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Abstract: In this study, the Flow-Induced Vibration (FIV) of pivoted cylinders (at a distance) is
numerically investigated as a potential source of energy harvesting. In particular, we investigate the
effect of pivot point placement, arm length, and natural frequency on the FIV performance of six
different cross sections in the Reynolds number of around 1000. All sections have similar mass, area,
and moment of inertia to eliminate non-geometrical effects on the performance. Classical studies
show that the synchronization phenomenon (lock-in) occurs when the vortex formation frequency is
close enough to the body’s natural frequency. Due to the configuration of the cylinder in this research
(pivoted eccentrically), the natural frequency is also a function of the flow velocity as well as the
geometrical specifications of the system. The simulation is done for the arm lengths between −3D and
+3D for all cross sections. Results show that maximum output power is principally influenced more
by the pivot location than the arm length. Although the box cross section has a higher amplitude of
vibration, the circular cross section has the highest efficiency followed by the egg shape.
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1. Introduction

In recent years, the development of flow-induced vibrations (FIV) energy harvesters
has increased rapidly to offer a new source of energy. Due to the large strains and geo-
metric deformations during FIV, they have traditionally been classified as a destructive
phenomenon. One of the well-known examples of flutter-induced destruction is the Tacoma
Narrows Bridge collapse in 1940, where torsional flutter at sufficiently large amplitudes
caused catastrophic failure of the entire bridge. However, common and accessible FIV
could be considered as a way to extract energy. Bernitsas et al. [1] have developed a device
that uses the vortex induced vibration (VIV) phenomenon to generate electricity. Contrary
to the VIV phenomenon, where significant oscillations develop in a small range of flow
velocities and with limited oscillation amplitudes, other aeroelastic instabilities like flutter
occur for an infinite range of flow velocities and without a self-limited response beyond
the critical flow velocity which makes the flutter more promising for generating energy.

For instance, Hobbs and Hu [2] tested micro-watt energy harvesters inspired by tree
trunks swaying in the wind. Their converter consists of four pivoted cylinders which
affixed to the ground via a piezoelectric transducer. Yoshitake et al. [3] generated mi-
nuscule amounts of energy, using a device composed of Hula-Hoops and an electro
magnetic transducer mechanism, in air flow. To study the aerodynamic efficiency of
a drag assisted energy-harvesting device, Sung et al. [4] investigated the effects of the
cylinder cross-sectional shape on the VIV. Their numerical simulations have demon-
strated that an elliptical cylinder undergoes much larger displacements than a circular one.
Nevertheless, their research mainly focuses on improving maximum displacement or
amplitude rather than the angular velocity of the vibration.
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In an attempt to study the performance of FIV, Arionfard and Nishi [5] carried out an
experiment on a pivoted cylinder instead of a transitionally moving one. Being assisted
by the drag force, the pivoting cylinder showed an increase in performance comparing
to transitional VIV of a cylinder. As a result, different configurations with one and two
cylinders were considered in the following researches to increase the performance by
utilizing different mechanisms of vibrations [6–8]. However, an important way to improve
the FIV performance is through the geometry of the bluff body and enhancement of the
geometrical parameters is necessary in order to increase energy extraction performance. For
several years great effort has been devoted to the study the effect of cross sections on FIV.
However, common cross sections in aviation and civil engineering has attracted much more
attention; Airfoil flutter [9], galloping of square, triangular, and semicircular sections [10],
rectangular and D-sections[11,12] are some examples. However, to the author’s best
knowledge, very few publications are available in the literature that discuss the role of
the geometrical parameters of the bluff body on the performance of the vibration. This
paper reports geometrical effects on FIV performance of pivoted cylinders. Six cross section
shapes are compared in which the circular cylinder is checked with our experimental data
for validating the numerical simulation.

The present paper is organized as follows. The case is described in Section 2 followed
by details of the numerical method, domains, and boundary conditions. Verification and
validations is reported in Section 4, and the results are presented in in Section 5. We make
conclusive remarks in Section 6.

2. Case Description

The cases considered in this study are based on water channel tests performed by
Arionfard and Nishi [5]. The channel length is 1 meter with a test section’s dimension of
30 cm wide by 30 cm deep. For the numerical simulation, the submerged bluff body is
defined as a cylindrical solid sub-domain which is pivoted at a specific distance l, enabling
rotation around the Z-axis, where X is the streamwise coordinate and Y is the cross-stream
coordinate. The variation of the arm length l is considered by using twelve different values
from −3D to +3D, where D is the diameter of the cylinder, negative values of l represent
a pivot on the downstream of the cylinder (like Figure 1) and positive values represent a
pivot point on the upstream side of the cylinder. A torsional spring is defined at the pivot
point shown in Figure 1 and provides a restoring moment during oscillation.

