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Abstract 
To estimate the performance, efficacy, modes of operation, hydrodynamic instabilities, and methodologies for harnessing energy from the 
pump as turbine (PAT), it is necessary to characterize these hydraulic turbomachines in all their modes of operation using an experimental 
test rig that simulates actual operating conditions. In this process, the characteristic curve of four quadrants of a turbomachine is constructed, 
especially its five modes: pump mode, brake pump mode, turbine mode, brake turbine mode, and reverse pump mode. In addition, with 
dynamic sensors installed in the pump volute, it is possible to know the hydrodynamic phenomena within PAT, finding its average behavior 
and frequency response, which is a tool for diagnosing the machine’s condition.  
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Caracterización hidrodinámica y experimental de bombas como 
turbinas 

 
Resumen 
Para estimar los modos de operación, puntos de mejor eficiencia, inestabilidades hidrodinámicas y metodologías de aprovechamiento de 
la energía de la bomba como turbina (PAT), es necesario caracterizar la hidrodinámica de estas turbomáquinas hidráulicas en todos sus 
modos de operación utilizando un banco experimental que simule las condiciones reales de funcionamiento. En este proceso se lleva a cabo 
la construcción de la curva característica de los cuatro cuadrantes de una turbomáquina, repasando sus cinco modos: bomba, bomba freno, 
turbina, turbina freno y bomba inversa. Además, con sensores dinámicos instalados en la voluta de la bomba, es posible conocer el 
comportamiento hidrodinámico dentro de la PAT, encontrando su comportamiento promedio y respuesta en frecuencia, lo cual es una 
herramienta para diagnosticar el estado de la máquina. Este diagnóstico del estado de la máquina permite realizar la caracterización 
hidrodinámica de un PAT. 
 
Palabras clave: bombas como turbina; vibración; análisis espectral, monitoreo.  

 
 
 

1 Introduction 
 
Hydraulic turbomachines transform energy efficiently, 

either from hydraulic to mechanical and electrical energy, as 
in the case of a turbine, or a transformation of electrical 
energy to mechanical and hydraulic power, as in the case of 
centrifuges pumps. 

When discussing clean and renewable energy generation, 
hydraulic turbomachines have played a fundamental role in 
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developing nations. In addition, they have been one of the 
most widely used renewable energy sources [1], presenting 
certain advantages over non-conventional renewable sources 
[2]. Among these advantages, it can be found that hydraulic 
turbomachines can deliver their energy in a regulated and 
controlled manner, thanks to the storage of potential energy 
in reservoirs. The generation of electrical power from 
renewable sources plays a fundamental role in the sustainable 
development of a country, especially in those countries that 
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have great hydraulic potential, the vast majority of which are 
paradoxically developing countries [3], or for countries with 
a high energy demand that comes from non-renewable 
sources such as coal and oil [1]. 

A solution to this problem is the generation of electrical 
energy in a localized and non-centralized manner, that is, the 
generation and distribution of power on a small scale near the 
final centers of consumption, using the available water 
sources in the areas from the use of reversible and easy-to-
handle technologies, such as turbine pumps [4-6].  

Characterizing turbomachines, including all their modes 
of operation, is vital to know their operational limits, zones 
of maximum efficiency, hydrodynamic, and structural 
instabilities. This characterization becomes essential for 
pumps working as a turbine since, thanks to its description, 
not only operating points can be found but also low-
efficiency zones with a high probability of failure, and these 
characterizations, allow predicting the behavior in a wide 
operating margin [7]. 

Although there are advantages when using a pump to 
work as a turbine, such as an assembly, maintenance, easy 
access to spare parts, and low initial cost [2, 8-11]. Also, there 
are some drawbacks when putting them into operation [12-
19] because they were not explicitly designed for that 
purpose. This article is an extension previously presented in 
Expo Ingeniería 2022 [20]. 

 
2 Methodology 

 
A commercial stainless-steel ITT-Gould’s SSH series 

pump was used, particularly the 5SH [21-22], which has a 
power of 2 HP. This pump was installed in the 
turbomachinery test bench of the hydraulics laboratory of 
EAFIT University, which has a second model 8SH 
recirculation pump. This schematic assembly can be seen in 
Fig. 1. The relevant technical information of the 
turbomachinery study is presented in Table 1. 

