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a b s t r a c t

The hydropower sector has recently raised the interest in pump as turbine (PaT) that can be a valid trade-
off between capital cost and performance in micro-scale installations. Nevertheless, the modest effi-
ciency of PaTs often restricts their exploitation. In this paper, available experimental data are used to tune
a numerical model which aims to investigate the effect of the pump cutwater design on the PaT per-
formance to improve the hydraulic efficiency. Because of its finite thickness, the cutwater interferes with
the flow at the runner inlet, and generates local flaws in the velocity field such as swirl and deviations of
the streamlines which limit the machine performance. To identify the geometrical characteristics of the
cutwater impacting on the PaT performances, different values of stretching and thickness of the cutwater
are studied at variable inclination by computational fluid dynamics (CFD) simulations. A multivariate
regression method is applied on the CFD results to build a surrogate model of the PaT hydraulic char-
acteristics as a function of the geometrical parameters of the machine cutwater. Based on this model, an
optimization problem is solved to identify the most advantageous geometrical asset of the PaT cutwater
to maximize the efficiency. The results highlight that the length and the cutwater angle are the most
affecting variables in favouring a tangential component at the entrance of the runner. The hydraulic
efficiency peak of the optimized geometry results to be 86.3%, while the baseline configuration records
an efficiency of 82.4%, and the J� f characteristic moves the best efficiency point towards higher head
(þ7.5%) and lower discharge (�13.0%). The proposed methodology allows identifying the best geomet-
rical characteristics of the PaT cutwater to maximize the performances while significantly reducing the
computational time.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The growing consciousness of the need for a green alternative to
other pollutant energy sources has enhanced the spreading and
integration of renewable energy sources [1]. Solar and wind energy
sources have recorded the highest growth in the last decades,
nevertheless, today, hydropower represents the largest share of
renewable energy sources in the world [2]. It can be exploited by
natural or artificial water sources [3e5] and its implementation is
present in different scale sizes [6e8]. Among several components
of a hydropower plant, the hydroelectric unit is the very heart of the
energy production system and thus its performance is crucial for
Morabito), patrick.hendrick@ulb.b
the return on investment of the power plant [9]. The selection of
the right type of turbine for given site conditions is one of the most
relevant factors influencing operational costs and revenues; hy-
draulic turbines have high costs due to their punctual design and
performance testing [10]. Electromechanical elements represent
between the 20e35% of the total investment [11], but it can reach
higher values (70%) in certain projects, where civil engineering
costs are reduced by pre-existing infrastructures on-site [10,11].
However, in micro-scales hydropower projects, the initial capital
investment of a conventional hydroelectric unit is hard to be
determined and often economically prohibitive [12].

An effective method to shorten the costs in turbomachinery in
e (P. Hendrick).
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themicro-scale hydropower is the implementation of centrifugal or
diagonal pumps in reverse mode (opposite flow direction and
rotational speed than normal operation) instead of conventional
turbines. The major benefit in using pumps as turbine (PaT) is that
pumps are comparatively much more cost-effective than conven-
tional hydraulic turbines [10,11,13]. Pumps are massed-produced
and have low initial and maintenance costs but ready availability
[14]. The exploitation of micro- and mini-scales hydropower finds
in PaT a strong ally for the rural and remote decentralized appli-
cations [15e17]: PaTs are relatively simple, and their solid structure
provides a reliable option for renewable energy provision. How-
ever, PaTs have a drawback concerning the performance prediction
method, as there is no universal model of conversion from the
normal pump operation [10,18,19]. Many researchers have pro-
posed analytical and experimental models in forecasting the sta-
bility and the best efficiency point (BEP) of a pump in reverse mode
[20e22]. However, the diversity of the experimental results and
consequent difficulties in the validation of the developed predictive
models [11,23,24] continue to motivate world-class research ac-
tivities in this field, being of high interest for industry and aca-
demics in micro-hydropower [25,26] and energy recovery instead
of throttling [27].

Furthermore, pumps for industrial applications are not meant to
run in reverse mode and their performance can shift appreciably
from the higher efficiency of traditional hydraulic turbines. Many
attempts have been studied and engineered to bring performance
improvements in using PaTs. The study on coupling the effect of
adjustable guide vanes (AGV) to an axial pump allowed Qian et al.
[28] to generate a hill chart also in reversemode and extend the PaT
operating range at high efficiency. This technology takes advantage
of the variable guide vanes pitch to compose the most suitable
velocity triangle at the inlet of the runner. On this topic, another
experimental investigation shows the positive effect of a volute
equipped with guide vanes for flow regulation [12]. The act of
providing inlet flow control can guarantee the PaT to operate effi-
ciently at off-design conditions, that could often happen in micro
and mini hydropower system for the limited capacity of the water
reservoir or during seasonal fluctuations of the water availability
[12,29]. However, common water pumps are not equipped with
guide vanes and even less often with AGV. This additional feature
affects the final cost of the pump and compromises the economic
strength of PaTs unless to accommodate variable hydrological load
conditions.

