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Abstract: The outlet angle and shape of impeller blades are important parameters in centrifugal pump
design. There is a lack of detailed studies related to double curvature impellers in centrifugal pumps
in the current literature; therefore, an experimental and numerical analysis of double curvature
impellers was performed. Six impellers were made and then assessed in a centrifugal pump test bed
and simulated via 3D CFD simulation. The original impeller was also tested and simulated. One of
the manufactured impellers had the same design as the original, and the other five impellers had a
double curvature. Laboratory tests and simulations were conducted with three rotation speeds: 1400,
1700, and 1900 RPM. Head and performance curve equations were obtained for the pump–engine
unit based on the flow of each impeller for the three rotation speeds. The results showed that a
double curvature impeller improved pump head by approximately 1 m for the range of the study
and performance by about 2% when compared to basic impeller. On the other hand, it was observed
that turbulence models such as k-ε and SST k-ω reproduced similar physical and numerical results.

Keywords: centrifugal pump; CFD; impeller; double curvature

1. Introduction

Fluid transportation is important and necessary, and the most-used mechanism for
transportation is a centrifugal pump. Centrifugal pumps comprise several components re-
quired for adequate performance, two of which are the impeller and volute. The impeller’s
geometry is critical because it adds energy to the fluid [1], whereas the volute converts
kinetic energy to pressure energy. The impeller is the pump’s most important moving
element [2]. The blade, which is a key component of the impeller, directs the flow as it
passes through the impeller.

The relevant variables that affect flow through the interior of the centrifugal pump are
as follows: rotational speed of the pump, number of impeller blades, impeller diameters
(interior and exterior), pump head, and the fluid being pumped [3,4]. A kinematic study of
the impeller is essential when analyzing the load that the pump can deliver, whereas some
equations can be used to analyze the behavior of turbomachines, for example, the Euler
equation based on head or Euler’s theoretical height, tangential velocities, and gravitational
forces [2–4].

Advancements in computational technology, and, subsequently, computational fluid
dynamics (CFD), have made the latter a frequently used tool for analyzing and designing
fluid impelling machines. A CFD analysis typically consists of three phases: pre-processing,
processing, and post-processing.
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Several experimental and CFD studies have been carried out on centrifugal pumps,
including studies on pressure pulsations using numerical methods [5]. Spence and Ama-
ral [6] employed the Taguchi methodology to establish various configurations for analyzing
the impact of several parameters on pressure pulsations. Instead of conducting a complete
factorial analysis, which would have required 243 trials, the authors used the Taguchi
methodology on an L9 matrix with 27 trials. The simulation was based on previously
conducted experimental testing. Fontanals et al. [7] used CFD to investigate pressure fluc-
tuations caused by the interaction between the pump’s impeller and diffuser and compared
the results with experimental findings.

Several studies have carried out experimental analyses of centrifugal pump effi-
ciency improvements based on impeller trim [8]. The radial load on a pump’s impeller
working under off-design conditions was simulated and experimentally validated [9].
Other studies have investigated the influence of the number of blades [10–14], impeller
inlet geometry [15–17], blade outlet angle in centrifugal pumps [18], and blade outlet
geometry [19]. Patil et al. [20] conducted CFD analysis with various blade inlet angles and
compared the results with experimental results. After obtaining better results through
CFD, the authors concluded that the difference was due to the friction present in the
experimental tests.

Two-dimensional simulations have been used to study flow through impellers and to
determine performance, head, and efficiency curves using an optimization algorithm [21].
Grapsas et al. [22] conducted experimental and CFD studies in 2D. Zhou et al. [23] also
studied flow through a centrifugal pump using CFD, but in 3D, under both normal design
conditions and off-design conditions. Yang et al. [24] carried out 3D studies that simulated
turbulent flows on the interior of a centrifugal pump for chemical products and compared
the distribution of pressures and relative velocity under different work conditions. Shvindin
and Ivanyushin [25] and Cheah et al. [26] studied the primary performance characteristics of
a pump under off-design conditions. Barrio et al. [27] conducted CFD and 3D studies in the
pumps’ near-tongue region based on previously developed experimental trials with flow
velocities ranging from 20% to 160% of the nominal flow rate. Ozturk et al. [28] studied the
effect of the impeller–diffuser separation on a centrifugal pump. Gupta et al. [29] carried out
simulation studies to analyze the pressure and velocity distributions on impeller interiors.

Asuaje et al. [30] investigated the volute’s influence on pressure and velocity fields and
highlighted that, despite good flow orientation in the volute, there is heavy recirculation
at the volute’s outlet and uniformity in flow velocity in the spaces between the blades.
Esfahani et al. [31] conducted studies with different numbers of blades [5–8] and modified
the volute’s shape (circular and elliptical). Kulkarni [32] performed CFD studies and
highlighted the importance of surface finish for a centrifugal pump’s efficiency as one of
the significant conclusions.

There are numerical studies available on pumps that work with viscous fluids. Shojaee-
fard et al. [17,33,34] conducted experimental studies and simulations where they varied the
impeller’s width and outlet angle while pumping water and oil. Pegalthivarthi et al. [35]
utilized CFD to examine the effect of different operating conditions and geometries on
pumping a dense slurry.

Experimental studies were conducted by Mustafa Gölcü and Pancar [36] on impellers
with varying numbers of blades and different separator lengths. Baoling et al. [37] per-
formed 3D simulations using impellers with different blade lengths (long, medium, and
short) in various combinations, comparing the relative velocity and pressure distribution.
Kaya and others [38] measured the efficiency of different pumps operating in an industrial
plant to perform efficiency studies and provide recommendations for improvement.

Several investigations have demonstrated the significance of CFD in centrifugal pump
design [39,40]. Additionally, CFD studies have been utilized to forecast or analyze the
cavitation phenomenon in centrifugal pumps [41–44]. Shah et al. [45] emphasized the
importance and usefulness of numerical simulations in current advances in centrifugal
pumps and referenced studies conducted in this area.
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Blades can be constructed in three ways based on the impeller outlet angle (β2):
forward-curved (β2 > 90◦), backward-curved (β2 < 90◦), or radial (β2 = 90◦). Impellers
made with forward-curved blades generate more head than those with backward-curved
blades, but they consume significantly more power. Therefore, impellers are usually
produced with backward-curved blades [46]. Studying double curvature blades would
be worthwhile to determine at what distance between the interior and exterior impeller
diameters the double curvature can be applied to achieve a higher flow and head, thus
preserving or improving the pump’s performance.

