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advantage of allowing for high precision measurements necessary to predict the performances of hydraulic 
turbomachines in their whole prescribed operating range and beyond. Nevertheless, measurement precision and 
repeatability are capital. 

As a proof of model testing importance, one may be stated that, on the one hand, all the main large-hydro 
manufacturers in the world detain hydraulic test rigs, dedicated to either action or to reaction machines (turbines 
and/or pumps), and actively maintain and update them. On the other hand, there are several academic 
laboratories dedicated to neutral certified performance testing and advanced experimental investigation, such as 
the testing hydraulic infrastructure of the Laboratory for Hydraulic Machines of the École Polytechnique 
Fédérale de Lausanne, Switzerland (Bovet and Henry [2]), or the one of the Institute of Fluid Mechanics and 
Hydraulic Machinery from the University of Stuttgart, Germany (Kirschner et al. [3]). Focusing on small-hydro 
energy production technologies (e.g. less than 50 MW power), the range of hydraulic turbine types goes often 
beyond the three classical shapes: Kaplan, Francis and Pelton. In this way, examples such as Deriaz diagonal 
turbine, swirl turbine, very low head (VLH) turbine, or even the Archimedean screw may be mentioned. Among 
these test rigs dedicated to small-hydro technologies, one may list here the MHyLab’s (Switzerland) test rig, 
adapted for Pelton and diagonal turbines (Denis [4]), the test rigs of the Hydraulic Machinery Laboratory of 
Laval University, Canada, adapted for VLH turbines (Fraser et al. [5]) or for micro-turbines (Deschênes [6]). 
Moreover, test rigs adapted for performance measurements of specific hydraulic components of turbomachines, 
as the one built in the Hydraulic Machinery Department from the University “Polytehnica” of Timisoara, 
Romania, to investigate the flow development in draft tube cones of Francis turbines (Bosioc et al. [7]) comes to 
complete this various list.   

The main parameters necessary to retrieve the hydraulic performance of a turbomachine are the specific energy 
E, the discharge Q, the rotational speed of the runner/impeller n, the main torque at the runner shaft Tm and the 
pressure at the low side of the machine. With these measured parameters, the E-Q operating range along with the 
corresponding hydraulic efficiency and the cavitation behaviour are calculated. In addition, measurements of the 
runaway characteristic, different loading forces (either on the runner or on the guide vanes), pressure fluctuations 
and observations on the draft tube vortex rope development come to complete a typical set of tests (Jacob [8]). 
Finally, the dimensionless characteristics (e.g. using the discharge-energy coefficients φ-ψ, or the speed-
discharge factors nED-QED, etc.) retrieved on the reduced-scale model present the advantage of being valid for the 
target prototype as well, with the condition of respecting both the geometric and hydraulic similitude laws. When 
dealing with micro-power turbomachines, the testing may be often performed directly at prototype scale. 

The present work comes first with a detailed description of the hydraulic circuit and its main capabilities. The 
electrical circuit is addressed as well. The instrumentation and the specific working philosophy of the automatic 
regulation system are then introduced. Finally, a short description of a fully-equipped laboratory prototype, 
consisting of a new axial counter-rotating turbine to recover the energy lost in release valves of water supply, 
already installed and tested on the hydraulic test rig, is provided along with its resulting characteristic curves. 
 

1. Main characteristics of the test rig 
1.1 The hydraulic circuit 

Built on two floors of the HES-SO Valais//Wallis hydraulic laboratory (see Fig. 1), the closed-loop hydraulic 
circuit, schematically illustrated in Fig. 2, is supplied with fresh water from a main reservoir R1 of 3 m3. The 
latest is fed from the drinking water system, whilst an immerged centrifugal pump P4 ensures its drain. Its 
volume has been selected as 2 times the total volume of the closed-loop circuit (including the R2 reservoir). 
Then, 3 recirculating multistage centrifugal pumps P1,2,3 (with variable speed and a power of 5.5 kW each), 
connected in parallel, supply the circuit with hydraulic power. The pumps can deliver a maximum discharge of 
3x15 m3/h and a maximum pressure of 160 mWC. The testing variable-speed model T/P, with a power of 
maximum 10 kW, is installed in an accessible position (in terms of instrumentation, operation and observations) 
in the upper part of the circuit. Finally, the pressurized reservoir R2 placed downstream the test section allows 
simulating different (positive and negative) implantation levels of the model and therefore determining the 
cavitation performances as well. This free-surface reservoir has been designed to support both vacuum and high 
pressure (up to 8 bars), whereas its volume of 1 m3 has been chosen as 2 times the volume of the remaining 
closed-loop circuit. 

