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the manufacturer, with an error of less than 7% at the best efficiency point.
Subsequently, the characteristic curve is generated in turbine mode, obtaining an error
of less than 10% respect to mathematical model. Then, velocity and pressure contours
are evaluated to validate the fluid dynamic behavior. Finally, the site operating
conditions for electricity generation are obtained. With this, it is proposing a
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Centrifugal pump; Radial flow; Pump as found a method that is being applied for its correct election in the hydroelectric
Turbine; CFD generation at low scale.

1. Introduction

As a response to population growth, the use of various types of energy is required to produce
tangible elements and to carry out daily activities [1]. However, it is necessary to transform energy,
through renewable or non-renewable sources, where the latter is limited in nature and causes
environmental damage. That is why technological development has made possible to transform
energy through sustainable sources [2]. Currently, emphasis is being placed on the production of
clean energy, including renewable energy sources (RES), following the seventh objective of
sustainable development: affordable and non-polluting energy [3]. Although RES generates low
environmental impact, when assessing cost and efficiency, their value, in [kW/h] is even higher than
conventional energy sources [4]. On the other hand, International Renewable Energy Agency (IRENA)
[5] remarked that the average global cost of available renewable energy decreased in 2018 compared
to the previous year, and projected that by 2019 it would have the same trend, emphasizing that
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hydraulic energy, the cost was reduced by 11%. This opens the way for greater competitiveness and
use of RES. Similarity, REN 21 [6] mentioned hydroelectric energy is characterized by its stability in
the market and growing demand. In addition, the world growth of hydroelectric energy in 2018 was
like previous year, increasing by 20 GW, for an installed capacity of 1132 GW. The pumped storage
capacity increased by 1.9 GW, for a total of 160 GW, representing most of the energy storage of this
type. The new pumped storage projects are being upgraded to produce a rapid response to changing
electricity conditions. According to a report by the International Hydropower Association (IHA) [7],
China is the largest water-based power producer, with a capacity of 341 GW, comprising 28.42% of
global production. Colombia is ranked 20th, contributing 12 GW, incorporating 1% of world
production, and is the third country in South America with the greatest capacity below Brazil with
100 GW and Venezuela with 15 GW. According to Acolgen [8], Colombia has an installed capacity of
17203 MW, where 69.03% comes from hydraulic energy, equivalent to 11876 MW. However, distant
regions from large cities do not have electricity generation plants, even though they have numerous
water sources [9]. As a result, the non-interconnected areas must generate their own electricity. As
a result, Colombia has not exploited all its capacity to generate energy and supply electricity to the
most remote communities.

To solve this problem, there are different types of turbines for use in hydroelectric generation.
However, they require a high flow rate and head of operation and a more complex infrastructure
[10]. On the other hand, pump as turbine (PAT) generates similar power with a lower operating flow,
making them a feasible option for small-scale hydroelectric generation [11]. This type of
turbomachine is easy to acquire due to mass production, operates in wide flow and head ranges, has
a long useful life, easy installation and high availability of spare parts [12-15]. PAT can be used with
intermittent generation systems, such as wind and photovoltaic parks, because it stabilizes electricity
if variations from other sources occur [16]. Shabani and Mahmoudimehr [17] studied the techno-
economic evaluation, integrating the photovoltaic system and pumped-storage hydroelectricity
(PV/PSH), demonstrating that this system is better than storing photovoltaic energy in a battery and
proving that PSH is not as expensive as battery storage. On the other hand, Nyeche and Diemuodeke
[18] conducted a study on the economic feasibility of a hybrid plant. They concluded that the cost
was $0.27/kWh, being below the diesel generators, whose cost was $0.95/kWh.