Figure 1. Schematic diagram of a typical computational domain and boundaries. Here, the pivot
point is located at the downstream of the cylinder. The solid sub-domain is ΩS, the fluid sub-domain
is ΩF, and ΩRF is the refined part of the fluid sub-domain. The arm length l is the distance between
the center of the bluff body and the pivot point

Six cross section shapes are chosen in this study as solid sub-domains. The area of all
cross sections are equal and the height of sections (D) is as similar as possible to keep the
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Reynolds number within the same range in all simulations. More details of the geometrical
parameters of each cross-section is shown in Figure 2 and described in Table 1.

Figure 2. Geometry of the bluff bodies. Dimensions are given in Table 1.

In all simulations, Reynolds number is calculated based on the uniform inlet velocity
(0.01 m/s) and the vertical height of the cross section (D ≈ 10 cm).

Table 1. Geometric parameters of the cross sections.

Section W (cm) D (cm) Area (cm2) Aspect Ratio CG (cm)

CIR 10.36 10.36 84.35 1 5.18
BOX 9.18 9.18 84.35 1 4.59
DIA 16.87 10.00 84.35 1.68 8.43
TRI 16.87 10.00 84.35 1.68 11.25
REU 10.94 10.94 84.35 1 6.32
EGG 11.19 10.00 84.35 1.12 5.94

3. Numerical Method

3.1. Governing Equations

The unsteady flow field around the cylinder is numerically simulated by employing 3D
Unsteady Reynolds-Averaged Navier–Stokes equations (URANS) in Cartesian coordinates.
Although the average Reynolds number in this study is low (≈1000), the local Reynolds
number increases in near wall boundaries. Therefore, a turbulent model is necessary to
model the behavior of the vortexes on the wake side. There are many turbulence models
available and the choice of model depends on many factors such as the physics of the
problem, the accuracy required and the computational power available. The K-Omega-
SST model is used in this study because it is favored for predicting the formation of the
vortices and flow separation [13,14]. By applying Reynolds decomposition and taking the
time-average of continuity and momentum equations yields the URANS equations for
incompressible flows [15].

The equation of motion for a rigid body in the polar coordinate with linear torsional
spring and damper is expressed as

It θ̈ + Ct θ̇ + K θ = Mh f (1)

where the dot symbol stands for differentiation with respect to time t, It is the moment of
inertia of the moving cylinder and Ct is the total damping coefficient consist of the structural
damping and equivalent generator damping. K represents the torsional stiffness of the
spring and θ is the rotational displacement. Mh f is the hydrodynamic angular momentum
applied on the cylinder about the CG (center of gravity) of the cylinder given by

Mh f = Fprp + Fvrv (2)

where Fp and Fv are normal pressure and tangential viscous contributions. rp and rv are
corresponding arm lengths from the center of the oscillating body (CG) to the center of
rotation defined as

Fp = ∑
i

ρis f ,i(pi − pre f )

Fv = ∑
i

s f ,i(μRDEV)
(3)
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where ρ is the density, s f ,i the face area vector, p the pressure, μ the dynamic viscosity, and
RDEV the deviatoric stress tensor. The hydrodynamic force coefficients are calculated by
using the built-in (forcecoeffs) function in OpenFoam given by

Cl =
li f tForce

pDyn

Cd =
dragForce

pDyn

Cm =
Mh f

pDynl

(4)

where pDyn = 1
2 ρAU2, A is the cross section area (84.35 cm2), l is the arm length, and lift

and drag forces are calculated from the vertical and horizontal components of Fp and Fv
given by Equation (3). The structural parameters used in this study are described in Table 2
(solid domain).

Equation (1) and URANS equations are strongly coupled with the following steps:
First, based on initial and boundary conditions the pressure distribution is calculated.
Second, the forces on the cylinder surface corresponding to the pressure are calculated.
Third, the equation of motion is solved based on the acquired forces and the displacements
are calculated, and finally the domain is re-meshed according to the new position of the
cylinder. The algorithm used by solvers is discussed in more details in the following.

Table 2. Initial conditions for solid and fluid domain.