To complete, more solenoid valves EV2…9 (of butterfly type) are used to control the hydraulic circuit 
configuration. Several other valves, either solenoid or manual, are used for filling, cooling, spillway, control, 
security and operation of the test rig. In addition, the installed honeycomb sections ensure a uniform axial flow 
upstream the flowmeter and the testing model. The rest of uncounted additional components may be retrieved in 
the full list of main hydraulic components and their functionalities in Table 1. 
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Fig. 3. Schematic representation of the electrical circuit. 
 

2. Instrumentation 
The test rig is equipped with several measurement instruments with the aim of recovering the full testing 
conditions and particularly the hydraulic power of the testing model. The characteristics of the main 
measurement instruments that equip the test rig are provided in Table 2, including the output signal type, 
measurement range and absolute error. Their position on the hydraulic circuit may be observed in Fig. 2. The 
discharge Q is measured with the help of an electromagnetic flowmeter. The head H and the implantation level 
Hs are measured with differential pressure transducers, whilst the static pressure at the wall M1,2,3 is measured 
with capacitive absolute pressure transducers. The temperature T is retrieved with the help of a PT100 
transducer. Then, the rotational speed of the recirculating pumps npump1, 2, 3 is measured using optical 
tachometers, and vibrating tuning fork detectors are used for the minimum, maximum and security water level 
Lmin, max, s measurements. Finally, the manometers and the manovacuumeters are used as visual indicators for the 
test rig operator. 

In Fig. 4, the measured calibration curves and the absolute error for the two differential pressure transducers, 
dedicated to acquire the head H and the model implantation level Hs (necessary for the calculation of the Thoma 
 

Table 2. Characteristics of main measurement instruments. 

Acronym Measured/displayed quantity Output signal Range Precision 

Q Discharge 4..20 [mA] 0..50 [m3/h] ± 0.5 [%] 
H Head 4..20 [mA] 0..16 [bar] ± 0.1 [%] 
Hs Implantation level 4..20 [mA] 0..5 [bar] ± 0.2 [%] 
M1, 2, 3 Absolute static pressure 4..20 [mA] 0..10/20 [bar] ± 0.05 [%] 
T Temperature 4..20 [mA] 0..100 [°C] ± 0.1 [%] 
npump1, 2, 3 Rotational speed 24 [V] pulse 0..1000 [Hz] - 
Lmin, max, s Min, max & security levels 24 [V] on/off - 
Man1 Relative static pressure - 0..16 [bar] ± 1 [%] 
MV1, 2, 3 Absolute static pressure - -1..9/15 [bar] ± 1 [%] 
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Focusing again on the 2nd level application (the most important in the project), its design must be robust, simple, 
reliable and scalable. It is therefore developed in a three steps conventional sequence model (see Fig. 7) 
including: Initialization, Main Processing and Shutdown. During the first step, any component of the application 
that should have a precise state before operation is initialized with a default safety value. The default hardware 
setup is imported from a configuration file. The Network-Published Shared Variables (NPSV) are initialized as 
well. The Main Processing step consists of two while loops: High Priority (timed loop – synchronised to the scan 
engine running at the FPGA level) and Low Priority. Both of them start at the same time. The High Priority loop 
consists of reading from the input channels, performing basic statistical data conditioning (e.g. mean, STD, 
median filter) and writing to the output channels. The input-analysis-output process takes place continuously, in 
real time. The Low priority loop, slower than the High Priority one, can be adjusted according to the growing 
needs of the application. Its main duty is to handle network communication with the HMI and drive the Finite 
State Machines (FMI) dedicated to the automatic filling of the main reservoir, regulation of pressure level in the 
pressurized tank and regulation of the water temperature in the closed-loop hydraulic circuit. The control of the 
PIDs is also ensured. Finally, during Shutdown, every output channel is reset to the respective default safe value. 

