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A pump as turbine (PAT) is a turbomachine that converts hydraulic energy into electricity. 
One of the study topics in PAT is the efficiency due to centrifugal pumps are not designed 
to operate in reverse mode. Geometric variations of the impeller have been studied in the 
literature. However, it was not possible to evidence the influence of the inclination of the 
blade leading and trailing edge. Therefore, the objective of this work is to analyze 
numerically and fluid dynamically the inclination angle of the blade leading and trailing 
edge of a centrifugal pump, in pump and turbine mode. First, the characteristic curve was 
validated. Then, the inclination of the leading and the trailing edge was modified, in a 
range of 25° to 90°, obtaining head, efficiency, and power graph. As a result, in pump mode 
was evidenced that an angle close to 90° on the blade trailing edge provides a higher 
efficiency of 50.26% and decreases until 40.77% when the angle approaches 30°, reducing 
the head to around 20%, while power remained constant. In turbine mode, an inverse 
effect was obtained, where the maximum efficiency was 60.9% and the generated power 
increased up to 4.76 kW in the blade leading edge. Therefore, the angular variation of the 
leading and the trailing edge is adequate in turbine mode, while in pump mode there is a 
loss of capacity. 
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1. Introduction 
1.1 General Context 
 

A centrifugal pump is a turbomachine that converts the kinetic energy of a fluid into pressure [1]. 
PAT (Pump as Turbine) refers to the reverse operation of a conventional centrifugal pump, i.e., the 
turbomachine receives the pressure energy coming from the water and transforms it into rotational 
mechanical energy, which can be harnessed by connecting a generator in small hydroelectric power 
plants [2]. PATs are adaptable to other renewable energy systems, such as wind and photovoltaic 
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farms. In addition, pumped-storage hydroelectricity, which uses PATs, stabilizes electricity with 
variations from other sources [3,4]. 
 
1.2 Issue and Motivation 
 

The issue presented by PATs is that the turbomachinery is not designed to operate in reverse, 
which is why manufacturers do not report the operating curve in turbine mode [5]. Furthermore, the 
site conditions at the best efficiency point (BEP) in turbine mode are superior to the conditions of 
operation in pump mode. An experimental study conducted by Barbarelli et al., [6] obtained as a 
result a minimum 15% increase in hydraulic head and flow rate for 12 turbomachines analyzed. In 
the same way, Derakhshan and Nourbakhsh [7] showed a 33% increase in head and an 11% in flow 
rate for 11 PATs analyzed. Therefore, the operating conditions in turbine mode were superior to 
pump mode. On the other hand, the efficiency in turbine mode is lower than in pump mode. This has 
been evidenced in numerical and experimental studies, where the turbine mode efficiency was found 
to be 4.9% lower, 1.1%, and 10.8% [8-10]. In contrast, Miao et al., [11], achieved a 4.6% increase in 
turbine mode operation. However, they did not consider the technical operating conditions of the 
turbomachinery. Therefore, based on the research conducted so far, a versatile impeller for 
operation in both flow directions has not been developed. Based on the above, studies focus on 
improving efficiency in turbine mode without affecting efficiency in pump mode. For this purpose, 
investigations have carried out computational fluid dynamics simulations (CFD) to obtain the turbine 
mode operating curve. On the other hand, to evaluate the behavior of the PAT, geometric variations 
in the impeller have been investigated to obtain a versatile impeller for both modes of operation and 
determine its performance. 
 
1.3 State of the Art 
 

Based on the computational simulation, a literature review carried out by Plua et al., [12] showed 
that 80% of the numerical studies were performed in ANSYS software, while the preceding programs 
are FloEFD and OpenFoam with 6%. ANSYS has been widely used software for similar analyses, such 
as in spiral chambers, H-Darrieus turbines, and propeller-type turbines [13-15]. Moreover, 58% of 
the researchers used the 𝑘 − 𝜀 turbulence model, followed by the 𝑘 − 𝜔 − 𝑆𝑆𝑇 model with 27% of 
the application. On the other hand, Barbarelli et al., [5] evaluated 12 radial pumps in both operation 
modes, obtaining the experimental characteristic curve for further studies. Fernández et al., [16] 
validated the characteristic curve with experimental data, using five different BEP flow rates. They 
obtained a maximum relative error of 9%. Yang et al., [8] performed the validation of the 
characteristic curve comparing empirical relationships, obtaining an error of less than 3.33%. Other 
validations found have obtained errors of 12%, 5-10%, 7.41%, and 4%, concerning efficiency [17-20]. 