On the other hand, different CFD analyses have recently been conducted. Ke et al.
(2023) [47] studied the pressure and velocity distribution in the inter-blade channel by
installing a trimmed splitter blade. Using CFD, they determined the thickness, diameter,
and length of the inter-blade for the pump used. Hu et al. (2023) [48] conducted CFD
analysis on centrifugal pumps operating with drilling fluids, which are non-Newtonian
fluids. They investigated the viscous effect caused highly irregular flow at the blade outlet.

There is a paucity of in-depth studies concerning impellers with double curvature
blades in the current literature. As such, the aim of this study is to evaluate double
curvature impellers at varying rotational speeds through experimental measurements and
CFD models. The aim is to obtain the head and performance curves of the pump–engine
unit for each impeller design at different flow rates. Lastly, the results obtained from the
experimental and numerical simulation curves are compared, with the simulations showing
better outcomes, primarily due to the friction present in the experimental results.

2. Materials and Methods
2.1. Experimental Facility, Used Impellers, and Measurements

An experimental facility was configured at the Universidad Tecnológica de Bolívar
for testing different impellers. Figure 1 shows the used experimental facility. An IG-IHM
Eurolinea 3 × 18 model centrifugal pump with a 2 HP electric motor and 1750 RPM
rotational velocity was used in this study. The pump operates at 220 V at 60 Hz.
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Figure 1. Schematic diagram of experimental facility.

The experimental facility was built considering ASME PTC 8.2-1990 regulations [49].
The suction (Ps) and discharge (Pd) pressure and flow (Q) were measured online through
a program developed in LabView. The program collects 100 data points per second and
delivers their average. The motor’s rotational velocity, voltage, current, electrical power,
and power factor were also measured.

Autonics high-precision pressure gauges, Signet 8550 flow transmitters, FLUKE
1735 power logger energy analyzer, MDT2238A Minipa digital tachometers, and a variable
speed drive were used. Additionally, the experimental facility included two 5000 L tanks
with positive suction.

Because forward-curved impellers deliver more head compared to backward-curved
impellers but also consume more power, double curvature impellers were designed to
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produce more head and to study their performance. Experiments were conducted on the
original impeller (BO) and with impellers designed, manufactured, and assessed by the
authors. Table 1 shows the characteristics of these impellers, where β1 is the impeller inlet
angle, DC is the double curvature percentage (15%, 25%, or 50%), and dDC is the double
curvature’s diameter.

Table 1. Characteristics of the assessed impellers.

Impeller β1 (◦) β2 (◦) DC (%) dDC (mm)

BO 17 30
BOAl 17 30
B25A 90 150 25 159.9
B25B 163 30 25 159.9
B50A 90 150 50 113.2
B50B 163 30 50 113.2
B15B 163 30 15 159.9

The pump’s original impeller was made of bronze. To compare potential changes
that could arise from differences in material and manufacturing processes, an impeller
with the same dimensions as the original was built. It was made from aluminum (BOAI).
Additionally, five impellers were designed with double curvatures of 15%, 25%, or 50%. The
percentage of double curvature was calculated based on the blade’s exterior and interior
diameters and measured from the exterior diameter. The impeller’s outlet diameter (d2)
is 180 mm, and the inlet diameter (d1) is 46.3 mm. To determine the double curvature’s
diameter, the following equation was defined and used by the authors:

dDC = d2 − (d2 − d1)DC (1)

The configurations of the impellers are presented in Figure 2. The blade shape of the
original bronze impeller (BO) and aluminum original impeller (BOAI) are presented in
Figure 2a, while Figure 2b illustrates the blade shape of the double curvature impellers. All
analyzed impellers had five blades.
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(b) double curvature impellers.

The experimental plan consisted of assessing impellers with different configurations
and using a variable speed drive, modifying rotational velocities between 1400, 1700,
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and 1900 RPM, which correspond to operating values normally used in the operation of
pump systems.

Before the tests, the pump’s maximal flow rate, Qmax, (with the regulating valve
completely open) for each impeller and each rotational speed was determined. This flow
was divided by 11 to determine flow variations (∆Q) in Equation (2), which was defined by
the authors to divide the maximum flow rate in different testing points.

∆Q =
Qmax

n− 1
(2)

The flow meter measured the water flow when the regulating valve was opened,
ensuring controlled flow for each test to guarantee 12 different flow rates per test that
corresponded to 12 points on the chart showing head as a function of flow.

Measurements were taken for the discharge pressure, suction pressure, flow, current
intensity per phase, line voltage, power factor, the motor’s electrical power consumption,
and angular velocity (RPM) for each position of the regulating valve. To ensure accuracy, a
5 min stabilization period controlled by the program was applied for each valve aperture,
followed by a 2 min data collection period.

The input data were the mass flow, outlet’s maximum pressure, and rotational velocity.
The rotational velocities used for the experimental tests were used here as well: 1400, 1700,
and 1900 RPM. Simulation values correspond to the different points of the experimental
tests, i.e., there was a simulation for each flow obtained in the experimental tests for the
corresponding valve maneuver.

2.2. Numerical Simulation
2.2.1. Governing Equations

Numerical simulations were performed using STAR-CCM+ (Siemens). A 3D CFD
model was used, applying the following assumptions: (i) the flow was composed of a
liquid phase (water) being a monophasic and segregated flow with constant density due to
the mechanical properties of the water phase as incompressible flow, and (ii) numerical sim-
ulation was performed in a steady state. Therefore, transient flows, thermodynamic effects,
and heat transfer were neglected in this modelling. The following equations correspond to
continuity and momentum equations that represent the movement of fluids [50].

∇·V = 0 (3)

∇·(ρVV) = −∇p + µ∇2V + ρg (4)

where V = velocity vector, ρ = density of liquid, p = static pressure, µ = dynamic viscosity,
and g = gravitational acceleration vector.