Solid Domain Fluid Domain

Angular displacement (Rad) 0.0 Inlet velocity (m/s) 0.01
Angular velocity (Rad/s) 0.0 Outlet pressure (Pa) 0.0
It (m4) 0.056 κ (m2/s2) 0.00135
Ct (Nm.s/Rad) 0.1 ω (1/s) 33.4
K (Nm/Rad) 0.1 Max Courant number 1
Mass (Kg) 0.125 Pressure, velocity, κ and ω error tolerances 1 × 10−7

Cell displacement error tolerance 1 × 10−5

Step size (s) 1 × 10−5 *

* Automatically adjusted during the simulation base on the Courant number.

3.2. CFD Solver

The finite-volume-based open-source computational fluid dynamics library Open-
FOAM is used to perform the numerical simulation of the flow field around the cylinder
and solving the equation of motion. The governing equations were integrated over each
control volume and the discrete values of the relevant quantities were determined at the
center of the control volume. The diffusion term in the governing equations is discretized
using second order central differencing scheme and for advection term, a second-order up-
wind scheme is utilized. To obtain a good resolution in time, time integration is performed
by a second-order implicit scheme. Due to the unsteady nature of FIV, a PimpleDyM-
Foam solver is used, which is a transient solver for turbulent incompressible flow on a
moving mesh utilizing the PIMPLE (merged PISO-SIMPLE) algorithm. This solver is a
modification of the pimpleFoam solver that supports meshes of class dynamicFvMesh.
This class is a base class for meshes that can move and/or change topology. The built-in
sixDoFRigidBodyMotion solver is utilized in the present study to model the rigid-body
motion of the cylinder. One advantage of the sixDoFRigidBodyMotion is that the zone of
dynamic mesh can be controlled with input parameters innerDistance and outerDistance,
thus it is possible to fix the mesh near the cylinder wall. The fixed mesh moving with the
cylinder ensures the large dynamical motion and computational accuracy of the flow near
the cylinder wall. Otherwise, the finer mesh near the cylinder is vulnerable to be seriously
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distorted during the motion of the rigid body if the mesh near the cylinder wall is allowed
to deform. Moreover, the fixed zone guarantees the accuracy of the outside boundary
condition during the simulation.

3.3. Domain and Boundary Conditions

The mesh generation is performed by using the blockMesh and snappyHexMesh
applications within the OpenFOAM package. A base hexahedral mesh is generated using
blockMesh as a computational domain and the cylinder is snapped off the base mesh by
using snappyHexMesh applications. Then, the remaining mesh is extruded to generate a
3D mesh.

The boundary condition on the cylinder is set to be a moving-wall, with no flux normal
to the wall. The inlet boundary is defined as a velocity inlet with a uniform velocity of
0.01 m/s and zero pressure gradient was employed for the outlet. The top and bottom
conditions defined as slip boundary while a no-slip condition is applied on the surfaces of
the cylinder. The front and back walls are set to empty condition to simplify the simulation.

The initial conditions for the turbulence model were calculated from the inlet velocity
and turbulence intensity at the inlet of the actual water channel, which was estimated by
using PIV method. A summary of initial conditions is shown in Table 2.

4. Grid Independency and Validation

To reduce the computational cost and prevent mesh dependency, a preliminary study
on necessary but sufficient resolution and domain size is done. To determine the domain
size, six cases with different lengths and widths are simulated based on the CIR-3D
conditions (CIR shape pivoted on the downstream with l = −3D). Then, the smallest size
at which no further change is seen was selected. Similarly, the resolution of the background
mesh (without refinement) is increased until the result did not change with increasing the
mesh resolution. The most computationally efficient case is chosen based on the variation
of Cl , Cd, and Cm. According to the results of the domain size and resolution study shown
in Figures 3 and 4, a refined domain size of 4D by 30D, with a resolution of 7680 elements
and total domain size of 8D by 18D is chosen which leads to a blockage ratio of 0.125. Being
aware of the limitations of this numerical study, we anticipate that the blockage potentially
effects the sections in a similar way allowing comparison based on the difference in motion
and hydrodynamic forces. An example of the mesh is shown in Figure 5.

