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Abstract—Pumps as turbines (PATs) are the typical solution for electrification using micro hydropower plants (MHP) in the rural
sector. Other engineering applications where lately the use of PATs have increased are irrigation, water supply, and energy recovery
systems due to their availability, short delivery time, long service life, economic feasibility, construction, and maintenance advantages.
However, selecting the suitable pump(s) is difficult because manufacturers only provide performance curves when operating in pump
mode; therefore, there is no universal method to predict that issue. For this reason, theoretical, analytical, experimental, and numerical
simulation research have been made to predict these curves and the PATs' performance. The present paper analyzes PATs with
Computational Fluid Dynamics (CFD) based on advanced research. For this aim, information from a wide range of types of pumps
with different rotation speeds was classified to examine case approaches, computational domains, mesh generation, boundary
conditions, optimization of elements, and CFD package used to establish the effectiveness of this tool and to find characteristics which
have not been enough investigated at present. Most studies used CFD simulations with ANSYS code and K-¢ turbulence closure model,
which presented adequate results. Finally, this paper shows that numerical simulations with CFD analysis were successfully carried out
to determine pump performance and predict curves in direct and reverse mode, improving certain components and conducting more
profound research on certain specific issues.
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in PATs. The application of CFDs in PATs applications is to
I. INTRODUCTION predict the characteristic curves, their performance in specific
case studies and optimize their design according to
requirements[ 15].

To carry out an adequate study of numerical simulation
with CFDs is important to define and create, with the help of
specialized software, a high-quality mesh that reproduces the
flow's geometry and allows optimal use of computational
resources. Once the computational domain is defined, it is
necessary to establish the equations and turbulence models
used to solve the Navier Stokes equations [16], [17]. The
boundary conditions are necessary to run the model and
simulate permanent or transient flow types with this
information. In this research, it is required to get the main
modeling conditions used by the authors and the results of
their studies.

Despite the considerable amount of research carried out, it
has not been possible to accurately predict the characteristic

The use of PATs in systems is the new trend in applications
such as irrigation[1]-[4], hydroelectricity[5], drinking water
supply [6], [7] and, energy recovery systems[8]-[12]. The
main advantages of PATs are availability[1], short delivery
time, long service life, and economic feasibility, construction
and, maintenance advantages. Different types of analysis have
been carried out to predict the characteristics curves of pumps
working in turbine mode to select the machine to be placed in
the systems[13], [14]. However, this task has not yet been
solved for the existing range of possibilities. The main
problems related to the use of PATs are that these cannot
handle the flow, and their performance is low in variable flow
rates. Computational Fluid Dynamics is a tool that allows
complex modeling phenomena in fluids and is an alternative
to understand the main aspects that govern the flow behavior
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curves of pumps that work as turbines, so their selection and
implementation within power generation systems is a
complicated task. Therefore, the present paper seeks to
establish the analysis of different methodologies regarding the
use of CFDs in PATs numerical modeling to verify whether it
is a reliable element to predict the behavior of these elements
to propose expressions that allow generating the operating
curves reliably.

II. MATERIALS AND METHOD

The main activities where the study focuses are: Search for
research reports that have made CFD models in PATs - this
information is better if another analysis complements the
research, whether experimental, theoretical, or empirical-;
Analysis of the data of the main parameters related to the
simulation: computational domain, grid analysis, boundary
conditions, used CFD package; and, analysis of results. The
results will try to determine which parameters have been the
most used, verify the reliability of the application of the CFD
tool and analyze particular research cases. For executing the
analysis of numerical CFD simulations in PATs, the main
tasks are indicated in the flowchart of the methodology used.

