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ABSTRACT: The reverse operation of existing centrifugal pumps, commonly referred to as “Pump as Turbine” (PAT),
is a key approach for recovering liquid pressure energy. As a type of hydraulic machinery characterized by a simple
structure and user-friendly operation, PAT holds significant promise for application in industrial waste energy recovery
systems. This paper reviews recent advancements in this field, with a focus on pump type selection, performance
prediction, and optimization design. First, the advantages of various prototype pumps, including centrifugal, axial-
flow, mixed-flow, screw, and plunger pumps, are examined in specific application scenarios while analyzing their
suitability for turbine operation. Next, performance prediction techniques for PATs are discussed, encompassing
theoretical calculations, numerical simulations, and experimental testing. Special emphasis is placed on the crucial
role of Computational Fluid Dynamics (CFD) and internal flow field testing technologies in analyzing PAT internal
flow characteristics. Additionally, the impact of multi-objective optimization methods and the application of advanced
materials on PAT performance enhancement is addressed. Finally, based on current research findings and existing
technical challenges, this review also indicates future development directions; in particular, four key breakthrough areas
are identified: advanced materials, innovative design methodologies, internal flow diagnostics, and in-depth analysis of
critical components.

KEYWORDS: Pump as Turbine (PAT); type selection; performance prediction; internal and external characteristics;
optimal design

1 Introduction
The use of pumps as turbines has been explored and studied since the 1930s, a practice that now boasts

over ninety years of history. Researchers such as Thoma D were the first to recognize that by reversing the
operation direction of a pump, it could be transformed into an effective hydraulic power generation device
for the recovery and utilization of energy [1].

Over time, PAT technology has garnered significant attention due to its unique advantages [2,3]. It is
not only relatively low-cost and easy to install and maintain but also capable of efficiently recovering residual
pressure from water resources. This offers new solutions in various fields including small-scale hydropower
stations, surplus pressure recovery in urban water supply systems, agricultural irrigation, and drainage. These
characteristics make PAT technology one of the crucial tools for promoting sustainable development.
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For instance, enterprises and research institutions in Italy and Germany have developed various models
of PAT equipment and successfully applied them in numerous real-world scenarios [4–6], demonstrating
their significant effects in enhancing energy efficiency and reducing environmental pollution [7–9].

In recent years, an increasing number of research institutions and companies have engaged in the
research, development, and practical application of PAT technology [3,10–12], striving to address energy
and environmental challenges through technological innovation [13–16]. Currently, PAT technology has
begun to be applied in some small and medium-sized hydraulic engineering projects, showcasing promising
application prospects and development potential [17].

With the continuous growth in energy demand and enhanced environmental protection awareness
nowadays, the study and application of PAT technology are particularly important. As an efficient energy
recovery technology, PAT not only significantly improves energy utilization efficiency and reduces energy
waste [18] but also effectively lowers carbon emissions, contributing to the establishment of a clean, low-
carbon, safe, and efficient energy system. By converting fluid pressure energy into mechanical energy
and then into electrical energy or other forms of energy, this technology is especially suitable for use in
hydropower stations and the recovery of residual pressure in industrial processes.

The core of PAT technology lies in reversing a pump, originally used for fluid transport, under specific
conditions to recover energy from the fluid and convert it into mechanical or electrical energy [19–21]. This
technology is not only suitable for recovering residual energy from tailwater in hydropower stations [22,23]
but can also be widely applied in various fields such as industrial recirculating water systems [24], urban
water supply networks [25], and irrigation systems [26]. In hydropower stations, PAT can recover residual
energy from tailwater, enhancing the overall efficiency of the station, and reducing energy waste [22]. In
industrial recirculating water systems, PAT can recover energy from high-pressure water flows, converting
it into electrical energy to reduce power consumption and lower operating costs [27]. In urban water supply
networks, PAT can generate electrical energy by utilizing pressure differences, thereby reducing the energy
consumption of the water supply system [28,29]. In irrigation systems, PAT can recover residual pressure after
irrigation, improving the efficiency of water resource utilization and reducing energy consumption [30,31].
In mine drainage systems, PAT can recover energy from mine drainage, lowering operational costs and
improving economic benefits [32].

Despite the significant application potential and economic benefits demonstrated by PAT technology,
further in-depth research is required in hydraulic optimization design and internal flow characteris-
tics [33,34]. Currently, there are numerous challenges in optimizing PAT performance under different
operating conditions, understanding internal flow mechanisms, and addressing wear and corrosion issues.
For instance, how to improve the efficiency of PAT under low flow and high head conditions through the
optimization of impeller design and flow passage structure [35,36]; how to reveal the physical mechanisms
of complex flows inside PAT through numerical simulations and experimental studies, providing theoretical
support for its design [37,38]; and how to develop new materials and surface treatment technologies that
resist wear and corrosion, thereby extending the service life of PAT [39,40], are all critical issues that need to
be addressed urgently.

By conducting in-depth research on hydraulic optimization design and internal flow characteristics of
PAT, it is possible not only to further enhance its performance and reliability but also to provide significant
support for technological innovation in related fields. For example, through optimized design, the adapt-
ability and stability of PAT under various operating conditions can be improved [36,41], thus broadening its
application scope. By thoroughly investigating internal flow characteristics [37–39,42], new design concepts
and methods can be discovered, promoting continuous advancements in PAT technology. Additionally, the
application of new materials and surface treatment technologies [43] can significantly improve the durability
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and economy of PAT, reduce maintenance costs, and strengthen its market competitiveness. Therefore,
the study of PAT technology holds substantial socioeconomic value and deserves focused attention and
investment in the current and future periods.

This review primarily examines pump selection, performance prediction, and optimization design
aspects of PAT through original published articles. It extensively discusses methodologies for selecting
pumps suitable for PAT, performance prediction models for such pumps, and objectives for optimizing pump
design, aiming to offer a comprehensive understanding of the current progress in PAT technology.

2 Prototype Pump Selection
Since most pump manufacturers do not provide reverse operation performance data, this poses a

challenge for selecting pumps to be used as turbines [44,45]. However, proper selection is crucial when using
a pump as a turbine, even though pumps and turbines share structural similarities, their working mechanisms
and application scenarios are distinctly different. The role of a pump is to convert mechanical energy into
fluid pressure energy, whereas a turbine converts the kinetic or pressure energy of a fluid into mechanical
energy. Therefore, when choosing a pump to function as a turbine, it is essential to thoroughly consider its
performance characteristics and applicable conditions during reverse operation. When a pump is used as a
turbine, its design features directly impact the efficiency of energy conversion.

Centrifugal pumps used as turbines are particularly popular in micro-hydropower stations and the
chemical industry, mainly due to their cost-effectiveness, availability, simple design, and ease of operation
and maintenance. In remote areas or small hydropower projects, PATs are utilized to convert water flow
energy into electricity. Given that they do not require special customization and have relatively low
production costs, they are highly suitable for such projects. For instance, in countries like Nepal with unstable
power grids, PATs are widely used in micro-hydropower stations as backup power sources, especially in
mountainous regions far from urban power grids [46]. Stephen et al.’s research shows that PATs are not only
cost-effective but also capable of efficiently utilizing water resources [47]. In the petrochemical industry,
PATs are employed to recover high-pressure residual heat energy; multi-stage PATs can cater to a broader
range of energy recovery needs and application scenarios. Li et al. verified the efficiency and stability of PATs
in such industrial applications through numerical simulations and experimental testing [48]. Additionally,
Yang et al. pointed out that in hydraulic systems, PATs can replace pressure-reducing valves for pressure
regulation [49]. Tahani et al. emphasized the economic and mechanical performance advantages of using
centrifugal pumps as turbines in water supply networks, making them a highly valuable option [50].