The numerical model used in this study has been validated against our previous ex-
perimental results of a pivoted circular cylinder described in [5,6]. In the actual experiment,
the cylinder is pivoted at a distance by using a connector arm and the Reynolds number is
in the range of 2880 ≤ Re ≤ 22,300. A force moment sensor is used to measure the forces
on the main shaft (at the pivot point) and then the measured forces and moments are used
to calculate the hydrodynamic forces on the cylinder after dynamic and static tare. As the
hydrodynamic forces are oscillating during the vibration, the corresponding amplitude
to the peak frequency in the frequency domain is selected for evaluation after performing
a Fast Fourier Transform (FFT). The numerical results are compared to the experiments
done in the lowest Reynolds number in the experiment (Re = 2880). The numerical results
are in good agreement with the experimental data according to Figure 6. Note that the
experimental results are more accurate for Arm length ≈ 0 because for the smaller arm
lengths the cylinder is more stationary and there is less turbulence induced noise on the
cylinder as a result.
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Figure 3. The variation of hydrodynamic coefficients with the domain size.

Figure 4. The variation of hydrodynamic coefficients with the mesh size.

Figure 5. An example of the mesh with reuleaux shape snapped off of the grid.
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Figure 6. Comparison between the numerical results and experiment.

5. Results and Discussion

For simplicity, a Cartesian coordinate system is used for the discussion of results.
The origin is the pivot point, and the X, Y, and Z axes are defined in the streamwise, trans-
verse, and vertical direction, respectively. Figure 7 shows the maximum calculated power
and the average amplitude of oscillation for each cross section including the corresponding
arm ratio. The power spectrum density (PSD) of the angular velocity (which is widely
being used for measuring the performance of random vibration converters) is used to
calculate the power. The cumulative spectral power (CSP) of the PSD is then calculated by
integrating over all frequencies base on the Parseval’s theorem and used to estimate the
dissipated power [16,17]

CSP = P =
It

Q

∫ ∞

0
(PSD)d f (5)

where Q =
√

KIt/Ct is the quality factor and the PSD is calculated by using the fast Fourier
transform of the angular velocity:

PSD = |FFT(θ̇(t))|2 (6)

where θ̇(t) is the angular velocity of the vibration. By comparing the two charts, it is clear
that the amplitude is not a proper performance metric even though it’s been reported in
many studies. For example, the highest power is achieved for the circular cross section
while the box cross section oscillated with higher amplitude.

According to the results, the angular velocity is lower near the ends of oscillation for
the non-circular cross sections when pivoted on the downstream. There are two possible
reasons for lower angular velocity in a cross section: First is the higher drag force in a
higher angle of attacks in non-circular cross sections [18]. Higher drag force changes the
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stiffness nonlinearly and shifts the natural frequency fv out of the lock-in range based on
the following equation derived from the equation of motion:

fN =
1

2π

√
K ± l AD0U2

It
(7)

where +l and −l correspond to the location of the pivot point on the upstream side or
downstream side, respectively. AD0 = 1

2 ρDHwCDU2 and DHw is the projected area of
the cross section. For higher arm length, this increase in drag completely suppresses the
vibration. The second reason is the lower spanwise correlation length. The first reason
is discussed as vibration mechanism followed by a discussion over vorticity dynamic to
understand the behavior of fluid around each section and its effect on correlation length.

Figure 7. The maximum power output (a) and the mean amplitude (b) for each cross section.

5.1. Vibration Analysis

According to Figure 7, only the CIR and EGG cross sections produce reasonable power
followed by BOX with a large difference (of around 50% lower power). The drag, lift,
and moment ratio versus arm ratio are shown in Figure 8 for all sections along with the
calculated power on a separate axis. These three sections show more power while the
pivot is on the downstream side of the section as shown in Figure 8. However, the power
is nearly zero for a BOX section pivoted on the upstream side (l > 0) regardless of the
length of the arm. The opposite behavior is observed for DIA section: the power is nearly
zero for a DIA section pivoted on the downstream side (l < 0) regardless of the length of
the arm. The two remaining sections (RAU, TRI) show the lowest power with almost no
effect of the arm length and the pivot location. The difference between the BOX and the
rest of the sections is more clear by analyzing the vibration response shown in Figure 9.
The vibration frequency ( fv) is far away from the natural frequency while the pivot is at
the downstream of the section but it gradually goes up and close to the natural frequency.
Even though aeroelastic instability is expected to be responsible for oscillation in this kind
of cross section, the lock-in phenomena seem to improve the oscillation for sections with
round edges. A similar change is seen for the Strouhal number St (= fsD/U), where = fs is
the predominant vortex shedding frequency), as shown in Figure 9. The Strouhal number
is very low for the BOX section while pivoted on the downstream. It eventually increases
by the arm length and converges to 0.13 but for the rest of the sections, the Strouhal number
is close to 0.2 which is considered in the lock-in range.

