
    

Modelling and validating a high-performance  
closed-loop test rig to replicate and investigate steady-

state operating conditions and power plant transients of 
hydraulic machines 

 

C. Geiger, O. Kirschner and S. Riedelbauch 

 

Abstract: New challenges for hydro power plants arise from 
increasingly flexible operation to support the Electric Power 
System (EPS) by providing flexibility services. The effect on the 
hydraulic machine is investigated by testing the model machines 
on specialised test rigs under new operating transients. In order 
to set up the time-dependent boundary conditions on the 
machine, it is necessary to model the complete closed-loop test 
rig. The developed model is successfully validated by comparing 
measurement and simulation results for both, steady-state and 
transient operating conditions. 

 

1 Motivation 

The increasing integration of renewable energies such as photovoltaic and wind power 
into the EPS is leading to growing challenges for the security of energy supply due to 
weather-related fluctuations and difficulties in forecasting. In addition, conventional 
power plants, which have often been used to regulate the grid frequency, are being 
shut down.  
Against this background, new challenges and opportunities arise for further 
development of hydro power. By providing a flexible energy supply, hydro power plants 
can make an important contribution to grid stabilisation. This includes the requirement 
of fast power adjustments, including operational transients, as well as the demand to 
operate the plant in wide off-design conditions. During the design process, or prior to 
any possible expansion of the operating mode and range of an existing hydro power 
plant, the foreseen type of plant operation must be carefully analysed. Due to the 
flexible operating mode and the operation of the plant in wide off-design conditions, 
the discharge through the machine is influenced and considerable pressure 
fluctuations may occur. Those fluctuations act as mechanical loads on the machine 
inducing vibrations. These time-dependent phenomena are typically analysed by 
numerical flow field simulation and finite element methods. The entire water-bearing 
system must also be considered, as operational transients might cause pressure 
surges throughout the piping system. A detailed water hammer calculation, usually 
using 1D methods, is therefore recommended. The flow in the pipes and bifurcation (if 
present) should be investigated using numerical flow field simulation and finite element 
methods. 
In addition to comprehensive simulations, further measurements are still being carried 
out today on specially developed test rigs for model machines. These tests are 
designed to measure flow field and mechanical stress in an instrumented model 
machine under off-design and transient conditions. The results will be scaled to 
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prototype size to evaluate the operating mode. The measured data are directly used 
to assess relative lifetime of components or they may serve as validation data for 
complex simulation approaches. 
Previous studies have already investigated transient processes in hydro power plants 
in simulations (1D or 3D) and on test rigs, including fast power adjustments [1], the 
turbine start-up [2,3] and operational transition of the hydraulic machine from pump to 
turbine operation. [1,4–7] 

 

2 Transient model test 

The Institute of Fluid Mechanics and Hydraulic Machinery (IHS), University of Stuttgart, 
Germany has developed a method for carrying out representative transient model tests 
on a test rig [1,4]. The investigation is based on a real transient process at a hydro 
power plant, such as a start-up process or an operational transient from pump to 
turbine mode, whether measured or simulated.  
According to the IEC 60193 test standard [8], a hydraulic similitude between the two 
machines is required for the transfer of steady-state operating conditions between 
prototype and model. In addition to the geometrical similitude between the two 
machines, geometrically similar velocity triangles are required at each comparable 
position on the runner. Derived transfer parameters such as speed factor, discharge 
factor, torque factor and others are included in the above-mentioned standard. 
Furthermore, deviations in other fluid mechanical parameters such as the Reynolds 
number between prototype and model must be minimised. The deviation in the 
Reynolds number can be reduced by adjusting the rotational speed of the model 
machine, but complete Reynolds similarity is usually not possible. The test standard 
also includes correction expressions for the transfer of torque, power and efficiency 
between the prototype and the model to consider variations in fluid mechanical 
parameters. 
Various approaches have been taken in the literature to transfer transient processes 
between prototype and model. Some authors use the Froude similarity [9] for the 
transfer, resulting in a fixed relationship for the conversion of the time scale depending 
on the diameter ratio between the prototype and the model. The ratio between the 
rotational speeds is not taken into account in this approach. The factor remains 
constant across all simulations. 
Another approach uses Strouhal similarity [1,4,10] to convert the time scale, the 
Strouhal number is defined by equation (1). 
 