A centrifugal pump is a turbomachine that transforms the kinetic energy of a fluid into pressure
energy, to lift a fluid to a site of greater height [19]. They are used in different sectors: water
desalination, mining industry, petrochemical plants, and distribution of drinking water [20]. The
characteristic curve of centrifugal pumps has been validated in literature, finding errors of 12%, 5-
10% and 4%, respect to efficiency [21-23]. In addition, the fluid dynamic behavior with pressure and
velocity contours has been validated. The PAT concept refers to the inverse operation of a centrifugal
pump, taking advantage of water energy and transforming it into rotational mechanical energy, to
be coupled to an electric generator. The investment cost can be less than 50% compared to a
conventional turbine, for powers below 50 kW [24]. Barbarelli et al., [25] experimentally studied 27
radial flow PAT, obtaining mathematical relations that predict its behavior. Also, the characteristic
curve has been generated, showing that, as the pump flow increases, the head and the power
generated increase, but the efficiency decreases [26,27]. Delgado et al., [28] found that the efficiency
of the machine improves when working at variable speed. It has been validated the numerical and
experimental model in axial flow pumps and mixed flow pumps [29-31]. Also, PAT has been proposed
a methodology to use PAT instead of pressure relief valves, pressure fluctuation and vortex formation
in the impeller [32-34]. On the other hand, when acquiring a commercial centrifugal pump,
manufacturers do not give the characteristic curve in turbine mode.
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How could populations without access be supplied with electricity, using economic, sustainable,
and non-polluting technology? The need to help regions that do not have electricity supply is
necessary to improve the quality of life and to have access to technology. The main thing is based on
economic and environmental framework, allowing to avoid the deterioration of the ecosystem and
that it is sustainable in time. Therefore, the objective of the present work is to develop, by
computational simulations, the characteristic curve of a radial flow pump operating as a turbine, to
propose an adequate selection of this type of turbomachines for the supply of electric energy in
populations that are not part of the national interconnected system. With this, the intention is to
show a methodology for the selection of PATs and to apply an economic technology for the non-
interconnected areas, since no method was found that is being applied for the correct selection of
these turbomachines.

2. Methodology

The present work proposes a methodology to determine the characteristic curve of a centrifugal
pump of radial flow in turbine mode, using mathematical models based on the state of the art and
numerical simulations to determine its fluid dynamic behavior. Figure 1 shows the procedures used
for the development of this research, which begins obtaining a characteristic curve provided by a
manufacturer, it extracts the information from the best efficiency point (BEP). Subsequently, the
geometry is modeled (control volume of the impeller and volute), then these volumes are discretized.
Later, the boundary conditions are established, after running the simulation the results are analyzed,
validating them with the characteristic curve given by the manufacturer. Once the numerical model
is validated, a methodology is established to generate a numerical simulation in turbine mode, which
establishes the characteristic curve in turbine mode of a radial centrifugal pump as a prominent
result.

Pump Characteristic Boundary Results and
Curve BEP Geometry Mesh Conditions Validation

S s e e
)@ X!

High error
; Q Proposed
Turbine H P Low error
Characteristic —>| < ' e PAT
Curve I\rl] Methodology
Boundary BEP

Conditions
Fig. 1. General methodology of the study
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2.1 Case Study

The commercial centrifugal pump used for this analysis is the reference MegaCPK 065-040-250
of the manufacturer KSB [35]. The technical and BEP specifications are recorded in Table 1, where an
impeller diameter of 260 mm and an efficiency of 56% are highlighted.

Table 1

Pump specifications at BEP

Concept Detail
Manufacturer KSB
Reference MegaCPK 065-040-250
Flow Type Radial
Suction Diameter [mm] 65
Discharge Diameter [mm] 40
Impeller Diameter [mm] 260
Blades 6
Flow [m3/h] 25.49
Head [m] 20.71
Rotational Speed [rpm] 1450
Efficiency [%] 56.0

Figure 2 shows the digitized characteristic curve provided by the manufacturer. It shows a group
of curves that differ respect to the impeller diameter. The red curve is used in this investigation,
which has an impeller diameter of 260 mm. The intersection lines (blue) represent the efficiency.
Additionally, each point used in the numerical simulation is shown. On the right side, the scheme and
the actual image of the pump is shown.
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Fig. 2. Pump characteristic curve and scheme [35,36]

2.2 Geometric Modeling and Control Volumes

The computer modeling was done in the software Ansys 2019 R2. To generate the hydraulic
profile, the Blade Design module was used, where BEP data, water density, rotational speed and
number of blades are provided. With this, the software calculates the approximate control volume
of impeller, volute, and blades section. Then, hydraulic profile is adjusted to ensure that the
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computer model is like real one. Figure 3 shows the result of the computer modeling. (a) exhibits the
hydraulic profile obtained, showing the axis of rotation and direction of flow with black arrows. In
(b), the impeller blades are displayed in an isometric view. In (c), the impeller control volume
assembly and the volute are displayed, showing the fluid inlet and outlet. Finally, in (d) is evidenced
by the slice view of the parameterized control volume, making a zoom to verify the alignment
between the impeller and the volute.