Regarding the geometrical modification of the impeller, the variation of different parameters in 
the efficiency evaluation has been investigated. Derakhshan et al., [21] modified the leading edge, 
applying a rounding. As a result, the PAT efficiency increased up to 5.5%. Yang et al., [22] used 
different wrap angles. The researchers found that for a specific speed of 46.15, the efficiency reached 
82.04% at 60°. Li et al., [23] varied the blade outlet width obtaining an efficiency of 57.2% for a 13 
mm thick blade. Peng et al., [24] used different blade outlet angles, ranging from 16°-32°. The authors 
found that a better anti-cavitation effect is achieved at 16°. Finally, Sen-Chun et al., [25] modified the 
curvature of the hydraulic profile by employing a genetic algorithm, obtaining a 3.62% increase in 
efficiency. 
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From the studies presented in the state of the art, it was not possible to evidence the influence 
on the angle of inclination of the blade leading and trailing edge and its hydraulic behavior. Therefore, 
how can this variation affect the efficiency, power, and head of a PAT? The objective of this research 
was the numerical analysis of the inclination angle of the leading and trailing edge of the impeller 
blades of a radial flow PAT, in pump and turbine mode. Consequently, computational tools were 
applied to a commercial pump impeller, using concepts of fluid mechanics and fluid-dynamic analysis. 
Finally, this study allowed exploring new parameters that will serve to broaden the scientific field in 
the study of PATs. 
 
1.4 Main Contributions 
 

Considering the review of the state of the art presented above, the main contributions of this 
paper are listed below 

 
i. Clearly supply to the scientific literature with the effects that the modification of the 

angles of the leading and trailing edge has on the performance of a PAT for both operation 
modes, since in the scientific literature most of the efforts have been focused on the 
implementation of rounding in these zones. 

ii. Provide a numerical strategy that allows future research in the field of PAT to predict its 
behavior in turbine mode, starting from the characteristic curve in pump mode, since the 
manufacturers supply such information at the time of acquisition, but do not have the 
characterization of the turbomachine in turbine mode. 

iii. Offer a high level of numerical reliability to the previously mentioned contributions by 
considering within the analysis the GCI methodology based on Richardson's extrapolation 
method, a method that currently offers better results than the classical mesh 
independence study strategies used in most of the studies reported in the field of PAT. 

 
2. Methodology 
 

Figure 1 shows the proposed procedure for the evaluation of the inclination angle of the blade 
leading and trailing edge, in pump and turbine mode. It starts by extracting the BEP data from the 
characteristic curve provided by the pump manufacturer. Subsequently, the impeller and volute are 
modeled. Then, both geometries are discretized. Next, the boundary conditions are established, 
based on the manufacturer's curve. Then, the simulation is validated with the characteristic curve. If 
an error of less than 10% is obtained at BEP, the geometry variation of the blade leading and trailing 
edge is modified. Finally, the boundary conditions are established in turbine mode, and validated and 
the above-mentioned geometrical variation is performed. 
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Fig. 1. General methodology of the proposed investigation 

 
2.1 Study Case 
 

Figure 2 shows the characteristic curve of the commercial pump used, which relates flow rate to 
the head and hydraulic efficiency. The curve highlighted in red, which has a 260 mm diameter 
impeller, was used in this investigation. In addition, 7 points were used in the numerical simulation. 
The schematic pump image is shown on the right. Table 1 shows the BEP data and geometrical 
parameters of the turbomachine, along with the manufacturer's information [26]. The turbomachine 
evaluated in this study was analyzed in a previous publication for obtaining the turbine-mode 
characteristic curve [27]. 
 