The selected turbulence model was k-ε, which is one of the most widely utilized mod-
els [51,52]. It is an semi-empirical model based on transport formulations for the turbulent
kinetic energy (k) and its corresponding dissipation rate (ε), which can be applied only for
fully turbulent flows. Equations (5) and (6) describe the used transport formulations:

∂

∂xi
(ρkui) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb−]ρε−YM + Sk (5)

and
∂

∂xi
(ρεui) =

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + G3εGb)− C2ερ

ε2

k
+ Sε (6)

where, Gk= the generation of turbulence kinetic energy based on mean velocity gradient;
Gb = the generation of turbulence kinetic energy based on buoyancy force; YM = the
contribution of the fluctuating dilatation in compressible turbulence; C1ε, C2ε, and G3ε are
constants used by the turbulence model; σk and σε are the turbulence Prandtl numbers for
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k and ε, respectively; Sk and Sε are user-defined source terms; ρ = mixture density; and
µ = mixture dynamic viscosity. The turbulent viscosity (µt) is compued as follows [51]:

µt = ρCu
k2

ε
(7)

where Cu = constant.
On the other hand, the SST k-ω model was used as a complement to compare the

influence of generation–dissipation of the turbulence, considering that this model combines
the advantages of k-ε and standard k-ω models. Equations (8) and (9) correspond to
generation and dissipation of turbulence, respectively [53,54].

∂

∂xi
(ρkui) =

∂

∂xj

[
(µ + µtσk)

∂k
∂xj

]
+ Pk − β∗ρkω (8)

∂

∂xi
(ρωui) =

∂

∂xj

[
(µ + µtσω)

∂k
∂xj

]
+ α

1
νt

Pk − βρω2 + 2(1− F1)ρσω2
1
ω

∂k
∂xj

∂ω

∂xj
(9)

where ω = dissipation frequency, Pk = generation of turbulence, F1 = blending function,
νt = turbulent kinetic viscosity, and terms such as α, β, β* σk and σω are constants that
correspond to the turbulence model.

The SST k-ω model has been used in the literature to simulate impellent in pump
systems [55,56], as well as the k-ε model [55,57]. Therefore, it is appropriate to per-
form a comparison of the generation and dissipation of turbulent effects in centrifugal
pump impellers.

2.2.2. Geometric, Mesh, and Boundary Conditions

The assessed impellers, volute, and part of the suction and discharge branch pipes
were digitized using Solid Edge ST5. The imported solid represents the system’s fluid
composed by different boundaries: (i) admission, where flow is admitted to geometric
domain applying a mass flow rate; (ii) discharge, which is the boundary where the flow
leaves the geometric domain, and the initial condition of velocity and pressure were 0 m/s
and 101.325 Pa (1 atm) respectively; and (iii) walls, which guarantees the confinement of the
flow within the geometrical domain (see Figure 3a). Two interfaces were created to allow
for the exchange of properties between these two areas, as shown in Figure 3b. Interface
1 facilitates the exchange of properties in the fluid as it enters the impeller from the volute
inlet, while interface 2 enables the exchange of properties in the fluid exiting the impeller
and entering the volute.

In this simulation, an unstructured mesh was applied, where polyhedral cells were
used in Rotating Fluid region and Fluid Region as shown in Figures 3c and 4, respectively,
where structured cells were detailed at the near-wall boundary layer with a wall distance
of 0.2 mm and an aspect ratio of 0.65. In addition, Figure 3d shows an example of a real
impeller, which was used in the laboratory.

To define the size of mesh, a mesh independence analysis was performed using three
(3) different meshes to verify the independence of numerical results of mesh conditions,
where Impeller BO was tested, in this case. To generate the meshes, a value of base size
was assigned for different meshes, as shown in Figure 5a. For the entire study, the stopping
criteria used for residuals was 1 × 10−4. Parameters such as difference in pressure and
velocity of admission and discharge were evaluated for different scenarios. Figure 5b shows
the variation of difference in pressure, where it was observed that these values ranged
between 139 and 140.3 kPa considering the meshes used that considered cell numbers
between 55,339 and 1,705,898, with insignificant changes in the pressure difference as a
function of the number of cells, being an acceptable trend from a numerical point of view.
On the other hand, Figure 5c shows that admission and discharge velocity presented a few
variations in their values considering the number of cells used in the CFD model, being
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that the values of admission velocity were between 2.30 and 2.37 m/s, and the values of
discharge velocity were between 3.85 and 3.95 m/s. Therefore, the velocity results also
behaved adequately regardless of the mesh resolution.
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Finally, it was possible to identify the independence of numerical results from the
resolution of the mesh, so that the choice of the number of cells in this case was determined
according to the resolution of the information to be visualized. In that sense, the size of the
volumetric polyhedral meshes obtained after the mesh independence analysis was 0.015 m
(Between Mesh 1 and 2), which was obtained for each section of the different cells and node
quantities of the assessed impellers (see Table 2).

Table 2. Number of cells and nodes for each area.

Impeller
Fluid Rotating Fluid

Cells Nodes Cells Nodes

BO/BOAl 776,181 4,243,191 217,590 1,088,747
B25A 776,005 4,238,226 216,562 1,099,660
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Table 2. Cont.

Impeller
Fluid Rotating Fluid

Cells Nodes Cells Nodes

B25B 774,347 4,227,560 224,197 1,122,148
B50A 779,221 4,260,653 213,663 1,083,460
B50B 777,577 4,250,597 223,323 1,122,050
B15B 771,334 4,208,591 227,538 1,138,883
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Cells Nodes Cells Nodes 
BO/BOAl 776,181 4,243,191 217,590 1,088,747 

Figure 5. Characteristics of meshes used for independence analysis: (a) illustration of different
meshes and details, (b) variation of difference in pressure between admission and discharge for three
meshes, and (c) results of velocities at admission and discharge for different meshes.
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Simulations were performed using an HP computer with 32 cores and 256 GB of RAM.
The simulation time was around 12 h.