The maximum power depends largely on the natural frequency of the system which
is a function of the pivot location and spring stiffness in our setup. Arionfard and Nishi [5]
found that for a circular cross section the drag force assists the motion by reducing the
natural frequency when the pivot is located at the downstream side of the cylinder (l < 0)
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based on Equation (7). As the moment of inertia (It), flow velocity (U), spring stiffness (K),
and the projected area of the sections are constant, l AD0 ∝ l CD is responsible for changes
in the natural frequency.

Note that the mathematical analysis provided in [5] is only valid for round shapes
where the drag and lift coefficients are not a function of the angle of attack. This is with
agreement with the results shown in Figure 8: The calculated power changes with l CD
for CIR, EGG, and RAU shape while the calculated power for BOX, DIA, and TRI shapes
shows less dependency to the drag coefficient or arm length.

Figure 8. The calculated drag, lift, and moment ratios versus arm ratio for each cross-section. The calculated power is
shown on a second Y-axis.
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Figure 9. (a) The frequency ratio verses the arm ratio for each cross section. (b) The Strouhal number versus the arm ratio
for each cross section. Here, negative Arm/D represents a pivot point at the downstream of the cross section and positive
Arm/D represents a pivot point at the upstream side of the cross section

5.2. Vorticity Analysis

The steady-state vorticity field for the cases with the highest performance is shown
in Figure 10. For sufficient oscillation amplitudes, symmetrical shedding with 2S mode
is triggered in all cases as expected due to the low Reynolds number. The 2S mode is
associated with the initial branch [19] where two single vortices shed per cycle, one by the
top shear layer and another one by the bottom shear layer. The vorticity field animations
can be found in the Supplementary Videos S1–S6.

To compare the correlation length (which is a measure of the span-wise length, that
the vortices remain in phase) for each section, the three-dimensional state of the wake for
each simulated case is visualized in Figures 11 and 12. The wakes are extracted by using a
threshold filter the way that the pressure lies within 10 to 100 Pascal for all cases. A few
factors influence the correlation length in FIV, including the amplitude of vibration, aspect
ratio, surface roughness and the Reynolds number [15]. Here, the Reynolds number and
surface roughness are similar for all cases while the amplitude of vibration and aspect ratio
(which is a function of geometry) are changing.

The correlation length is higher when the pivot is at the upstream side (l > 0) for all
sections except for the BOX. It is well known that body motion at a frequency close to that
of the natural vortex shedding has a strong organizing effect on the shedding wake, which
is manifested by a sharp increase in the spanwise correlation of the flow and forces on the
body. However, the increase in three dimensionality of the flow behind the BOX section
contradicts this pattern. A similar increase in three dimensionality is observed for the TRI
section as well, but it is due to smaller vibration amplitude for all lengths in this section.
The formation of the vortex line for the cross sections with the highest calculated power is
more evident in the animations provided in the online Supplementary Videos V1–V6.
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Figure 10. The steady state vorticity field for all cases with highest performance. The pivot is located
at the origin of the black axes and the arm length is shown on top-left of each figure.
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Figure 11. The velocity field on the wake side of the cylinders. The wakes are extracted by using a threshold filter on the
pressure within 10 to 100 Pascal.
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Figure 12. The velocity field on the wake side of the cylinders (continued).

83



Energies 2021, 14, 1128

6. Conclusions

3D numerical simulation of fluid-induced vibration has been reported for a series
of cylinders with different cross sections including circular, rectangle, diamond, triangle,
reuleaux, and egg shape. The cylinders are pivoted at distance from the centre to study the
geometrical effect of the FIV performance and to compare the results with our previous
experimental study. The cross-sectional area, moment of inertia, spring stiffness, inlet
velocity, and damping coefficient are set to be similar for all cases to eliminate the effect
of non-geometrical parameters. According to the results, the circular and egg shape cross
sections are the most efficient shapes regardless of the pivot location followed by the box,
diamond, reuleaux, and triangle shapes. The vorticity field shows that the 2S mode is
triggered for all cases mainly due to the low Reynolds number; thus, the vibrations are
expected to be in the initial branch. Moreover, 3D visualization of the wake for each section
shows that the correlation length is higher for round shapes especially when the pivot is at
the upstream side while for the shapes with sharp edges, the three-dimensionality of the
wake is higher.