Du et al. tested the performance of a centrifugal pump specified at Q = 1.2 m3/s as a PAT within a speed
range of 1000 to 2000 rpm, finding that the performance was optimal in this range [51]. Fig. 1 shows the PAT
performance curve tested by Du et al. The results indicate that the peak efficiency of the PAT is achieved
when operating between 1500 and 1750 rpm, after which the efficiency begins to decline. Overall, the selected
PAT can achieve favorable operating conditions when run between 1000 and 2000 rpm. In summary, using
centrifugal pumps as part of small-scale hydropower projects showcases their unique advantages.

Due to their unique capabilities, twin-screw pumps can replace traditional control valves in specific
applications, enabling the recovery of wasted energy within systems, especially when operating in turbine
mode. Research by Ali Moghaddam indicates that using twin-screw pumps as turbines for high-viscosity
fluids can potentially recover up to about 50% of the energy, preventing this portion of energy from being
dissipated through conventional control valves [52,53]. This demonstrates that twin-screw pumps are highly
suitable as turbines for handling high-viscosity fluids, not only improving the system’s energy utilization
efficiency but also reducing energy loss.
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Figure 1: PAT speed-efficiency curve Adapted with permission from Ref. [51], Copyright ©2021, Complexity publishing

Yang et al.’s research shows that axial-flow pumps used as turbines exhibit high efficiency and large
flow rates under low head conditions, making them particularly suitable for hydropower stations in plain
areas [44]. They also highlight the advantages of axial-flow pumps, which are not restricted by terrain and
have lower costs [54]. Fig. 2 presents the test data of an axial-flow pump PAT from Fan Yang’s study. The
results indicate that, within a low head range of 1 to 4 m and a high flow rate range of 250 to 310 L/s, the PAT
efficiency remains above 36%, with a peak efficiency of 43% to 44% at a flow rate of 270 L/s. This demonstrates
that axial-flow pumps used as turbines can maintain high efficiency under conditions of low head and high
flow rates.

Figure 2: Performance curve of the axial-flow PAT: (a) head; (b) efficiency Adapted with permission from Ref. [44],
Copyright ©2022, Processes publishing

Chen’s research further indicates that in tidal power stations, axial-flow pumps used as turbines can
operate bidirectionally according to tidal changes, significantly enhancing energy utilization efficiency [55].
This demonstrates that axial-flow pumps are highly suitable as turbines in low head environments, not only
effectively utilizing natural resources but also adapting to environmental changes, thereby improving the
system’s flexibility and economy.
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In certain industrial application scenarios, mixed-flow pumps used as turbines can recover waste
thermal energy or pressure energy, thereby enhancing energy utilization efficiency. For instance, in chemical
plants and oil refineries, mixed-flow pumps can effectively recover energy from high-pressure gases [56].
Additionally, the use of mixed-flow pumps as turbines in micro-hydropower stations has been extensively
studied. These pumps are suitable for environments with high head and high flow rates, efficiently converting
hydraulic energy into electrical energy [15]. As shown in Fig. 3, which presents the characteristic curve of a
mixed-flow pump tested by Shuaihao Lei et al., it was found that under conditions of high flow rates (above
400 L/s but below 600 L/s) and high heads (above 12 m but below 22 m), the mixed-flow pump exhibited
very high efficiency, around 75%.

Figure 3: Mixed-flow pump PAT characteristics: (a) H-Q curves; (b) H-η curves Adapted with permission from
Ref. [15], Copyright ©2024, Energy publishing

The application of mixed-flow pumps in tidal power stations also demonstrates their potential [57],
capable of adapting to varying head conditions caused by tidal changes, thus improving energy conversion
efficiency. Simultaneously, mixed-flow pumps are one of the ideal choices for micro hydropower plants [58],
suitable for scenarios requiring compact, low-cost solutions. Chen studied the hydraulic model of a mixed-
flow pump used as a turbine in a pumped storage power station. The results showed that during high water
levels, increasing the rotational speed helps enhance energy recovery efficiency; whereas during low water
levels, the opposite effect occurs [59]. This indicates that mixed-flow pumps perform more effectively under
high water level conditions. In summary, as a multi-functional energy recovery device, mixed-flow pumps
have demonstrated unique value and advantages across various applications.

Zielinski et al. proposed a new possibility of using a novel low-speed radial piston pump as part of the
hydrostatic transmission in small hydropower stations [60], an innovative idea that expands the application
scope of pumps as energy conversion devices. Therefore, when selecting pumps as turbines, it is essential to
fully consider the type and design characteristics of the pump based on specific application requirements.
This means carefully assessing the specific conditions of the target application before deciding which type
of pump to use as a turbine, including but not limited to factors such as head height, flow rate demand,
and working medium properties, to ensure that the selected pump can operate efficiently and stably under
predetermined conditions. The application scenarios of various types of pumps are summarized in Table 1.
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Table 1: Statistics of application scenarios

Type of pump PAT application scenarios
Centrifugal pump Micro hydropower stations, chemical industry, petrochemical industry,

water supply networks
Twin-screw pump High-viscosity fluid systems
Axial-flow pump Hydropower stations in plain areas, tidal energy power stations
Mixed-flow pump Chemical plants, oil refineries, micro hydropower stations, tidal power

stations
Plunger pump Certain emerging application fields (special design required)

Based on the described application scenarios, the following conclusions can be drawn:
(1) Centrifugal pumps could become the preferred option for small-scale hydropower projects and

industrial energy recovery applications due to their cost-effectiveness, availability, simple design, and ease of
operation and maintenance.

(2) In situations involving high-viscosity fluids, twin-screw pumps may exhibit significant energy
recovery capabilities, contributing to improved overall energy utilization efficiency of the system.

(3) Axial-flow pumps are particularly suitable for low head applications, such as hydropower stations in
plain areas and tidal energy power stations. Their high efficiency and adaptability to environmental changes
could bring notable economic benefits to these fields.

(4) Mixed-flow pumps likely perform excellently under conditions of high head and high flow rates,
making them suitable for various energy recovery scenarios, including waste heat recovery in chem-
ical plants, micro hydropower stations, and tidal power stations. They possess considerable flexibility
and adaptability.

(5) The use of plunger pumps as turbines might still be in the exploration phase. However, in certain
specific conditions, such as those requiring precise control and hydrostatic transmission, they may present
new possibilities.

3 Performance Prediction
Performance prediction is a crucial aspect of the design and optimization process for both centrifugal

pumps and turbines, helping to ensure that equipment achieves expected efficiency and reliability during
actual operation. PAT performance prediction is mainly achieved through three methods: theoretical
calculations, numerical simulations (CFD), and experimental testing [61]. Each method has its unique
advantages and is often used in combination to obtain the most accurate results.

3.1 Theoretical Prediction
This method is based on the fundamental principles of fluid mechanics and empirical formulas. For

centrifugal pumps, this may involve applying Euler’s equation, Bernoulli’s equation, and others to estimate
key parameters such as pump head and efficiency. For turbines, it involves more extensive application of
thermodynamic laws, such as the ideal gas state equation and the law of conservation of energy. Although
theoretical calculations can provide a quick preliminary estimate of performance, the results may differ from
actual conditions because simplified models are used for ease of solving.
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Performance prediction for PATs utilizes the Best Efficiency Point (BEP) and Specific Speed [17].
Typically, selecting an appropriate pump for use as a PAT begins with performance prediction based on two
key conversion factors, q and h, which represent the capacity ratio and head ratio at the best efficiency point
between the turbine and pump modes [62–64], respectively.

q is the ratio of the turbine capacity to the pump capacity at the BEP:

q = QT

QP
. (1)

h is the ratio of the head between the turbine and the pump:

h = HT

HP
. (2)

For the above two equations, QT and HT represent the flow rate and head in turbine mode, while QP
and HP represent the flow rate and head in pump mode.