For data acquisition, a digital platform based on 
LabVIEW® was used with cRIO-type controllers, especially 
cRIO-9045 and cRIO-9076, whose technical specifications 
are in Table 2. 

 
 

 
Figure 1. Schematic diagram of the hydraulic test rig.  
Source: Authors [20]. 

Table 1. 
Main technical characteristic of the pump as a turbine.  

Characteristic Specification 
Inlet diameter 0.14764 [m] 

Discharge diameter 0.08104 [m] 
Number of impeller blades 6 [un] 

Rotor speed 1750 [rpm] 
Flow rate 0.009 [m3/s] 

Dynamic head 10 [mWC] 
Mechanical power 1491.4 [W] 

Efficiency 65 [%] 
Motor Power 2.0 hp - 1491.4 [W] 

Source: Authors. 
 
 
In addition, instruments for measuring main variables 

such as flow, pressure, torque, dynamic pressure, and 
temperature acceleration, among others, were used in the 
characterization. All sensor specifications can also be found 
in Table 3. 

For the characterization of turbomachines, the 
international technical standard IEC 60193 is used [23], in 
which the construction of the four-quadrant characteristic 
curve is proposed. This curve is constructed using two 
dimensionless terms, one referring to the flow rate and the 
other to the rotational speed of the machine, 𝑄𝑄𝐸𝐸𝐸𝐸 , and 𝑛𝑛𝐸𝐸𝐸𝐸 
[23]. This characteristic curve shows five typical 
turbomachine operation forms: pump mode, pump-brake, 
turbine mode, turbine-brake mode, and pump reverse mode 
[24-26], explained below. 

 
Table 2.  
Main technical characteristic of the data acquisition system. 

Controllers Module Characteristics Resolution Sample rate 

cRIO-9045 – 
Chassis 8 

slots 
FPGA: 

Kintex-7 
7K70T 

NI 9203 AI 8-Ch 0 to 20 
[mA] 24-Bit 200 [kS/s] 

(Multiplexed) 

NI 9401 8 DIO, 5 
[V/TTL] - SSF 30MHz 

(Multiplexed) 

NI 9232 AI 3-Ch ±30  
[V] 24-Bit 102.4 [kS/s] 

(Simultaneous) 

NI 9265 AO4-Ch 0 to 20 
[mA] 16-Bit 100 [kS/s] 

(Simultaneous) 
cRIO-9076 – 

Chassis 4 
slots 

FPGA: 
Xilinx 

Spartan-6 
LX45 

NI 9246 AI 3-Ch ±20 
[Arms] 24-Bit 50 [kS/s] 

(Simultaneous) 

NI 9225 AI 3-Ch ±300 
[Vrms] 24-Bit 50 [kS/s] 

(Simultaneous) 

Source: Authors. 
 
 

Table 3. 
Test ring instrumentation.  

Instrument Output Range Span Linearity 
Accelerometer 

Dytran-3055D6T ±5 [V] ±25 [g] 50 [g] ±1 [%FS] 

Dynamic pressure 
Dytran-2005V 0 - 5 [V] 0-50 

[psi] 50 [psi] ±1 [%FS] 

Encoder Omron 
E6B2-C-CWZ3E 

TTL 0 - 5 
[V] pulse 

0-6000 
[rpm] 

6000 
[rpm] - 

Optical 
Tachometer 
DT2234C+ 

TTL 0 - 5 
[V] pulse 

2.5-
99999 
[rpm] 

99994 
[rpm] 

0.05 [%] 
+1 digit 

GE TransPort 
PT878 4 - 20 [mA] 0-0.033 

[m3/s] 
0.033 
[m3/s] 

±0.25 
[%FS] 

PT - Yokogawa-
EJA530E 4 - 20 [mA] -1-2 [bar] 3 [bar] ±0.055 

[%FS] 
Source: Authors. 
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Figure 2. Four-quadrant diagram indicating the operating modes.  
Source: Authors. 

 
 
In the pump-type mode operation, mechanical energy is 

input through the shaft by turning the impeller. It transfers 
the energy to the fluid, causing it to flow from a state of lower 
to higher energy seen; otherwise, the flow goes in the 
opposite direction to gravity. 

