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Abstract: The high price of purpose-made turbines always represents an active challenge when
utilizing pico- and micro-hydropower resources. Pumps as turbines (PATs) are a promising option to
solve the problem. However, the selection of a suitable pump for a specific site and estimating its
performance in the reverse mode are both major problems in the field. Therefore, this paper aims
to develop generic mathematical correlations between the site and the pump hydraulic data, which
can be used to select the optimal operation of the pump as a turbine. A statistical model and the
Pearson correlation coefficient formula were employed to generate correlations between the flow rate
and the head of the pumps with the sites. Then, Ansys CFX, coupled with SST k-ω and standard k-ε
turbulence models, was used to analyze the performance of the PAT. The analysis was conducted in
terms of flow rate, pressure head, efficiency, and power output. The numerical results were validated
using an experimental test rig. The deviations of the proposed correlations from the statistical model
were found to be in the range of −0.2% and 1.5% for the flow rate and ±3.3% for the pressure head.
The obtained numerical outputs using the standard k-ε turbulence model strongly agreed with the
experimental results, with variations of −1.82%, 2.94%, 2.88%, and 1.76% for the flow rate, head,
power, and efficiency, respectively. The shear stress transport (SST) k-ω turbulence model showed
relatively higher deviations when compared to standard k-ε. From the results, it can be concluded that
the developed mathematical correlations significantly contribute to selecting the optimal operation of
the pump for power-generating applications. The adopted numerical procedure, selected mesh type,
turbulence model, and physics setup provided good agreement with the test result. Among the two
turbulence models, the standard k-ε performs better in estimating the pressure head, output power,
and efficiency of the PAT with less than 3% errors when compared to experimental results.

Keywords: mathematical correlation; performance prediction; pump as turbine; pump selection;
statistical model; turbulence models

1. Introduction

Nowadays, global attention has turned towards the development of renewable and
sustainable energy solutions as a strategy to reduce greenhouse gas emissions and promote
consistent development. Particularly in rural areas of emerging countries, the availability of
electricity is still in its early stages of development [1]. Among the various renewable energy
sources, pico and micro-hydropower schemes have emerged as effective and practical
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alternatives for rural electrification [2]. However, in developing countries, the high price of
custom-made turbines remains a major problem. From the economic perspective, pumps
as turbines (PATs) represent a promising solution to generate power from low-head water
sources [3,4].

Hydraulic pumps are primarily designed to increase water pressure and transport
fluids from one place to another, regardless of elevation difference [5]. In addition to
their primary functions, pumps can also function as a power-generating machines when
operated in reverse mode. PATs can also be implemented in pressure reduction [6], reverse
osmosis [7], and energy recovery systems within irrigation and manufacturing industries [8].
Centrifugal PATs operate on the same principles as Francis turbines, with water entering
radially and exiting axially along the axis [9]. When compared to custom-made turbines,
pumps offer several advantages, including market availability, lower investment cost, ease
of manufacture, and a wide operating range [10]. Unfortunately, selecting and estimating
the capacity of a pump for power-generating applications pose challenges in this field [11].

Previous studies have primarily focused on investigating the performance of PATs
through the utilization of numerical and experimental models. Computational fluid dy-
namics (CFDs) models have been employed to study flow conditions for PATs operating
in parallel and single modes [12]. In order to validate the numerical results, experimen-
tal tests were conducted at speeds ranging from 200 to 1150 rpm. A. Bozorgi et al. [13]
utilized NUMECA software version 3.1.1 to examine the characteristics of an industrial
axial pump, while Jianxin Hu et al. [14] investigated the impact of rotating speed on the
transient hydrodynamic behavior of a PAT. Their research results indicated that the higher
rotating speeds have an impact on the overall performance of PATs. Ansys CFX was em-
ployed in the study of CFD-based performance analysis [15] and the slip phenomenon [16].
M Sambito et al. [17] focused on the benefits of determining the optimum position of PATs.
They divided the impeller of a centrifugal pump into six regions to analyze the energy
conversion characteristics of a turbine using Ansys-Fluent [18]. The behavior of the pres-
sure distribution when PATs were installed in a water distribution network was analyzed
using computational fluid dynamics [19]. The results revealed that pressure fluctuations
vary along the circumferential and the whole flow path direction. S. Barbarelli et al. [20]
presented a statistical method for selecting a PAT in a micro-hydropower application. How-
ever, the study did not identify the broader relationship between the site and pump data to
establish a general correlation.