Then, the calculation of the specific speed can be carried out. The specific speed of a pump is a
dimensionless parameter that describes the relationship between the pump’s geometry and its hydrodynamic
characteristics, which is crucial for pump design, selection, and performance prediction. Through specific
speed, engineers can select the most suitable pump type based on application requirements and predict
its performance under various operating conditions, including changes in flow rate, head, and efficiency.
Maintaining the same specific speed ensures similar performance characteristics when scaling the pump
design. Additionally, when using a pump in reverse as a turbine for energy recovery, the specific speed helps
identify the most appropriate pump type and predict its performance. As mentioned in [63], the formula for
calculating specific speed is as follows:

nst =
n
√

QT

H
3
4
T

. (3)

Based on this, many scholars have contributed to the performance prediction of PATs from this
perspective, as shown in Table 2.

Table 2: Basic models for calculating conversion factors

Year Source Criter q h

1957 [65] BEP 1
√η

1
η

1988 [66] BEP −1.5 + 2.4
η2 −1.4 + 2.5

η

1994 [67] BEP 0.85η5 + 0.385
2η9.5 + 0.205

1
0.85η5 + 0.385

2012 [68] BEP 1.2
η0.55

1.2
η1.1

1980 [69] Ns 2.379 −
0.0264Ns

2.693 − 0.0229Ns

1987 [70] Ns 1.3 − 1.6
n − 5

1.3 − 6
n − 3

(Continued)
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Table 2 (continued)

Year Source Criter q h
2017 [63] Ns 0.00029n2 −

0.02771n +
2.01648

−0.00003n3 + 0.00440n2 −
0.20882n + 4.64293

2017 [71] Ns 0.00026n2 −
0.02302n +

1.88171

−0.00003n3 + 0.00331n2 −
0.150472n + 3.68497

2020 [72] Ns −0.0002n2 −
0.0193n +

1.9011

−0.000018n3 + 0.002764n2 −
0.134384n + 3.540085

2011 [73] BEP and Ns
30.303 (η − 0.212)

ln (Ns)
−

3.424

41.667 (η − 0.212)
ln (Ns)

− 5.042

Note. Where η is the efficiency in pump mode, n is its standard rotational speed, and Ns is the specific speed in
pump mode.

The empirical formulas obtained by these scholars are basically derived from fitting a large amount of
data, primarily using efficiency and rotational speed to calculate the conversion factors q and h. Although the
formulas differ, the prediction results are relatively accurate. This is because different formulas are suitable
for predicting the performance of PATs with different parameters.

Although theoretical calculations can provide a quick preliminary estimate of performance, the results
may deviate from actual conditions because simplified models are used for ease of solving. Additionally,
since predictions are made using formulas, this approach cannot account for various factors such as
parameter variations, material properties, manufacturing tolerances, and changes in operating conditions.
These inadequately addressed factors can lead to a decrease in prediction accuracy.

With the advancement of technology, using machine learning methods for prediction has become
particularly important. Machine learning methods can automatically identify patterns and relationships
from large amounts of historical data without relying on specific physical models or assumptions. By
training algorithms, machine learning models can capture complex and nonlinear system behaviors, thereby
providing more accurate predictions. Additionally, machine learning is capable of handling multi-variable
inputs, meaning it can simultaneously consider the impact of various factors mentioned above, thus
improving the accuracy and reliability of predictions.

Gabriella Balacco utilized traditional BEP and specific speed performance prediction methods as a basis,
employing Artificial Neural Networks (ANN) and Evolutionary Polynomial Regression (EPR) to predict the
performance of PATs. A comparison highlighted the advantages of machine learning methods. Although
ANN has the inherent limitation of not being able to provide a clearly defined formula, it offers users
the possibility to identify the optimal model structure and emphasizes the correlation between the most
influential input factors and outputs [74].

This does not mean that machine learning is superior to polynomial regression methods. Gabriella Bal-
acco also noted that using one method does not preclude the other, as Evolutionary Polynomial Regression
not only provides clear formulas but also achieves good prediction accuracy [74]. Therefore, these methods
can be combined; for instance, Painter R proposed a generalized predictive model for comprehensive
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performance studies of PATs in micro-hydropower applications. This model integrates Ensemble Regression
Models (ERM) with polynomial regression to predict the BEP and the complete characteristic curves [75].
Specifically, machine learning algorithms were used to predict the BEP of PATs, followed by the development
of polynomial equations to predict the head and efficiency curves of PATs. This illustrates that combining
machine learning algorithms with regression methods can enhance both the efficiency and accuracy of
models. It also indicates that early performance prediction methods based on BEP and specific speed, as well
as recent approaches based on hydraulic loss modeling, are not obsolete. These traditional methods provide
a foundation for the application of machine learning in PAT performance prediction.

3.2 Numerical Prediction
Computational Fluid Dynamics is a powerful tool that solves complex fluid flow problems through

numerical methods. During the design phase of pumps or turbines, engineers can utilize CFD software
to conduct detailed simulations and analyses of internal flow fields, thereby obtaining more accurate
information on pressure distribution, velocity distribution, and vortex conditions. This detailed data not
only aids in optimizing the design but also helps predict equipment performance under various operating
conditions. Compared to theoretical calculations, CFD can handle more complex geometries and boundary
conditions, providing more precise prediction results.

3.2.1 Applicability of Turbulence Models
Selecting an appropriate turbulence model is crucial for effective numerical calculations. According

to references, there are several turbulence models available, each with its characteristics and applicable
scenarios:

(1) Standard k-ε (k-epsilon) model: This is a two-equation turbulence model that describes turbulence
characteristics using turbulent kinetic energy (k) and turbulent dissipation rate (ε).

(2) RNG k-ε (Re Normalization Group k-epsilon) model: An improved version of the standard k-ε
model based on renormalization group theory, providing better prediction capabilities near walls.

(3) Realizable k-ε model: Ensures physical realizability of stress ratios, i.e., guarantees the positive
definiteness of second moments, making it another enhanced k-ε model.

(4) SST k-ω (Shear Stress Transport k-omega) model: Combines the advantages of the k-ω model in
free shear flows and the good behavior of the k-ε model near walls, suitable for complex flows.

(5) Standard k-ω (k-omega) model: This model uses turbulent kinetic energy (k) and specific dissipation
rate (ω), generally offering better predictive capability for separated flows.

(6) SST-CC (Curvature Correction) model: Based on the SST k-ω model with added curvature
correction to improve the capture of rotational and curvature effects.

(7) S–A (Spalart–Allmaras) model: A one-equation model particularly suitable for aerospace applica-
tions due to its relative simplicity and lower dependency on mesh quality.

(8) Wilcox k-ω model: Developed by David Wilcox, this k-ω model aims to achieve better results by
adjusting constants and formulas.

Depending on different research needs and specific applications, researchers will choose the most
suitable turbulence model for CFD analysis. Table 3 summarizes and statistically analyzes the turbulence
models applied by various researchers in their numerical calculations of PATs.
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Table 3: Turbulence models applied by different researchers

Source Turbulence model
[76–79] Standard k-ε
[80–83] RNG k-ε
[84–86] Realizable k-ε

[87–91,92–96,97–101] and [102] SST k-ω
[103] Standard k-ω

[44,54,104] SST-CC
[105] S–A model
[106] Wilcox k-ω

Based on the above statistics and literature analysis, engineers and researchers are presented with
a diverse toolbox when selecting turbulence models for CFD analysis, each model possessing unique
characteristics and applicable scenarios. The Standard k-ε model is widely used in the preliminary design
phase due to its simple structure and low computational cost [107], but it may not accurately capture complex
flow features common in PATs, such as separated flows or free shear flows. The improved RNG k-ε model,
based on renormalization group theory, offers better prediction capabilities near walls, which is crucial for
understanding boundary layer behaviors, especially close to blade surfaces. The Realizable k-ε model ensures
physical realizability of stress ratios, making it suitable for problems involving rotational effects or strong
curvature effects, which are particularly important in PAT design due to the typically complex geometries
and flow paths of these devices.