3. Analysis of Results

Considering that two impellers have a similar geometry (the original impeller in
bronze and the aluminum one), seven impellers were experimentally assessed, and six
impellers were simulated using a 3D CFD model. Tests were conducted at three different
speeds (1400 RPM, 1700 RPM, and 1900 RPM).

3.1. Experimental Curves
3.1.1. Head–Flow Rate Curve

The following data were measured at 12 points per impeller and for each rotational
velocity: suction pressure, discharge pressure, rotational velocity, flow rate, voltage, electric
current, power factor, and electrical power. Based on these data, the Bernoulli equation
was applied to compute the pump head [58]:

H =
Pd − Ps

γw
+

V2
d −V2

s

2g
+ (Zd − Zs) (10)

where H is the pump head; Pd and Ps are the discharge and suction pressures, respectively;
Vd and Vs are the discharge and suction velocities, respectively; Zd and Zs are the discharge
and suction heights, respectively; and γw is the water specific weight. Figure 4 shows the
measurement points for each variable. Once the head for each point was calculated, the
head–flow rate equation was determined. The analyzed head–flow rate equation is shown
below [58]:

H = AQ2 + BQ + C (11)

Constants A, B, and C for the assessed impellers are shown in Table 3. In addition,
the correlation coefficient (R2) was calculated for each test. A minimum value of 95.24%
was found for the impeller B50A with 1900 RPM, while a maximum value of 99.94% was
computed for the impeller BOAl (1900 RPM). These values showed that the model is
suitable to represent these experimental curves. Figure 6a–c show the head–flow rate
curves for the original impeller and the aluminum impeller with the same geometry for
each velocity tested. Figure 6d–f show the head–flow rate curve for impellers B25A, B25B,
B50A, B50B, and B15B for each velocity tested. Table 4 shows the impellers’ maximum flow
rates (GPM) for each rotational velocity.

Table 3. Constants for the pump head–flow rate of the assessed impellers.

Impeller w (RPM) A B C R2

BO
1400 −8.77 × 10−4 −1.11 × 10−2 10.10 98.98
1700 −8.86 × 10−4 −1.74 × 10−2 14.25 99.76
1900 −1.10 × 10−3 −1.80 × 10−2 19.04 99.80

BOAl
1400 −7.28 × 10−4 −1.53 × 10−2 10.17 99.90
1700 −5.37 × 10−4 −2.81 × 10−2 14.21 99.93
1900 −7.23 × 10−4 −3.51 × 10−2 19.36 99.94

B25A
1400 −1.10 × 10−3 1.49 × 10−2 10.53 98.83
1700 −8.69 × 10−4 −4.50 × 10−3 15.07 99.67
1900 −8.29 × 10−4 −1.27 × 10−2 19.99 99.46

B25B
1400 −9.16 × 10−4 5.20 × 10−3 10.53 98.36
1700 −1.37 × 10−3 4.75 × 10−3 14.86 98.37
1900 −1.00 × 10−3 −2.28 × 10−2 19.81 99.80

B50A
1400 −5.81 × 10−4 4.09 × 10−3 9.84 97.61
1700 −7.00 × 10−4 −4.62 × 10−3 14.14 99.34
1900 −9.72 × 10−4 −4.78 × 10−3 19.11 95.24
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Table 3. Cont.

Impeller w (RPM) A B C R2

B50B
1400 −4.32 × 10−4 −2.84 × 10−2 10.43 97.28
1700 −1.15 × 10−4 −4.88 × 10−2 14.82 96.59
1900 −1.25 × 10−3 −2.50 × 10−2 19.73 99.55

B15B
1400 −1.22 × 10−3 8.15 × 10−3 10.10 98.06
1700 −1.02 × 10−3 −7.20 × 10−3 14.29 98.91
1900 −1.40 × 10−3 −3.91 × 10−3 18.80 99.47
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1900 RPM.
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Table 4. Impeller maximum flow rate (GPM) for each rotational velocity.

Impeller
w (RPM)

1400 1700 1900

BO 37.95 45.33 51.82
BOAl 37.96 45.42 52.08
B25A 39.41 46.98 53.60
B25B 39.35 43.47 52.07
B50A 38.97 46.22 52.84
B50B 37.06 45.08 50.80
B15B 37.31 44.56 50.55

Table 4 shows the maximum flow rates obtained using different impellers.

3.1.2. Performance–Flow Rate Curve

The pump–motor unit’s performance was calculated using the following equation [58]:

η =
QHγw

Ne
(12)

where η is the pump–motor unit performance, and Ne is the measured electrical power.
Once the performance for each point was calculated, the performance as a function

of flow rate was determined. Figure 7a–c show the performance as a function of flow
rate for the original impeller and the aluminum original impeller for each velocity tested.
Figure 7d–f show the performance as a function of flow rate for impellers B25A, B25B,
B50A, B50B, and B15B for each velocity tested.

The performance–flow rate equation was:

η = D + EQ + FQ2 (13)

The values of the constants for the assessed impellers are listed in Table 5; likewise,
each equation shows a correlation coefficient with values greater than 99%, which indicates
that the computed equation is highly suitable.

Table 5. Performance constants for the pump–motor unit as a function of flow rate of the
assessed impellers.

Impeller w (RPM) D E F R2

BO
1400 −3.17 × 10−2 2.65 1.27 × 10−1 99.99
1700 −2.32 × 10−2 2.29 4.01 × 10−1 99.97
1900 −1.88 × 10−2 2.02 3.71 × 10−1 99.98

BOAl
1400 −2.91 × 10−2 2.65 3.10 × 10−1 99.95
1700 −2.00 × 10−2 2.19 5.46 × 10−1 99.95
1900 −1.77 × 10−2 2.05 8.68 × 10−1 99.90

B25A
1400 −3.38 × 10−2 2.80 1.22 × 10−1 99.71
1700 −2.79 × 10−2 2.53 7.61 × 10−1 99.90
1900 −2.21 × 10−2 2.24 7.74 × 10−1 99.92

B25B
1400 −3.35 × 10−2 2.69 5.53 × 10−1 99.91
1700 −3.06 × 10−2 2.47 5.17 × 10−1 99.86
1900 −2.25 × 10−2 2.09 9.85 × 10−1 99.73

B50A
1400 −2.58 × 10−2 2.31 6.18 × 10−1 99.93
1700 −2.27 × 10−2 2.13 3.94 × 10−1 99.92
1900 −2.00 × 10−2 1.98 2.23 × 10−1 99.13
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Table 5. Cont.

