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Abstract: Reversible Pump- Turbine turbomachines are frequently used in peaking load 

hydroelectrical power plants. These plants contribute to satisfy the energy demand during peak 

load periods. Its dynamic behaviour is influenced by the flow structures developed along the 

distributor and runner vanes. This behaviour depends both on the internal design of the machine 

and its operating conditions, whether it works as pump or as a turbine. High-amplitude pressure 

pulsations appear due to the rotor-stator interaction phenomenon, and under certain operating 

conditions, the frequency of these pulses can seriously affect the structural integrity of the 

machine. The goal of this study is to assess the dynamic behaviour of a low-specific-speed 

reversible pump-turbine when working both as a turbine or as a pump.  For validation, the obtained 

numerical results for the pressure pulsation in both operating modes are compared to experimental 

results measured on a working prototype. These results could be useful to enhance the knowledge 

concerning the behaviour of the pressure pulsations due to the internal flow dynamics into the 

machine.   
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1. INTRODUCTION 
 

The need for storage in electricity systems is increasing because large amounts of variable solar 

and wind generation capacity are being deployed. About two thirds of net global annual power 

capacity additions are solar and wind. It is known that pumped storage combined with thermal 

generating capacity allows thermal units to operate at nearly constant output and best efficiency 

(BE), Stelzer and Walters, 1977, De Siervo et al., 1980, Raabe 1985, Valero et al. 2017, Blakers 

et al. 2021, Zhao et al., 2022. Because of its ability to store energy efficiently and to reach the 

operations conditions quickly (e.g., for a pumped storage plant, it can assume full output load in 

some minutes compared to the half hour required for a steam plant to achieve maximum output 

from spinning reserve) pumped storage also could play a fundamental role in the current energy 

transition towards solar and wind energies, helping advance the deployment of renewable energies 

while helping to maintain the stability of the electrical grid. Reversible Pump-Turbines convert the 

energy surplus during low electricity demand hours into potential hydraulic energy by pumping 

water to a higher reservoir. The stored energy can be converted back into electricity when required, 

by operating the machine runner in turbine mode. Due to new regulation requirements, machines 

must extend their operating range to match energy generation with consumption for the grid 

stability, Valero et al. 2017. 

The Reversible Pump-Turbine (RPT) machine, Fig.1, has many unique features (e.g., fewer 

blades and higher rotating speed than a regular reaction turbine, i.e., a Francis turbine). RTP is a 

complex structure formed by a mixed-flow impeller attached to a rotor and rotating inside a casing 

full of water with very small clearances between the rotating and the stationary parts. The 

difference in operating parameters is also noticeable, as they operate with high water heads, 

leading to a much larger hydraulic forces generated within the RPT, Stelzer and Walters, 1977, 

Raabe 1985, Egusquiza et al., 2016, Johansen 2021. Furthermore, the blade load uses to be larger 

if compared with a Francis turbine which is equipped with at least twice the number of blades for 

equivalent flow rate and head, Mateos et al., 2006. 

 

 

 

 

 

 

 

 

 

 

 
Fig.1. Reversible Turbine-Pump characteristics, Guardo et al., 2021.  

 

For designing a suitable RPT, it is necessary to harmonize the mutually contradictory pump and 

turbine operation modes, aiming to obtain the maximum mean efficiency. This can only be 

achieved by knowing the complete diagram of the characteristics for the machine, which is usually 

not available during the preliminary design, Stelzer and Walters, 1977, De Siervo et al., 1980, 

Johansen 2021, Zhao et al., 2022. 

Several uncertainties appear when the dynamic response of this type of structures is assess, 

because it is complex and it is very much affected by the rotor-stator interaction (RSI) as well as 

by the water added mass and the boundary conditions, Egusquiza et al., 2016. In most cases, there 

are prominent hydraulic forces over the RPT (especially over the impeller), leading to strong 

instabilities in its behavior. Abnormal hydraulic forces may seriously affect the safe operations of 
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the machine. Frequently, RPT operations experience great instability issues, leading to start up 

failure, significant pressure fluctuations and severe vibration of the whole system, Egusquiza et 

al., 2016, Zhang et al., 2017, Zhang et al., 2021. 