As already mentioned, the regulation of the recirculating pumps rotating speed has been implemented using a 
multi-loop PID control. Three different parameters are allowed to fix their set point: rotating speed, head and 
discharge. Specific conditions are considered for bumpless transitions among parameters and between manual 
and automatic driving. PID gains can be further adjusted, depending on the desired system response speed and, 
not in the end, on the system stability. The maximum and minimum values for the controlled variable and 
hysteresis tolerance defining an inactive interval are considered as well. Finally, the initial calibration of the PID 
coefficients, for each pump, is performed using the step response Ziegler-Nichols method [11]. 

 

3.4 The Human-Machine Interface (HMI) 

The full client application (1st level) is conceived to be executed from a remote device. It is developed in the 
same three steps conventional sequence model. In this case, the Initialization consists of several functions: 
initialization of variables, data arrays, SVE communication and table, and preparation of 2D and 3D plots. The 
default software and hardware setup is loaded from a configuration file. The Main Processing step includes two 
while loops: a general event based loop and the testing model dedicated loop. The two loops start in the same 
time but are not synchronised. The events are mainly used to manage the HMI (see Fig. 8), to manipulate data 
and to handle the communication with the controller (through the NPSVs). Moreover, a NI cDAQ-9174 system, 
physically connected to one of the remote clients, is used to control and monitor specific parameters of the 
testing model. Finally, during Shutdown, the output channels are set to a safe value, in particular those related to 
the testing model. 

 

Fig. 8. Human-Machine Interface for the control of the test rig and the testing model. 
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Conclusions 
A new universal test rig to assess hydraulic performances of different types of small-power axial and radial-axial 
turbines and/or pumps (up to 10 kW), valves as well as other components of hydraulic systems has been 
introduced. The test rig is installed in the hydraulic laboratory of the University of Applied Sciences and Arts 
Western Switzerland - Sion (HES-SO // Valais-Wallis). It has been designed following the IEC [1] standard 
recommendations. Built on two floors of the hydraulic laboratory, the closed-loop hydraulic circuit is supplied 
by three recirculating multistage centrifugal pumps (with variable speed and a power of 5.5 kW each) connected 
in parallel. The three pumps can deliver a maximum discharge of 45 m3/h and a maximum pressure of 160 
mWC. The pressurized reservoir placed downstream the test section allows simulating different implantation 
levels of the model and therefore recovering the cavitation performances as well. The operation of the test rig is 
controlled with an automatic system through a customized Labview® interface that allows for real-time 
measurement and display values of pumps speed, flow discharge, testing head, water temperature and Thoma 
number. 

The present work introduces a state-of-the-art approach of an automatic regulation for test rigs. The full 
capabilities of a National Instruments cRIO-9074 are used to develop an autonomous regulation system based on 
real time measurements in order to keep constant the value of the desired parameters (e.g. testing head, 
discharge, pumps speed, Thoma number, etc). In addition, a special care is put on the wireless communication 
architecture between the hydraulic test rig and further measurement/monitoring systems (e.g. testing model 
control system). Meanwhile, the test rig control system manages a dedicated cloud of variables and makes them 
available for client systems. Such approach allows for safe data centralization and storage on model testing. 

 

Perspectives 
Despite the fact that the measurement system of the test rig exhibits acceptable accuracy and repeatability, an 
improvement of the measurement precision remains always desirable. It has been observed during the 
measurements on the presented example that the main uncertainties were induced by different interferences 
caused mainly by the encapsulated bulb generators and their driving system. A median filter has been 
successfully deployed on the measured signals to cope with this phenomenon. Anyway, the elimination of the 
interferences in the future would be preferable. 

Concerning the data acquisition, the synchronisation of the existing static measuring system with an additional 
dynamic acquisition system and even with a high-speed visualisation system is scheduled. This operation should 
allow for advanced hydrodynamic analysis of different phenomena developing in the turbine, including flow 
separation, tip vortex dynamics and cavitation. Moreover, such a system could also be employed in the 
optimisation process of the hydraulic profiles of the machine. 

In the end, the use of a dynamic measurement method of the testing model characteristics, as the sliding gate 
method (Abgottspon and Staubli [15]), could be very interesting, compared to the classical static measurement 
method, especially in terms of time costs. However, the required initial effort necessary to the implementation 
and the validation of such a dynamic measurement method may be considerable. 
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