Impeller w (RPM) D E F R2

B50B
1400 −3.28 × 10−2 2.55 8.57 × 10−1 99.73
1700 −2.48 × 10−2 2.30 1.08 99.55
1900 −2.36 × 10−2 2.15 4.88 × 10−1 99.89

B15B
1400 −2.67 × 10−2 2.26 8.55 × 10−1 99.40
1700 −2.28 × 10−2 2.07 6.11 × 10−1 99.89
1900 −1.92 × 10−2 1.84 6.24 × 10−1 99.91
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The performance–flow rate equation was: 

𝜂 = 𝐷 + 𝐸𝑄 + 𝐹𝑄  (13)

Figure 7. Performance–flow rate curve of the pump–motor unit for impellers: (a) BO and BOAl at
1400 RPM; (b) BO and BOAl at 1700 RPM; (c) BO and BOAl at 1900 RPM; (d) B25A, B25B, B50A, B50B,
and B15B at 1400 RPM; (e) B25A, B25B, B50A, B50B, and B15B at 1700 RPM; (f) B25A, B25B, B50A,
B50B, and B15B at 1900 RPM.
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4. Discussion
4.1. Head–Flow Rate Curves

The Tukey’s test (HSD) is the test most applied and preferred by statisticians because it
better controls the two widely known statistical errors (Type I and Type II) [59]. Figure 6a–c
show the head–flow rate curves for impellers BO and BOAl for each velocity tested. The
maximum flow rate difference obtained between both impellers was 0.26 GPM at 1900 RPM.
No significant differences between impellers BO and BOAl were found. Based on Tukey’s
test, it can be concluded that double curved impellers can be made from aluminum because
neither the material of the impeller nor the manufacturing process affects the pump’s head
when compared to that of the bronze impeller. Figure 8d–f show better performance in
relation to head delivered by impeller B25A.

Fluids 2023, 8, x FOR PEER REVIEW 13 of 27 
 

The values of the constants for the assessed impellers are listed in Table 5; likewise, 
each equation shows a correlation coefficient with values greater than 99%, which indi-
cates that the computed equation is highly suitable. 

Table 5. Performance constants for the pump–motor unit as a function of flow rate of the assessed 
impellers. 

Impeller w (RPM) D E F R2 

BO 
1400 −3.17 × 10−2 2.65 1.27 × 10−1 99.99 
1700 −2.32 × 10−2 2.29 4.01 × 10−1 99.97 
1900 −1.88 × 10−2 2.02 3.71 × 10−1 99.98 

BOAl 
1400 −2.91 × 10−2 2.65 3.10 × 10−1 99.95 
1700 −2.00 × 10−2 2.19 5.46 × 10−1 99.95 
1900 −1.77 × 10−2 2.05 8.68 × 10−1 99.90 

B25A 
1400 −3.38 × 10−2 2.80 1.22 × 10−1 99.71 
1700 −2.79 × 10−2 2.53 7.61 × 10−1 99.90 
1900 −2.21 × 10−2 2.24 7.74 × 10−1 99.92 

B25B 
1400 −3.35 × 10−2 2.69 5.53 × 10−1 99.91 
1700 −3.06 × 10−2 2.47 5.17 × 10−1 99.86 
1900 −2.25 × 10−2 2.09 9.85 × 10−1 99.73 

B50A 
1400 −2.58 × 10−2 2.31 6.18 × 10−1 99.93 
1700 −2.27 × 10−2 2.13 3.94 × 10−1 99.92 
1900 −2.00 × 10−2 1.98 2.23 × 10−1 99.13 

B50B 
1400 −3.28 × 10−2 2.55 8.57 × 10−1 99.73 
1700 −2.48 × 10−2 2.30 1.08 99.55 
1900 −2.36 × 10−2 2.15 4.88 × 10−1 99.89 

B15B 
1400 −2.67 × 10−2 2.26 8.55 × 10−1 99.40 
1700 −2.28 × 10−2 2.07 6.11 × 10−1 99.89 
1900 −1.92 × 10−2 1.84 6.24 × 10−1 99.91 

4. Discussion 
4.1. Head–Flow Rate Curves 

The Tukey’s test (HSD) is the test most applied and preferred by statisticians because 
it better controls the two widely known statistical errors (Type I and Type II) [59]. Figure 
6a–c show the head–flow rate curves for impellers BO and BOAl for each velocity tested. 
The maximum flow rate difference obtained between both impellers was 0.26 GPM at 1900 
RPM. No significant differences between impellers BO and BOAl were found. Based on 
Tukey’s test, it can be concluded that double curved impellers can be made from alumi-
num because neither the material of the impeller nor the manufacturing process affects 
the pump’s head when compared to that of the bronze impeller. Figure 8d–f show better 
performance in relation to head delivered by impeller B25A.  

  
(a) (b) 

Fluids 2023, 8, x FOR PEER REVIEW 14 of 27 
 

 
(c) (d) 

(e) (f) 

Figure 8. Head–flow rate Tukey’s test for impellers: (a) BO and BOAl at 1400 RPM; (b) BO and BOAl 
at 1700 RPM; (c) BO and BOAl at 1900 RPM; (d) B25A, B25B, B50A, B50B, and B15B at 1400 RPM; (e) 
B25A, B25B, B50A, B50B, and B15B at 1700 RPM; (f) B25A, B25B, B50A, B50B, and B15B at 1900 RPM. 

A comparison of head–flow rate curves between impellers BO and B25A was con-
ducted. Figure 9a–c show the results for each velocity applied in the experiment measure-
ments. Impeller B25A performed better than the original impeller in terms of head. Figure 
10a–c show that impeller B25A performed better than the original impeller (BO) in terms 
of head, with a 95% confidence level per Tukey’s test. However, this difference decreased 
as the rotational velocity increased. Based on the results, a flow rate of 30 GPM (at 1500 
RPM) gives a height difference of 1.0 m between BO and B25A impellers; with 1700 RPM, 
a height difference of 1.23 m is obtained; and for 1900 RPM, a height difference of 1.36 m 
is attained. Similarly, considering a flow rate of 50 GPM for speeds of 1500 RPM, 1700 
RPM, and 1900 RPM, height differences of 1.17, 1.53, and 1.90 are computed, respectively. 