Several efforts have been done to improve the impeller geom-
etry. A parametric optimization of single-curvature blade profile of
a PaT was carried out by combining the back propagation neural
network and genetic algorithm: under the BEP condition, the effi-
ciency of the PaT increased by 2.91% after optimization [30]. Effi-
ciency impeller improvements for PaT operation have been
presented by Derakhshan et al. [31] by using a gradient-based
optimization CAD-connected and supported by CFD validation.
The new blade design results performing at about þ3% better than
the initial pump design and slightly reduced head and torque (�3%
and �7% respectively) [31]. Machine learning techniques, like
regression models, have been applied to improve the design of an
impeller for off-design and nominal working conditions by devel-
oping a multi-objective optimization problem [32]. Wang et al. [33]
conducted a numerical and experimental analysis of three new
special forward-curve impellers. Although the efficiency improve-
ments are obtained, the impeller replacement represents an
expensive re-design of the machinery. A less intensive geometrical
modification has been experimentally conducted on the rounding
of the pump outlet edges of impeller blades, namely the PaT runner
inlet. This operation mitigates the water shock at the inlet of the
same pump in reverse mode and reduces the hydraulic losses
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through the blade channels [34]. The effect of the blade thickness
on the PaT efficiency is proven by a throughout analysis of the
hydraulic loss distribution in three different pumps which indicates
that the total hydraulic loss in a PaT increases with the blade
thickness [35]. Further experimental investigations have been
performed on other modifications of the impeller geometry by the
impeller trimming [36], impeller diameter size [37,38], rotational
speed [38], blade wrap angle [39] and, again, impeller edges
rounding [31,40,41]. Moreover, the behaviour of several hydraulic
components have been studied in a comprehensive investigation at
BEP, part-load, and full load conditions to evaluate four different
geometrical modifications in eight PaTs [42]: the inlet impeller
rounding and inlet casing rings have been improved to increase the
efficiency, while the modification of the pump suction eye
enlargement and the casing eye-rib removal have shown a mingled
effect on the performance [42,43]. Additional theoretical and nu-
merical analysis are present in the literature for the use of splitter
blades in PaT: CFD steady-state simulations were found in good
agreement with experimental results although a numerical over-
estimation of the efficiency due to hydraulic neglected losses [44].
Capurso et al. develop a novel impeller design for low-medium
specific speed double suction centrifugal pump [45] and analysed
in reverse mode [46]. The novel double suction impeller is char-
acterized by a new arrangement of its flow channels, which come
up alternately on the same circumferential exit. Numerical analysis
supports the performance assessment of new channel arrangement
for guiding the flow at the inlet of the PaT runner in absence of a
diffuser [46]. Also, a numerical analysis has shown by steady-state
simulations the presence of an optimum in the PaT overall perfor-
mance of the three pumps analysed by the effect of the radial gap at
the rotor/stator interface [47]. Finally, new designs of the volute
casing have been numerically analysed to reduce radial forces
affecting the pump normal and reverse operation [48]: the novel
casing design provides a more sustainable mechanical operating
conditions, allowing the PaT to run with competitive hydraulic ef-
ficiency. Recently, the same research group of the University of
Tehran demonstrates the implication of the cutwater for a low-
specific speed pump performance by an experimental study over
the pressure fluctuation in the rotor/stator interaction [49]. Inter-
estingly, the correct positioning of the cutwater appears to be
beneficial in increasing the momentum at the inlet of the PaT
runner.

Previous research investigations in the PaTs performance un-
derline the growing interest in improving its efficiency and pro-
moting their implementation in micro hydropower. However,
drastic geometrical updates would not preserve the PaTs economic
advantage, but they may require a considerable amount of re-
sources instead. On the contrary, cutwater modifications are
confined in a modest area of the volute and do not alter the runner
geometry. Because of its finite thickness, the cutwater interferes
with the flow, generating local excess velocities and deviations of
the streamlines affecting the flow orientation at the inlet of the PaT
runner and consequently its performance. Thanks to the few pre-
liminary study about the effect of the cutwater, it has been possible
to foresee its design potential in pumps in reversed mode, but the
precedent literature concerning an effective methodology in its
design optimization is limited.

The objective of this article is to present a new approach for a
geometry improvement based on numerical investigations. The
produced data allow building a regression model of the PaT effi-
ciency and to detect with good accuracy the geometry optimum for
the new cutwater design thanks to the solution of an optimization
problem. The analysis is conducted on the variations of the
rounding, length and angle inclination of the volute cutwater of a
radial-pump. For this purpose, Section 2 announces the problem



Fig. 1. Overview of the simulated domain. Dimensions are expressed in meters.
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statements and introduces the developed methodology. Section 3
firstly illustrates the hydraulic domains, giving a view of the
phenomenological problem driven by the cutwater modifications.
The numerical approach and the available experimental data are
then discussed. Finally, the regression model and the optimization
strategy are presented. The CFD validation and results are described
in Section 4 and they address to the finding of the cutwater opti-
mum design. The proposed numerical investigation offers sufficient
pool of data to elaborate a predictive algorithm of the hydraulic PaT
Fig. 2. Domain geometry improvements by rebuilding the cutwater's adjacent surface
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performance. The optimized geometry of the cutwater is proposed
and compared with its baseline design. At last, the conclusions are
stated in Section 5.

2. Problem statement

To optimize a centrifugal pump running as a turbine, the present
study aims at investigating the cutwater geometrical parameters,
under predefined constraints, that maximize the hydraulic effi-
ciency. An overview of the investigated geometry is given by Fig. 1.
The cutwater is modified from its initial design (baseline geometry)
by length, tip thickness and tilt deviation. The geometrical updates
are conducted on case-by-case basis by a computer-aided design
(CAD) software and adapted for numerical simulations. To secure
reliability of the selected numerical model, the computational re-
sults of the baseline geometry are validated by experimental
measurements in respect of their relative accuracy. Therefore, CFD
simulations build a complete data-set, including the PaT head and
efficiency characteristics. The retrieved data allow the development
of a regression model for understanding the effect of the different
geometrical variables on the hydraulic efficiency. Moreover, this
model is able to predict the PaT performance in relation of the
cutwater design and lessen the investigation time appreciably.
Finally, an optimization problem, targeting the highest efficiency
point, processes the regressionmodel and converged in an ultimate
optimal design of the cutwater.

3. Methodology

3.1. Hydraulic domain modelling

To reproduce the operating domains of the pump, its technical
drawing, provided by the manufacturer, have been imported in
CATIA V5 and healed by geometrical imperfections, such as
disconnected surfaces and missing intersecting points. A dedicated
smoothing-CAD process is applied to the investigated sub-domains
in order to emulate fine and smooth surfaces nearabout the
cutwater (Fig. 2). In this way, erroneous sharp edges and inaccurate
defects are removed from the domain modelling, saving critical
geometrical spots, such as bulges and cusps, to themesh generation
process and numerical computations. The domain implemented for
the generation of the computational grid counts four sub-domains:
the pump impeller, the volute and two straight pipes at the suction
and discharge side of the pump (Fig. 1). The additional volumes are
meant to uniform the imposition of the boundary condition during
s for its stretched version: ⓐ before and ⓑ after the geometrical improvements.



Fig. 3. Variation of the cutwater rounding.

Fig. 4. Variation of the cutwater length.

Fig. 5. Variation of the cutwater tilt angle.

Table 1
List of independent variables describing the cutwater.