 
Fig. 2. Pump characteristic curve and schematic diagram 
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Table 1 
Pump specifications 
Concept Detail 

Manufacturer KSB 
Reference MegaCPK 065-040-250 
Flow Type Radial 
Flow rate at BEP (m³/h) 25.49 
Head at BEP (m) 20.71 
Efficiency at BEP (%) 56.0 
Rotational Speed (rpm) 1450 
Suction Diameter (mm) 65 
Discharge Diameter (mm) 40 
Impeller Inlet Radius 𝑟1 (mm) 32.5 
Impeller Outlet Radius 𝑟2 (mm) 130 
Impeller Shaft Radius 𝑟𝑠ℎ  (mm) 16 
Blade Outlet Width 𝑏2 (mm) 8 
Blades 6 

 
2.2 Computational Modeling 
 

Figure 3 shows the representation of the hydraulic profile of the impeller from a three-
dimensional view. A closed impeller is shown on the left, where the shroud covers the blades. Next, 
in the middle, the computational model of the impeller is presented, without the top cover, where 
the blades are visualized. An outline of lines of different colors can be seen highlighting one of the 
blades. Finally, on the right, it is possible to observe the hydraulic profile or meridional view, 
positioned in a two-dimensional plane. This research focused on the angular variation of the leading 
edge (LE) and trailing edge (TE). Both points are named depending on the operation of the 
turbomachine. The representation of the hydraulic profile is necessary since it is a geometric 
simplification of a three-dimensional plane. 
 

 
Fig. 3. Hydraulic profile from the three-dimensional view of the impeller 

 
The computational modeling was performed in Ansys 2023 R1 software. The BladeDesign module 

was used to generate the hydraulic profile, where the BEP data, water density, rotation speed, and 
the number of blades were provided. The software calculated an approximate control volume of the 
impeller section, volute, and blades. The hydraulic profile is then adjusted to ensure that the 
computational model is close to the real one. Figure 4 shows the result of the computer modeling, 
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where the assembly of the volute, impeller, and blades (left) is shown close to a cross-section, 
exposing the hydraulic profile view (right). 
 

 
Fig. 4. Computational model of the centrifugal pump 

 
2.3 Mesh 
 

In the discretization of the geometry in Figure 4, a mesh study was conducted using the grid 
convergence index (GCI). GCI is based on the Richardson extrapolation method [28]. This method 
allows estimating an exact solution of a fluid-dynamic variable when the number of mesh elements 
tends to infinity. Additionally, it determines an appropriate mesh for further simulations. In the 
literature, studies have been conducted on gravitational vortex turbines, and PATs, analyzing 
variables such as head, torque, and time step [29-31]. 

Table 2 presents the results obtained for the three analyzed meshes in terms of head, efficiency, 
and power, based on the formulation presented in the Richardson extrapolation method. Figure 5 
shows the graphs depicting the convergence behavior of the extrapolated variable concerning the 
representative grid size. After analyzing the Richardson extrapolation, it was determined that a mesh 
of 1,024,849 elements was a suitable option due to GCI lower than 0.5%. The chosen mesh has slight 
deviations from the Richardson extrapolation solution, but it still effectively reduced the 
computational time. 
 

 
Fig. 5. Mesh independence of head, efficiency, and power 
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Table 2 
Results for the mesh independence using the Richardson extrapolation method  
Concept Head Efficiency Power Detail 

𝑁1  2,314,498 2,314,498 2,314,498 Fine mesh  
𝑁2  1,024,849 1,024,849 1,024,849 Medium mesh  
𝑁3  454,976 454,976 454,976 Coarse mesh 
ℎ1  0.00756 0.00756 0.00756 Fine representative grid size 
ℎ2  0.00992 0.00992 0.00992 Medium representative grid size 
ℎ3  0.0130 0.0130 0.0130 Coarse representative grid size 
𝑟21  1.311 1.311 1.311 Refinement factor (≥ 1.3) 
𝑟32  1.311 1.311 1.311 Refinement factor (≥ 1.3) 
𝜙1  21.430 59.319 2490.8 Analyzed variable 
𝜙2 21.439 59.614 2490.0 Analyzed variable 
𝜙3  21.930 60.907 2484.0 Analyzed variable 
𝑝  5.896 5.451 7.420 Apparent order 
ea