The pump-brake mode operation is in which, although the 
rotation system rotates in the direction of the pump, the flow 
goes from a state of higher to lower energy. This operation 
can be seen when the pump turns on, and the flow is in the 
direction of gravity. You can also have this process mode if 
the rotation speed decreases and the power available in the 
shaft needs more to overcome the hydraulic power. 

In the turbine operating mode, the direction of rotation of the 
impeller is inverted; that is, it rotates in the opposite direction of the 
pump mode, and in the brake pump mode, the flow direction goes 
from a state of higher to lower energy. It goes in the direction of 
gravity; this flow is generated due to the gravitational impulse, and 
the hydraulic power makes the rotor’s movement or impeller. This, 
in turn, transmits it to the axis, transforming it mechanically; this 
mode of operation is in which hydraulic energy is used to generate 
other types of fuel, mainly converting it into mechanical energy, 
and later it is transformed into electrical power. 

The turbine-brake operation mode is in which the 
impeller rotates with energy more significant than that which 
the fluid can generate; that is, instead of generating power, it 
spends energy braking the flow, developing resistance to the 
flow in such a way that the flow This mode of operation tends 
to be used when a hydroelectric plant must be shut down 
quickly in a case where valves cannot be closed or the main 
valve commands so flow slowed down by using high-speed 
rotation impeller in its turbine rotation mode. 

If the rotational speed of the impeller is further increased, 
the flow no longer goes from the high to the low energy level 
but starts to pump. This is the pump-reverse mode of 
operation. Said mode of operation can be obtained in a pump 
mode by placing the system to work in a rotation opposite to 
that for which it was designed; this mode of operation can be 
easily found if you have a bad electrical connection in such a 
way that the sense engine rotation is opposite. All the modes 
of operation can be found in Fig. 2. 

3 Results and analysis 
 
It was proposed to maintain a hydraulic load or total 

dynamic head of 4 meters of the water column through the 
power supplied by the recirculation pump to make the 
characterization curves. It is essential to be clear that as the 
rotational speed of the study turbomachine is increased, the 
speed of the recirculation pump must be decreased and vice 
versa to guarantee said stable head. 

This process was carried out for the two rotation 
directions of the study turbomachine, from 2000 rpm in its 
pump mode of operation to 2000 rpm in its turbine mode. 
Remember that the pump rotation mode is a negative 
direction of rotation, while the turbine rotation mode is a 
positive direction of rotation. 

A total of 125 measurements were presented in Fig. 3 using the 
4-quadrant diagram. Given the limitations of minimum rotation 
speeds due to the use of frequency inverters to control electric 
motors, it was not possible to have rotation speeds lower than 200 
rpm, which is why there is an interruption in the data around 
𝑛𝑛𝐸𝐸𝐸𝐸 = 0.  

It can be evidenced in Fig. 3, all the typical operating modes of 
reversible hydraulic turbomachines in the turbine quadrant. This 
quadrant is essential in the characterization of a pump since the fact 
that there is data in this quadrant demonstrates the possibility of 
using the pumps as a turbine for recovery energy [27-29]. 

The traditional way of measuring a turbomachinery’s 
efficiency, especially of a pump such as a turbine, is through the 
ratio of hydraulic and electrical power. This process was carried 
out for all the measurement points; from there, it was possible to 
estimate the best efficiency point (BEP), as shown in Fig. 3. 

Thanks to the dynamic sensors and accelerometers, it is 
possible to analyze what happens in each turbomachine 
revolution using the average phase technique [24, 25, 30], 
allowing us to see a characteristic moderate revolution. This 
analysis was carried out mainly with the dynamic sensor’s 
signal, as seen in Fig. 4, in which you can see the blade 
passage frequency (BPF), which is 6 in total. In addition, this 
measurement point is the maximum efficiency of the pump 
working as a turbine, which allows us to see the passage of 
blades without distortions or hydrodynamic phenomena. 

 

Figure 3. Experimental Four-quadrant diagram.  
Source: Authors. 
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Figure 4. Phase Average Technique at the best efficiency point on the turbine 
quadrant.  
Source: Authors. 

 
 

Figure 5.  Frequency analysis for the best efficiency point.  
Source: Authors. 