𝑆𝑟 =
𝐷

𝑢 ∙ 𝑡
=

𝐷

𝜔 ∙
𝐷
2 ∙ 𝑡

=
2
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 (1) 

 

The reference diameter D is used as the characteristic length, the circumferential 
velocity u on the reference diameter D as the characteristic velocity and the time period 
of the transient process Δt as the characteristic time. Furthermore, the circumferential 
velocity u is expressed in terms of the angular velocity ω and diameter D, and thus the 
equation is simplified. Using Strouhal similarity, the following relationship, time factor 
XSr, can be established between the time scale on the prototype and the model: 
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Both time scales are therefore linked by the rotational speed ratio, with the advantage 
that the number of runner revolutions and the rotor-stator interaction remain 
comparable. Due to the usually higher rotational speed of the model machine 
compared to the prototype, the transient process has to be faster for Strouhal similarity 
on the test rig. 
Using the mentioned transfer relationships, important time-dependent boundary 
conditions such as head H, discharge Q, torque T, rotational speed n and opening 
angle of the guide vanes Y are transferred to model size, the time scale is adjusted 
using the Strouhal number and a scaled-down model of the prototype is used for the 
model machine. 
In order to carry out the transient investigation, it is necessary to establish time-
dependent boundary conditions present at the model machine. The rotational speed 
and the opening angle of the guide vanes of the model machine are directly set by the 
control technology of the test rig. However, it is not possible to adjust the partly time-
dependent discharge and head directly. To realize the desired boundary conditions, 
the rotational speed of the service pumps, the opening angle of the annular piston 
valves and the operating point of an energy recovery turbine (all located in the test rig) 
can be adjusted. In addition, the limited speed of pressure wave propagation in the 
circuit is important to consider. For straightforward transient processes, the boundary 
conditions are manually adjusted. However, as complexity increases, manual 
adjustment is no longer practical or does not produce the desired outcome. Therefore, 
the institute has already developed an optimizer [1,4] that adjusts the time-dependent 
boundary conditions by varying the rotational speed of the service pumps. In order to 
use the mentioned optimizer, a detailed model of the entire test rig with all its 
components is required. The following section presents and validates the model of the 
test rig. 

3 Closed-loop test rig 

A high-performance closed-loop test rig was recently built at IHS to investigate steady-
state operating points according to IEC 60193 test standard [8] as well as transient 
operating point changes of hydraulic machines. A 3D-CAD-model of the test rig is 
presented in Figure 1. The test rig consists of the model machine, a head-water and a 
tail-water vessel, two service pumps, an energy recovery turbine, two annular piston 
valves, further valves, and the piping system.  
The test rig is divided into three main branches, the model machine branch, the service 
pump branch and the bypass branch. In the model machine branch, next to the model 
machine, there is a head-water and a tail-water vessel. Both vessels can be completely 
filled with water or partially filled with air. A maximum of one air chamber is normally 
used during measurements to avoid oscillations. By varying the pressure level in the 
air chamber, the pressure level of the complete test rig is adjustable. The service pump 
branch includes two service pumps that operate in either single, parallel or serial mode. 
The valve positions in the bypass branch are adjustable to operate either with an 
energy recovery turbine and an annular piston valve or with an annular piston valve 
only. It is also possible to combine the utilization of the two sub-branches. 
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The model machine is equipped with a variable speed motor-generator with a 
maximum power of approximately ±700 kW. Depending on the operation mode of the 
service pumps (single, parallel or serial mode), a maximum volumetric flow of about 
1 m³/s or a maximum head of 140 m is reached. The test rig is designed to investigate 
transient processes and can therefore operate in a highly flexible manner. More 
information about the test rig is described in papers [10,11]. 
 