21 (%)  0.464 0.496 0.032 Relative error of analyzed variable 
ea

32 (%) 2.290 2.169 0.241 Relative error of analyzed variable 
𝜙𝑒𝑥𝑡

21   21.315 59.232 2490.923 Extrapolated value for ℎ = 0 
𝜙𝑒𝑥𝑡

32  21.314 59.230 2490.929 Extrapolated value for ℎ = 0 
eext

21  (%)  0.117 0.146 0.005 Relative error considering extrapolated value 

eext
32  (%)  0.586 0.647 0.037 Relative error considering extrapolated value 

𝐺𝐶𝐼12 (%)  0.146 0.183 0.006 Fine-grid convergence index 
𝐺𝐶𝐼32 (%)  0.728 0.804 0.047 Coarse-grid convergence index 
𝐺𝐶𝐼  1.004 1.003 1.011 The value must be ≈ 1.0 

 
The mesh was developed in the Meshing module of Ansys 2023 R1. Figure 6 shows the mesh 

selected in the Richardson extrapolation method. It is possible to see the impeller and volute, 
showing a close-up of details in cross-sections of the mesh assembly. Table 3 illustrates the mesh 
statistics and metrics, which relate to the minimum quality required by the Ansys-CFX solver [32]. 
 

 
Fig. 6. Meshing of the impeller and volute control volume 
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Table 3 
Mesh statistics and metrics 
Elements Metrics  

Volume Nodes Elements Concept Value 

Impeller 124,104 601,182 Aspect Ratio 10.725 
Volute 84,953 423,667 Expansion 17 
Total 209,157 1,024,849 Orthogonal Quality 0.193 

 
2.4 Governing Equations and Boundary Conditions 
 

The turbulence model used in this study was 𝑘 − 𝜀. This model solves two separate transport 
equations by considering the turbulent kinetic energy 𝑘 and dissipation 𝜀 as unknowns. In addition, 
it considers the time-averaged fluid velocity [33]. Eq. (1) to Eq. (3) expresses the formulation of the 
stationary 𝑘 − 𝜀 model with its respective constants. 
 
𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜌𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝜌𝜀          (1) 

 
𝜕(𝜌𝜀𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜌𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
 𝑃𝑘 − 𝐶2𝜀𝜌

𝜀2

𝑘
         (2) 

 

μt = 𝜌𝐶𝜇
𝑘2

𝜀
=

1

2
(

𝜕𝑢𝑗

𝜕𝑥𝑖
+

𝜕𝑢𝑖

𝜕𝑥𝑗
)            (3) 

 
Eq. (4) to Eq. (6) defines the turbulent kinetic energy and turbulent energy dissipation tensors, 

where the divergence operator is represented by the symbol 𝛻 and u is the fluid velocity vector. A 
finite element analysis (FEA) can be applied to solve the system of equations. The 𝑘 − 𝜀 turbulence 
model is used to predict the flow behavior in bulk regions [34]. 
 
𝜌(𝒖 · 𝛻)𝒖 = 𝛻 · [−𝑝𝑰 + (𝜇 + 𝜇𝑇)(𝛻𝒖 + 𝛻𝒖𝑇)]
𝛻 · 𝒖 = 0

         (4) 

 

𝜌(𝒖 · 𝛻)𝑘 = 𝛻 · [(𝜇 +
𝜇𝑡

𝜌𝑘
) 𝛻𝑘] + 𝑃𝑘 − 𝜌𝜀          (5) 

 

𝜌(𝒖 · 𝛻)𝜀 = 𝛻 · [(𝜇 +
𝜇𝑡

𝜌𝜀
) 𝛻𝜀] + 𝐶1𝜀

𝜀

𝑘
 𝑃𝑘 − 𝐶2𝜀𝜌

𝜀2

𝑘
         (6) 

 
The 𝑘 − 𝜀 turbulence model has been used in this simulation because of its cost ratio, numerical 

results, and simulation efficiency, although it requires more mesh points and does not adequately 
capture the phenomena in the near-wall regions [35]. However, it is useful for free shear layer flows 
with small pressure gradients, while for larger gradients the accuracy of the results is reduced [36]. 
Several authors have used the 𝑘 − 𝜀 model because of the approximation with experimental results. 
Using the efficiency parameter, errors of 12% have been evidenced, 10%, and 4%, so using this model 
in centrifugal pumps is acceptable [17,37,38]. 