Several research works have extensively investigated the performance prediction of
pumps operating as a turbine [21]. However, the challenge of pump selection, which is a
significant aspect in this field, has not been widely addressed. To the best of our knowledge,
there is no known correlation between the site and pump hydraulic data. Therefore, this
paper aims to develop novel mathematical correlations that relate site and pump data,
encompassing both the available and required information. Furthermore, the external
performance curves were developed through numerical and experimental methods (i.e.,
flow capacity vs. pressure head and flow capacity vs. efficiency) to analyze the performance
of the pump as a turbine.

This paper is structured into four sections. In the introduction, we give a general
description of a PAT, an overview of the related papers, the current status of the technology,
research gaps in the study area, and the purpose of this research. The Section 2 presents the
procedures for pump selection, the development of a numerical model, and the execution
of the experiments. The Section 3 presents the findings of the study. Lastly, the Section 4
summarizes the main achievements and findings of the investigation.

2. Materials and Methods
2.1. Pump Selection

The selection of a pump for a specific application depends on various factors, including
initial cost, efficiency, ease of installation, maintainability, and availability in the local
market [22]. The site conditions (i.e., pressure head and flow capacity) are the primary
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factors in determining the type of pump suitable for the intended application. Pumps
available in the market are designed to perform optimally at specific values of head and
flow, known as the best efficiency point (BEP). A statistical model can be used to select the
specific type of pump for the required application. The model allows for the determination
of the flow rate coefficient, Equation (1), and the head coefficients, Equation (2) [23].

CQ =
QT
QP

(1)

CH =
HT
HP

(2)

where CQ is the ratio between the flow rate of the pump in reverse and direct modes, QT
is the flow rate of the PAT (m3/s), QP is the flow rate of the pump (m3/s), CH is the ratio
between the head of the pump in the reverse and direct modes, HT is the head of the PAT
(m), and HP is the head of the pump (m).

The desired specific speed of the site can be calculated based on the two known pieces
of hydraulic information, namely the pressure head (Hsite) and flow rate (Qsite) of the
site. This calculated value will be equivalent to the available specific speed of the pump
operating as a turbine (nst), which is defined as Equation (3) [24]:

nst = nt

√
QT

H
3
4
T

(3)

where nt is the rotational speed (rpm).
According to O.J. Mdee et al. [25], the specific speed of the pump in reverse mode (nst)

changes linearly with the pump in the direct mode (nsp), as shown in Equation (4).

nsp = 1.125nst + 1.73 (4)

The relationship between the specific speed of the pump and the two conversion
factors (CQ and CH) for the tested data in both the direct and reversed modes of over 80
pumps can be found in [26]. The relationship between nsp with CQ and CH was established
based on a sample of 26 pumps [23]. With these relationships established, the flow capacity
and head of the pump can be determined using Equations (1) and (2).

By using QP and HP as the input parameters, the pump for the suggested purpose
can be selected from the performance chart of the pump manufacturer’s catalog. The steps
involved in selecting the pump as a turbine are summarized in Figure 1. The pressure head
and flow rate of the site serve as the two input parameters to select the optimum pump.

Table 1 presents the calculated result obtained using the statistical model and the
detailed procedure described above for the selected site. According to the analysis, the
recommended pump for this particular site should have a flow rate of 0.00682 m3/s
(24.5 m3/h) and a head of 16.5 m at the BEP.

Table 1. Calculation results using a statistical model.

Parameter Qsite [m3/s] Hsite [m] nst nsp CQ CH QP [m3/s] HP [m]

Values 0.00833 27 15.41 19.06 1.22 1.64 0.00682 16.46

In order to draw a general conclusion regarding the correlation between the site and
pump data, the statistical procedure was repeated for an additional 12 sample sites with
varying head and flow rate ranges. The head values ranged from 10 to 120 m, while the
flow rates ranged from 0.0027 to 0.0333 m3/s. The relationship between the site and pump
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data was established using the Pearson correlation coefficient formula [27]. The simplified
form of the formula is given in Equation (5).

r = ∑ xy√
∑ x2∑ y2

(5)

where r is Pearson’s correlation coefficient.
∑xy is the sum of the product of the site and pump data, having the following form.