The SST k-ω model combines the good description capability of the k-ω model for free shear flows and
the performance of the k-ε model near walls, making it highly suitable for simulating complex flow situations
in PATs, especially those involving significant vortex structures and mixing regions. Additionally, the SST
k-ω model effectively handles separated flows, a critical factor in PAT operations. To further improve the
accuracy of capturing rotational and curvature effects, the SST-CC model adds curvature correction to the
SST k-ω model, making it particularly suitable for analyzing flow behaviors within blade passages, which
directly impacts the efficiency and performance of PATs.

The S–A model is very popular in aerospace applications due to its relatively simple structure and
reduced dependency on mesh quality. However, in the context of PAT applications, while it can simplify
calculations to some extent, it may not provide the high accuracy required. The Wilcox k-ω model, which
improves prediction accuracy by adjusting constants and formulas, might be a more suitable choice for
studying detailed flow phenomena, such as complex flow interactions occurring under specific conditions.

Therefore, in the design and analysis of PATs, selecting the most suitable turbulence model depends on
specific research needs, flow characteristics, and available resources. Considering the operating conditions
and geometric complexity of PATs, the SST k-ω model and its improved version, the SST-CC model,
seem to be the preferred choices. These models can provide more accurate results under complex flow
conditions, aiding in the optimization of PAT performance and ensuring efficient operation across various
working points.

3.2.2 Mesh Applicability
Although current mesh generation techniques have made significant progress in CFD simulations,

there is still room for improvement. Particularly, the impact of different mesh densities on computational
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results requires further investigation to determine the optimal meshing strategy. With advancements in
computer technology and algorithms, mesh generation methods have become diversified, and multiple
software tools for mesh creation are now available on the market. Among these methods, tetrahedral,
hexahedral, and polyhedral meshes are the three primary types, each possessing unique characteristics and
applicable scenarios [108].

Zheng et al.’s research compared Tetrahedron, Hexahedron, and Polyhedron meshing schemes. Fig. 4
shows images of different mesh types, while Fig. 5 presents a comparison of the corresponding velocity
contours [109]. Their study demonstrated that polyhedral meshes offer advantages in simulating complex
flows, capable of more accurately capturing the internal flow field characteristics of recirculation pumps. This
not only improves model accuracy but also enhances computational efficiency and adaptability.

Figure 4: Grid diagram: (a) tetrahedron; (b) hexahedron; (c) polyhedron Adapted with permission from Ref. [109],
Copyright ©2018, IOP Conference Series: Earth and Environmental Science publishing

Figure 5: Comparison of velocity contour: (a) tetrahedron; (b) hexahedron; (c) polyhedron Adapted with permission
from Ref. [109], Copyright ©2018, IOP Conference Series: Earth and Environmental Science publishing

Furthermore, Tang et al.’s research further confirms the effectiveness of polyhedral meshes [110],
especially when dealing with irregular geometries. Therefore, for devices such as pumps that contain complex
internal flow paths and rotating components, adopting a flexible and adaptable mesh generation strategy is
particularly important.
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Although polyhedral meshes have advantages in handling irregular geometries, a single type of mesh
model often cannot meet all requirements. Therefore, a hybrid mesh approach has become an effective solu-
tion. This method combines the advantages of hexahedral, tetrahedral, and polyhedral meshes, enhancing
mesh generation efficiency and computational speed while ensuring calculation accuracy.

Arocena and Danao compared the use of a Poly-Hexcore hybrid mesh (with Polyhedron used for
boundary layers and Hexahedron for the interior, as shown in Fig. 6) to structured hexahedral meshes. The
Poly-Hexcore hybrid mesh reduced the number of cells by approximately 37%. Under design conditions,
both mesh models predicted pump head, efficiency, and shaft power within 1% of each other, and their
internal flow characteristics were consistent, as shown in Fig. 7. However, the Poly-Hexcore hybrid mesh
model reduced computation time by about 25%. Compared to data provided by the manufacturer, additional
simulations using the Poly-Hexcore hybrid mesh demonstrated that this model could accurately predict
performance [111]. This indicates that the Poly-Hexcore hybrid mesh achieves high accuracy while reducing
the number of mesh elements.

Figure 6: Poly-Hexcore hybrid mesh Adapted with permission from Ref. [111], Copyright ©2023, Processes publishing

For pumps, the fluid domain structure is not a regular geometry, so dividing it into a high-quality
mesh model requires a more flexible and adaptable mesh generation strategy; using just one type of
mesh model is insufficient. Therefore, for devices like pumps that have complex internal flow paths and
rotating components, a hybrid mesh approach is often an effective method. This approach combines the
advantages of hexahedral, tetrahedral, and polyhedral meshes, enhancing both mesh generation efficiency
and computational speed while ensuring calculation accuracy.
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Figure 7: Pressure and velocity contour plots at rated flow: (a) poly-hexcore mesh; (b) multi-block structured hexagonal
mesh Adapted with permission from Ref. [111], Copyright ©2023, Processes publishing

3.3 Internal Characteristics Prediction
Experimental testing is one of the most direct and effective ways to verify theoretical calculations

and numerical simulation results. By constructing physical prototypes and testing them under laboratory
conditions, real performance data can be obtained. Experimental values not only serve to calibrate the
accuracy of theoretical models and numerical simulations but also help identify potential problem areas.
Additionally, experimental testing is an indispensable part when selecting suitable PAT units, helping ensure
that the final results meet expected standards for reliability and efficiency. Despite the high costs and time
consumption associated with experiments, they are key steps in ensuring design success.

A PAT test bench typically requires flow meters, pressure sensors, tachometers, torque measurement
devices, data acquisition systems, and necessary safety protection equipment. Moreover, appropriate piping
connections and valve control systems are needed to adjust fluid flow and ensure a stable and adjustable fluid
source. The entire setup should simulate actual operating conditions to accurately evaluate the performance
and efficiency of pumps used as turbines.
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To accurately select suitable pumps for use as turbines, it is essential to establish effective performance
prediction methods. Current research trends focus on developing universal and robust prediction models
aimed at replacing traditionally expensive, inaccurate, and time-consuming experimental methods [112].
These new predictive models must be capable of handling a wide range of pump types while maintaining
high accuracy and reliability under different operating conditions, thus helping engineers make informed
decisions during the design phase and reducing trial-and-error costs.

Researchers such as Alessandro Morabito have proposed an innovative experimental installation
method for PATs [113], illustrated in Fig. 8, with detailed experimental setups shown in Fig. 9, ensuring
precise pressure measurements throughout the system as depicted in Fig. 10. This method allows the research
team to conduct in-depth analysis of experimental characteristics, providing a solid data foundation for
subsequent theoretical modeling and practical applications. The work of Alessandro Morabito et al. demon-
strates that optimizing experimental setups can yield higher quality data, thereby enhancing understanding
of the operational characteristics of pumps used as turbines.