Two domains were configured: static for the volute and rotational for the impeller. The type of 
analysis was stationary. The relative pressure, set at 0 kPa, was selected as the input variable. The 
output variable was the mass flow rate, over the points of the characteristic curve. The density of 
water was 997.1 kg/m³, at 25°C, considering an isothermal process [39]. The impeller rotation speed 
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was 1450 rpm. The interface was Frozen Rotor, used for rotating turbomachines [40]. The residual 
value was 1×10-6 and 1,000 iterations. 

To construct the characteristic curve, Eq. (7) and Eq. (8) were set in the software. Using Eq. (7), 
the head 𝐻 (m) in both operation modes was determined by relating the outlet pressure 𝑃𝑜𝑢𝑡𝑙𝑒𝑡 (Pa) 
and inlet pressure 𝑃𝑖𝑛𝑙𝑒𝑡 (Pa) of the flow concerning the density 𝜌 (kg/m3) and gravity g (m/s2) [41,42]. 
Eq. (8) was used to calculate the efficiency in turbine mode 𝜂𝑡 (%) by relating the shaft power 𝑃 (kW) 
to density, gravity, head, and flow 𝑄 (m3/s) [43,44]. 
 

H =
𝑃𝑜𝑢𝑡𝑙𝑒𝑡−𝑃𝑖𝑛𝑙𝑒𝑡

𝜌𝑔
             (7) 

 

ηt =
𝑃

𝜌𝑔𝐻𝑄
              (8) 

 
2.5 LE and TE Variation 
 

After validating the behavior in pump mode, the inclination of the LE and TE was modified. Figure 
7 presents the blade geometry scheme, together with the angle that was modified in pump or turbine 
mode, according to the flow direction. The view of the hydraulic profile is detailed, where it is shown 
in variable angle 𝜃. The first variation (left) was denoted as shroud LE and shroud TE in turbine mode. 
Also, it is possible to visualize one blade, together with a zoom that exposes the modified geometrical 
condition. The range varied for this case was 25°, 35°, 45°, 56.6°, 70°, and 90°, while the other angles 
were kept fixed at 90°. The other modifications were the variation of shroud TE in pump mode 
(shroud LE in turbine), and hub TE in pump mode (hub LE in turbine), where both were developed for 
values of 30°, 45°, 60°, 75°, and 90°, keeping the opposite angle of 25° fixed. 
 

 
Fig. 7. Geometrical variation of LE and TE in both PAT operating modes 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 105, Issue 1 (2023) 166-183 

175 
 

2.6 Turbine Mode 
 

The boundary conditions in turbine mode change concerning the inlet and outlet, where these 
two conditions are reversed. In a previous study by Vásquez et al., [27], the BEP was calculated as H 
= 56.79 m, 𝑄 = 49.99 m³/h, and 𝜔 = 1382 rpm. Based on the above, the inlet boundary (volute outlet) 
was used as mass flow, the outlet boundary (impeller inlet) as pressure, and the rotation at 1382 
rpm. Upon validation of the above conditions, LE and TE were modified, as discussed in section 2.5. 
 