∑ xy = ∑ xy− (∑ x)(∑ y)
n

(6)

where ∑x is the total of the site data, ∑y is the total of the pump data, and n is the quantity
of the information. In Equation (5), ∑x2 and ∑y2 are the sum of the square of the site and
pump data and can be defined as Equations (7) and (8).

∑ x2 = ∑ x2 − (∑ x) 2

n
(7)

∑ y2 = ∑ y2 − (∑ y) 2

n
(8)
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2.2. Numerical Model

In order to conduct the numerical simulation of the pump in reverse mode, several
essential input parameters are required. These include the head of the pump (HP) at 16.5 m,
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the flow rate of the pump (QP) at 24.5 m3/h, the number of blades (Z) set to 6, and the
blade tip diameter (D2), specified as 160 mm.

For estimating the performance of the pump in the reverse mode, a three-dimensional
(3D) model of both the stationary and rotating parts of the pump was generated. This was
achieved using the centrifugal pump design (CPD) module available in Ansys software 2022
R1 [28]. Furthermore, the impeller of the pump was further specified using BladeGen [29].
The irregular mesh was then transformed into a regular mesh with an appropriate mesh
size, as illustrated in Figure 2.
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The stationary volute of the pump was meshed using the Ansys Mesh tool, utilizing
both the unstructured and structured meshing techniques, such as Turbo-Mesh and ICEM
CFD [30]. The boundary of the blade, as well as the inlet and outlet of the volute, were
refined to meet the requirements of a dimensionless wall distance (y+). In addition to mesh
resolution, the value of y+ is dependent on factors such as the distance from the wall to
the cell center (y), fluid density (ρ), molecular viscosity (µ), and the wall shear stress (τw)
(Equation (9)). For the k-ε and SST k-ω turbulence models, the near boundary wall should
have a y+ value of around 200 [16] and ≤100 [16,31], respectively.

y+ =
y
µ

√
ρτw (9)

The quality of the mesh was assessed using mesh metrics, such as aspect ratio, skew-
ness, and orthogonal quality. The individual components of the domain displayed favorable
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mesh quality, with an average skewness value of 0.02283 and an average orthogonal qual-
ity value of 0.98617. Furthermore, the main components exhibited an average aspect
ratio of 1.1347. These values suggest that excellent mesh quality was provided across
all components.

In order to assess the impact of grid size on the simulation results, six different grid
numbers were used in the simulations. Among them, the fifth mesh, which consisted
of 668,266 elements, was further refined by 31.5%. Despite this refinement, the results
indicated only minimal deviations of approximately 0.05% and 0.06% in terms of the head
and efficiency of the PAT, respectively (Figure 3). Based on these findings, a mesh size of
approximately 700,000 was considered suitable for performing the numerical calculation.
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The physical model used in the solver employed the finite volume method with
a second-order spatial discretization scheme for the convection terms in the governing
equations. In the study conducted by J. Hu [31], the contribution of heat transfer was
deemed negligible; thus, the energy conservation equation was not included. Thus, the
continuity, Equation (10), and momentum, Equation (11), were used to govern the model,
as described in [2,11].

In order to ensure the accurate convergence of the numerical simulations, a relative
error criterion of less than 0.000001 was set. In addition to the standard k-ε, which is based
on model transport equations for the turbulence kinetic energy (k) and its dissipation rate
(ε) [2], the SST k-ω turbulence model was employed due to its ability to account for the
transport of the principal shear stress within boundary layers under adverse pressure
gradients [31].

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (10)

∂ρui
∂t

+
∂

∂xj

(
ρuiuj

)
+

∂p
∂xi

=
∂

∂xj

(
τijτ

R
ij

)
(11)

In Equations (10) and (11), the variable u represents velocity (m/s), ρ represents density
(kg/m3), and τij is the viscous shear stress tensor (N/m2); it is related to the strain rate via

τij = µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)
(12)
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Following the Boussinesq assumption, the Reynolds stress tensor is defined by Equation (13):

τR
ij = µt

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)
− 2

3
ρkδij (13)

δij represents the Kronecker delta function, which is equal to one when i = j, and zero
otherwise. µ is the dynamic viscosity coefficient (kg/(m·s), k represents the turbulent kinetic
energy (J/kg), and µt is the turbulent eddy viscosity coefficient, defined in Equation (14):

µt = fu
Cµρk2

ε
(14)

where Cµ is a scalar function that generally depends on the strain rate and vorticity ten-
sors [32], ε represents turbulent dissipation (m2/s3), and fu is a turbulent viscosity factor,
which is defined in Equation (15).

fu =
[
1− exp

(
−0.0165Ry

)
]

2·
(

1 +
20.5
RT

)
(15)

with RT = ρk2

µε and Ry =
ρ
√

ky
µ , where y is the distance from the wall.