Figure 8: Model installation scheme Adapted with permission from Ref. [113], Copyright ©2019, Applied Energy
publishing

Figure 9: Experimental setup Adapted with permission from Ref. [113], Copyright ©2019, Applied Energy publishing
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Figure 10: Pressure measurements for sensor A, B and C facing PaT run-up, opening valve, normal operation, closing
valve and shut-down Adapted with permission from Ref. [113], Copyright ©2019, Applied Energy publishing

3.3.1 Internal Flow Characteristics Testing
Scholars Qian et al. successfully observed the dynamic changes of gas-liquid two-phase flow during

pump operation using a transparent experimental pump and high-speed photography technology [114,115].
This direct method provides a new perspective for understanding complex internal fluid dynamics mecha-
nisms, allowing researchers to visually observe phenomena that were previously difficult to capture, such as
bubble formation, development, and collapse. Their transparent test rig is shown in Fig. 11.

Figure 11: Transparent experimental bench Adapted with permission from Ref. [114], Copyright ©2022, Energies
publishing
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Moreover, when evaluating the numerical simulation results of pump operations, accuracy and reli-
ability are two key considerations. Some studies have shown that high-speed photography experiments
conducted with axial pumps featuring transparent casings are significant for tracking bubble trajectories
based on cavitation phenomena [116]. As shown in Fig. 12, these experiments reveal that when using the
SST k–ω turbulence model for numerical calculations, the predicted bubble trajectories closely match
the actual visualized results captured by high-speed cameras. This finding underscores the importance of
correctly selecting turbulence models and also demonstrates the effectiveness of combining experimental
and numerical simulation methods. Such an approach can significantly improve prediction accuracy,
providing strong support for engineering practices.

Figure 12: Comparison of predicted and experimental TLV trajectories at different flow rate conditions: (a) Q/QBEP =
0.85; (b) Q/QBEP = 1.0; (c) Q/QBEP = 1.2 Adapted with permission from Ref. [116], Copyright ©2015, Computers & Fluids
publishing

Therefore, establishing a suitable experimental bench model can greatly facilitate the prediction of PAT
internal flow characteristics, providing scientific basis for optimization design and efficiency improvement.

3.3.2 Internal Flow Numerical Prediction
Compared to relying on a physical experimental bench to test PAT’s internal flow characteristics, using

CFD technology provides a more convenient and cost-effective solution. CFD technology can thoroughly
analyze internal flow characteristics such as pressure pulsations, cavitation effects, velocity field distribu-
tion, turbulent kinetic energy, and vortex distribution without the need for a physical prototype. This is
particularly useful for the design optimization and fault diagnosis of PATs.

(1) Velocity field distribution
As shown in Fig. 13, Wei Wang’s research illustrates the velocity vectors and streamlines in the guide

vane-impeller region [117], which helps to understand the specific movement paths and velocity variation
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patterns of the fluid inside the PAT. This is significant for identifying potential flow non-uniformities and
improving geometric design.

Figure 13: The internal flow characteristics of guide vanes and runners in one period Adapted with permission from
Ref. [117], Copyright ©2021, Journal of Marine Science and Engineering publishing

(2) Pressure field
As shown in Fig. 14, the work of Wei et al. reveals the pressure distribution and pressure variation

intensity inside the impeller [93], while, as shown in Fig. 15, Xiang et al. delve into the time-domain and
frequency-domain pressure pulsations within the volute under different flow conditions [118]. These studies
are crucial for assessing the stability, noise levels, and potential vibration issues of PATs.

Figure 14: Distribution of mean pressure and pressure fluctuation intensity in the impeller Adapted with permission
from Ref. [93], Copyright ©2023, Frontiers in Energy Research publishing
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Figure 15: Time histories and spectra of pressure in volute at three flow rates Adapted with permission from Ref. [118],
Copyright ©2022, Physics of Fluids publishing

(3) Cavitation effects
As shown in Fig. 16, Jia et al. conducted research on the air volume fraction [119], which refers to

the variation in bubble volume. This is crucial for understanding the mechanisms behind the occurrence
and development of cavitation, as cavitation not only affects the efficiency of PATs but can also lead to
equipment damage.

Figure 16: Bubble volume Adapted with permission from Ref. [119], Copyright ©2023, Physics of Fluids publishing

(4) Turbulent kinetic energy
As shown in Fig. 17, Du et al. explored the propagation characteristics of turbulent kinetic energy

within PATs at different speeds, particularly at the best efficiency point [96]. This research is signifi-
cant for understanding energy loss mechanisms and is also important for optimizing the selection of
turbulence models.

(5) Vortex distribution
As shown in Fig. 18, Hao et al. analyzed the vortex distribution at the impeller [120]. The presence of

vortices directly affects the efficiency of fluid transmission and is one of the primary causes of energy loss.
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Therefore, gaining a deep understanding of the formation and evolution of vortices is crucial for improving
the flow characteristics and overall performance of PATs.

Figure 17: Turbulence dissemination for the Pump as Turbine diverse speed at BEP Adapted with permission from
Ref. [96], Copyright ©2020, Complexity publishing

Figure 18: Vortex distribution in runner and vaneless region Adapted with permission from Ref. [120], Copyright
©2024, Journal of Energy Storage publishing

Therefore, compared to physical experimental models, utilizing CFD technology allows for a more
convenient and comprehensive prediction and analysis of the internal flow characteristics of PAT.

3.4 External Characteristics Prediction
When a pump is used as a turbine, predicting its external characteristics becomes a key step in

evaluating its performance. This process is typically carried out in a controlled laboratory environment
to ensure consistency and repeatability of testing conditions. To accurately collect data, researchers use
specially designed test platforms and high-precision sensors to monitor and record various parameters of
the equipment.

(1) Steady-state testing
Steady-state testing forms the basis for establishing performance curves of PAT. By testing PAT under

a series of preset different operating conditions, key parameters such as flow rate, pressure drop, and output
power can be systematically recorded during stable operation. This data not only helps in understanding
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PAT’s performance under various working conditions but also serves to draw detailed performance curve
charts, providing critical reference information for engineers to optimize design and operational efficiency.
Moreover, by comparing theoretical models with actual measurement results, mathematical models can be
further validated and adjusted to improve prediction accuracy.

As shown in Fig. 19, Xiang et al. conducted external characteristic tests on PAT using both experimental
and CFD methods, and compared the results from both approaches [118]. The study found that the error
between CFD and experimental tests was within 5%. This demonstrates that numerical simulation can
effectively replace some physical experiments, especially during the preliminary design phase or when
conducting actual tests is challenging.

Figure 19: Efficiency curves of two PATs by testing and numerical calculation Adapted with permission from Ref. [118],
Copyright ©2022, Physics of Fluids publishing

Fig. 20 shows other external characteristic numerical calculations performed by Xiang et al. using CFD
technology [118], including the flow-head (Q-H) curve, flow-speed (Q-n) curve, and flow-power (Q-P) curve.
These curves not only visually present the performance characteristics of PAT under different operating
conditions but also provide a solid data foundation for subsequent analysis and optimization.

Figure 20: Comparison of external characteristic curves of two PATs: (a) Q-H curves; (b) Q-n curves; (c) Q-P curves
Adapted with permission from Ref. [118], Copyright ©2022, Physics of Fluids publishing
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(2) Transient testing
In addition to steady-state testing, transient testing is equally crucial for evaluating the response

capability of PAT under dynamically changing conditions. This type of testing simulates various real-world
operational scenarios such as startup, shutdown, and sudden load increases or decreases, aiming to capture
how PAT reacts under non-steady conditions. Transient testing particularly focuses on assessing the equip-
ment’s performance in the face of rapidly changing work environments, including startup times and speeds,
the time required to switch from one load level to another, and other related parameters. Through detailed
analysis of these aspects, manufacturers can identify potential problem areas and implement corresponding
improvements to ensure that PAT operates efficiently and stably under various operating conditions.