There are two major limitations in this study that could be addressed in future research.
First, the domain size: even though a grid independency study is done for the circular
cylinder and there is a good agreement with the experiment, similar results are not neces-
sarily expected for other cross sections or arm lengths. This applies to the blockage ratio as
well. It is assumed that the blockage has a similar effect on all cases if kept constant for all
cross sections. Second, the Reynolds number: the results are compared to the experiments
done with Reynolds number of around 2800 assuming both numerical and experimental
tests are in the same flow regime (1000 ≥ Reynolds ≥ 3000). Moreover, the Reynolds
number in this study is much smaller than that of actual operating conditions. Being aware
of the limitations of this numerical study, we concluded that the hydrodynamic forces,
displacement and calculated power of the cross sections are still comparable with each
other if not to the experiment.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-107
3/14/4/1128/s1, Video V1: The velocity field on the wake side of the BOX (l = −2D), Video V2: The
velocity field on the wake side of the CIR (l = −3D), Video V3: The velocity field on the wake side of
the DIA (l = +2.5D), Video V4: The velocity field on the wake side of the EGG (l = −2.5D), Video V5:
The velocity field on the wake side of the RAU (l = +3D), Video V6: The velocity field on the wake
side of the TRI (l = +2.5D), Video S1: The vorticity field for the CIR (l = −3D), Video S2: The
vorticity field for the DIA (l = +2.5D), Video S3: The vorticity field for the EGG (l = −2.5D), Video
S4: The vorticity field for the RAU (l = +3D), Video S5: The vorticity field for the TRI (l = +2.5D),
Video S6: The vorticity field for the BOX (l = −2D).
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Abstract: The effective utilization of micro hydropower sources is often realized through the use of
pumps as turbines (PAT). The efficiency of PAT is about the same as that of the original pump. A
further increase in efficiency and power output can be achieved by modifying the parts interacting
with the flow, especially the impeller and the adjacent volute casing and draft tube. This paper
presents a user-friendly calculation model of Francis turbine design and its application for PAT
geometry modification. Two different modifications of a single-stage radial centrifugal pump were
designed according to this model. The first modification (Turbine) consisted of a complete revision of
the impeller geometry, volute casing and draft tube, which corresponded to a conventional Francis
turbine. The second modification (Hybrid) was based on altered calculation model and consisted of a
modification of only the impeller, which can be used in the original volute casing. Both modifications
were tested on hydraulic test circuit at different heads. A comparison of the results of the Hybrid
and the Turbine modification with the unmodified machine (Original) proved an increase in overall
efficiency by 10%. Both modifications provided a higher flow rate and torque. This resulted in an
overall power output increase—an increase of approximately 25% and 40% due to the Turbine and
Hybrid modifications, respectively.

Keywords: pump as turbine (PAT); Francis turbine; calculation model; efficiency; hydropower

1. Introduction

The ability of pumps to operate efficiently in reverse mode as turbines was first
established by Thoma [1] in 1931, while mapping the full operating characteristic of a
centrifugal pump. In recent decades, there has been renewed interest in the use of pumps
as turbines (PATs). It has been significantly used in power supply installations in remote
areas, both on- and off-grid. A comprehensive overview of the current state of knowledge
and experience in this area was provided by Carravetta et al. [2]. In addition to small
hydropower plants, PAT is also used for energy recovery to cover the need for pressure
reduction in water distribution networks (WDN) [3]. Besides power generation, PAT also
acts as a throttle valve for flow control in this case. Experience with these applications was
described by Venturini [4]. A case study of a specific installation (including an economic
evaluation) was presented by Stefanizzi [5].

A pump design for turbine mode is a separate issue, which has been addressed many
times. A chronological overview of the individual methods used for a solution was given
by Ballaco [6]. An analysis of the models used for designing PAT and its experimental
verification can be found in Stefanizzi [7], Derakhshan [8], and Barabareli [9]. It should be
added that experimental investigations are still indispensable when an exact knowledge
of turbine characteristics is required [10]. An example of a method used for determining
such characteristics and their subsequent use for parameter conversion in the case of the
hydrotechnical potential changing was given by Polák [11].