In Figure 4, the first boundary condition (A) is set at a total pressure of 0 atm, while
the second boundary condition (E) is defined as the mass flow rate at the outlet [2,31].
The interface between the rotor and stator is denoted as (C). The remaining boundary
conditions are applied to the rotating impeller (B) and stationary volute (D). For the
numerical simulation, water is chosen as the working fluid, with a temperature of 25 ◦C and
a density of 997 kg/m3. The simulation utilizes a pressure-based solver, and an operating
pressure of 101 kPa is set as the basic configuration for the numerical calculations.
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2.3. Experimentation

The experimental investigation aimed to validate the accuracy of the numerical results,
and its setup (Figure 5) included the following components:

1. Pump: a pump with a power rating of 3 hp, a maximum head of 340 m, and a
maximum flow rate of 30.0 m3/h was utilized to supply the required flow for the
system. The inlet and outlet flange has an internal diameter of 50 mm;

2. Pump as a turbine (PAT): another pump, specifically chosen to function as a turbine,
was incorporated into the experimental setup. The specific parameters of this pump
were described in Section 2.2 of this study. In order to ensure smooth water circulation,
the PAT was positioned above the water tanks;

3. Piping System: Polypropylene random copolymer (PPR) pipes were used to circulate
the water in the experimental setup. A bypass pipe was installed in the system to
control excess flow, and reducers and expanders were utilized to connect pipes with
different diameters;

4. Water Tanks: water tanks with sufficient capacity were used as water reservoirs in
the experimental setup. The two tanks were connected via pipes at the sidewall to
maintain an optimal water level within the primary tank;

5. Flow Control: two gate valves, located in the main line and bypass pipes, were used
to regulate the flow rate since the feed pump did not have its flow control mechanism.
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The system was securely fixed to the wall and the ground to absorb any shock during
the performance of the experiment.

The experimental test rig also included two pressure gauges with a range of 0–16 bar
and an error of 0.5%, a digital flow meter with a range of 0–40 m3/h and an error of 0.4%,
a tachometer with a range of 0–4000 rpm and an error of 0.05%, and a force meter with a
range of 0–50 N and an error of 0.25%, which were each utilized to measure the head, flow
rate, rotational speed, and force, respectively. In order to determine the total error (ES) of
the measuring system, Equation (16) was employed.

ES =
√

E2
Q + 2E2

H+E2
n + E2

F (16)

where EQ is the flow meter error, EH is the pressure gauge error, En is the tachometer error,
and EF is the force meter error.
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After obtaining the required numerical values, the input power (pin), output power
(pout), and efficiency (η) of the PATs were calculated using Equations (17)–(19):

Pin = ρgQtHt (17)

Pout = τω (18)

η =
Pout

Pin
(19)

where ρ represents the density of the fluid (kg/m3) (i.e., water at a standard condition), g is
the gravitational constant (m/s2), Qt is the flow rate (m3/s), Ht is the head of the PAT (m),
τ is shaft torque (N m), and ω is the angular velocity (rad/s).

In order to ensure the accuracy of the experimental data, the average of 10 repeated
measurements was recorded for each parameter. Furthermore, a first-order uncertainty
analysis was conducted using the constant odds combination method, which is based on
a 95 percent confidence level, as described in reference [33]. The uncertainties associated
with flow rate, pressure head, power, and efficiency were determined to be 3.1%, 3.2%,
2.4%, and 3.5%, respectively. These uncertainties account for the variability and potential
errors in the experimental measurements.