Zhang et al. conducted a study on the transient characteristics prediction of PAT startup using exper-
imental testing methods [121]. As shown in Fig. 21, they recorded the immediate rotational speed changes
of PAT during the startup process, providing direct evidence for understanding behavior at the startup
stage. Fig. 22 illustrates the changes in immediate flow rate during PAT startup. Such meticulous analysis
helps reveal complex flow phenomena during startup, offering guidance for improving startup performance.

Figure 21: Instantaneous rotational speed of pump as turbine Adapted with permission from Ref. [121], Copyright
©2022, Energy Science & Engineering publishing

Figure 22: Instantaneous flow rate of pump as turbine: (a) overall; (b) local Adapted with permission from Ref. [121],
Copyright ©2022, Energy Science & Engineering publishing
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Liu et al. conducted a study on the shutdown process of axial-flow pumps. They used numerical
calculations to simulate and analyze this process. Fig. 23 summarizes the variation of different parameters
over time under two modes, specifically including the relationship between rotational speed (n) and time
(t), head (H) and time (t), inlet flow rate (Qin) and time (t), as well as outlet flow rate (Qout) and time
(t). These charts reveal the dynamic evolution of internal flow conditions in axial-flow pumps during
shutdown, providing important theoretical foundations for understanding and improving performance
during this process. Their numerical calculation results also highlight significant differences in shutdown
characteristics under various operating conditions, which is crucial for ensuring the safe and reliable
operation of pumps [122].

Figure 23: Variation laws of parameters of two modes: (a) n–t; (b) H–t; (c) Qin–t; (d) Qout–t Adapted with permission
from Ref. [122], Copyright ©2017, Advances in Mechanical Engineering publishing

Through the analysis of related studies on PAT performance prediction, the following conclusions can
be drawn:

(1) Importance of integrated approaches
The prediction of PAT performance requires the integrated application of three primary methodologies:

theoretical calculations, numerical simulations, and experimental testing. Each approach possesses distinct
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advantages and limitations, and only through their combined utilization can more accurate results be
obtained. While theoretical calculations enable rapid preliminary assessments, their precision is often con-
strained by simplified model assumptions. CFD technology effectively addresses complex flow phenomena
and provides detailed data such as internal flow fields, yet it necessitates careful selection of turbulence
models and meshing strategies, and discrepancies between computational results and actual conditions may
still persist. Despite being costly and time-consuming, experimental testing plays an indispensable role in
directly validating the accuracy of the aforementioned two approaches.

(2) Integration of traditional and modern technologies
Traditional conversion factor methods based on the best efficiency point and specific speed, despite

certain limitations, lay the groundwork for applying modern technologies such as machine learning. Machine
learning can automatically identify patterns from large amounts of historical data, capture complex nonlinear
system behaviors, and consider multiple influencing factors, thereby enhancing prediction accuracy and reli-
ability. Methods like evolutionary polynomial regression and artificial neural networks demonstrate potential
in PAT performance prediction, while also highlighting the importance of complementary cooperation
between different approaches.

(3) Significance of CFD technology
With advancements in computer technology and algorithms, CFD technology has made significant

progress in handling complex geometries and boundary conditions (including method optimization and
computational efficiency), becoming an indispensable tool for PAT performance prediction. Selecting
suitable turbulence models is critical for ensuring the accuracy of simulation results, while hybrid mesh
methods improve computational efficiency and adaptability. These developments not only deepen the
understanding of PAT’s internal flow characteristics but also provide strong support for optimization design.

(4) Irreplaceability of experimental testing
Despite the valuable insights provided by numerical simulations and theoretical analyses, experimental

testing remains a key step for verifying the accuracy of predictive models, identifying potential problem areas,
and ensuring that final results meet expected standards of reliability and efficiency. Innovative methods such
as transparent test benches and high-speed photography further enhance the capabilities of experimental
testing, allowing researchers to visually observe phenomena that were previously difficult to capture, such as
bubble formation and development processes.

(5) Comprehensive prediction of internal and external characteristics
To comprehensively assess PAT’s performance, both internal flow characteristics (such as pressure

pulsations, cavitation effects, velocity field distribution, turbulent kinetic energy, and vortex distribution)
and external characteristics (including steady-state and transient conditions, startup or shutdown scenarios,
flow-head curves, flow-speed curves, flow-power curves, etc.) must be considered. Combining steady-state
and transient testing methods can more fully reflect the equipment’s performance under various operating
conditions, aiding engineers in making more applicable design decisions.

4 Optimization Design

4.1 Optimal Design of Geometric Structures
After selecting the PAT and conducting detailed performance predictions, if the initial evaluation shows

that its efficiency does not meet expectations or there is potential for optimization, an in-depth exploration
of optimization design is necessary. As a key step to enhance the operational efficiency, reliability, and
economic benefits of PAT, optimization design aims to minimize energy consumption and maintenance costs
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while meeting specific application requirements through systematic improvements. Structural optimization
is the starting point of this process because the internal structure of PAT directly determines fluid flow
characteristics and energy conversion efficiency.

Before embarking on optimization design, selecting the appropriate analytical perspective is crucial.
For instance, the research by Bai et al. revealed that as flow rate increases, the load on the blades decreases
linearly from inlet to outlet, while the net load acting on the blades distributes along the radial position in a
concave parabolic shape. This study indicates that during the design or optimization of hydraulic turbines,
focusing on the inlet and middle regions of the blade profile would be more beneficial [123], providing a new
methodological approach for impeller design or optimization. Additionally, the study by Wang et al. further
deepens the understanding of internal flow fields in PAT. Their findings show that the size and position
of vortices generated at the impeller inlet remain constant during rotation, but the swirl intensity at the
vortex core varies periodically at twice the rotational frequency. These vortices significantly affect pressure
fluctuations in PAT, deteriorating operational stability, especially under low-flow conditions where large axial
vortices lead to greater power losses near the impeller inlet region [124]. These research outcomes not only
aid in understanding the flow field characteristics of PAT but also provide important guidance for blade
optimization design.

Such studies lay a solid foundation for subsequent structural optimization design, not only revealing
key areas for design improvement but also providing general technical pathways. This enables researchers to
more targetedly explore methods for enhancing efficiency, stability, and durability.

From a practical operational perspective, specific optimization attempts and their outcomes by different
researchers on their selected PATs, as shown in Table 4, demonstrate a variety of innovative methods
and technologies. These cases not only highlight the diversity of optimization strategies but also confirm
that significant advancements in PAT performance can indeed be achieved through proper mathematical
modeling, simulation analysis, and experimental validation. For example, by employing advanced com-
putational techniques and optimization algorithms such as the Pareto genetic algorithm, Latin hypercube
sampling, radial basis function neural networks, and adaptive neuro-fuzzy inference systems, researchers
have successfully improved the efficiency of PATs under various flow conditions while enhancing head and
other important performance indicators. These specific optimization examples not only validate the value of
theoretical research but also provide successful experiences and technical references for future PAT designs.