See Fig. 1
Classification by topics

Study Conditions Numerical Simulation Particular
1-Ns 1-Used CFD Aproches
2-n 2-Geometry
3-Q 3-Mesh

4-Boundary Conditions

5-Results

Results Analysis

Report

Fig. 1 Investigation Flowchart

III. RESULTS AND DISCUSSION

A. General approach

As indicated in section II, an initial number of 65
documents related to PATs were checked and classified by
topics. Types of pumps analyzed were: axial flow pump;
mixed flow pump[6]; conventional centrifugal pump,[18]—
[21]; radial flow multistage pump [22]; mixed flow pump
with mixed flow diffuser and axial diffuser[23]; and
centrifugal pumps with a horizontal and vertical axis and
single-stage and multistage[24]. In general terms, numerical
simulations were carried out aiming to determine the
performance in the pump[9], execute analysis of flow in
turbine mode [22]; and predict head and flow values and
extrapolate [18]. Other objectives related to specific
investigations are explained at the end of this section. The
consulted researches focused on two types of analysis:
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comparison between CFD numerical simulations and
experimental test,[6], [20], [21], [25], [26];and, comparison
between theoretical analysis, CFD numerical simulations and
experimental test [21], [27], [28].

B. Flow rates, specific speed, and rotational speed

Tables LII, III show wvalues of specific speed (Ns),
rotational speed (n) and flow rate (Q) used in investigations
and their respective references. Most studies are between 10
and 25 for Ns and from 1000 to 2000 rpm for n with the nine
times repeated value of 1500 rpm. In [6], studies were carried
out to assess PAT behavior in a range between 60 percent and
140 percent from BEP.

TABLEI
SPECIFIC SPEED
Ns Reference
0,8 [29]
1,0 [29]
12,9 [30]
18,0 [30]
18,1 [28]
18,5 [19]
20,5 [31]
20,5 [21]
21,0 [32]
23,0 [30]
23,0 [22]
26,1 [20]
36,4 [28]
37,6 [31]
37,6 [21]
38,2 [20]
52,8 [28]
64,0 [31], [21]
239,0 [33]
257,0 [23]
260,0 [25]
306,0 [23]
TABLE II
ROTATIONAL SPEED
n Reference
rpm #
250 [34]
260 [35]
600 [34]
680 [34]
780 [34]
800 [6]
810 [36]
850 [34]
880 [34]
900 [6]
930 [36]
1000 [6], [22]
1020 [34]
1050 [36]
1140 [34]
1170 [36]
1275 [36], [34]
1450 [37]
1480 [32]
1500 [18][19], [26],[27], [28], [33], [36], [34]
1750 [5]
1800 [23]
1850 [23]
2880 [24]
3900 [32]




TABLEIILA TABLE IV
FLOW RATE MESH TOOL
Q Reference Mesh tool Reference
Is # - #
2,9 [36] [20].[22], [24], [25], [26], [27], [28].[33],
5.5 36] ICEM CFD [321.[381[41], [31]
GGl [23]
7,7 29
10,0 %38} SolidWorks [36], [34], [31],[33]
13.8 [29] Floworks [36]
’ ANSYS
25,0 [26] Workbench 35]
25,0 (28] BladeGen [19], [28]
;Zi EZ} PumpLinx 21]
> Ansys
34,3 [18] Turbogrid [30]
35,0 [39] TABLE V
50,0 [24] NUMBER OF CELLS
85,0 (23] #cells Reference
168,0 [32] _ #
300,0 (23] 1,0x106-1,5x106 [39]
TABLEIILB 2,6x106 [27]
FLOW RATE 1,0x1 06 [26]
Q Reference 2,5x106 [23]
kg/s # 1,2x10° [32]
13,0 [20] 12x106 [19]
8,9 [38] 1,2x106 [28], [35]
11,7 [38] 1,8x10°¢ [20]
14,8 [38] 1,0x10° [36], [34]
17,8 [38] 11x10° [11], [43]
2,1x10° [38]
C. Numerical simulations 1,5x10° [38]
Below is the summary of the main parameters related to the 1,4x10° [38]
numerical simulation of PATs using CFD numerical 4.2x106 [31]
modeling. Turbulence and closure equation models: To solve TABLE VI
Navier Stokes equations, RANS (Reynolds Average Navier- TYPE OF ELEMENT
Stokes)[6], [18], [22]-[28], [30], [32]-{36], [38], [40] and
URANS (Unsteady RANS) [11], [41], [42] turbulence models mesh Reference
were used. Closure turbulence models used in the - #
investigations were k- [6], [19], [21], [23], [24], [26], [27], unstructured tetrahedral [6], [18], [24], [38], [29]
[321,[34], [43], [37], [44], [45] Menter’s SST [22], [23], block structured [22]
Spalart Allmaras [18].k-o [25], [29], k-0 SST [11], [29], _ mlgfed . [53]
. ; rismati R
[41], [42] , k- with wall functions[36], [40] and RNG k- p t:trahegrf;: 6]
g[31]. _ [19], 23], [24], [26], [27]. [33],
1) CFD Packages and Conditions: ANSYS-CFX software structured hexgedral grid (29]
was the most used for CFD modelling and numerical pyramids [29]