3. Results and Discussion
3.1. Correlation between Site and Pump Hydraulic Data

The results presented in Table 2 show the relationship between the flow rate of the site
(Qsite) and the pump (QP), along with other parameters, such as the specific speed of the
pump (nsp), the specific speed of the PAT (nst), and the coefficient of flow rate (CQ). The
data indicate a correlation between the flow rate of the site and the pump, with a coefficient
of flow rate ranging from approximately 1.21–1.23.

Table 2. The relationship between the flow rate of the site and the pump.

Qsite[ m3

s ] nst nsp CQ QP[ m3

s ]

0.00277 18.71 22.78 1.21 0.00228
0.00555 15.75 19.45 1.21 0.00458
0.00833 15.41 19.06 1.22 0.00682
0.01111 14.24 17.75 1.22 0.00910
0.01388 13.25 16.64 1.22 0.01137
0.01666 12.53 15.82 1.22 0.01365
0.01944 11.97 15.20 1.22 0.01593
0.02222 11.52 14.69 1.23 0.01806

0.025 11.14 14.26 1.23 0.02032
0.02777 10.82 13.90 1.23 0.02257
0.03055 10.53 13.58 1.23 0.02483
0.03333 10.29 13.30 1.23 0.02709

In a similar manner, Table 3 displays the relationship between the pressure head of
the site (Hsite) and the pump (HP), along with the specific speed of the pump (nsp), specific
speed of the PAT (nst), and coefficient of the head (CH). The data indicate a correlation
between the pressure head of the site and the pump, with a coefficient of the head ranging
approximately from 1.6–1.71.
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Table 3. The relationship between the pressure head of the site and the pump.

Hsite[m] nst nsp CH HP[m]

10 18.71 22.78 1.6 6.25
20 15.75 19.45 1.63 12.26
27 15.41 19.06 1.64 16.46
30 14.24 17.75 1.65 18.18
40 13.25 16.64 1.65 24.24
50 12.53 15.82 1.7 29.41
60 11.97 15.20 1.7 35.29
70 11.52 14.69 1.7 41.17
80 11.14 14.26 1.7 47.05
90 10.82 13.90 1.7 52.94

100 10.53 13.58 1.71 58.47
110 10.29 13.30 1.71 64.32
120 10.07 13.05 1.71 70.17

Based on the calculated data, generic mathematical correlations have been derived.
Equation (20) represents the relationship between the site flow rate (QS) and the pump
flow rate (QP), indicating that the pump flow rate is approximately 82.5% of the site flow
rate. Equation (21) represents the relationship between the site head (HS) and the pump
head (HP), indicating that the pump pressure head is approximately 60.5% of the site
pressure head.

QP = 0.825QS (20)

HP = 0.605HS (21)

The correlation coefficients (highlighted in Figures 6 and 7) indicate a strong positive
correlation between the site and the pump data. The correlation coefficients range from
0.813 to 0.826 for the flow rate and from 0.584 to 0.625 for the pressure head. These
correlation coefficients validate the practicality of the proposed correlations within the
specified range of hydraulic data.
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Figures 8 and 9 depict the percentage of nonconformities between the step-by-step
statistical model and Equations (20) and (21). The deviation between the two techniques
varies across different sites. The overall accuracy of the proposed methodology is within
the range of ±3.3% for the pressure head and −0.2% to +1.5% for the flow rate.
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The results show that the proposed methodology is highly accurate. It is important to
note that the accuracy is higher for lower hydraulic data. Considering the small deviations
and the high accuracy of the proposed methodology, it can be concluded that the derived
correlations provide a practical and reliable means of estimating the pump flow rate and
head based on the available site hydraulic data.

Energies 2023, 16, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 9. The relation between the site and pump head with the percentage of deviation. 

3.2. Performance of the PAT 
The internal flow conditions of the PAT were analyzed in terms of pressure distribu-

tion and velocity streamlining. Figure 10a shows the pressure distribution among the six 
blades is not uniform, indicating variation in the flow behavior. Figure 10b illustrates flow 
circulation and separation occurring within the PAT. In order to achieve uniform stream-
lines and pressure distribution, it is evident from both parameters that modifications 
should be made to the pump before utilizing it as a turbine. This shows the need for design 
improvements to optimize the performance of the PAT. After the CFD simulations, the y+ 
values were verified. As is shown in Figure 10c,d, the refined mesh has y+ values ranging 
from 0–200 for volute and from 9.517–186 for the impeller mesh, respectively. These y+ 
values fall within the range considered adequate for evaluating the PATs performance, as 
mentioned by Wang et al. [16] and Hu J. et al. [31].  