Various authors have provided several relatively simple modifications with positive
results (such as modifications consisting of the impeller tip and hub/shroud rounding) in
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order to increase overall PAT efficiency. Specific example can be found in Singh [12,13],
Doshi [14], and others. Capurso [15] dealt with the issue of the impact of blade geometry
modification. More technically demanding modification of the pump (consisting of the
installation of guide vanes in front of the impeller) was described by Giosio [16]. Some
authors dealing with PAT design and modifications (such as Frosina [17]) followed the
path of numerical flow modelling. However, such procedures already require specialized
software, which is not available to a wide range of users. The aim of this study is to create
a user-friendly design of a Francis turbine impeller and to experimentally verify its results
as applied in the PAT modification.

2. Calculation Model

This section presents a calculation model, which was originally used to design the
impellers of low specific speed Francis turbines; it is based on a method detailed in [18].
However, a modified model can also be used to great effect for the design of the geometry
modification of an impeller for PAT. For experimental verification of the model results, the
test impeller was manufactured according to the calculation model used for a particular
PAT. The impeller was then tested on a hydraulic circuit. The test results are presented
in the second part of the article. The model is designed as a mathematical algorithm, for
which any software that has mathematical functions can be used. In this case, MS Excel
software was used to ensure maximum clarity of the results and simple operation. The user
then worked with the MS Excel calculation protocol. The input variables of the calculation
model are the hydrotechnic potential of the turbine installation site and the size (diameter)
of the impeller. The potential is given by the net head H (m) and the flow rate Q (m3·s−1).
Based on these values, the specific speed of the turbine (with regard to the power Ns
(min−1)) is estimated from the following equation:

Ns = N·√g·Q1/2

H3/4 (1)

where N (min−1) is the assumed turbine shaft speed and g (m·s−2) is the gravitational
acceleration [19]. The value of Ns is entered into the green-coloured cell on the 1st line
in the calculation protocol on page 6. The net head of the site H (m) is entered in line
8. Another necessary input value is the outer diameter of the impeller D1 (m), which is
entered in line 9. All key input variables are thus given.

To design the impeller, the calculation model uses the theory of hydraulic similarity,
based on the geometric similarity of velocity triangles. Velocity triangles are related to
performance parameters by means of Euler’s equation [20]:

YT = u1·cu1 − u2·cu2 (2)

or:
ηT ·ρ·g·Q·H = ρ·Q(u1·cu1 − u2·cu2) (3)

where YT (J·kg−1) is the turbine specific energy, u1, cu1 and u2, cu2 (m·s−1) are the velocity
triangles vectors at the impeller inlet and outlet, respectively (see Figure 1), ηT (-) is the
turbine efficiency, and ρ (kg·m−3) is the fluid density.

The assumed total efficiency ηT is based on the size of the turbine here (i.e., on the
outer diameter of the impeller D1 according to Moody’s relation [21]):

ηT = 1 − (1 − ηM) 4

√
DM
D1

(4)

where ηM (1) is the efficiency of the corresponding turbine with the impeller diameter
DM (m).

The described calculation model allows for the designing of turbine impellers’ geome-
try with specific speed values Ns = 80 min−1 and higher [18]. Figure 2 shows a diagram
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of the simplified overview of its algorithm. The background colours in the diagram corre-
spond to the colours of the cells in the calculation protocol.

 

Figure 1. Velocity triangles at the inlet and outlet of the Francis impeller blade.

Figure 2. Algorithm of the impeller design in the calculation model.

The procedure stemming from the original design of the model required the entry
of some dimensional characteristics directly from the drawing of the impeller meridional
cross-section (see Figure 3). It had to be drawn at a certain stage of the impeller design. For
greater user comfort, this phase was converted by the author into a calculation algorithm
by means of mathematical functions, which is then used by the model for further designs.
However, this “service” can be used only for limited range of specific speed Ns = 80 to
100 min−1. The model can be also used for designing an impeller with a higher specific
speed, but the required geometric characteristics need to be entered manually (lines 28,
29 and 31, 32) based on a self-made drawing. The procedure of this drawing is to divide
the flow area of the impeller meridional cross-section into partial streams (two streams
are sufficient in the case of a low specific speed narrow impeller, as shown in Figure 3).
The border streamline is drawn at the inlet in the middle of the channel height. Inside the
channel, the course of the streamlines is determined on the orthogonal trajectory using
circles inscribed between the border streamline and the impeller contour (see Figure 3). At
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the same time, the multiplication of the diameters of these circles and the distances of their
centres from the turbine axis must be approximately the same for all of them [18].

dAB·rAB = dBC·rBC = const. (5)

Based on this requirement, the impeller flow area is divided and the values dAB, rAB
and dBC, rBC gained from the drawing are entered into the above-mentioned lines.