  
(a) (b) 

Figure 8. Head–flow rate Tukey’s test for impellers: (a) BO and BOAl at 1400 RPM; (b) BO and BOAl
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A comparison of head–flow rate curves between impellers BO and B25A was con-
ducted. Figure 9a–c show the results for each velocity applied in the experiment mea-
surements. Impeller B25A performed better than the original impeller in terms of head.
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Figure 10a–c show that impeller B25A performed better than the original impeller (BO)
in terms of head, with a 95% confidence level per Tukey’s test. However, this difference
decreased as the rotational velocity increased. Based on the results, a flow rate of 30 GPM
(at 1500 RPM) gives a height difference of 1.0 m between BO and B25A impellers; with
1700 RPM, a height difference of 1.23 m is obtained; and for 1900 RPM, a height difference
of 1.36 m is attained. Similarly, considering a flow rate of 50 GPM for speeds of 1500 RPM,
1700 RPM, and 1900 RPM, height differences of 1.17, 1.53, and 1.90 are computed, respectively.
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Figure 9. Head–flow rate calculation by simulation for impellers BO and B25A at: (a) 1400 RPM;
(b) 1700 RPM; (c) 1900 RPM.

4.2. Performance–Flow Rate Curve

A comparison between performance–flow rate curves has been analyzed to detect the
best impeller. Figure 11 shows a slightly improved performance for the original aluminum
impeller (BOAl) compared with that of the original bronze impeller (BO) at all tested
velocities. The original bronze impeller (BO) and the original aluminum impeller (BOAl)
have a similar performance according to Tukey’s test. Figure 11 shows better performance
by impeller B25A. Tukey’s test for double curvature impellers (B25A, B25B, B50A, B50B,
and B15B) shows no statistically significant difference among them. Although there is
no significant statistical difference between the considered impellers, it is important to
highlight that the impeller B25A yields an average performance of 42% for the different
tested speeds, while the OB impeller reached a value of 40%.
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Figure 12a–c show the performance of the pump–motor unit for impellers BOAl and
B25A. A slightly better performance is observed for impeller BOAl compared with impeller
B25A for each tested velocity.
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4.3. Phenomenon Description and CFD Validation

The numerical simulation shows the pump’s interior flow and allows for an analysis
of its interior phenomena. Figure 13 shows the pump’s pressure distribution when using
impellers B25A and BO, and, as expected from a centrifugal pump, the pressure of both
impellers increases from the center of the impeller to the blade outlet; however, for similar
flow rates, higher pressure at the pump’s outlet is observed when using impeller B25A. At
the outlet of the volute, pressures around 200 kPa can be reached for the casing of impeller
B25A, while, for the original impeller (BO), the pressures are around 150 kPa. Figure 14
shows an increase in pressure as the fluid travels from the inlet to the outlet of the volute.

Figure 15 shows the pump’s relative velocity vectors when using impellers B25A and
BO at 1700 RPM. Impeller BO shows areas of turbulence, which are larger compared to
impeller B25A. Thus, impeller B25A provides a better head and performance behavior
regarding flow rate compared to the other ones. In addition, water velocities around
10 m/s can be observed at the outlet of the volute for both impellers, before coming into
the diffuser.

A comparison between 3D CFD and experimental results was performed as shown in
Figure 16. The impellers B15B, B25A, and BO were selected for conducting the analysis.
For all cases, the 3D CFD model is suitable for representing the head curves, since blue
lines (experimental test) are similar compared to red lines (3D CFD model).
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4.4. Comparison between k-ε and SST k-ω Turbulence Models

In this research, a comparison was performed of the pumping curves obtained with
the B25A impeller using the k-ε, turbulence model, and the SST k-ω turbulence model to
understand the differences in physical and numerical results in applying these models.
Figure 17 showed a suitable agreement between the pumping curves applied with the B25A
impeller for 1400, 1700, and 1900 RPM. The blue lines represent experimental tests.

Figure 17a showed that the curves obtained from the CFD model with the k-ε and
SST k-ω turbulence models presented a similar trend to the experimental curve, where
the SST k-ω model curve started from H = 10.8 m, compared to the experimental curve
(H = 10.56 m), and the k-ε model curve (H = 10.45 m), and it remained above these in the
different Q vs. H. This trend of the pump curve with the SST k-ω model higher than the
experimental and CFD model curves with the k-ε turbulence model occurred using other
angular velocities (1700 RPM and 1900 RPM), whereas there was a discrepancy between
the turbulence model curves in the scenario in Figure 17c (B25A at 1900 RPM).

Figure 18 shows the spatial distribution of pressure in the test with the B25A impeller
subjected to 1700 RPM using the k-ε (Figure 18a), and SST k-ω (Figure 18b) turbulence
models. There was a significant difference in the prediction of low-pressure zones, mostly
noticeable in the results presented by the SST k-ω model, and a higher-pressure gradient
at the change of direction, which reaches up to 213,000 Pa, while, with the k-ε model, the
pressure at the volute outlet does not exceed 203,000 Pa. Although the turbulence prediction
differs in areas such as the low-pressure points on the impeller axis and the volute outlet,
the Q vs. H ratio tends to be similar in both turbulence models, as observed in Figure 17b.

In addition, Figure 19 shows the differences in the velocity distribution over the
impeller and outlet of the centrifugal pump, where a similar behavior was evidenced over
the rotor area from the shaft to the interface of the impeller with the volute. However, there
was a difference in the velocity distribution in the discharge area, where it was observed
with the k-ε turbulence model (Figure 19a). On the other hand, the result presented by the
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SST k-ω model (Figure 19b) shows a velocity profile that was presented to a greater extent
on the wall of the left sector of the discharge pipe, with velocity values of around 8 m/s,
showing an adequate trajectory from the physical point of view.
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On the other hand, CFD modelling made it possible to visualize the behavior of some
variables associated with the turbulence phenomena occurring in the impeller and the
outlet of the volute. In that sense, parameters such as turbulent kinetic energy (Figure 20)
and vorticity (Figure 21) were analyzed to compare the effects generated according to the
turbulence models.