RPTs are a type of turbomachine very prone to suffer from RSI since the gap between the stator 

guide vanes and the runner blades is usually narrow.  The highest-level fluctuations in large RPTs 

are usually originated from RSI in the vaneless region. Pressure pulsations induced by RSI are one 

of the major sources of excitation resulting in severe vibrations of RPT machines and powerhouses. 

Hence, the studies of the RSI phenomenon and corresponding transient effects are significantly 

important to reduce the pressure fluctuations. Many articles have been focused mainly on the RSI 

mechanism by methods of theoretical analysis, fluid-structure calculation, and model test 

verification. More recently, numerical tools are added for a more detailed RTP study/design.  

Zhang et al., 2021, showed that the vaneless area pressure pulsations into the RPT machine, 

although being within the acceptance criteria during the original design, could possibly be reduced 

with a more modern design. It was demonstrated that a vaneless space enlargement reduces the 

RSI induced pressure pulsation. It was highlighted that although the efficiency of a modified 

design of the runner decreases slightly, pressure pulsations in the vaneless area decrease 

significantly too.   

Other of the physical origins of the RPTs operation instability is the rotating stall phenomenon 

generated at off-design conditions in generating mode. Recent studies on the rotating stall of RPT 

are critically reviewed with a focus on the RPT generating mode, e.g., see Zhang et al., 2017, Li 

J. et al., 2018, Lu et al., 2023. In RPTs the rotating stall initiates at runaway and it is fully developed 

at a low discharge condition, with a characteristic rotating frequency around of the 50–70% of the 

impeller rotational frequency. Notorious effects induced by rotating stall include generation of 

large pressure fluctuations, channel blockage, and strong backflow, all of which contribute 

significantly to the machine instability. One of the difficulties of studying the hydraulic force on 

the impeller of a RPT is the presence of a great number of influential factors on these issues (e.g., 

the working states, the guide vane openings, and the turbine geometries). For example, in the 

generating mode, RPT could pass three working zones: the turbine zone, the turbine brake zone 

and the reverse pump zone, which are separated by the runaway line and the zero-flow-rate line.  

A similar behavior can be seen in pumping mode. 

To avoid this operational instability, an improvement of RPT machines performance is 

necessary. The influence of water head variations on the performance of several RTP prototypes 

was experimentally studied in generating/pumping mode within a wide range of load conditions, 

(e.g., see the classical database from De Siervo et al., 1980). More recently, several experimental 

research was focused on effects of the pressure fluctuations within the runner/impeller at different 

water heads. Furthermore, effects of monitoring points and load variations on the induced unstable 

behavior (e.g. blade passing frequency and its harmonics) were quantitatively studied, reveling 

that water head variations play a significant role on the pressure fluctuations and their propagation 

mechanisms inside the RPT, e.g., see Guedes et al., 2002, Rodriguez et al., 2014, Li J. et al., 2018, 

Lu et al., 2023.  

Turbomachinery initial design is mainly based on the assumptions that the flow is steady in the 

distributor, runner, and diffuser. This approach is suitable for the classical turbomachines design 

allowing to obtain an initial design of the runner and the distributor. However, to design real and 

more compact machines, with a wide operating range, and for the refurbishment of hydraulic 

devices, it is necessary to consider the unsteadiness of the flow to know in detail the unsteady 

phenomena inside the machine.  

Numerical tools, i.e., Computational Fluid Dynamics (CFD), allow to improve our knowledge 

related to the RPTs flow unsteadiness. To validate/calibrate the CFD design technique, the 

experimental data are of prime importance. CFD as a modelling tool has been extensively validated 

in hydraulic turbine applications, Trivedi et al., 2016. The turbomachinery optimization is 
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nowadays based on CFD simulation of internal flow and, in practice, the coupling between 

different parts of the machine could be considered. Several numerical techniques are now available 

to compute these flows and to assess the machine dynamic response. The validation of these 

methods becomes essential, and is only possible with detailed experiments on working prototypes, 

notably to define the validity range of this kind of calculation, Ciocan et al., 2000, Guedes et al., 