(a) t

7 ——
- Flow direction -—-— Rotation axis % Volute Fluid Q Impeller Fluid = Blade

Fig. 3. (a) Modeling of the hydraulic profile, (b) blades, (c) assembly and (d) aligned control volume

2.3 Mesh

Mesh was developed in the Meshing module of Ansys 2019 R2. A mesh independence study is
carried out to guarantee the minimum number of elements that allow the approximation of the
results for the experimental curve given by the manufacturer and optimal computational
performance for the subsequent simulations. An appropriate number of elements is obtained when
the control variable stabilizes rapidly with an error lower than 0.5% about the following refinement
point [37-39]. Discretization is applied to the impeller and volute geometries, using different methods
that allow the increase of elements without affecting the quality of the mesh [40].

BEP of the characteristic curve, presented in Table 1, is taken as a reference. Figure 4 shows the
results of the mesh study. It can be observed a horizontal axis representing the variation of the mesh
elements with respect to the vertical axes symbolizing the pump efficiency 1, [%], the error between
the refined points E, [%], and the head H [m]. The pump efficiency is the reference parameter for
the results because it relates the head variation to the power required by the turbomachine. On the
other hand, three curves with decreasing trends are detailed, with a lower trend in the final section.
As a result, it is determined that the minimum number of mesh elements is 1024849, which
represents an error of 0.2% with respect to the following point. Additionally, the difference in
efficiency with the most refined point (2314498 elements) is 0.3%, which is not relevant when
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considering the high computational resource required. Finally, the change in head is not relevant

from the minimum number of mesh elements determined, obtaining a difference of 0.1 m.
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Fig. 4. Mesh independence study

Figure 5 shows the mesh for an impeller vane (a) and the volute (b), showing a cross-sectional
view. Table 2 illustrates the mesh statistics and metrics. This last aspect is related to the minimum

quality required by the Ansys-CFX software solver [40].

(b)

Fig. 5. (a) Discretion of the control volume of the impeller and (b) the volute

Table 2

Mesh statistics and metrics

Elements Metrics

Volume Nodes Elements Concept Value
Impeller 124104 601182 Aspect Ratio 10.725
Volute 84953 423667 Expansion 17
Total 209157 1024849 Orthogonal Quality 0.193

2.4 Governance Equations and Boundary Conditions

The turbulence model used in this study is k-e. This model solves two separate transport
equations by considering the kinetic turbulent energy k and dissipation € as unknowns. Additionally,
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it considers the average speed of the fluid in time [41]. Eq. (1)-(3) expresses the formulation of the
stationary model k-¢ with its respective constants.

oku) _ 0 [ | m) K] p
6xi - an [(u + pk) 6X]] + Pk pa (1)
d(peup) _ 0 B\ 9 Ep —CpS
ox;  ox, [(u + ps) ax;| T Creic Pl CaeP (2)
= oC, KoL | o
I’lt - pcu € - 2 (aXi + aX]'> (3)

Eqg. (4)-(6) defines turbulent kinetic energy and turbulent energy dissipation tensors, where the
divergence operator is represented by the symbol V and u is the fluid velocity vector. A finite element
procedure can be applied to solve the system of equations. The k-& turbulence model is used to
predict the flow behavior in the mass regions [42].

p(u-V)u = V- [—pl+ (u+ pp)(Vu + Vu")] (4)

V-u=0
p(u-V)k=V-[(u+ﬁ)Vk]+Pk—ps (5)
p(u-V)e=V- [(u+ﬁ) Vs] + C18§ Py — CZspg (6)

The turbulence model used in this research is k-€. This model is considerably employed for 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 [43]. However, it is useful for free-
shear layer flows with small pressure gradients, while for larger gradients the accuracy of the results
is reduced [44].