Table 4: Optimization objectives of different researchers, their methods, and results

Source Optimization target Main methods Results

[125] Impeller section Pareto-Based Genetic Algorithm
(PBGA)

Increased PAT mode efficiency by
16.3% under design flow conditions

Latin Hypercube Sampling (LHS)

[126] Impeller section
LHS Improved model efficiency by 5.74%,

head by 4.85%Radial Basis Function (RBF) Neural
network

NSGA-II genetic algorithm

[127] Impeller section

LHS
Adaptive Neuro-Fuzzy Inference

System (ANFIS) Efficiency improvements of 23.7%,
11.5%, and 10.4% at part load, design
point, and overload flow conditions,

respectively

ANN
Generalized Regression Neural

Network (GRNN)
PBGA

(Continued)
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Table 4 (continued)

Source Optimization target Main methods Results

[128] Impeller section
Optimal Latin Hypercube Sampling

(OLHS) Technique
Efficiency increased by 3.8% at Q (BEP)

and 5.72% at Q (1.3BEP); Entropy
generation minimization significantly

reduced or eliminated flow
disturbances in the optimal PAT

Kriging (KRG) Surrogate model
Non-dominated Sorting Genetic

Algorithm II (NSGA-II)

[129] Impeller section (Blade
profile component)

Latin hypercube design of experiments Efficiency improved by 2.91% under
optimal operating conditionsBack propagation neural networks and

genetic algorithms

[130] Impeller section (Blade
component)

LHS Blade efficiency increased by 1.71%,
maximum static stress on blades

reduced by 7.98%
Genetic Algorithm-Backpropagation

(GA-BP) Neural network
NSGA-II algorithm

[131] Impeller section (Blade
meridional plane)

OLHS Energy conversion efficiency increased
by 2.28% under optimal operating

conditions
Genetic algorithm optimized back

propagation neural network

[132] Impeller section Central composite design method Efficiency increased by 7.8%Response surface modeling
[133] Impeller section Simple modification method PAT efficiency improved by 3–3.5%

[134] Impeller section (Guide vane
component)

Fuzzy Logic (FL) Efficiency improved by 2.8%, radial
force effectively reduced by 37.3%Genetic Algorithm (GA)

[135] Impeller section (Blade inlet
angle)

Geometry optimization
Suppressed flow separation, increased

runner torque by 4% under design
conditions

[136] Impeller section (Twisted Blade
Planar Outline)

Support vector machine-high
dimensional model

Simulation efficiency improved by
3.51%, output power increased by 5.3%;

GA Test efficiency improved by 3.4%,
output power increased by 5.1%

[137] Impeller section Forward-curved blades opposite to
Traditional backward-curved blades

Forward-curved blades with shorter
nozzle lengths had higher efficiency
than long backward-curved blades,
increasing efficiency by nearly 5%

[138] High Pressure Side
(HPS) component

Multi-Objective Genetic Algorithm
(MOGA)

Efficiency increased from 92.3% to
92.8% and completely eliminated hump

instability regionSelf-Organizing Maps (SOM)

[139] Optimizing HPS runner Multi-objective optimization
Effectively reduced pressure

fluctuations in the bladeless area by up
to 33.3% in turbine mode

[36] Runner component Improved Particle Swarm Optimization
(PSO) Algorithm

Hydraulic efficiency of PAT increased
to 84.76%, an improvement of 3.93%

Notably, Latin Hypercube Sampling and multi-objective optimization methods seem to dominate the
optimization studies of PATs, being widely applied to enhance key performance indicators such as efficiency,
head, and reduction of power loss. LHS reduces the number of experiments needed with its efficient
parameter space coverage, as shown in Fig. 24. Multi-objective optimization, on the other hand, provides a
range of optimized solutions by addressing conflicting objectives.

Moreover, these two methods are often used in combination and work synergistically with other
advanced algorithms such as genetic algorithms and neural networks. This not only significantly enhances
the design and operational performance of PATs but also provides powerful tools and support for solving
complex engineering problems. This indicates that, in the field of PAT optimization, the adoption of these
integrated methods has become a trend, laying a solid foundation for future research and applications.
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Figure 24: Latin hypercube sampling scatter plot Adapted with permission from Ref. [126], Copyright ©2021, Energy
Reports publishing

During the optimization process, challenges often arise. For instance, when using genetic algorithms,
there are multiple objective functions, making it impossible to determine the efficiency of an individual based
solely on the value of each function. To address this issue and determine individual efficiency, Wang et al.
introduced the expression from Eq. (4) [125].

F (x) = [ 1
1 + ∥x − y∥2

] , (4)

here, x represents any single individual in the population; y represents the Pareto-efficient individual closest
to x; and ∣∣x-y∣∣ denotes the Euclidean distance between x and y.

Although there are various methods for geometric structure optimization, the scope for optimizing the
flow passage components of PAT remains limited. Current research primarily focuses on the optimization
of the impeller and runner components, with less attention given to other parts such as the volute and draft
tube. Moreover, most studies concentrate on using centrifugal pumps as turbines. This suggests that future
efforts should place more emphasis on the optimization of other types of pumps and their components to
achieve comprehensive performance improvements.
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4.2 Optimal Selection of Materials
In addition to geometric structure optimization, the selection and treatment of materials are equally

important. Utilizing high-performance materials such as high-strength alloy steel, stainless steel, or com-
posite materials can not only enhance the corrosion resistance and wear resistance of components [140], but
also reduce weight, lower startup energy consumption, and minimize mechanical losses during operation.
This is because, during the operation of a pump as a turbine, issues such as particle wear, cavitation erosion,
and blade impact fracture frequently arise.

Particularly in practical applications, the working medium often consists of complex heterogeneous
mixtures containing solid particles, bubbles, and other non-uniform components. Such multiphase flows
can lead to unstable and complex flow patterns within the pump, easily triggering vortices, air binding, and
sudden flow pattern changes. For equipment operating under harsh conditions, such as in slurry or sandy
water environments, wear-related issues become especially severe.

Minemura et al. demonstrated that the combined impact effects of solid particles and bubbles accelerate
blade wear progression, particularly under high-velocity and high-concentration conditions, where particle
friction and impact significantly intensify equipment wear, directly resulting in reduced turbine output
power [141,142]. Further studies indicate that in liquid-solid two-phase flows, particle deposition and
imbalances in suspension can induce flow blockages and energy losses [143,144]. The presence of gaseous
components may also trigger cavitation, causing a drop in pump head and efficiency [145]. Additionally,
bubble collapse can generate localized high-temperature and high-pressure conditions, thereby inducing
material corrosion and fatigue failure [146]. Moreover, bubble coalescence and fragmentation exacerbate
pressure pulsations and fluid-induced noise [147,148].

To address the above issues, optimizing surface treatment technology and selecting high-performance
wear-resistant materials are the core solutions. Studies have shown that TiC-CuNi-Cr composite coatings
prepared via high-velocity oxygen fuel (HVOF) spraying on SS316 stainless steel demonstrate significant
advantages in particle wear resistance across various operating conditions [149]. Techniques such as boroniz-
ing [43] and coating [150] can also effectively improve friction characteristics between fluid and solid
surfaces, further reducing energy losses.

Polymer coatings play a critical role in metal surface protection, with graphene incorporation sig-
nificantly enhancing corrosion resistance. A review by Kausar et al. highlights that polymer/graphene
nanocomposites, which block corrosive medium penetration and enhance wear resistance, provide an
innovative approach to pump material surface protection [151].

Friction stir processing (FSP) technology forms composite layers by mechanical stirring. For instance,
FSP treatment of stainless steel powder on magnesium alloy surfaces significantly improves hardness
and corrosion resistance, making it suitable for pumps operating in harsh environments [152]. Surface
oxidation treatments, such as chemical or electrochemical methods, enhance corrosion resistance by
forming protective oxide layers. For example, NiCrAlY powder-coated SS-304 stainless steel exhibits
superior high-temperature oxidation resistance, suitable for high-temperature applications [153]. Sola et al.’s
research demonstrates that nitrogen and nitrogen-carbon co-penetration followed by oxidation treatment
significantly improves corrosion and wear resistance in 42CrMo4 steel under corrosive conditions [154].