3. Results and Discussion 
3.1 Pump Mode 
 

The numerical results in pump mode are compared with the manufacturer's experimental curve, 
while in turbine mode were compared with the theoretical calculations of the previous study [27]. 
Figure 8 shows the comparison between the manufacturer's characteristic and the numerical curve. 
The head and efficiency curves are above the manufacturer's curve, while the power is below. At the 
BEP, CFD results were as follows: efficiency 59.52%, head 21.44 m, and power 2.49 kW. The trend of 
the head curve is decreasing, the efficiency curve is concave downward, and the power curve is 
increasing. It could be noticed that at 35 m³/h, the maximum relative error is 16.00% and the absolute 
error is 7.20%. On the other hand, the minimum relative error is 5.45% and the absolute error is 
3.00%, at the previous point. In the BEP, the relative error in efficiency was 6.29% and the absolute 
error was 3.52%. As the points outside the BEP were analyzed, both parameters tend to increase. 
Finally, error bars were plotted on the manufacturer's efficiency curve, equivalent to a relative error 
obtained of 6.29%. This error is due to various factors, such as stationary simulation approach, mesh 
refinement, turbulence model, absence of thermal effects, and blade modeling. 
 

 
Fig. 8. Experimental and numerical characteristic curve [27] 

 
Figure 9 shows the pressure and velocity contours of the fluid dynamic validation in the BEP, in 

the cross-section view, meridional view, blade-to-blade view, leading edge, and trailing edge. On the 
left, pressure contours of the PAT are observed. Pressure is in the range of 75.8 kPa to 313 kPa. In 
the suction, the pressure decreases to a value close to 75.8 kPa just as the fluid enters the impeller, 
and gradually increases in the volute to 313 kPa. However, the meridional view and blade-to-blade 
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view (allow for identifying the pressure behavior along the impeller) present maximum values close 
to 250 kPa, because the volute is the element in charge of receiving the kinetic energy of the impeller 
to transform it into pressure energy. The maximum pressure reached near the LE region was close to 
100 kPa. This was due to the atmospheric pressure inlet condition. The pressure located at TE was 
around 250 kPa due to the interface between both components of the machine. 
 

 
Fig. 9. Pressure and velocity contours in pump mode 

 
On the right, velocity contours of the PAT are observed. Velocity is in the range of 0 m/s to 14 

m/s. As the fluid enters the impeller, the velocity increases sharply to 14 m/s, due to rotation. Next, 
velocity suddenly decreases due to the energy transformation into pressure energy. The meridional 
view and blade-to-blade view present intermediate values close to 7 m/s. The LE and TE region 
obtained a velocity between 5 and 7 m/s. When the fluid enters the volute, the velocity decreases, 
being inverse to the pressure. 

Figure 10 shows the behavior of inclination angle variation in LE and TE concerning head, 
efficiency, and power variables in pump mode. Due to the shroud LE having a special variation, the 
comparison point of 25° coincides with the simulation conditions of 90° for TE. An increasing trend 
in head and efficiency could be observed, which increases from 30° up to 90° by 16.4% and 17.6% 
more head pumping capacity in shroud TE and Hub TE. However, radial impellers are manufactured 
at 90°. On the other hand, the shroud LE curve has a behavior with negligible variations until 2.8%. 
With this, it can be stated that the impact on the behavior of the turbomachine in pump mode is not 
slightly affected by varying the LE while modifying the TE producing a decrease in the pumping 
capacity of the centrifugal pump. This behavior is similar in efficiency, where the curves have the 
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same trend. In this case, shroud TE and Hub TE had a difference of 17.6% and 18.9%, and 2.7% in 
shroud LE. 

On the other hand, although there were minimal variations in the power curve, these are 
negligible when compared to the shaft scale. The maximum power difference was 1.6% in hub TE. 
Therefore, the power was not affected by the geometrical modification of LE and TE. 
 

 
Fig. 10. Inclination angle variation in LE and TE concerning head, efficiency, and power in pump 
mode 

 
3.2 Turbine Mode 
 

Figure 11 shows the numerical characteristic curve in turbine mode. The numerical results were 
compared based on the calculation performed in a previous study [27]. The head and power curve 
have an increasing trend, while the efficiency is concave downward, as in pump mode. Analyzing, if 
a higher mass flow rate is introduced, the pump could deliver more power, but the efficiency would 
decrease, so the energy conversion would not be appropriate. Therefore, it is preferable to operate 
the PAT at points close to the BEP. On the other hand, a flow rate lower than 18 m³/h and higher 
than 60 m³/h presents efficiencies from 5% to 80% lower. At the BEP, the power was calculated as 
3.12 kW, a maximum efficiency of 50.49%, and a head of 51.65 m, which represents a relative error 
of 9.95% and an absolute error of 5.14 m. 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 105, Issue 1 (2023) 166-183 