However, several authors have used this model because of the approximation with the
experimental results. Using the efficiency parameter, errors of 6%, 12%, 5-10%, 4%, 4%, 10% have
been evidenced, so using this model in centrifugal pumps is acceptable [19,21-23,29,45].

Two domains are configured: static for the volute and rotational for the control volume
surrounding the blades. The type of analysis is stationary. Relative pressure is selected as input
variable, set at 0 kPa. The output variable is mass flow, about the points on the characteristic curve.
The density of water is 997.1 kg/m3, considering an isothermal process [46]. The rotational speed of
the impelleris 1450 rpm. The interface is Frozen Rotor, used for rotating turbomachines. The residual
value is 1E-04 and 1000 iterations, although it is usually relative, because it is necessary that there is
convergence with the control variable, otherwise the geometry or mesh parameters must be
modified.

To build the characteristic curve, the Eq. (7) and Eqg. (8) are set in the software. Using Eq. (7), the
head H [m] is determined in both modes of operation, relating the output pressure P, [Pa] and
input P;,;.; [Pa] of the flow respect to the density p [kg/m3] and the gravity g [m/s?] [42,47]. Eq. (8)
is used to calculate the efficiency in turbine mode 7n; [%], by relating the power on the axis P [kW]
with the density, gravity, head, and flow Q [m3/s] [42,48,49].
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H = Poutlet—Pinlet (7)
Pg
P
M= pgno (8)
2.5 PAT Methodology

The simulation in pump mode is carried out to proceed with the analysis in turbine mode, with
the least possible error. By concatenating the points simulated in pump mode, the numerical
simulation in turbine mode is realized. Through experimental analysis and review of the state of the
art, it has been possible to predict the specific speed in turbine mode Ng;. This is achieved through
analysis of different pumps, obtaining the trend graph, and relating variables such as flow, head, and
efficiency in new curves. Table 3 summarizes the correlation obtained by authors who have
investigated the subject, where the equation is identified, the range of the PATs specific speed
analyzed and the number of experiments or reviews [24].

Table 3

Prediction Ng;

Year Author [Ref] Ngp, - N correlation N, range Detail

2019 Rossi et al., [49] 1.1048Ng, 5.0-80.0 59 reviews

2018 Barbarelli et al., [50] 0.9867N,,+5.2818 9.0-64.0 27 experiments

2019 Stefanizzi et al., [32] 1.0826N+2.6588 9.0-80.0 27 reviews

2016 Tan and Engeda [51] 1.3297N,;-0.0883 30.7-80.0 4 experiments

2012 Yang et al., [19] 1.1250N;+1.7300 5.0-80.0 55 reviews

2010 Singh and Nestmann [52] 1.0638N+3.3191 14.6-79.1 9 experiments, 4 reviews

2008 Derakhshan and Nourbakhsh [53]  0.3705N:+5.0830 14.6 - 55.6 4 experiments, 7 reviews

Respect to named authors, the experimental work developed by Barbarelli et al., [50] is cited.
This author characterized a total of 27 pumps, through analysis in a laboratory at the University of
Calabria, Italy. However, the author started from the characterization in turbine mode, where he
found mathematical correlations that allowed him to find the approximate site conditions in pump
mode, with an approximate error of 15% and 20% for the flow rate and head, respectively. In this
work it is proposed to use the inverse methodology proposed by the author, starting from the pump
mode to find the site conditions in turbine mode. Figure 6 outlines the steps of the proposed
methodology to find the PAT BEP conditions, starting from the pump characteristic curve. With this,
we seek to use an existing methodology and offer an alternative for PAT selection site conditions.
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Fig. 6. Proposed methodology for radial flow PAT characterization

The mathematical model used to determine the site conditions starts from the pump mode.
Sequentially, Eq. (9) is applied to obtain the head Hp [m], flow Qp [m3/s] and the angular speed n,
[rpm] of BEP and they are related to the specific speed in pump mode Ng,, which varies between 10
and 80 for the radial flow [55,56]. Eq. (10)-(12) presents the specific speed in turbine mode Ny, and
coefficients of flow g and head h, obtained through experimental correlations [51]. Eq. (13) and Eq.
(14) relate the flow and head coefficients with their analogues, where are obtained the site
conditions Qr and Hp, respectively [51]. Finally, using Eq. (15) it is obtained the angular velocity n;
when relating the specific velocity of the PAT [55]. Particularly, both specific speeds are related in a
linear way, although in turbine mode is slightly lower [57]. On the other hand, the specific speed has
dimensions of [rpm m3/4 s-1/2], but it is assumed dimensionless for simplicity [25,54,58].