computations. ANSYS was used in 20 studies [19], [22],
[25]-[33], [35], [38], [46]-[52]; CFD Code Fluent was used
in 1[18]; Open foam in 3 [11], [41], [42]; FIoEFD in 3 [34],
[36], [40]; Ansys Fluent in 2,[24], [43]; and CFX [20],
ASTROE [25], Pump Linx [21], CFTurbo [30], in 1 study.
Incompressible Navier Stokes where analyzed by steady [24],
[39], and unsteady condition [23], [24], [39].

2) Mesh Generation: Next tables present tools, type of
elements, and the number of cells with their respective
reference compiled in this research.
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3) Boundary conditions: Next table shows the boundary
conditions used in this research and their respective reference.

TABLE VIL.A
BOUNDARY CONDITIONS
Inlet Reference
- #
Total pressure [6]. [20]
Mass flow rate [19], [23], [30], [35], [41]
Stagnation pressure [18]
Constant total pressure [48]
Static pressure [26],[27], [33]
Volumetric flow [21], [36], [34], [29]
Flowrate [40]




TABLE VII.B
BOUNDARY CONDITIONS

Outlet Reference
- #
Mass flow rate [6], [20], [27], [33]
static pressure [191,17, [23], [30], [36],33, [29]

constant static pressure [5]

pressure difference [18]
pressure [21], [35]

pressure recorded [34]

uniform pressure [32], [41],36

4) Results: The CFD methodology is an increasingly used
tool to effectively predict the performance of a pump working
as a turbine because comparison with experimental tests gives
results with acceptable accuracy.[19], [20], [24], [25], [27],
[32]; CFD presented satisfactory results for values of Head
and efficiency in regions near to BEP [6]. Results between
numerical analysis and manufacturer data in pump mode are
in good coincidence. Regards studies of operation in reverse
mode, hydraulic efficiency can be higher [22], similar [23], or
lower concerning direct mode. Also, flow in BEP in that mode
is attained at higher flows respect pump mode[6]. From an
economic viewpoint[30], the use of PATs represents lower
payback time than a turbine in low capacities.

With regards to difficulties in some studies, some
researchers reported that there was a considerable error
between experimental and numerical analysis [6], [22], and
the results of unsteady simulations are very different from
steady classical 1-D [39]. With regards to the operation of
PATSs, in reverse mode, machines generate pulsations; if the
rotating speed increases, the effects of pulsations will also be
increased [39]; and internal recirculation will appear in the
impeller in high and low flowrates.

Some researchers established explanations about the
difference between results from experimental and numerical
analysis. The principal reasons were: CFD and pump
geometry are not identical; estimation of losses is inaccurate
[22], and more experience in the computational analysis is
needed.

D. Particular approaches

Through CFD numerical studies, some researchers have
presented different analysis and approach proposals aiming to
improve performance in PATs or their -elements.
Kerschberger [25] has developed an inverse design method to
optimize and redesign the blade profile. First, an analysis with
a 3D-Euler frictionless CFD code to investigate the velocity
field and pressure phenomenon at the blade channels. Then,
after an optimization based on the first results, a fully 3D-
RANS simulation with a commercial Solver ANSYS CFX5
vl.2 was performed. The comparison of CFD and
experimental results showed a good level of agreement and a
significant pump improvement.