It was evident that the k-ε turbulence model favored a higher turbulent kinetic energy
generation compared to the SST k-ω turbulence model (Figure 20a), considering that this
model uses the velocity gradients calculated in the whole system analyzed to capture this
phenomenon, while the SST k-ω model predicted the generation of kinetic energy from the
generation of shear forces on the fluid, as can be seen in the connection of one of the blades
and the connection of the volute with the discharge pipes (see Figure 20b).

In contrast to the turbulent kinetic energy, the vorticity magnitude was higher in
the CFD model simulated with the SST k-ω turbulence model (Figure 21b), showing that
vortices predominated between blades with a frequency between 3000 and 6000 cycles per
second (Hz), while, with the k-ε turbulence model (Figure 21a), the vorticity was located
specifically at the impeller blades and with a lower magnitude than that presented in the
SST k-w turbulence model, where values below 3000 Hz predominated.



Fluids 2023, 8, 217 21 of 26Fluids 2023, 8, x FOR PEER REVIEW 21 of 27 
 

  
(a) (b) 

 
(c) 

Figure 17. Comparison of turbulence models using CFD results: (a) B25A at 1400 RPM; (b) B25A at 
1700 RPM; and (c) B125A at 1900 RPM. 

Figure 17a showed that the curves obtained from the CFD model with the k-ε and 
SST k-ω turbulence models presented a similar trend to the experimental curve, where the 
SST k-ω model curve started from H = 10.8 m, compared to the experimental curve (H = 
10.56 m), and the k-ε model curve (H = 10.45 m), and it remained above these in the differ-
ent Q vs. H. This trend of the pump curve with the SST k-ω model higher than the exper-
imental and CFD model curves with the k-ε turbulence model occurred using other angu-
lar velocities (1700 RPM and 1900 RPM), whereas there was a discrepancy between the 
turbulence model curves in the scenario in Figure 17c (B25A at 1900 RPM). 

Figure 18 shows the spatial distribution of pressure in the test with the B25A impeller 
subjected to 1700 RPM using the k-ε (Figure 18a), and SST k-ω (Figure 18b) turbulence 
models. There was a significant difference in the prediction of low-pressure zones, mostly 
noticeable in the results presented by the SST k-ω model, and a higher-pressure gradient 
at the change of direction, which reaches up to 213,000 Pa, while, with the k-ε model, the 
pressure at the volute outlet does not exceed 203,000 Pa. Although the turbulence predic-
tion differs in areas such as the low-pressure points on the impeller axis and the volute 
outlet, the Q vs. H ratio tends to be similar in both turbulence models, as observed in 
Figure 17b. 

Figure 17. Comparison of turbulence models using CFD results: (a) B25A at 1400 RPM; (b) B25A at
1700 RPM; and (c) B125A at 1900 RPM.

Fluids 2023, 8, x FOR PEER REVIEW 22 of 27 
 

 
(a) (b) 

Figure 18. Comparison of pressure contours of impeller B25A using a velocity of 1700 RPM: (a) k-ε, 
and (b) SST k-ω turbulence model. 

In addition, Figure 19 shows the differences in the velocity distribution over the im-
peller and outlet of the centrifugal pump, where a similar behavior was evidenced over 
the rotor area from the shaft to the interface of the impeller with the volute. However, 
there was a difference in the velocity distribution in the discharge area, where it was ob-
served with the k-ε turbulence model (Figure 19a). On the other hand, the result presented 
by the SST k-ω model (Figure 19b) shows a velocity profile that was presented to a greater 
extent on the wall of the left sector of the discharge pipe, with velocity values of around 8 
m/s, showing an adequate trajectory from the physical point of view. 

 
(a) (b) 

Figure 19. Comparison of relative velocity contours of impeller B25A using a velocity of 1700 RPM: 
(a) k-ε, and (b) SST k-ω turbulence model. 

On the other hand, CFD modelling made it possible to visualize the behavior of some 
variables associated with the turbulence phenomena occurring in the impeller and the 
outlet of the volute. In that sense, parameters such as turbulent kinetic energy (Figure 20) 

Figure 18. Comparison of pressure contours of impeller B25A using a velocity of 1700 RPM: (a) k-ε,
and (b) SST k-ω turbulence model.



Fluids 2023, 8, 217 22 of 26

Fluids 2023, 8, x FOR PEER REVIEW 22 of 27 
 

 
(a) (b) 

Figure 18. Comparison of pressure contours of impeller B25A using a velocity of 1700 RPM: (a) k-ε, 
and (b) SST k-ω turbulence model. 

In addition, Figure 19 shows the differences in the velocity distribution over the im-
peller and outlet of the centrifugal pump, where a similar behavior was evidenced over 
the rotor area from the shaft to the interface of the impeller with the volute. However, 
there was a difference in the velocity distribution in the discharge area, where it was ob-
served with the k-ε turbulence model (Figure 19a). On the other hand, the result presented 
by the SST k-ω model (Figure 19b) shows a velocity profile that was presented to a greater 
extent on the wall of the left sector of the discharge pipe, with velocity values of around 8 
m/s, showing an adequate trajectory from the physical point of view. 

 
(a) (b) 

Figure 19. Comparison of relative velocity contours of impeller B25A using a velocity of 1700 RPM: 
(a) k-ε, and (b) SST k-ω turbulence model. 

On the other hand, CFD modelling made it possible to visualize the behavior of some 
variables associated with the turbulence phenomena occurring in the impeller and the 
outlet of the volute. In that sense, parameters such as turbulent kinetic energy (Figure 20) 

Figure 19. Comparison of relative velocity contours of impeller B25A using a velocity of 1700 RPM:
(a) k-ε, and (b) SST k-ω turbulence model.

Fluids 2023, 8, x FOR PEER REVIEW 23 of 27 
 

and vorticity (Figure 21) were analyzed to compare the effects generated according to the 
turbulence models. 