 

3.3
1.3

0.2
0.2

-2.8
-2.8

-2.8
-2.8

-3.3
-3.3

-3.3
-3.3

0

20

40

60

80

10 20 30 40 50 60 70 80 90 100 110 120

H
ea

d 
of

 th
e 

pu
m

p
(m

)

Head of the site (m)

statistical model equation 21

(a) (b) 

Figure 9. The relation between the site and pump head with the percentage of deviation.

3.2. Performance of the PAT

The internal flow conditions of the PAT were analyzed in terms of pressure distribution
and velocity streamlining. Figure 10a shows the pressure distribution among the six
blades is not uniform, indicating variation in the flow behavior. Figure 10b illustrates
flow circulation and separation occurring within the PAT. In order to achieve uniform
streamlines and pressure distribution, it is evident from both parameters that modifications
should be made to the pump before utilizing it as a turbine. This shows the need for design
improvements to optimize the performance of the PAT. After the CFD simulations, the y+

values were verified. As is shown in Figure 10c,d, the refined mesh has y+ values ranging
from 0–200 for volute and from 9.517–186 for the impeller mesh, respectively. These y+

values fall within the range considered adequate for evaluating the PATs performance, as
mentioned by Wang et al. [16] and Hu J. et al. [31].

By varying the flow rate of the water, the performance curves of the pump as a turbine
were developed numerically as well as experimentally, as shown in Figure 11. As expected,
the PAT flow rate increases with increasing pressure head and vice versa. The best efficiency
values for the standard k-ε model, SST k-ω model, and experimental results were obtained
at different operating points. Specifically, the highest efficiencies were observed at a head
of 17.00 m, 17.75 m, and 16.5 m, flow rates of 27.50 m3/h, 28.14 m3/h, and 28.00 m3/h, and
efficiency values of 65.15%, 66.67%, and 64.00%, respectively.



Energies 2023, 16, 5036 13 of 16

Energies 2023, 16, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 9. The relation between the site and pump head with the percentage of deviation. 

3.2. Performance of the PAT 
The internal flow conditions of the PAT were analyzed in terms of pressure distribu-

tion and velocity streamlining. Figure 10a shows the pressure distribution among the six 
blades is not uniform, indicating variation in the flow behavior. Figure 10b illustrates flow 
circulation and separation occurring within the PAT. In order to achieve uniform stream-
lines and pressure distribution, it is evident from both parameters that modifications 
should be made to the pump before utilizing it as a turbine. This shows the need for design 
improvements to optimize the performance of the PAT. After the CFD simulations, the y+ 
values were verified. As is shown in Figure 10c,d, the refined mesh has y+ values ranging 
from 0–200 for volute and from 9.517–186 for the impeller mesh, respectively. These y+ 
values fall within the range considered adequate for evaluating the PATs performance, as 
mentioned by Wang et al. [16] and Hu J. et al. [31].  

 

3.3
1.3

0.2
0.2

-2.8
-2.8

-2.8
-2.8

-3.3
-3.3

-3.3
-3.3

0

20

40

60

80

10 20 30 40 50 60 70 80 90 100 110 120

H
ea

d 
of

 th
e 

pu
m

p
(m

)

Head of the site (m)

statistical model equation 21

(a) (b) 

Energies 2023, 16, x FOR PEER REVIEW 13 of 16 
 

 

 
Figure 10. Internal flow conditions; pressure (a), streamline (b), y+ volute (c), and y+ impeller (d). 

By varying the flow rate of the water, the performance curves of the pump as a tur-
bine were developed numerically as well as experimentally, as shown in Figure 11. As 
expected, the PAT flow rate increases with increasing pressure head and vice versa. The 
best efficiency values for the standard k-ε model, SST k-ω model, and experimental results 
were obtained at different operating points. Specifically, the highest efficiencies were ob-
served at a head of 17.00 m, 17.75 m, and 16.5 m, flow rates of 27.50 m3/h, 28.14 m3/h, and 
28.00 m3/h, and efficiency values of 65.15%, 66.67%, and 64.00%, respectively. 

 
Figure 11. Comparison of CFD and experimental value. 