 
Figure 1 High-performance closed-loop test rig - 3D view [10] 

 
The test rig is fully instrumented: Over 30 dynamic absolute pressure sensors are 
distributed throughout the piping system. The service pump branch and the bypass 
branch are each equipped with a flow meter. The difference between the two is the 
flow through the model branch. Regarding the model machine, the rotational speed, 
the differential pressure, the torque and the opening angle of the guide vanes are 
available. In addition, the opening angles of the annular piston valves, the water 
temperature and the oxygen level in the test rig are measured. 

4 1D-simulation test rig model 

To calculate the steady-state and transient processes on the test rig, a modular 1D in-
house software [12] to calculate power plant transients using the Method of 
Characteristics is used. Therefore, the test rig is completely modelled using 1D 
methods and the developed model is presented in Figure 2.  
The waterway layout, pipe lengths and diameters are based on the CAD-model of the 
test rig. The friction coefficients of each individual pipe and junction section are set 
using empirical values derived from measurements. The model machine is modelled 
using the known four-quadrant characteristic. The characteristics of the energy 
recovery turbine and the two service pumps are available for each permitted operating 
range. Using additional frictionless pipe sections on both sides of each machine, the 
inertia of the fluid inside the machines is considered. Both annular piston valves are 
described using their known discharge characteristics. All other valves are fully open 
or closed during the measurement. The friction losses in the fully open position are 
considered. Both vessels are modelled using pipe segments with the corresponding 
diameters and friction coefficients combined with an air vessel representing the air 
chambers. 
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Figure 2 Simulation 1D-model of the test rig 

 

5 Calibration and validation of the test rig model 

To validate the test rig model, both, steady-state and transient operating conditions of 
the test rig are simulated and compared with measured data. 

5.1 Steady-state processes 

The results of one of the steady-state measurement campaigns are presented below. 
The discharge is from the service pump P502 through the bypass with the annular 
piston valve A511 and back to the service pump P502. The model machine, the service 
pump P501 and the energy recovery turbine are shut down and separated from the 
circuit by valves. The rotational speed of the service pump P502 is 700 rpm and 
constant in this measurement. The opening of the annular piston valve A511 is varied 
systematically from 0% to 100% opening and a steady-state simulation and 
measurement is conducted for each operating point. The results are presented in 
Figure 3.  
There is good agreement between the measured discharge Q through the annular 
piston valve and the simulation results for all opening positions of the annular piston 
valve. The correspondence between the head H at the service pump and the annular 
piston valve is also high with smaller deviations at low discharges.  
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Figure 3 Steady-state measurement through service pump P502 and annular piston valve A511 
compared with the set data of the test rig simulation. 

 
Such investigations are also carried out for the other branches validating the model for 
further transient investigations. 

5.2 Transient processes 

In addition to the steady state operating points, a fast transient operational transfer 
from pump to turbine mode is analyzed in more detail. The operational transient 
analyzed here is a constructed case, primarily used to validate the test rig model. It is 
based on a real operational transition of a pump-turbine with synchronous motor 
generator from pump to turbine operation. 
In addition to the operating pump P502 to set the boundary conditions at the model 
machine, the bypass with the adjustable opening of the annular piston valve is required 
to ensure a rapid operational transition and thus a complete reversal of the discharge 
in the model machine branch. The branches in use (marked in red) and the possible 
flow direction (marked with blue arrows) during the transient process in each branch 
are shown in Figure 2. The flow direction through the bypass and through the service 
pump branch does not change. 
The results of the measurement in comparison with the results of the simulation are 
displayed in Figure 4. The measurement results are highlighted in the foreground and 
the simulation results are grey in the background. The upper part of the diagram 
displays the rotational speed of the runner n (n < 0: pumping mode; n > 0: turbine 
mode) and the opening angle of the guide vanes Y. The discharge Q (Q < 0: pumping 
mode; Q > 0: turbine mode), the torque on the shaft T and the net head H of the model 
machine are shown below. All values are normalized to the steady-state operating 
point of the simulation in turbine mode (OPT). 
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Up to the time t0, the pump-turbine operates in pump mode. The operating point is 
steady-state, the machine is connected to the grid, thus, the rotational speed is the 
synchronous rotational speed. The opening angle of the guide vanes is slightly higher 
than in turbine mode. The discharge, the torque on the shaft and the net head of the 
model machine are constant.  