Péscoa et al. [18] considered results from direct operation
in a pump working as a turbine, presented correlations to
predict head and flow values extrapolated (using RANS code
with Spalart-Allmaras) of PATs. This approach could be
useful to provide an initial approximation to the range of
pumps to use as PATs. Another approach was developed to
search for the most efficient rotational speed at each constant
head.
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Yang et al. [27] compared three methods to predict the
behavior of PATs: a theoretical and empirical analysis, CFD;
and experimental. In theoretical analysis, a new formula was
created in the function of tested PATs and then compared with
Stepanoff and Sharma predictions. Then, in the experimental
setup, a single-stage centrifugal pump (n=1500 rpm) was
made and tested at Jiangsu University. The measure devices
were torque meter, turbine flow meter, and pressure gauge.
The numerical investigation was developed with ANSYS
CFX code, k-¢ turbulence model with the ICEM-CFD
software, the structured hexahedral grid was generated for a
mesh with blocks for different parts of the pump. The
achieved results were that the numerical method's agreement
could predict PAT performance and BEP with acceptable
accuracy. Another research conducted at Jiangsu University
analyzed the influence of the number of blades on the
presence of pulsation pressures and performance on PATs
[26]. The numerical investigation was validated by comparing
its results with the experimental results. Conditions of
numerical analysis were similar to the mentioned
investigation. The research concludes that the increase in the
number of blades decreases the pressure pulsations, and the
highest efficiency can be achieved in the PATs if an optimal
number of blades is found (8 in this case). These factors also
depend on the radial gap between the volute tongue and
impeller tips [33]. The results showed an optimal radial
relation with the BEP, and if the radial gap is increased, the
high-frequency pressure pulsation is reduced.

Wang et al. [19] presented a numerical simulation using the
ANSYS CFX 12.0 package, k-¢ closure model, and structured
hexahedral mesh to analyze the influence of forwarding
curved blades pumps, which was tested with experiments.
The same author[28] presented in 2017 a special impeller to
use in PATs (Ns=18.1) through theoretical, experimental, and
numerical study. The designed impeller improved notoriously
performance and was recommended as a convenient
alternative. It was verified in other centrifugal pumps with
different specific speeds (Ns=36.4 and 52.8). Numerical
simulation was slightly similar to previous analysis with the
difference in grid elements (structured hexahedral) and
boundary conditions.

Su et al. [20] focus the study on obtaining the rules of the
flow rate distribution analyzing the characteristics of the
internal flow rate. A centrifugal pump single-suction was
simulated using numerical simulation. The computational
domain was divided into five components. CFX code was
used to solve the equations with k-® SST turbulence model in
unsteady CFD simulation. The study’s principal conclusion is
that average time velocity diminishes between the outlet and
inlet section of the PAT. The simulation was validated with
an experiment in Guanyi Pump Co. Ltd, Foshan, China, and
CFD results are suitable with experiments for tested N.

Frosina ef al. [21] developed a new method for PATs with
numerical simulation. Three centrifugal pumps with various
specifics speeds (Ns: 20.5, 37.6, 64.0) were simulated in
direct mode and compared with manufacturers’ data. Then,
the numerical model was validated with the results of tests
executed at the Federico II University of Naples. Finally, the
results of this methodology were compared with other
prediction methods. There is a dispersion because some



methods present high deviations, and the others are similar.
PumpLinx CFD commercial code was used in the analysis.

Bahreini [30] applied CFturbo V.9 software, designed
three centrifugal pumps (Ns: 12.85, 17.96, 22.98). The
performance of the pumps was obtained with ANSYS CFX
16 code, and calibration presented acceptable results. Then,
turbine mode was investigated numerically, and efficiency in
turbine mode was compared with pump mode, so the first
mode of operation has lower efficiencies than the second.
Economic analysis was carried out, and the study concludes
that PATs have lower payback time than turbines in low
capacities.

Pugliese et al. [24] evaluated the performance of different
models of centrifugal PATs (48 rps): Horizontal and vertical
axis; single-stage and multistage; and further motor class
efficiency. The study aimed to analyze analytical
relationships from the literature that predict the performance
of PATs at the BEP and propose a new model. This model
resulted in predicting characteristic curves although, in some
cases, underestimates head and power numbers. A CFD
model was carried out for Horizontal Axis Single Stage PAT
with ANSYS Code and steady and unsteady conditions. CFD
model was reliable to predict characteristics curves.