Variable Domain

Stretching, S LS ¼ ½L;4L�
Rounding, R LR ¼ ½r =4; r�
Angle, A LA ¼ ½ � 25+; þ 10+�
Discharge unit, Q11 LQ11 ¼ ½0:33;0:50�
Speed unit, n11 LN11 ¼ ½65;105�
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the solver calculations without affecting the solution of the simu-
lation [50]. Despite the increase of simulated flow and thus the
larger use of computational resources, both sub-domains allow the
flow to reach the full developed conditions and avoid severing the
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computation right at the interested research sections.
In this research, the modifications of the cutwater's length,

thickness and tilt angle report to the baseline design of the volute.
The original dimensions are denoted by the length of 15,6 mm (L)
and a thickness for 6,5 mm of radius (r). The inclination angle of the
original cutwater is set to 0�. The limits of proposed modifications
reflect geometrical constraints. The maximum inclination is
defined to avoid the contact with the rotor and the minimum
thickness and length by structural and manufacturing issue. The
investigation analyses the cutwater's radius at full, half and quarter
of the baseline size (Fig. 3). The effects of cutwater's length are
covered by CFD simulations on multiple sample stretching values
i.e. two, three and four times the baseline length (Fig. 4). Finally, the
inclination of the cutwater represents an additional optimization
parameter: cutwater with positive and negative angle deviations
are explored (Fig. 5).

The modifications performed on the cutwater geometry are
investigated within the ranges summarised in Table 1 and the
research space covers the operative intervals of Q11 and n11 where
high efficiency is performed. Q11 and n11 are defined as follows in
Eq. (1):

Q11 ¼ Q
D2H0:5

n11 ¼ nD
H0:5

(1)

The investigated geometry alterations would affect the flow
pattern at the entrance of the PaT runner such as the absolutewater
speed c2 direction, a2. The hydraulic performance of the PaT de-
pends on the specific energy, which increases through the turbo-
machine according to Eq. (2) [51]:

E ¼ gH

¼ u2c2u � u1c1u

¼ u2c2mcotða2Þ � u21 þ u1cm1cotðb1Þ
(2)

An overview of the nomenclature and the velocity triangles in
pump running in turbine mode is provided by Fig. 6.

3.2. Mesh generation

The domain discretization are generated separately for the sub-
domains by utilizing commercial CFD codes from Numeca. Auto-
Grid5TM software [52] produces a structured mesh of a single
passage of the six-blade-runner. The solver will then implement
the full periodicity of the runner blade passages for achieving the
numerical results. Hexpress [53] and Hexpress-hybrid [54] are used
for the unstructured mesh of the other sub-domains and the final
merged mesh. All the available experienced numerical simulations
confirm the relevance of the grid quality as a crucial factor for
convergence and simulation reliability [32,50]. For this purpose, a
grid sensitivity analysis is conducted with an increasing number of
mesh points and improved quality (Fig. 7), in respect of the
maximum level of orthogonality (average skewness > 75∘), average
expansion ratio (ER<5), acceptable ER at viscous layer (ER � 1:2)
and average aspect ratio (AR � 5). The final mesh is considered
acceptable when the generated outputs do not show great sensi-
tivity to local or global grid refinements [49,55]. The convergence
criterion is set at 10¡4 and, until the converged values for efficiency
and torque exceed the range of 0.04% from the solution obtained
with a finer mesh, the number of the grid points are further
increased. Table 2 illustrates the details of the mesh in the four sub-
domains used for the baseline case study. ER and AR give an index of
the mesh quality and dx estimates the average element size,
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calculated as dx ¼ ðV=nndÞ1=3, where V is the domain volume [m3]
and nnd is the number of mesh nodes.

The non-dimensional wall distance yþ defines the requirements
for a sufficient and accurate description of the turbulence at the
wall. Hence, it is crucial to monitor that yþ ranges in the admissible
values in solving the boundary layer. An iterative adjustment of the
first-cell size, according to the adopted turbulent model, and grid
refinement are conducted to find the adequate set of mesh for
different discharge regimes. The shift in flow velocities affects the
Reynolds number, and thus, the approach in estimating the
boundary layer. The yþ values reported in Fig. 8 are representative
for all the investigated cases and simulated discharge values. A
whole mesh system of the four sub-domains between 4.8,106 and
6,106 cells is found satisfactory. The cells number variation is
mostly due to the turbulence model selection and the additional
refinements near to cutwater during its modifications: the wider
the inclination angle and length, the larger the required number of
grid cells.
Fig. 7. Mesh convergence test conducted to assess the independence of the grid on the
accuracy of the solution.

Table 2
Mesh details for the baseline case study domain.

Sub-domain Volume [m3] Nodes dx [m] AR ER

Inlet 0.0198 450 953 0.0035 1.01 1.16
Volute 0.0247 2 791 970 0.0021 1.01 1.10
Blade 0.0095 1 190 496 0.0019 1.72 1.25
Outlet 0.0201 460 359 0.0035 1.01 1.16
3.3. Numerical modelling

The selection of a suitable turbulence model is of crucial
importance for the significance of the simulations. Six different
models have been tested to solve the incompressible Reynolds
time-averaged Navier-Stokes (RANS) equations. The simulations
run in steady-state and aim to look at the design validity of the
cutwater, describing the flow field perturbations in the volute and
velocity angles at the inlet of the runner. Thoroughly solving the
relative motion between rotor and volute requires an unsteady and
viscous flow solver with the capacity to manage enormous data
storage. One way to optimize the calculation requirement is to
resolve the steady flow field on a truncated computational domain.
This requires the so-called mixing plane approach, an averaging
process to be performed at the rotor/stator (R/S) interfaces [56]. In
this condition, the PaT cutwater does not locally influence the inlet
of the runner but the circumferential averaged flow quantities are
exchanged at R/S interfaces. However, the resultant simulation is
still capable of predicting with reasonable accuracy the blade-to-
blade flow-field and the rotor and stator's overall performance
[56,57]. This physical approximation tends to become more
Fig. 6. Velocity triangles at the entrance (station 2) and exit (station 1) of the PaT
runner [51].
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acceptable as the rotational speed is increased [56]. Finally, the
mixing plane approach decreases the needed computational effort
by up to an order of magnitude compared to unsteady simulations,
that is too time-consuming for use in routine design [58,59]
because it requires different definitions of the spatial and temporal
scales of the problem. In this research investigation, a mixing plane
approach is implemented with a full non-matching technique that
allows for not congruent topology of mesh patches on both sides of
the R/S interfaces.