The simulation results obtained using the standard k-ε model show deviations from 
the experimental data at the best efficiency point. The deviations for flow rate, head, 
power, and efficiency are −1.82%, 2.94%, 2.88%, and 1.76% respectively. On the other hand, 
the SST k-ω model provides results with deviations of 0.49%, 7.04%, 5.10%, and 4.00% for 
the same parameters. Based on these deviations, it can be concluded that the standard k-ε 
is a suitable turbulence model for the analysis of the pump running as a turbine. It should 

0

10

20

30

40

50

60

70

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

0.0 10.0 20.0 30.0 40.0 50.0

Ef
fic

ie
nc

y 
(%

)

H
ea

d 
(m

)

Flow rate (m3/h)

Head K-ε Head SST K-ω Head Exp.

Eff. SST K-ω Eff. K-ε Eff. Exp.

(d) (c) 

Figure 10. Internal flow conditions; pressure (a), streamline (b), y+ volute (c), and y+ impeller (d).
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The simulation results obtained using the standard k-ε model show deviations from
the experimental data at the best efficiency point. The deviations for flow rate, head, power,
and efficiency are −1.82%, 2.94%, 2.88%, and 1.76% respectively. On the other hand, the
SST k-ω model provides results with deviations of 0.49%, 7.04%, 5.10%, and 4.00% for the
same parameters. Based on these deviations, it can be concluded that the standard k-ε is a
suitable turbulence model for the analysis of the pump running as a turbine. It should be
noted that numerical errors are inherent in simulations due to approximations of natural
laws and the consideration of only hydraulic losses. Table 4 summarizes a comparison
between the numerical results of the two turbulence models and the experimental values.

Table 4. Comparison of standard k-ε and SST k-ω results with experimental value at the best
efficiency point.

Num. Result
Exp. Result

Deviation (%)

Stand. k-ε SST k-ω Stand. k-ε SST k-ω

Flow rate (m3/h) 27.50 28.14 28.00 −1.82 0.49
Head (m) 17.00 17.75 16.50 2.94 7.04
Output power (W) 850.33 870.26 825.85 2.88 5.10
Efficiency (%) 65.15 66.67 64.00 1.76 4.00

Furthermore, Figure 12 illustrates the percentage of deviation (error) in the numerical re-
sults compared to the experimental data from various studies, including Si. Huang et al. [34],
Sun-Sheng Yang et al. [35], Yang Sun-Sheng et al. [36], Y. Sun-Sheng et al. [37], and
Shi H.X. et al. [38]. The numerical predictions for the head, output power, and efficiency
show good agreement with the experimental data. The average absolute error between the
numerical and experimental results for head, power, and efficiency from various published
works is also provided, demonstrating that the numerical model falls within an accept-
able range. The deviation between the numerical and experimental results is potentially
due to differences in the software type, mesh size, turbulence model, physics setup, and
experimental equipment used in different studies.
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4. Conclusions

In conclusion, this research work focuses on the selection and performance analysis
of the pump as a turbine. A selection chart and statistical model are adopted to select the
optimum pump for specific working conditions. Mathematical correlations were developed
to establish the relationship between the site and the pump hydraulic data. Ansys CFX,
coupled with standard k-ε and SST k-ω, was used to predict the performance of the PAT.
Then, the numerical outputs were validated using an experimental result. The following
key conclusions were drawn from the study.

• The proposed correlations enable the selection of the optimal pumps for power gener-
ation applications. The developed method exhibited high accuracy, with deviations of
−0.2% to +1.5% for flow rate and ±3.0% for head;

• The deviations between the CFD results and experimental data at the best efficiency
point were determined. The standard k-ε model exhibited deviations of−1.82%, 2.94%,
2.88%, and 1.76% for flow rate, head, power, and efficiency, respectively. The SST k-ω
model showed deviations of 0.49%, 7.04%, 5.10%, and 4.00% for the same parameters.
Based on these, the standard k-ε model was found to be more suitable for analyzing
the performance of pumps operating as turbines;

• In general, the adopted numerical procedure, selected mesh type, turbulence model,
and physics setup provided good agreement with the experimental result;

• Future research directions could focus on introducing new modification techniques
to further improve the performance of pumps operating as turbines. This could help
maximize the performance of pumps used in power generation applications.
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