Three numerical and experimental analyses were
conducted in similar conditions. For the numerical study of
PATS, the FIoEFD tool was used, and meshes were built with
Solid Works CAD System after an optimization process. The
boundary conditions were volume flow rate at the inlet and
static and recorded pressure at the outlet. Experimental
developments were accomplished at the University of Lisbon.
Pérez-Sanchez et al. [36] found different machines and
rotational speeds the head drop, and Simao ef al. [34] the
influence of rotation speed and rotation variation on PATs,
and the same authors[40] executed analysis for PATs installed
in parallels systems. These studies have contributed to a better
understanding of the PATs behavior in systems.

Capurso ef al. [41] and Capurso ef al. [42] investigated the
factor slip phenomenon on the prediction of performance in
PATs. They introduced a new coefficient that improved the
accuracy of a 1D model for predicting characteristic curves in
reversible pumps. Numerical simulation in PATs was
analyzed by OpenFoam code to solve U-RANS equations
with k— ® SST turbulence model. The grid was generated
with ICEM-CFD, and the number of cells after a sensitive
analysis was 11 000 000. The same author used equal code,
domain, and boundary conditions from numerical simulation
[11] to design a novel impeller. The new impeller presented a
significant improvement regarding the original pump,
because the novel element optimizes the geometry because it
increases the slip factor and reduces secondary losses in the
PAT.

Lal [38] carried out an analysis of cavitation and NPSHr
at PATs under different operating conditions. ANSYS code
was used, and the grid was generated in ANSYS ICEM CFD
for three blocks: Impeller, Casing, and Inlet Pipe with
1380152, 213813, and 156862 tetrahedral elements,
respectively. Simulations showed that efficiency in PAT is
higher 2% than pump mode, cavitation reduces about 2%
efficiency in direct and inverse modes, and NPSH values vary
by 3% if loading goes from 60% to 120% at 1 atm.
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Rossi et al. [29] presented a model to obtain PATs
performance in in-and out-of-design conditions based on a
predicting model derived from experimental data from 32
PATSs and numerical simulation using CFD analysis. ANSYS-
CFX package was used to resolve RANS equations with
Kk—m tne closure model. The predictive method has excellent
concordance with CFD analysis near to BEP points, and for
far regions, there is a slight mismatch.

Capurso et al. [11] analyzed cavitation and NPSHr at PATs
under different operating conditions. ANSY'S code was used,
and the grid was generated in ANSYS ICEM CFD for three
blocks: Impeller, Casing, and Inlet Pipe with 1380152,
213813, and 156862 tetrahedral elements, respectively.
Simulations showed that efficiency in PAT is higher 2% than
pump mode, cavitation reduces about 2% efficiency in pump
and pump as turbine modes and NPSH values vary 3% if
loading goes from 60% to 120% at 1 atm.

Renzi et al. [35] conducted a case study of an axial flow
pump in pump and PAT mode in a wastewater sewer to place
it in a treatment plant. Analysis was executed with ANSYS
Workbench to assess the technical and economic viability of
the solution. Energy recovery and economic savings were
achieved.

Jemal [31] presented a review based on theoretical,
numerical, and experimental research conducted on PATS.
Numerical simulation is used to predict performance curves,
optimize their elements, perform case studies, know the
performance in parallel systems, and select suitable pumps.
Most simulations were performed in ANSYS, and sensitivity
studies were performed to obtain the optimal grid for the
simulation.CFD might be an excellent tool for running PATs
studies, but it is not enough to determine the exact solution.
Koswara et al. [43] analyzed PATs changing the angle of
impeller blade tip using ANSYS FLUENT software. Results
show that the optimal impeller blade angle is 25°.

IV. CONCLUSION.

This paper presents an analysis of the development of
numerical simulations using pump as turbines with CFD
techniques. This tool has been used to predict characteristic
curves and performance of pumps in direct and reverse modes,
improve certain machine elements, simulate its operation in
different study cases, and be an effective solution in the
various research approaches. Better simulations will be done
according to the researcher’s experience, considering all the
losses that occurred in the phenomena and with a good quality
of the mesh. However, at the moment, the prediction and
selection of suitable pumps to operate in reverse mode for a
wide range is still an unsolved issue.

NOMENCLATURE

PATs Pump as turbine
BEP Best efficient point
CFD Computational Fluid Dynamics

k Turbulent kinetic energy
SST  Shear stress transport
Greek letters

€ turbulent dissipation

® specific dissipation
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