In agreement with other numerical investigation on internal
flow with relevant pressure gradient [48,60,61], k-u SST better
reproduces the revised characteristic curves of the pump and PaT.
This turbulence model is used for all the simulations presented in
this investigation. Table 3 represents an extraction of the afore-
mentioned turbulence model test over a mesh in a range of 3.9e4.6
million nodes. This grid difference is due to the different approach
to resolve the boundary layers for extended wall function (EWF)
and standards model. In EWF treatments, each wall-adjacent cell's
centroid should be located within the log-law layer, 30< yþ< 300
requires a greater first cell height, thus, a reduced total number of
nodes than a standard model (yþ x 1).

The numerical discretization scheme is set central and of the
second order. The simulations are computed in FINE/Open solver
[56] and for smoothing the calculations, multigrid initialisation is
employed: multiple levels of initial coarser grids are used to pre-
pare the computation with the finest grade. A no-slip boundary
condition is applied to all the internal wall. The mass flow direction
is set normal to the inlet surface and static pressure constant value
at the outlet. The numerical settings for the pumpmode are similar
to the PaT mode but with switched inlet and outlet sections and
opposite direction of the rotational speed. Indeed, in the micro
pumped hydro energy storage (PHES) system where the PaT oper-
ates, the machine is able to operate both in generating and



Fig. 8. Evaluation of non-dimensional wall distance yþ for the volute and impeller in
the baseline case.
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pumping modes and the BEPs are found at �700 rpm and
1000 rpm, respectively [62]. The performance of the turbomachine
and the cutwater influence are analysed for a series of discharge
values. The time required to obtain converged results is on average
above four and a half hours (with 12 cores parallel calculations).
The convergence criterion is not defined unequivocally by exam-
ining the residuals but also from the imbalance of mass and mo-
mentum and stable outputs.
Table 4
Extract of the main parameters data-sheet of the pump installed at the micro
pumped storage facility.

Pump main parameters
3.4. Experimental setup

In this study, experimental tests are used to validate the nu-
merical simulations performed on the centrifugal pump. The pump
Table 3
Turbulent model test applied to a PaT: Spalart-Allmaras (SA), k-εmodels, k-uwith or
without Extended Wall Function (EWF).

PaT mode at NPAT

Model DP [kPa] M [Nm] hh [%]

SA �455 �45.9 82.2
SA EWF �451 �45.9 82.8
k-ε Yang Shih �525 �57.1 83.0
k-ε EWF �525 �56.0 83.4
k-u SST �479 �48.0 82.4
k-u SST EWF �525 �53.4 82.8
Experimental data �492 �49.0 78.2
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specific speed Ns, a designing value that helps to characterize the
shape of the impeller pump, is equal to 55 and it is calculated as
follows in Eq. (3):

Ns ¼ N
ffiffiffiffi
Q

p

ðHÞ0:75
(3)

whereN [rpm], Q [m3/s], andH [m] are related to the pump BEP. The
radial pump is applied in a 7 kW micro pumped storage plant fa-
cility generating 17 kWh in the industrial suburb of Froyennes, in
Belgium [62]. In this installation, the pump without any modifica-
tions is used for both pumping and generating operations by vari-
able speed control. The main parameters of the pump are listed in
Table 4 and details of the geometry are shown by Fig. 9.

Data is acquired in steady state operations with a frequency of
1 Hz by sensors placed in key sections of the facility line, as rep-
resented in Fig. 10. Pressure and temperature are measured up-
stream and downstream the turbomachine. The flow-meter is
installed on the straight pipe at the convenient distance and the
pump shaft is equipped with a torque-meter for monitoring the
couple and rotational velocity. The experimental results are aver-
aged values over a total number of 300 samples per steady oper-
ating condition. The precision of a given single parameter is
computed with the uncertainty model expressed in Eq. (4):

U ¼ ±
h
ðBerrÞ2 þ

�
t95 SX;err

�2i1=2
(4)

where U is the uncertainty of the parameter, Berr is the systematic
error (or bias error), SX;err is the precision index error (or random

error), and t95 is the Student's t degree of freedom and is computed
with the Welch-Satterthwaite approximation [63]. The precision
index error in Eq. (5) is determined by the square root of the sum of
the square random uncertainties SXi

:

SX;err ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXK
i¼1

�
SXi

�2
vuut (5)

The SXi
is the standard deviation divided by the square root of

the number of samples for the ith element. The high number of
samples acquired in these tests reduces SX;err making it negligible.

Therefore, only the systematic error, that remain constant in the
whole test [64], is taken in consideration. It is calculated in Eq. (6)
by the square root sum of the square of the single systematic error
Bi:
Installation year 2017
Horizontal axis
PaT BEP rotational speed, NPaT �700 min ¡1

Diameter suction side 250 mm
Diameter discharge side 200 mm
Number of blades 6
Blade thickness at exit 2.8 mm
Blade thickness at mid-channel 5.2 mm
Specific speed 55
Impeller exit diameter 296 mm
Impeller exit width 45.6 mm
l hub 33∘

l shroud 31∘

b2 hub 33.6∘

b2 shroud 31.5∘



Fig. 9. Sectional view of the PaT.

Fig. 11. Error propagation in function of the dimensionless discharge number.
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Berr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiXK
i¼1

B2i

vuut (6)

The error measured for each parameter propagates in derived
results though the following propagation relationship of Eq. (7):

vf
f
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vf1
f1

�2

þ…þ
�
vfk
fk

�2
s

(7)

in which f ¼ f ðfiÞ is the combined results, vf is the associated un-
certainty of the quantity f, while vfi are the uncertainty of the in-
dependent parameters fi. The bias and the random error should be
taken in consideration separately until summed as seen in Eq. (4),
but since we consider the random error negligible only the bias
error will be considered for the error propagation.