It was evident that the k-ε turbulence model favored a higher turbulent kinetic energy 
generation compared to the SST k-ω turbulence model (Figure 20a), considering that this 
model uses the velocity gradients calculated in the whole system analyzed to capture this 
phenomenon, while the SST k-ω model predicted the generation of kinetic energy from 
the generation of shear forces on the fluid, as can be seen in the connection of one of the 
blades and the connection of the volute with the discharge pipes (see Figure 20b). 

In contrast to the turbulent kinetic energy, the vorticity magnitude was higher in the 
CFD model simulated with the SST k-ω turbulence model (Figure 21b), showing that vor-
tices predominated between blades with a frequency between 3000 and 6000 cycles per 
second (Hz), while, with the k-ε turbulence model (Figure 21a), the vorticity was located 
specifically at the impeller blades and with a lower magnitude than that presented in the 
SST k-w turbulence model, where values below 3000 Hz predominated. 

 
(a) (b) 

Figure 20. Comparison of contours of turbulent kinetic energy of impeller B25A using a velocity of 
1700 RPM: (a) k-ε, and (b) SST k-ω turbulence model. 

Figure 20. Comparison of contours of turbulent kinetic energy of impeller B25A using a velocity of
1700 RPM: (a) k-ε, and (b) SST k-ω turbulence model.



Fluids 2023, 8, 217 23 of 26
Fluids 2023, 8, x FOR PEER REVIEW 24 of 27 
 

 
(a) (b) 

Figure 21. Comparison of vorticity contours of impeller B25A using a velocity of 1700 RPM: (a) k-ε, 
and (b) SST k-ω turbulence model. 

5. Conclusions 
This study analyzed pump head and performance as a function of flow rate for dou-

ble curvature impellers and the pump’s original impeller. For this purpose, an aluminum 
impeller was built with the same design as the original bronze impeller, and five impellers 
were created with double curvatures.  

Based on this analysis, the following conclusions can be drawn:  
 The head–flow rate and performance–flow rate curves for the original aluminum im-

peller and original bronze impeller, which came with the pump, are not different; this 
result validates the comparison of the original bronze impeller with the double cur-
vature impellers. Another important contribution of this study is the set of different 
head–flow rate and performance–flow rate equations obtained for each of the assessed 
impellers, both experimentally and by simulation. 

 Double curvature impellers at 25% of the length from the exterior diameter in relation 
to the interior diameter deliver more head than the original impeller; impeller B25A 
performed better compared to impeller B25B. This difference can be observed not only 
in the head–flow rate curve figures but also in the Turkey’s test. The performance of 
the pump–motor unit with impeller B25A was better than the original impeller. 

 The curves obtained experimentally and by simulation do not show a statistically sig-
nificant difference with a 95% confidence interval. 

 For a better understanding of the physical behavior of variables such as pressure and 
flow velocity in the impellers and at the outlet of the pumping system, several three-
dimensional CFD models were developed, which were used to represent the scenarios 
described in Table 1. In the different tests carried out, flows at the inlet and outlet 
were in the range of the Reynolds number between 10,304 and 138,951, being in the 
turbulent flow regime; therefore, the use of turbulence models was considered for the 
modelling of the pumping system. 

 For the validation process, a mesh independence analysis and comparison with ex-
perimental pumping characteristic curves was performed, where the curves obtained 
from the CFD model showed a similar trend to the experimental curves. 

Figure 21. Comparison of vorticity contours of impeller B25A using a velocity of 1700 RPM: (a) k-ε,
and (b) SST k-ω turbulence model.

5. Conclusions

This study analyzed pump head and performance as a function of flow rate for double
curvature impellers and the pump’s original impeller. For this purpose, an aluminum
impeller was built with the same design as the original bronze impeller, and five impellers
were created with double curvatures.

Based on this analysis, the following conclusions can be drawn:

• The head–flow rate and performance–flow rate curves for the original aluminum
impeller and original bronze impeller, which came with the pump, are not different;
this result validates the comparison of the original bronze impeller with the double
curvature impellers. Another important contribution of this study is the set of different
head–flow rate and performance–flow rate equations obtained for each of the assessed
impellers, both experimentally and by simulation.

• Double curvature impellers at 25% of the length from the exterior diameter in relation
to the interior diameter deliver more head than the original impeller; impeller B25A
performed better compared to impeller B25B. This difference can be observed not only
in the head–flow rate curve figures but also in the Turkey’s test. The performance of
the pump–motor unit with impeller B25A was better than the original impeller.

• The curves obtained experimentally and by simulation do not show a statistically
significant difference with a 95% confidence interval.

• For a better understanding of the physical behavior of variables such as pressure
and flow velocity in the impellers and at the outlet of the pumping system, several
three-dimensional CFD models were developed, which were used to represent the
scenarios described in Table 1. In the different tests carried out, flows at the inlet and
outlet were in the range of the Reynolds number between 10,304 and 138,951, being in
the turbulent flow regime; therefore, the use of turbulence models was considered for
the modelling of the pumping system.
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• For the validation process, a mesh independence analysis and comparison with ex-
perimental pumping characteristic curves was performed, where the curves obtained
from the CFD model showed a similar trend to the experimental curves.

• It was identified, through CFD modelling, that the double curved blades generate
higher pressure fronts when pushing the water towards the volute, leading to the
generation of higher pressure compared to impellers without double curvature.

• The application of the k-ω SST and k-ε turbulence models was adequate to understand
the physical behavior of the turbulence effects in impellers, where some numerical
and spatial differences were identified concerning the generation of turbulent kinetic
energy and the prediction of vorticity by summing the results of the velocity and
pressure contours. However, it was found that the trend of the Q-H curves was similar
using the different turbulence models. Finally, these turbulence models guarantee an
adequate prediction of physical behavior concerning the Q-H ratio, and they have
been used for similar analyses in previous research.

Pump manufacturers should explore double curvature impellers, since it is possible
to increase the behavior of the head–flow rate curves compared to traditional designs. As
a starting point, the authors recommend using the defined geometry for impeller B25A.
This research presented head and performance pump curves considering double curvature
impellers that can be used by manufacturers.
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