2002, Li J. et al., 2016 and Li J. et al., 2017,  Guardo et al., 2021. The works from Guedes et al., 

2002 and Li D. et al., 2017 deal with unsteady CFD computations using sliding/dynamics mesh 

formulations and turbulence modeling for unsteady flow in RPT under different operation 

conditions and for different RPT machines. The obtained results indicate that the numerical model 

is capable of accurately reproduce the features of the incompressible flow encountered in RTP for 

nominal and off-design operation conditions. It is also shown that the unsteady flow computations 

are very demanding in mesh refinement if small scales flow structures must cross the sliding mesh 

interface. Then, it was demonstrated that a CFD analysis could be very useful to identify 

instabilities related to the RSI phenomenon in RPT machines. It is also possible to compare results 

against theoretical tools (e.g., see Rodriguez et al., 2007). The comparison including performance 

and pressure characteristics between numerical, theoretical, and experimental results shows a good 

agreement.  

It was highlighted that the hydraulic force on the RTP might cause serious problems (e.g., the 

abnormal stops due to large vibrations of the machine), affecting the safe operations of the pumped 

energy storage power plants. Li J. et al., 2017, demonstrated that both the amplitude of the 

hydraulic force and its dominant components strongly depend on the operating conditions and the 

guide vane openings. For example, the axial force parallel with the shaft is prominent in the turbine 

mode while the force perpendicular to the shaft is the dominant near the runaway and the turbine 

brake modes. The physical origins of the hydraulic force are further revealed by the analysis of the 

fluid states inside the impeller.  

Therefore, it is possible to say that to increasing the CFD expertise related to the RSI phenomenon 

in turbomachines, clearly could be of paramount importance when a new RPT machine will be 

designed saving time and costs, because the experimental option is very expensive.  
 

2. METHODOLOGY  
 

A geometrically similar scaled model of the RPT prototype studied in Egusquiza et al., 2011, 

was defined for this CFD study. This work focuses on the RSI phenomenon when the RPT operates 

both in mode pump and mode turbine. Details of the RPT prototype can be found in Egusquiza et 

al., 2011 and Guardo et al., 2021. The scaled model consisted of a runner with diameter 𝐷= 510 

mm and 𝑧b=7 blades, and a distributor with 𝑧v=16 guide and stay vanes, rotating at 3,435 rpm, 

maintaining the prototype dimensionless specific speed ns=0.70. RSI characteristic frequencies for 

turbomachinery can be obtained for the rotor blade by computing  fb = n 𝑧b ff   and  ff  = (rpm/60); 

being n an arbitrary, positive integer used to represent the harmonics and ff  the runner rotation 

frequency, see details in Guardo et al., 2021. The characteristic RSI wave is composed by several 

harmonics computed by the classic theory, Rodriguez et al., 2007 and some of they are reported 

in Table.1 for  ff =57.25 Hz, related to the rpm value. 

 
 

n 1 2 3 4 5 

fb (Hz) 400,8 801,5 1202,3 1603,0 2003,8 

 

Table.1: Computed characteristic pulse frequencies in the stator. 

 

 

 

A. FONTANALS et.al.436

Copyright © 2023 Asociación Argentina de Mecánica Computacional http://www.amcaonline.org.ar



2.1. Numerical setup 

 

Computational models for the studied cases were generated using a sliding mesh technique, 

Mathur, 1994. The computational domain studied consisted of three control volumes (distributor, 

runner, and draft tube) linked by numerical interfaces (Fig.2). Tetrahedral meshes were created for 

both the RPT model runner and distributor Mesh independency was tested by means of steady‐
state simulations, determining pressure drops through rotor and distributor control volumes for 

best efficiency point (BEP) (0.953m3/s flow rate, obtained through similarity analysis of the 

prototype’s BEP) operating conditions, see complete details in Guardo et al., 2021. 

The tested mesh element sizes ranged from 3 to 10mm. Mesh independency was achieved at 

around 4.9e+6 elements for the rotor, and 4.3e+6 elements for the distributor, corresponding to 

average element sizes of 6mm and 5mm, respectively.  