Ion implantation technology modifies material surfaces using high-energy ion beams. Kukareko
et al. confirmed that nitrogen ion implantation generates nanoscale nitride particles on austenitic steel
surfaces, significantly enhancing hardness and wear resistance [155]. Additionally, the addition of Y2O3
nanoparticles to WC-10Co-4Cr coatings further improves the microhardness and wear resistance of pump



1288 Fluid Dyn Mater Process. 2025;21(6)

impeller steels [156]. Fe-Cr-Ni-B-C coatings prepared via HVOF technology exhibit excellent cavitation wear
resistance in distilled water environments, offering new directions for pump material selection [157].

Material selection is equally critical. Aluminum matrix composites reinforced with nano-SiO2 signifi-
cantly enhance wear resistance and perform well in dynamic load scenarios like wind turbine blades [158,159].
High-entropy alloys (HEAs), renowned for their mechanical strength and thermal stability, are emerging
as promising materials for cavitation-resistant coatings. For instance, AlCrFeCoNi alloys demonstrate
exceptional cavitation resistance under dynamic impact conditions [160].

Epoxy resin composites with nano-Si3N4 and Al2O3 particles effectively improve corrosion and wear
resistance [161]. The wear resistance of composites is primarily attributed to the hardness and distribution of
reinforcement phases. For example, silicon carbide (SiC) particles in aluminum matrix composites inhibit
micro-cutting and plastic deformation during friction, thereby enhancing wear resistance [162].

In pump equipment, composites are primarily applied to critical components in high-wear and corrosive
environments, such as impellers, bearings, and seals. For instance, the application of carbonized composites
in impellers exhibits good chemical stability [163], and ceramic matrix composites used in lead-bismuth
coolant pump bearings demonstrate excellent resistance to corrosion and wear [164].

Despite extensive research and promising applications, composite materials face challenges. Key issues
include weak interfacial bonding between reinforcement phases and matrix materials, which may cause
delamination or fracture during pump operation. Additionally, high manufacturing costs hinder large-scale
industrial adoption. Future research should focus on optimizing interfacial bonding, developing low-cost
manufacturing techniques, and evaluating long-term performance under extreme conditions.

Blade impact fracture primarily results from fatigue failure under high dynamic loads. Solutions
include using high-toughness materials and optimizing structural designs. Medium-to-high carbon alloy
steels, with their high fatigue strength, are suitable for high-dynamic load conditions. Enhanced toughness
and impact resistance can be achieved through optimized heat treatment processes [165]. High-entropy
alloy/steel composites exhibit superior fracture resistance under high-speed impacts, significantly improv-
ing blade reliability and service life [160]. These materials suppress crack propagation, delaying fatigue
failure progression.

While composites offer superior specific strength and fatigue resistance, interfacial delamination and
impact damage remain unresolved challenges [166,167]. Systematic material optimization is critical. There
are some ways to choose. For instance, segmental sample testing and electrochemical analysis under varying
NaCl concentrations can systematically evaluate corrosion resistance for optimal material selection [168].

During pump-turbine operation, cavitation erosion, particle wear, and blade impact fractures are
primary failure modes. High-performance materials combined with advanced surface treatments can
significantly enhance corrosion resistance, wear resistance, and impact resistance. Optimizing alloy design
and welding techniques further improves component reliability and service life. These measures extend
equipment lifespan, reduce maintenance costs, and improve operational efficiency [169,170].

Despite progress, challenges persist, such as optimizing interfacial bonding strength, achieving uniform
particle distribution in coatings, and developing materials for extreme environments. Future research should
explore novel materials, such as high-toughness nanostructured or gradient materials, to enhance fatigue
resistance. Advanced manufacturing techniques like additive manufacturing and rapid solidification could
also optimize microstructures to prolong fatigue life [171].
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5 Future Prospects
Although there has been significant progress in the type selection, performance prediction, and

optimization design of Pump as Turbine (PAT), there are still some deficiencies that need to be addressed in
the future:

(1) Application of new materials
With the progress in material science, future PAT technology is expected to benefit from the application

of new high-performance materials. For instance, the use of high-strength alloy steel, stainless steel, and
composite materials can not only improve the equipment’s durability and corrosion resistance but also
reduce weight, lower maintenance costs, and extend service life. The development of smart materials like
shape memory alloys and self-healing coatings will further enhance PAT’s reliability and adaptability in
extreme environments.

(2) Application of advanced design methods
The future will see the introduction of more advanced design methods, such as topology optimization,

multi-physics coupling simulations, and AI-based design assistance tools. These new technologies will make
PAT designs more precise and efficient, better meeting the needs of specific application scenarios.

(3) Transparent testing research on internal flow characteristics
Current research lacks transparent test rigs for studying internal flow characteristics of PATs. Such

studies are crucial for a deeper understanding of internal flow mechanisms, especially when complex gas-
liquid two-phase flow phenomena are involved. Transparent test rigs combined with advanced technologies
like high-speed photography allow researchers to directly observe previously hard-to-capture phenomena,
providing valuable data support for theoretical modeling and numerical simulation.

(4) Comprehensive expansion of research
Significant work has been done by researchers on optimizing PATs, mainly focusing on the impeller

components. However, future research should comprehensively cover other key components such as volutes
and draft tubes to achieve overall system optimization. This comprehensive research can not only address
existing bottlenecks but also promote the improvement of industry technology levels, contributing more
wisdom to the development of PAT technology.

6 Conclusions
PAT technology is currently in a rapid development phase, with future breakthroughs expected through

the application of new materials, the development of novel design methods, and widespread adoption in
emerging fields. Facing growing market demand, PAT, with its advantages of high efficiency and energy sav-
ings, will play an important role in various industries. Strengthening research on internal flow characteristics
and expanding focus to all key components will bring broader development prospects for PAT technology.
Therefore, PAT not only possesses significant commercial potential but also serves as an essential tool for
achieving sustainable development goals. This review summarizes current knowledge on PAT as follows:

(1) In terms of pump selection, centrifugal pumps are ideal for small-scale hydropower generation
and industrial energy recovery systems due to their cost-effectiveness. They are suitable for applications
with medium to low head and large flow rates. Twin-screw pumps excel in energy recovery when handling
high-viscosity fluids, ensuring smooth medium transmission and minimizing energy loss, making them
particularly suitable for industries such as chemical and petroleum. Axial-flow pumps are designed for low-
head conditions, like hydroelectric power stations or irrigation systems in plain areas, characterized by large
flow rates and low heads, achieving efficient liquid transport in gentle water flow scenarios. Mixed-flow
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pumps combine the advantages of centrifugal and axial-flow pumps, demonstrating high flexibility and
adaptability in high-head and high-flow environments, suitable for applications requiring a balance between
pressure and flow. Although still in the exploratory stage, plunger pumps have shown significant potential
in precision control and hydrostatic transmission, promising broader application prospects in extremely
precision-demanding scenarios in the future.

(2) In terms of performance prediction for PAT, to enhance the accuracy of PAT performance evaluation
tools, a combination of theoretical calculations, CFD numerical simulations, and experimental testing can
be utilized. Traditional conversion factors, when combined with modern machine learning techniques,
improve prediction accuracy and reliability, while CFD technology is indispensable for dealing with complex
geometries and boundary conditions. Meanwhile, experimental testing plays a crucial role in verifying model
accuracy and identifying problem areas, ensuring the effectiveness of design schemes through practical
operation tests.

(3) In terms of optimization design for PAT, multi-objective optimization methods, such as Latin
Hypercube Sampling and Genetic Algorithms, can enhance the design performance of PAT when used
in conjunction. Geometric structure and material optimization, including the use of high-performance
materials and surface treatments, improve corrosion resistance and wear resistance, reduce weight, and
minimize mechanical losses. These measures collectively advance pump technology and its applications.
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