Fig. 11 shows the propagation of the relative error for the
different parameters measured and the derived system efficiency,
expressed as h ¼ Mu=rgQH, in function of the discharge number
f ¼ Q=puD3.
Fig. 10. Schematic view of the micro-hydropower station and location of the measuremen
flow-meter.
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3.5. Multivariate regression model

Relying on the data-set produced by the simulated operating
points, a surrogate model of the PaT performances is built by
employing the multivariate adaptive regression spline method
(MARS) [65]. The MARS algorithm is a non-parametric multivariate
regression method that approximates a nonlinear correlation by a
series of spline functions on different intervals of the independent
variable. The sequence of these spline functions is articulated by
recursive partitioning, or hinge functions, which includes branched
equation modelling and assures the continuity of the resulting
analytical function and of its first derivative. Hinge mapping of the
developed MARS model can be expressed as in Eq. (8):

BFi ¼hi*Max
�
0;
�
xj �K

	

(8)

where i and j are the indices for basis functions (BF) and input
variables (x), respectively, and K is a constant referred as knot. The
ðx�KÞ condition greater than zero enables the related function
factor, h. In this way, MARS builds regression based surrogate
models by adding BFs as a mechanism that defines variable in-
tervals severed by knots. Once the full set of basis functions com-
binations has been created, the algorithm sequentially removes
individual basis functions that do not significantly contribute to the
model equation [66]. In the backward-pass process of the MARS
implementation several BFs are discarded from the final model
expression as not significant or held in more influencing hinge
t devices: Ⓟ pressure sensors, Ⓣ thermo-couples, Ⓝ tachometer, Ⓜ torque-meter, Ⓕ



min:
ĥ PAT

Fig. 12. Numerical and experimental comparison for specific energy coefficient J and
efficiency hh over the relative discharge number.
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functions [66]. For this reason, some of the BFs are pruned in the
final formulation of the surrogate model.

The target of the model is to compute a formulation the of
predicted PaT efficiency, bh, by the investigated variable ranges, as
previously listed in Table 1. bh is given by a function dependent on
the operating conditions (Q11 and n11) and the geometrical vari-
ables (S; R; A) that define the modification of the cutwater. In
addition, in order to set consistency of the bh formulation with the
feasible PaT working conditions, an admissible design space of the
Q11-n11 relation needs to be resolved. Therefore, an analytical

function bQ 11 ¼ gðS;R;A;n11Þ is established by applying the MARS
method to the available numerical data. Because of this second
correlation of Q11, the model of the PaT efficiency also respects the
admissible operating conditions imposed by the H-Q predicted
characteristic curves. The surrogate model of the PaT hydraulic
performance is generated with py-earth, a library of machine-
learning methods written in Python [67], and it is defined as
shown in Eq. (9):8<: bhPAT ¼ f ðS;R;A;Q11;n11ÞbQ 11 ¼ gðS;R;A;n11Þ

(9)

The correlation coefficient R2 and the generalized cross valida-
tion (GCV) [68] are used to evaluate the performance of the sur-
rogate model.
3.6. Optimization problem

The purpose of the geometry optimization of the cutwater is to
guarantee a better PAT performance in energy recovery ability,
thereby reducing its energy losses. The calculations are performed
in MATLAB [69] environment and the optimum geometry is
detected by solving an optimization problem targeting
814
1� ĥPAT Such that : bhPAT ¼ f ðS;R;A;Q11;n11Þ;
S2LS; Q112LQ11;
R2LR; n112LN11;
A2LA (10)

The global minimum of the model function of Eq. (10) can
potentially be located in the interior of the search space or on its
boundaries, indicating that theremight bemultiple feasible regions
and multiple minimum points in each region. In order to solve this
non-convex problem a multi-start method is applied [70,71]: the
non-linear solver runs from different starting points, reaching
different locally optimal solutions. To keep high probability that the
global optimal solution has been found with accuracy, a large
number of runs is carried out. Therefore, approximately four
thousand different initial values are used for the solver in the basin
of attraction of the multi-variable global optimum value. Precisely,
a systematic sampling of the search space of the independent
variables S;R;A;n11 is set and explored in all the variable ranges.
4. Results

4.1. Validation of PaT numerical simulations

This section compares the CFD results with the available
experimental data of the baseline case in order to validate
the numerical model. The geometry obtained for the nu-
merical simulation does not include the gap between the
rotor and stator parts nor manufacturing tolerances. It fol-
lows that no impeller clearances have been considered. The
hydraulic friction losses related and the drag loss at the back
of the impeller have not been simulated, but the losses in
these zones (non-flow zone losses) are mainly due to disk
friction and secondary flow effects, and they can be esti-
mated [41,72]. To reduce the discrepancy from the experi-
mental data [47], the losses have been computed according
to empirical formulations provided in literature [41,51]. The
power losses created by gap friction (hf ¼ 98%) and leakages
(hl ¼ 98:87%) have been estimated a priori, according to
empirical 1-D models [51], because the pump seals and the
balancing holes impeller have not simulated. In addition, the
mechanical efficiency has been calculated equal to 95.4% at
BEP for the size and wear of the implemented pump, also in
agreement with the accepted range value 89e96% in the
literature [12,51]. All these considerations allow reproducing
the overall pump and PaT characteristic curves.

In Fig. 12, the PaT's specific energy coefficient, J ¼ gH=ðuDÞ2,
and the hydraulic efficiency, hh, of the numerical simulations are
compared with the experimental data over the PaT's discharge
coefficient at NPAT . It should be noted that discrepancies between
computations and experimental data could be partly due to the
uncertainties in measurements. The uncertainty analysis gives a
relative error of about ±3% in pressure and head at BEP operating
conditions (Fig. 11).
4.2. Performance evaluation

After quality evaluations of the simulations by means of the
convergence history, yþ checks, momentum- and mass-balances,
the head and efficiency outputs are analysed. In Fig. 13 - 14 - 15,
the specific energy coefficient and the efficiency are shown over the
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discharged unit, f, normalized on the BEP of the baseline geometry
and as a function of the cutwater inclination angle. All the sub-
figures together give an overview of the multidimensional problem
in f �J and f � h for S, R, and A variables.