Ngp =1, Qp°Hp 7 9)
e = S g
g = 0.00026NZ — 0.02302N,, + 1.88171 (11)
h = —0.00003N2 + 0.00331N2Z — 0.15047 N, + 3.68497 (12)
Qr = qQp (13)
Hy = hHp (14)
n, = NgcHp7°Q7%® (15)

Table 4 summarizes the values calculated respect to the pump analyzed, by means of Eq. (9)-(15).
The objective is to find the site conditions and the rotational speed of the impeller, to parameterize
the simulation.
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Table 4

Calculated variables

Symbol Variable Value
Ngp Specific speed in pump mode [-] 12.57
Ng; Specific speed in pump mode [-] 7.38
q Flow coefficient [-] 1.73
h Head coefficient [-] 2.74
Qr Site flow [m3/h] 43.99
Hy Head site [m] 56.79
g Rotational speed [rpm] 1382

Boundary conditions in turbine mode are equivalent to pump mode, except for fluid direction
that is inversed (suction and discharge) and the rotational speed of the impeller, value calculated in
Table 4.

3. Results

The numerical results in pump mode are compared with the factory experimental curve, while in
turbine mode are compared with theoretical calculations. Table 5 details each simulated point in
pump mode, seen in Figure 1. In the comparison, the relative error E,..; [%] is used to determine the
percentage deviation of efficiency and the absolute error E,;; [%], which is the difference between
numerical and manufacturer's efficiency. The maximum relative error is 16.00% and the absolute
error is 7.20%, in point 7. On the other hand, the minimum relative error is 5.45%, and the absolute
error is 3.00%, in point 6. In the BEP, the relative error is 6.29%, and the absolute error is 3.52%. As
the points are analyzed outside the BEP, both parameters tend to increase.

Table 5

Simulated points in pump mode

Manufacturer's curve Numerical simulation

Point  H[m] Q[m*%h] (%]  P[kW] H[m] QIm*/n] ni%] P KW]  Eyg [%]  Eqps [%]
1 23.57 6.66 30.00 1.42 24.54 6.66 34.13 1.30 13.77 4.13
2 23.27 12.58 45.00 1.77 24.21 12.58 49.04 1.69 8.98 4.04
3 2293 16.02 50.00 2.00 23.94 16.02 54.40 1.91 8.81 4.40
4 21.94 21.64 55.00 2.34 22.76 21.64 58.71 2.28 6.75 3.71
5(BEP) 20.71 25.49 56.00 2.56 21.44 25.49 59.52 2.49 6.29 3.52
6 18.93 29.49 55.00 2.76 19.50 29.49 58.00 2.69 5.45 3.00
7 14.39 35.53 45.00 3.09 15.43 35.53 52.20 2.85 16.00 7.20

Table 6 shows the results obtained in the numerical simulation in turbine mode. In this case, there
is convergence from point 2, because a flow rate below 18 m3/h and above 60 m3/h presents low
efficiencies. In the BEP, it is determined that head is 51.65 m, to obtain a maximum efficiency of
50.49%, which represents a relative error of 9.95% and absolute error of 5.14 m, compared to the
head instead of the efficiency.
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Table 6

Simulated points in turbine mode

Point H [m] Q [m3/h] N, 1%] P [kW]
1 8.55 6.66 0.00 0.00

2 20.44 18.05 12.01 0.12

3 36.93 35.53 44.38 1.58

4 (BEP) 51.65 43.99 50.49 3.12

5 77.61 57.77 46.91 5.71

Finally, Table 7 describes the results respect to BEP, where the relative and absolute error is used
for comparison. In pump mode it is compared with the manufacturer's characteristic curve and
turbine mode in relation to mathematical modeling.

