and calibration according to the standards of
the International Electrotechnical Commission (IEC).

2. Preliminary Design of the Test Cell

The test cell, which is essentially a frame structure, is required
to accommodate the generator-bearing assembly and model turbines
to be tested. Model turbines are custom made systems. Their
dimensions and consequently their location on the test cell varies
from one turbine to another. Therefore, the frame structure must be
designed according to the most critical loading condition. The
largest model turbine, within the capacity of the test rig, has 1.5 m
length, 1.5 m width and 1 m height, and such a turbine weighs
approximately 100 kN. Structural design of the test cell frame is
based on these values.
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Fig. 1 Top view of the test cell

Layout of the test rig determines the position of the test cell and
constrains the outer dimensions (Fig. 1). It is required that the test
cell is located between the high head and low head tanks. This is the
length constraint. For extra support, the test cell frame is fixed to
the concrete columns of the test rig building. The width must enable
the largest possible turbine to be connected to the pipe coming from
the high head tank and the draft tube. Although not critical, the
height of the test cell is constrained by the height of the generator
assembly and the hoist crane in the building. Finally, the overall
dimensions of the test cell frame are set as 9600 mm x 5750 mm x
4830 mm (length x width x height).
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Fig. 2 Side view of the test cell

Fig. 2 shows the side view of the test cell. Positions of the
model turbine and the generator-bearing assembly are
independently adjusted on the main test cell frame, with the help of
their respective support frames, and fixed with bolted connections.
This provides adaptability to a range of model turbines and enables
easy installation.

3. Design of the Hydrostatic Bearing

The total torque on the generator shaft is the sum of the torque
produced by the turbine and the friction torque due to bearings and
seals. Section 3.6 of the IEC60193 standard [5] of The International
Electrotechnical Commission specifically requires the measurement
of the net torque produced by the model turbine. To comply with
this requirement, a hydrostatic bearing unit is designed such that the
stator of the generator is allowed to rotate freely around the shaft
axis (Fig. 3). Then, the rotation is constrained by a lever arm
attached to a force transducer, which is fixed to the generator
support frame. This arrangement allowed measurement of the
tangential reaction force on the generator. Consequently, the net
torque produced by the turbine is calculated as the product of the
measured tangential force and the length of the lever arm. This
method is referred as the primary method for torque measurement in
the standard [1].

During operation, forces are applied to the turbine runner in
radial and axial directions. The generator must be isolated from
these forces for safety and longer life. For this purpose the spindle,
which connects the shafts of the turbine and the generator, is
supported by two additional hydrostatic bearings at either side of
the main generator bearing as shown in Fig. 3. The bearings are
designed extra safely to support up to 75 kN and 20 kN in axial and
radial directions, respectively.
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Fig. 3 Generator-hydrostatic bearing assembly

4. Finite Element Analysis Aided Detail Design

An iterative approach is followed for the detail design of the test
cell to stay within the design limits given in Table 1. Initially, a
simple box shaped frame is designed in Solidworks 2014 [5], by
using standard IPN and UPN beams of St-52-3 and St-44 steel
material (see Fig. 4, only used for turbine support frame). Then,
more beams are added for extra support, according to the results

4 x UPN Beams
with St-44 Steel

Fig. 4 CAD model of the test cell

Table 1: Design limits for the test cell frame
Design limit for St- Design limit for St-

Criteria 44 beams 52-3 beams
Max. equivalent stress
(% 50 of yield strength) 1375 MPa 177.5 MPa
Max. shear stress 41.25 MPa 53.25 MPa

(%15 of yield strength)

Static finite element analyses are conducted by using ’Static
Structural” module of ANSYS 14 [6]. Firstly, the test cell geometry
is imported from Solidworks to ANSYS. Then, it is meshed using
1333445 elements and 248024 nodes. Fixed support is defined for
the bottom surface of the test cell as boundary condition and forces
of 150 kN and 100 kN are applied, respectively, to the generator
support frame and the turbine support frame, as shown in Fig. 5.
Also, standard earth gravity is included to take the weights into
consideration. Additionally, a horizontal acceleration of 0.2 g is
added to the analysis to account for unexpected events such as an
earthquake. Finally, the simulation outputs are selected to be
equivalent stress, shear stress and total deformation.
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Fig. 5 Test cell frame loading
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5. Results of the Finite Element Analysis

Fig. 6 presents equivalent stress analysis results of the test cell.
As expected, stress concentration takes place on the support frames
of the turbine and the generator. However, the maximum equivalent
stress is found as 71 MPa, which is much lower than the design
limits given in Table 1. Shear stress analysis results are given in
Fig. 7. The maximum shear stress of 38 MPa is also safely within
the design limits. Although not specified as a design target,
deformation of the structure is also investigated and the results are
provided in Fig. 8. The maximum deformation occurs near the
largest applied force at the generator support frame, and it is found
to be 1.86 mm, which is insignificant compared to much larger
dimensions of the components.
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Fig. 6 Equivalent stress on the test cell
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Fig. 7 Shear stress on the test cell
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Fig. 8 Total deformation on the test cell
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Vibration is another important aspect to consider. The natural
frequency of the test cell must be kept away from the working
frequency of the generator, which is 50.2 Hz, to prevent resonance.
Modal vibration analysis is also performed. Solution of the static
analysis is connected to the setup of the modal analysis in order to
use the required pre-stress option. Natural frequencies for 20
modeshapes are obtained and the ones that are close to the working
frequency of the generator are presented in Table 2. It can be seen
that the natural frequency of the test cell approaches to the
generator frequency at higher modeshapes (i.e. 14 onwards), at
which the small amplitudes do not pose a threat to the test cell
structure.

Table 2: Natural frequencies of the test cell

Modeshape Natural frequency (Hz)
14 47.23
15 48.04
16 49.28
17 52.68
18 54.54
6. Conclusion

In this paper, a test cell is designed for a model turbine test rig,
which has a maximum pumping power of 2 MW. The test cell
accommodates generator-bearing assembly and model turbines to
be tested. The geometry is modeled by regarding adaptability of the
test cell and the design is analyzed to check the stresses,
deformations and vibrations against design limits. A custom
hydrostatic bearing unit is designed to isolate the generator from
potentially harmful axial and radial forces, and bending moments
produced by the turbine. The bearing unit also allows direct
measurement of the net torque produced by the turbine as required
by the standards of the IEC.
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