 

Figure 4 Measurement of the transition from pump to turbine mode compared  
to the set data of the test rig simulation. Grey lines reflect simulation. 

The transition to turbine mode starts at t0. A load rejection can be used in hydro power 
plants to change the rotational direction of the runner to ensure a quick transition. As 
the pump turbine is disconnected from the grid, the head drops, the discharge is slowed 
down and the flow direction turns. As a result, the runner is slowed down before being 
accelerated in the direction of turbine rotation. At the same time t0 the guide vanes are 
closed linear according to the implemented closing law until the synchronization 
opening angle is reached at time t1. In this case, the time-dependent rotational speed 
curve results from the local conditions of the system and the inertia of all rotating 
elements. In the experiment, the change of the rotational speed is specified linearly 
until the synchronous rotational speed in turbine operation is reached at time t1. 
The opening angle of the guide vanes remains constant from t1 to t2. In the hydro power 
plant, the rotational speed is synchronized in this time period and the connection to the 
grid is realized. 
From time t2, the machine is increasingly loaded by opening the guide vanes according 
to the implemented opening law until the target operating point in turbine mode is 
reached. 
Not shown in the diagrams is the constant opening of the annular piston valve of 60% 
and the time dependent rotational speed curve of the service pump 502 for setting the 
boundary conditions. The power of the service pump is increased in a linear manner 
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over the time from t0 to t3. The corresponding rotational speed of the service pump 
results from the simulation. 
The performed simulation serves as a basis for the measurement and provides the 
necessary boundary conditions: The opening angle of the guide vanes, the rotational 
speeds of the runner and the service pump P502 (all time dependent) and the opening 
angle of the annular piston valve are set in the test rig. The boundary conditions are 
successfully realized by the control technology of the test rig. 
The steady-state operating points of the pump and the turbine agree with the measured 
values and the deviations are minimal. The trend in the time-dependent head appears 
in the measurement results. However, there are deviations, especially in the course of 
time. In the case of fast changes, there is a delay in the measured time curve of the 
head. One reason for this delay is probably the differential pressure sensor used. This 
type of differential pressure sensor is traditionally used to measure steady-state 
operating points and it is probably too slow in this case to show the rapid changes. The 
course of the discharge and the torque on the shaft of the model machine in the 
measurement corresponds well with the simulation. 
 
 

6 Conclusion 

Within this paper a detailed 1D-model of a high-performance closed-loop test rig is 
developed. Using the developed test rig model, steady-state and transient processes 
on hydraulic turbomachinery are simulated and measured on the test rig.  
The results show a high level of agreement between simulation and measurement, the 
validation was successful. The deviations that still exist can be adjusted in further 
investigations by making even finer adjustments to the friction resistances in the 
system. 
This step of the test rig validation enables further transient investigations. Transient 
processes of real hydro power plants can now be reproduced on a model machine in 
the test rig. After measuring or simulating the transient processes on the prototype, a 
conversion to model size is performed. The developed model is a very essential basis 
for setting accurate time-dependent boundary conditions on a model machine in the 
test rig using a coupled optimizer. These transient measurements make an important 
contribution towards the assessment of relative lifetime of components and for 
generating validation data for usage in complex simulation approaches, finally enabling 
the desired increase in the flexibility of hydro power plants.  
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