Interestingly, stretching the cutwater produces a considerable
increase of the PaT required available head, and shifts the efficiency
peaks at lower discharges: by extending the cutwater length from
two to four times, J increases on average by 25% and 32% at low
and high discharge, respectively. In this way, the flow leans along
the cutwater walls favouring a tangential component at the
entrance of the runner. Due to the absence of diffuser vanes, the
Fig. 13. Head characteristics as a function of the disch
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first approximation of a2 is given by the cutwater incidence [51].
Therefore, in turbine operation, the volute determines the runner
absolute flow angle, a2, which directly affects the theoretical spe-
cific energy of the turbine, as expressed in Eq. (2).

Moreover, the cutwater tip, R, slightly influences the specific
energy coefficient, J, except if the cutwater is characterized by a
large stretching (S>3L) and at high negative tilt angle (A ¼ � 25+).
In these conditions, the head output is inversely proportional to the
thickness of the cutwater tip: a sharp rounding R ¼ r=4 produces an
18e20% raise in head compared to the baseline rounding (R ¼ r).

Furthermore, it is highlighted that an excess of negative
arge number and the cutwater angle for S ¼ 2L.



Fig. 14. Head characteristics as a function of the discharge number and the cutwater angle for S ¼ 3L.
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inclination, A, causes an increase of the specific energy coeffi-
cient J, between þ0.04 and þ 0.08 in respect to the baseline
characteristics. The water streamlines are stirred towards the
outer wall of the volute, by rising considerably the absolute
velocity circumferential component c2u but also turbulence. As a
consequence, the efficiency drops at high negative inclination.
Positive inclination (A ¼ þ 10+) globally reduces both specific
energy and hydraulic efficiency.

To provide a quantification of the numerical accuracy, the nu-
merical standard deviation of the mass flow balance are given. In
Fig. 16, the errors computed during the CFD simulations over the
discharge unit, f, are normalized on the BEP of the baseline
816
geometry. From the performance evaluation, it emerges that a
longer cutwater pushes the peak of efficiency at lower discharge. As
a result, numerous tests occur in 0:7<f=fBEP <0:9, where most of
the new design BEPs lay and the mass-error drops below 1%.
4.3. Surrogate model of the PaT hydraulic performance

The surrogate model of bhPAT is built according the formulations

expressed in Eq. (9). The complementary definition of bQ 11 linksbhPAT to the constraints of the PaT hydraulic characteristics. The
training data-set to build each surrogate model is obtained by
randomly selecting 80% of the 224 simulated operating conditions



Fig. 15. Head characteristics and efficiency as a function of the discharge number and the cutwater angle for S ¼ 4L.

A. Morabito, E. Vagnoni, M. Di Matteo et al. Renewable Energy 175 (2021) 807e824
and the test data-set is composed by the earmarked 20% of the
samples. The surrogate model bhPAT as a function of the cutwater
dimensions and operating points is calculated and detailed in the

Appendix (Table 6). Similarly, the formulation for bQ 11 consists of
only 16 enabled terms which are listed in the Appendix (Table 7). A
quadratic degree of the fitting terms for bhPAT ¼ gðS;R;A;Q11;n11Þ is
found satisfactory and it includes a cubic expression of bQ 11 equally
reliable. Fig. 17 illustrates the histogram of the model prediction
error on the test data-set, and it assures the limited misstep of the
surrogate model: 90% of the tested data records an error within ±
817
1%. Likewise, another test on the Q11 function is performed and its
results confirm the good accuracy of the model (Fig. 18). The
resulting values of R-squared and GCV are found to be adequate

both for the bQ 11 constrain function (R-squared ¼ 0.98 and
GCV¼ 0.0002) and for the bhPAT final formulation (R-squared¼ 0.96
and GCV ¼ 0.9906).
4.4. Optimal cutwater design

For each feasible n11, a global optimal solution is retrieved by



Fig. 16. Numerical error for mass-flowmismatch between the inlet and outlet over the
relative discharge number f=fBEP for 224 simulations.

Fig. 17. Test model accuracy for bhPAT ¼ f ðS;R;A;Q11; n11Þ.

Fig. 18. Test model accuracy for bQ 11 ¼ gðS;R;A;n11Þ.

A. Morabito, E. Vagnoni, M. Di Matteo et al. Renewable Energy 175 (2021) 807e824

818
solving Eq. (10). In Table 5, the efficiency values of the optimal
geometry conditions found by solving the optimization problem
are highlighted for different n11 values. The predicted peak of ef-
ficiency is found at n011 ¼ 84:303, corresponding to the set of
variables: Sopt ¼ 3:54L, Ropt ¼ r and Aopt ¼ � 15+. The resulting
optimized geometry has been simulated and the relative errors in
Eq. (10) show the modest discrepancy between the prediction and
the simulations outputs of the optimal cutwater design:

Df ¼
bf � fopt

fopt
¼ 0:01877

DJ ¼
cJ �Jopt

Jopt
¼ �0:07833

Dh ¼
bh � hopt
hopt

¼ �0:00478

(11)

Fig. 19 compares the PaT characteristics curves with the
baseline cutwater and the optimized geometry. Although the
BEP moves to 13.0% smaller discharge, the updated PaT cutwater
records a raise in head by þ7.5% and the final gain in hydraulic
efficiency is hopt � h ¼ þ 3:9. Therefore, significant improve-
ments of the efficiency are reported at lower discharge in the
broad range of f=fBEP ¼ 0:6� 0:9, while the geometry update
equalizes the baseline design for larger discharge values
(f=fBEP >1).

In common hydraulic turbines, guide vanes are used to regulate
the discharge and to impart a degree of swirl to the flow deter-
mined by the needs of the runner. Similarly, the water flow from
the PaT inlet could be deflected by the cutwater towards tangential
direction and improve the efficiency. In the PaT baseline design, this
deviation is not sufficient and an unbalanced water distribution
occurs near the rotor/stator gap. In this way, a pump in reverse
mode experiences a non-uniform speed and pressure profiles along
the leading edge of the runner, generating local flaws in the velocity
field in the cutwater area. In Fig. 20, the static pressure profile along
the arc length mid-flow of the half rotor/stator interface in front of
the cutwater (location marked with a dashed line) is illustrated for
the baseline geometry and the optimized design. In the contour
plots, the pressure coefficient Cp, defined as in Eq. (12), shows the
effect of the new cutwater length and angle in dissipating this
pressure peak on the rotor/stator interface by transferring radial
flow into circumferential flow:

Cp¼2
P � Pinlet
rV2

inlet

(12)