 
 
This is evidenced in Fig. 5, where a frequency analysis of 

the point of maximum efficiency is carried out; in addition, 
the horizontal axis is presented in order, that is, the frequency 
is divided by the rotation frequency of the turbomachine, thus 
obtaining the 1X components, which corresponds to 
something that occurs once every revolution, the 6X that fits 
a phenomenon that happens six times per revolution, which 
corresponds to the blade passing. 

Due to the different dynamic sensors with which the 
experimental installation was carried out, it is possible to 
have the signal for two active sensors and two accelerometers 
located tangentially next to each other. This allows us to 
observe how non-invasive sensors can see the same behavior 
as invasive sensors. In addition, non-invasive sensors or 
accelerometers will enable us to see other structural and 
dynamic components that are important in characterizing the 
pump as a turbine. An example is seen in Fig. 5 since the 3X 
element appears in the accelerometers, a symptom of 
misalignment [31], which cannot be seen by invasive or 

dynamic sensors that can only provide information on the 
hydraulic component. 

Due to the advantages of having a sensor dedicated 
exclusively to observing the hydraulic dynamic components, 
hydrodynamic characterizations beyond the 4-quadrant 
characteristic curve can be carried out, as is the case of 
defining operating points where instabilities or phenomena 
occur. Hydrodynamic, as is the case presented in Fig. 6. 
Initially, nothing different from the principal components 1X 
and 6X are shown in the accelerometers. In contrast, the 
dynamic sensors give elements at 0.7X, which offers a sub-
synchronous phenomenon which can be classified as a 
Rotating Stall [16,17,32].  

Some turbomachines can find their maximum efficiency 
points or, failing that, the design point thanks to dynamic 
sensors [25]. In this case, it is expected that the amplitudes of 
both vibration and pressure fluctuations will be minimal, 
thanks to the lower interaction of the rotor-stator area at this 
point [33,34]. 

The cavitation analysis is another significant result of 
characterizing pumps as turbines. Cavitation can be seen in a 
spectral analysis in areas between 20X and 30X, as shown in 
Fig. 6. 

Appreciating the importance of different dynamic 
sensors, such as active pressure and accelerometers, is 
crucial. In this case, apparent differences between what these 
sensors can observe; for example, in Fig. 6, the dynamic 
pressure sensors do not present phenomena near the 
cavitation zone. 

On the other hand, in the case of accelerometers, 
components are present in the cavitation zone, indicating that 
this phenomenon can be characterized by non-invasive 
sensors (such as accelerometers). In addition, this can help 
describe the type of failure that occurs in a turbomachine and 
how a hydrodynamic phenomenon can affect the machine 
structurally and new designs [35-37]. 

 

Figure 5.  Frequency analysis for cavitating point.  
Source: Authors. 
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4 Conclusions 
 
Through experimental analysis, it was possible to 

generate the characterization of a hydraulic turbomachine in 
its different modes of operation, a centrifugal pump working 
as a turbine, corroborating those centrifugal pumps are 
reversible machines and that they can be used to generate 
energy in their mode of operation turbine. 

The phase average technique analysis helps us to know in 
an averaged way the typical behavior of a characteristic 
revolution of the turbomachine, allowing us to see the 
passage of the blades of the machine, and even, if it were to 
occur, this methodology can help to identify a hydrodynamic 
imbalance in the blade passage. 

Spectral analyses allow components based on rotation 
speed or orders that would identify operating points or 
hydrodynamic phenomena of interest, such as the point of 
maximum efficiency or the end with a hydrodynamic 
instability presented, which can be a rotating stall. This is 
important for the characterization of turbomachinery since 
these points with hydrodynamic phenomena must be 
avoided, or failing that, the pump as a turbine must operate 
for the least amount of time possible at said points to prevent 
damage. 

Through the characterization process of the pump as a 
turbine, a maximum efficiency of 57% was obtained in its 
turbine operation mode. Its pump operation mode obtained a 
maximum efficiency value of 65%. 

It is essential to continue with the characterization of 
pumps as turbines to define safe operation zones, types of 
hydrodynamic phenomena presented, typical generation 
powers and efficiencies, and mechanical and structural 
problems that can be generated due to the use of a reversible 
machine in one mode of operation for which it was not 
designed. 
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