A boundary layer mesh, with 60 <y+< 300, was attached to both distributor vanes and rotor 

blades, and an elbow‐type draft tube with varying cross‐sections with a 0.34e+6 elements 
hexahedral mesh was included in the computational model. The addition of a draft tube improves 

the runner pressure results in turbine CFD models by allowing pressure recovery downstream. 

 

 

 
Fig.2. Geometry, Boundary conditions and location of the pressure monitoring points (E1, E2 and E3).  

 

Unsteady‐state numerical simulations for the of the RPT model working at the BEP were carried 

out using Ansys® CFX v16.2 CFD software, Ansys 2020. The boundary conditions imposed 

consisted of the rotor rotational speed (3,435rpm), mass flow rate (953kg/s) and flow direction 

(parallel to the guide vane chord) at the distributor inlet and a reference pressure at the draft tube 

outlet. The time step selected for the unsteady analysis corresponded to a 1° rotation of the runner, 

Simpsom et al., 2009. A high‐resolution advection scheme (which consists of a numerical 
advection scheme with a calculated blending factor) was selected for the stabilization of the 

convective term. Time discretization was achieved by a 2ndorder backward Euler scheme. Tri‐
linear finite element‐based functions were used as an interpolation scheme. A coupled solver for 

velocity components and pressure as a single system was set, including a linearization of the non‐
linear equations (coefficient iteration), and then, these equations were solved by an algebraic 

multigrid (AMG) solver. For convergence criteria, residual types were set to the root mean square 

(RMS) value of the normalized residuals with a target value of 1×10−3. Simulations were carried 

out on a 64‐bit, Intel core i7 processor (6 core|12 thread) @ 3.3GHz and 32GB RAM, with 

simulation times of about 60 to 110h (depending on the studied case) to reach quasi‐steady flow 
conditions in all regions of the model. 

The SST k–ω turbulence model was used to compute the turbulent flow quantities. The SST k–
ω model belongs the so-called ‘Two-Equation EVM models’ group, being this model a 
modification of the Wilcox Standard k- model, where the selected variables for turbulence 

scaling are the turbulence kinetic energy k and the specific rate of dissipation , instead of the rate 
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of dissipation of turbulent kinetic energy  used in the k- models’ family, Menter, 1994,  Menter 

et al., 2005, Versteeg et al., 2007. For this model, a turbulence intensity of 5% was used as a 

boundary condition at the stator inlet. 

 

2.2.  CFD Results post-processing 

 

Pressure fluctuations within the RPT CFD model were recorded for pump and turbine operating 

modes to characterize the RSI effect. Pressure monitoring points were added to the rotor (R1, R2 

and R3), distributor (E1, E2 and E3) and radial gap (IF3, IF4 and IF5) of the RTP model to capture 

the unsteady pressure pulsations, see Fig.2. The recorded temporal pressure signals were processed 

using a Fast Fourier Transform (FFT) algorithm, Ansys 2020. These signals consisted of 0.5s of 

flow time, recorded once the computational model reached quasi‐steady state (i.e., when the 
oscillating pressure signal period and amplitude have been stabilized). This quasi‐steady state was 

reached after 20 to 30 runner revolutions, depending on the studied case. Sampling frequency was 

set to 20,610Hz for all cases, resulting in a 2.0Hz frequency resolution for the frequency spectra 

obtained. These spectra were analyzed to complement the information extracted from the recorded 

pressure data. 

 

2.3. Experimental database used for CFD validations 
 

The numerical results obtained from the CFD model were compared against experimental data 

obtained on a working RTP prototype. A schematic representation of the RTP  prototype is shown 

in Fig.3. The RTP prototype was designed for a net head of 376m and a volumetric flow rate of  

32m3/s, and its rotating speed of the pump turbine unit is 600rpm, the runner has a diameter of 

2.87m and its nominal power is about 100MW. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Left: General configuration of the RTP prototype. Middle: Location of the pressure transducers installed for 

the experimental study from Rodriguez et al., 2014. Right: Example of an RSI pressure signal recorded at location 

P1 for Best Efficiency Point (BEP), mode turbine, plotted vs. normalized time t* (using the time of one revolution of 

the runner as a reference value). 