To validate the new incidence distribution at the runner inlet
generated by the new design, the absolute velocity angle is
compared to the volute mid-flow plan across the volute (Fig. 21). A
shorter cutwater corresponds to smaller flow deviation, allowing
for a higher value of radial velocity in the near-cutwater region and
Table 5
Predicted optimal cutwater geometry and resulting efficiency by varying n11.

n11 [�] S [mm] R [mm] A [deg] bQ 11 [�] bh [%]

110.378 60.40 65.0 �18.36 0.4364 79.00
103.250 56.67 65.0 �15.60 0.4107 80.91
97.345 56.25 65.0 �14.93 0.4107 83.33
92.349 55.94 65.0 �14.81 0.4106 84.68
88.051 55.63 65.0 �14.80 0.4106 85.32
84.303 55.11 65.0 �15.14 0.4106 85.48
80.996 24.21 60.0 �24.22 0.3435 84.12



Fig. 19. J and h characteristics of the baseline and optimal cutwater design at NPAT .
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higher turbulence on the runner inlet. Over an arc of 28∘, the ab-
solute velocity angle a2 overpasses 0.75 rad at the mid-span flow
before the runner inlet, raising the averaged value at the R/S
interface to 0.48 rad in the baseline design. In the optimized design,
the averaged value of a2 is 0.28 rad.

concerning the distribution of turbulent kinetic energy, k, the
region with a high intensity involves the core flow in the volute for
the baseline design and the volute outer wall surface of volute for
Fig. 20. Static pressure profiles at mid-span and Cp contour for the rotor/
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the optimized design Fig. 22. For both cases, the highest gradients
of k in the flow field are concentrated downstream the cutwater.
Here, a peak of water turbulent kinetic energy occurs and indicates
that the flow is relatively complex and with stronger velocity
fluctuations. However, in the optimized solution the cutwater im-
proves the turbulence kinetic energy distribution stability in the
mid-flow, where k is reduced to near zero, and clearing the passage
towards the runner inlet.

4.5. Development of speed adjustment

The cutwater design generated by the solution of the optimi-
zation problem has improved the hydraulic efficiency and altered
the PaT performance characteristics from its initial condition
(Fig.19). The definition of the optimized BEP operating condition, to
meet the original required head at f=fBEP ¼ 1, is achieved by
operating at a different rotational speed. Rotational speed adjust-
ments are commonly used to deal with variable load: varying the
shaft speed allows modifying the relative flow angles which pro-
vides higher performance [73,74]. To respect the similarity laws, the
non-dimensional parameters obtained at different speeds shall
collapse on a quadratic line [38]. It appears that J and h curves
distinctly converge for both optimized and baseline cases, as rep-
resented in Fig. 23. The PaT with the original geometry has been
simulated for U ¼ ½0:85;1:28� and the optimized geometry within
U ¼ ½0:85; 1:14�, where U is the rotational speed ratio N=NPAT . A
quadratic polynomial fits the data for the specific energy coefficient
by the least squares method (R-squared equals 0.9733), whereas a
cubic regression returns the best fit for h but it does not entirely
interpret the data-set (R-squared equals 0.8365). Besides inevitable
numerical errors of the model and the geometrical assumptions,
stator interfaces in both baseline and optimized cutwater geometry.



Fig. 21. Contours of the absolute velocity angle a2 [rad] across the volute cut-view. In the baseline design, the arc of high a2 is pointed out.

Fig. 22. Contours of the turbulence kinetic energy k [m2/s2] distribution across the volute cut-view.
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these deviations are also due to the different losses distribution for
different rotational speeds. The similarity laws are basically an
approximation, based on the assumption of geometrical and dy-
namic similarity between the pump working under different con-
ditions, but certain considerations must be taken into account
[38,75]. At high discharge, the friction losses are more accentuated
in a convergent channel (as in a pump in reverse mode) and they
mark the upper hydrodynamic limit on the maximum rotational
speed [76]. On the other hand, low discharge generates substantial
shock losses in PaTs [77], thus low rotational speed are not
recommended.

Fig. 24 shows an enlarged detail of Fig. 23 and it illustrates the
effect of the speed variation (±14%) on the PaT efficiency. The
following regression equation describes the PaT hydraulic effi-
ciency depending on f and U:

hBEP ¼ a1fþ a2 þ a3U (13)

with the coefficients equal to a1 ¼ 79:45; a2 ¼ 80:54 and a3 ¼
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4:22, R-squared ¼ 0.959 is obtained. According to the analysis of
the PaTs performance at different rotational speeds, corrections on

the similarity law can be made in a

 
N
Nref

!b

form by Eq.(14). A new

formulation can be applied to predict the hydraulic efficiency by
Eq.(15).

Q
.
Qref ¼ 0:984 U0:958 H

.
Href ¼ 0:970 U1:920 (14)

h
.
href ¼ �0:047 U2 þ 0:1521 Uþ 0:8951 (15)

According to these correlations, a rotational speed adjustment
by 2% (i.e. �15 rpm) allows reducing the available head from the
Hopt to the initial baseline value, as such H=Href ¼ 1=1:075, with a
negligible effect on the efficiency (h=href ¼ 0:9989).



Fig. 23. PaT performances with the baseline and optimal cutwater deigns for U ¼
½0:85;1:28�.

Fig. 24. Detail of the PaT efficiency in Fig. 23 for the optimized geometry under speed
variations U.
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5. Conclusions

In this work, a novel cutwater design is provided for improving
the hydraulic efficiency of a PaT. A numerical investigation is
computed for 224 operating conditions to establish a surrogate
model of the PaT performance according to its cutwater geometry
and characteristics. Firstly, the research addresses the modification
of the cutwater geometry in terms of length, rounding (or tip
thickness) and angle (or tilt deviation). Then, the numerical simu-
lations of the PaT baseline considering the initial cutwater design
are validated by the experimental data available from the micro
PHES system where this centrifugal pump is installed [62]. The
specific energy coefficient and efficiency characteristic curves are
obtained for the modified cutwater. The results highlight the in-
fluence of the cutwater geometry in deflecting the inlet flow in the
821
runner for improved performance. With a longer cutwater and
within a limited range of the inclinations, the PaT's BEP moves to
higher head but lower discharge and a considerable improvement
in efficiency is obtained. Additional numerical simulations under
unsteady state with a 360� impeller have been performed in [78] to
validate the optimum obtained with the methodology presented in
this article. Further investigations would require to deeply inves-
tigate the transient phenomena driven by the cutwater modifica-
tions such as dynamic pulsations, vortex formation and cavitation.
However, the CFD results here computed are already in good
agreement with the measurements within the accuracy of the ex-
periments and the assumption of steady flow. Moreover, this
configuration allows preserving the celerity of the methodology
proposed, because an unsteady simulation, that requires a mesh
with multiple blade passage and an adequate number of time-step,
would need a computational effort about ten times greater than a
steady state simulation.