Table 7

Numerical-experimental comparison of the BEP in both modes

Mode Analysistype  Q [m3*/h] H [m] n [%] P [kW] N nrpm]  E,.. [%] Egps

Pump Manufacturer 25.49 20.71 56.00 2.56 12.57 1450 6.29 3.52%
Numerical 21.44 59.52 2.49 12.25

Turbine Theorical 43.99 56.79 - - 7.38 1382 9.95 5.14m
Numerical 51.65 50.49 3.12 7.93

Figure 7 shows the comparison between the manufacturer's characteristic curve and CFD. The
head and numerical efficiency curve is above the manufacturer's curve, while the power is below.
The trend of the head curve is decreasing, the efficiency is concave downwards and the power is

increasing.

Figure 8 shows the numerical characteristic curve in turbine mode. The head and power curve
have an increasing trend, while the efficiency is concave downwards, as in the pump mode. Analyzing,
if a higher mass flow is entered, the pump could deliver more power, but the efficiency would
decrease, so the energy conversion would not be optimal. Therefore, it is advisable to operate the
PAT at points near the BEP. For each graph, a perpendicular line is drawn, indicating the BEP region.
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Fig. 7. Experimental and numerical comparison of the characteristic curve
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Fig. 8. Characteristic curve in turbine mode

Figure 9 shows the contour of pressure and speed of the simulations performed. (a) and (b) show
the contours of pressure and velocity in pump mode, while (c) and (d) in turbine mode, respectively.
The black arrows detail the direction of the fluid. In (a) you can see that in suction the pressure
decreases to a value close to -377 kPa just as the fluid enters the impeller, and gradually increases in
the volute up to 512 kPa. The negative pressure indicates the suction effect exerted by the impeller
towards the fluid, as well as possible cavitation effects, given the reference pressure. In (b) the
opposite occurs. The fluid is suctioned at a speed between 3-5 m/s. When it enters the impeller, the
speed increases suddenly up to 17 m/s, due to the rotation. When the fluid enters the volute, the
speed decreases, being inverse to the pressure. In (c) and (d) something similar occurs, where the
suction records a maximum pressure of 308 kPa and decreases as it passes through the impeller to -
40 kPa, because the fluid loses energy as it hits the blades. On the other hand, the fluid enters the
volute with a velocity close to 9 m/s, increasing as it hits the blades, reaching a maximum of 24 m/s.
Subsequently, the speed decreases as it passes through the impeller because the kinetic energy of
the fluid is transferred to the impeller. To the right of each contour, the view of the blade region is
shown.
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d) turbine mode

Finally, Figure 10 validates the operation point of commercial PAT in the selection graph, respect
to data recorded in Table 7 [10]. The scale on the axes is logarithmic and non-linear. The position is
in accordance with the results obtained. However, it is noted that the power should be approximated
to 6 kW instead of 3.12 kW. This is due to the energy losses concerning transmission and efficiency

in the turbomachine.
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Fig. 10. Point of PAT operation
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4. Conclusions

Through computer simulations, a methodology applicable to centrifugal radial flow pump
operating as turbine is developed, to support non-interconnected areas in the selection of this type
of turbomachine for their own hydroelectric generation. By validating the fluid dynamic simulation
in pump and turbine mode, a relative error of less than 10% is obtained between the characteristic
curves. The proposed methodology is easy to replicate for a radial flow pump and influences to
reduce the costs of experimental tests. In addition, the following was reached

i.  The geometric computer model of the pump control volumes is obtained, where they are
parameterized respect to information provided by the manufacturer.

ii.  The control volume is discretized in finite elements, obtaining aspects such as the aspect ratio
below 13, expansion below 18 and orthogonal quality greater than 0.18. Therefore, mesh is
taken with the minimum metrics to export to Ansys-CFX.

iii.  Comparison is made in relation to the manufacturer's characteristic curve. A relative error of
6.29% is obtained, validating the numerical simulation.

iv.  The characteristic curve of the pump operating as a turbine is estimated. A relative error of
9.95% is obtained respect to theoretical head, less than 20% inquired into the state of the art.

v. To decrease the relative error between the experimental and the numerical it is necessary to
use inflation layers to be able to capture the physical phenomena close to the wall
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