  
Experimental measurements on the RPT prototype were carried out by members of the 

CDIF/ETSEIB UPC research group, (e.g., see details in Mateos et al., 2006 and Rodriguez et al., 

2014). For these experimental tests, four pressure transducers were installed at different locations 

of the prototype’s head cover. These locations are shown in Fig.3. Wika S‐10 pressure transducers 
were used for the experimental measurements. The transducers’ sensitivity is 0.2mV/bar (±5%), 
and their frequency range is 0–1000Hz (±10%). The pressure signals registered by these 

Bl
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transducers were conditioned using a 16‐channel conditioner, Bruel & Kjær model 2694, and 

recorded with a Sony PC216Ax data recorder with 16bits of resolution and a frequency range of 

0–20,000Hz (±10%). Additional details on the experiments and the obtained results can be found 

in Rodriguez et al., 2014. 

 

3. RESULTS OBTAINED AND DISCUSSION    
 

The pressure signals obtained at the distributor for the prototype and the CFD  RPT were 

postprocessed and reported by means of a defined non- dimensional characteristic pressure 

coefficient pressure, i.e., Cp=𝜌-1(𝐷)-2∆𝑝, where: 𝜌 [kg/m3], is the water density;  [rad/s], is the 

rotational speed; D [m], is the runner exterior diameter;  ∆𝑝 [Pa], is the measured/computed local 

p, referred to the outlet pressure p [Pa].  The comparisons between experimental and CFD signals 

are shown in Fig.4. As it can be seen, the CFD model is able to reproduce the oscillating nature of 

the pressure pulse in the machine distributor both under mode pump and mode turbine operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4. Above: Experimental and CFD results comparisons. Time-based representation for the pressure coefficient 

(Cp, [Ad]). Notation: t*, non-dimensional time, Mateos et al., 2006. Below: CFD results. Frequency-based 

representation for the ∆p amplitude [Pa] vs characteristic pressure pulsation frequencies. 

 

The computational results capture both the frequency and the amplitude of the pressure pulse 

with enough accuracy when compared against the experimental data, Fig.4, obtaining an initial 

validating the numerical model proposed. The differences observed between the experimental and 

the CFD dimensionless pressure signals can be attributed to the geometric simplifications used in 

the CFD model, which did not include the machine volute or the breakwater.  

Comparisons between the experimental pulsation frequencies, see Table.1, and the ones 

obtained by CFD, Fig.4, show that these values are well represented by the numerical simulations. 

Mateos et al., 2006 reported that for turbine mode and lower loads, the first harmonic of the blade 

passing frequency (fb) dominates the spectra, but when the load is increasing till the BEP, the 

second harmonic rises progressively while fb drops. The CFD results also show this trend, see 

Fig.4. 
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4. CONCLUSIONS 

 

A numerical model of a reversible pump-turbine (RPT) was built and used to assess its dynamic 

behavior by using a commercial CFD code.  The Rotor Stator Interaction (RSI) phenomenon was 

captured, and for that the pressure fluctuations in certain locations of the model were computed 

for pump and turbine operating modes. The amplitude and characteristic frequencies of the RSI 

pulsations were computed and compared against experimental measurements obtained from an 

operating RPT prototype, showing general good agreement. The obtained results showed that the 

pressure fluctuation in turbine mode is larger than in pumping mode. The frequency computed in 

both modes also are different, being the main frequency in turbine mode is fb=801,5 Hz and in 

pump mode is fb=400,8 Hz.   

Despite that a simplified geometry was used for the CFD modelling, a general good agreement 

is observed both in the frequency and amplitudes of the pulsations. Some discrepancies were 

observed in the pressure coefficient (Cp) amplitude values and wave shape when they are compared 

against the experiments. The main reason of this disagreement could be related to boundary 

conditions used at the Fink distributor inlet due to not consider the volute influence. More work 

will be done to improve the machine model geometry and to check the volute effects and compare 

accuracy of the results versus the rising of the computational cost.   
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