Thanks to the outcomes achieved by the numerical simulations,
a sufficient data-set of the PaT performance is available to train,
validate and test a multivariate regression method. This process
builds a model of the PaT efficiency as a function of the operating
conditions and the cutwater geometrical parameters. By solving the
optimization problem targeting the maximization of the PaT effi-
ciency, the best cutwater geometry is found. This allows a drastic
shortening of the investigation time. Solving the complete opti-
mization problem lasts less than one-tenth of the execution time
needed for a single set point CFD simulation.

The model results converged on a new cutwater design and the
PaT BEP gains 3.9% in hydraulic efficiency, which is an outstanding
performance improvement that doesn't require to modify the
pump impeller. The new BEP operates close to the nominal oper-
ating conditions of the baseline cutwater geometry at 87% of the
discharge and for 107.5% of the available head. The change in
operating condition reduces the theoretical power generation of
the micro-turbine. However, such power subtraction is almost fully
compensated by the performance improvement of the cutwater
modification. Moreover, because the water volume of the upper
reservoir is unaffected, the energy capacity of the hydropower
system of the investigated PaT is augmented accordingly to its ef-
ficiency. In this way, the micro hydropower facility generates
approximately the same power output and the water resource is
exploited more responsibly. Variable speed technology is also
foreseen and studied in order to revise the operating condition: a
modest �2% correction of the rotational speed allows the available
head of the optimized PaT to be adjusted according the initial
baseline requirement.

The outcomes of this study deliver a methodology which can be
employed for a systematic volute adjustment by reducing the
computational time and to promote furthermore the employment
of PaTs in micro/mini hydropower applications.
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Appendix. tables
Table 6
Basis functions for bhPAT by the variables S, R, A Q11, and n11.

Basis Function Pruned Coefficient

(Intercept) No 84.2996
hðn11 � 81:3415Þ Yes None
hð81:3415 � n11Þ No 0.917686
Q11*hð81:3415 � n11Þ No �3.0256
hðQ11 � 0:451706Þ*hðn11 � 81:3415Þ No 8.12082
hð0:451706 � Q11Þ*hðn11 � 81:3415Þ No �4.7669
hðn11 � 84:1156Þ*hðn11 � 81:3415Þ No �0.0134891
hð84:1156 � n11Þ*hðn11 � 81:3415Þ Yes None
n11*hð81:3415 � n11Þ Yes None
S*hðn11 � 81:3415Þ No 0.00384514
hðQ11 � 0:408705Þ Yes None
hð0:408705 � Q11Þ Yes None
A*hðn11 � 81:3415Þ No �0.00216247
hðQ11 � 0:412572Þ*hðQ11 � 0:408705Þ Yes None
hð0:412572 � Q11Þ*hðQ11 � 0:408705Þ No 290637
A*hðQ11 � 0:408705Þ No �1.27544
S*hðQ11 � 0:408705Þ Yes None
n11*hðQ11 � 0:408705Þ No �0.439592
hðn11 � 75:4268Þ*hð81:3415 � n11Þ Yes None
hð75:4268 � n11Þ*hð81:3415 � n11Þ No �0.0109386
A*hð0:408705 � Q11Þ Yes None
Table 7
Basis functions for bQ 11 by the variables S, R, A, and n11 for third degree maximum fit
spline.

Basis Function Pruned Coefficient

(Intercept) No 0.497193
A No 0.000802073
S No �0.00603202
R Yes None
hðn11 � 106:309Þ*S No 0.000183678
hð106:309 � n11Þ*S Yes None
A*hð106:309 � n11Þ* S No 5.99249e-06

A2 No 0.00014047

A3 No 5.7401e-06
R*A Yes None
hðn11 � 102:63Þ No �0.00411946
hð102:63 � n11Þ Yes None
n11*R Yes None
hðn11 � 96:0777Þ*hð102:63 � n11Þ Yes None
hð96:0777 � n11Þ*hð102:63 � n11Þ Yes None
S*n11*R No �1.3619e-07
A*hð102:63 � n11Þ No �5.27589e-05
S*R*A No �6.76829e-07
R*A2 No �8.57713e-07

S*A*hð102:63 � n11Þ No �4.80337e-06
A*hðn11 � 96:0777Þ*hð102:63 � n11Þ Yes None

R2*n11 No 9.76616e-08
R*S Yes None
S2R Yes None

S2 No 0.000152352

S3 No �1.27029e-06
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Nomenclature

B Systematic error -

c
 Absolute velocity
 m/s

Cp
 Static pressure coefficient
 -

D
 Diameter
 m

E
 Specific energy
 J/kg

h
 Hinge function factor
 -

H
 Head
 m

k
 Turbulent kinetic energy
 m/s

L
 Nominal cutwater length
 mm

M
 Torque
 Nm

n11
 Unit speed
 -

nnd
 Number of mesh nodes
 -

N
 Rotational speed
 rpm

Ns
 Specific speed
 m, m/s

Q
 discharge
 m/s

Q11
 Unit discharge
 -

r
 Nominal cutwater radius
 mm

u
 Peripheral velocity
 m/s

V
 Volume
 m

w
 Relative velocity
 m/s

a
 Absolute velocity angle
 rad

b
 Relative velocity angle
 rad

h
 Efficiency
 -

l
 Blade inclination
 rad

4
 Discharge number
 -

u
 Angular speed
 rad/s

U
 Speed ratio
 -

J
 Specific energy coefficient
 -
Subscripts
1
 PaT outlet

2
 PaT inlet

h
 Hydraulic

l
 Loss

m
 Meridional

opt
 Optimal

vol
 Volumetric
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