178 
 

 
Fig. 11. Numerical curve in turbine mode [27] 

 
Figure 12 shows the pressure and velocity contours in the cross-section view, meridional view, 

blade-to-blade view, LE, and TE. On the left, pressure contours of the PAT are observed. Pressure is 
in the range of 56 kPa to 546 kPa. In the suction until the impeller, the pressure decreases to a value 
from 546 kPa to 400 kPa and gradually decreases to 56 kPa while the fluid flows through the blades. 
In this mode, pressure is lower than pump mode. However, the meridional view and blade-to-blade 
view present maximum values close to 400 kPa, because the pressure of the fluid is transformed into 
kinetic energy by the impeller. The maximum pressure near the LE region was close to 400 kPa due 
to the interface between both components of the machine. The pressure located in TE was around 
100 kPa due to the atmospheric pressure outlet condition. In comparison with Figure 9, the maximum 
pressure experienced by the PAT was 42% higher. However, the hydraulic head required at the BEP 
was 2.7 times higher. On the right, velocity contours are observed. Velocity is in the range of 0 m/s 
to 30 m/s. As the fluid enters the impeller, the velocity increases sharply to 30 m/s in LE. Next, velocity 
suddenly decreases due to the energy transformation into mechanical energy. The meridional view 
and blade-to-blade view present intermediate values close to 5 m/s. The TE region obtained a velocity 
between 5 and 7 m/s. In comparison, velocity on the blade surface was 28% lower to pump mode. It 
was due to the rotational velocity being 1382 rpm. However, velocity in turbine mode was 2.14 times 
higher than in pump mode. 
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Fig. 12. Pressure and velocity contours in turbine mode 

 
Figure 13 shows the behavior of inclination angle variation in LE and TE concerning head, 

efficiency, and power variables in turbine mode. Because shroud LE had a special variation, the 
comparison points of 25° coincide with the simulation conditions of 90° for LE. A decreasing trend 
could be observed concerning all three variables when the angle increased. This contrasts with the 
results in pump mode because the LE inclination causes the system to be more efficient, and more 
power can be obtained. However, it is possible to observe that an angle of less than 45° increases the 
hydraulic head of the turbine, which would require a higher site for installation in a practical case. In 
conclusion, the head increased to 6.83% and efficiency until 7.74% when the angle decreased, while 
the power was 13.38% greater. Therefore, reducing the angle in all cases makes the PAT suitable for 
generating electricity, but in pump mode would be unfeasible. 
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Fig. 13. Angle variation in LE and TE concerning head, efficiency, and power in turbine mode 

 
4. Conclusions 
 

In order to guarantee the fluid-dynamic results, the commercial pump simulations were 
compared with the experimental characteristic curve provided by manufacturer, getting a relative 
error of 6.29% in efficiency at the BEP, which is lower than the 10% proposed. Therefore, it provided 
us the possibility of analyzing the turbomachine in turbine mode and the modifications proposed to 
the blade leading and trailing edge angles, due to the numerical reliability reached. 

Geometric modifications in pump mode produced a decrease in pumping capacity for cases 
where the angle was less than 90° at the trailing edge. The efficiency at 30° decreased to 17.6%. On 
the other hand, the variation of the leading edge was 2.8%, so the variation is negligible. Therefore, 
in pump mode, modifying the inclination of the trailing edge causes the turbomachine to lose 
hydraulic efficiency, and the leading edge does not have a relevant effect. 

In turbine mode, when the angle decreases to 30°, the power increased 13.38%. On the other 
hand, the efficiency increases up to 7.74%. However, the hydraulic head required for a practical 
installation increased by 6.83%, which extends between 30° and 45°. Therefore, the impeller 
modification is valid for an angle greater than 45°. 

It was evidenced that the geometrical modifications in the leading and trailing edges caused an 
inverse behavior in both operation modes. Reducing the angle in all cases makes the PAT suitable for 
generating electricity, but in pump mode would not be effective. 
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