 

Figure 3. Meridional cross-section of the turbine impeller.

The values in the yellow-coloured cells in the calculation protocol are determined on
the basis of mathematical functions, which the author created from the curves of the nomo-
grams of the original Francis turbine design. To illustrate this, Figure 4 shows an example of
the transformation of the curve B/D1e = f(Ns) from a nomogram to a mathematical function.
The default original nomogram is at the bottom left, and a graphical representation of the
transformation result can be seen at the top right. The black dashed line here corresponds
to the original curve and the red line is calculated from the polynomial function shown
below the graph. This equation is then used in the calculation model, namely in line 10.

Figure 4. An example of transformation of curve from nomogram to mathematical function. Repro-
duced and modified from [18], SNTL Prague: 1962.

Some curves in the nomograms may differ according to different authors. The calcula-
tion model also takes this fact into account and allows a more experienced user to intervene
in the calculation and change the values in the yellow cells as needed.

The next section of the impeller design (lines 35 to 39) is a combination of the previous
results and the graphic construction of the velocity triangles. Again, in the original calcula-
tion design, making the drawing of triangles manual and measuring the values from the
drawn construction for further calculation were required at this stage. Regarding maxi-
mum user comfort, these “manual” operations (presented in the diagram in Figure 2 by
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the dashed line) were transformed into mathematical functions and used by the calculation
model in further operations.

The final outcomes of the model are the basic geometry characteristics for impeller
construction, summarized in the form of the calculation protocol (see Figure 5). Besides
the main impeller dimensions, the values of the angles (α1, β1) for the geometry of velocity
triangles (or the blade at the inlet) are presented here. The shape of the blade at the outlet is
determined by angles at three points—on the outer (β2

A), mean (β2
B), and inner streamline

(β2
C). The number of impeller blades z is presented at the very end of the protocol in line

48. In addition, the model also indicates the shaft speed N (line 12) and the flow rate Qη

(line 14) corresponding to the optimum operation (BEP) at a given net head H.

Figure 5. Calculation protocol of the Francis impeller design based on [18].
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3. Experimental Verification of Proposed Modifications

For practical verification, the test impeller for this particular PAT was manufactured
according to the design proposed by the calculation model. It was necessary to adapt
the related flow parts at the same time (i.e., the volute casing and the draft tube). The
fundamental change was to reduce the width of the impeller at the inlet from the original
value of B = 16 mm to the width of B = 10 mm proposed by the model. The next change
concerned the outlet cross section of the impeller. This was, on the contrary, necessary to
increase the diameter (D2 = 65 mm) for the original pump to the newly calculated value
(D2 = 84 mm). The impeller blades were also changed. A machine with completely new
geometry was created, referred to as “Turbine” in the following text—see Figure 6 on the
right. The original unmodified pump (META Plus 5 Czech Trade mark) is hereafter referred
to as “Original” and is shown in Figure 6 on the left.

 

Figure 6. Cross-section of the Original PAT (left) and the Turbine after modification (right).

Photos of the impellers tested on the hydraulic circuit are shown in Figure 7. The
unmodified original impeller on the left was made of cast iron in a sand mould. These
types of impellers are used by the manufacturer as a standard for META Plus 5 pumps. The
photo on the right is the impeller of the Turbine modification, with the geometry designed
by the calculation model. To manufacture it, the hub and the rear shroud from the original
impeller were used. The front shroud was made of copper sheet created by cold forming.
All impeller blades were made from metal alloy by casting, and they were glued between
the rear and the front shroud.

The numerical values of the geometry of both impeller variants are given in Table 1.
The Turbine impeller has twice the number of blades compared to the Original. At the
same time, the blades are almost half the length of the pump blades. This means a smaller
wetted surface and, therefore, fewer hydraulic losses.

Table 1. Overview of the impellers’ geometry.

Parameter
Original Turbine

Inlet Outlet Inlet Outlet

Diameter D (mm) 132 65 132 84
Impeller width B (mm) 16 - 10 -

Blade angle β (mm) 24 18 60 20
Number of blades z (-) 6 12

Blade length L (mm) 113 52
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Figure 7. Impellers of tested variants—Original on the left, Turbine on the right.

An overview comparison of the geometry proposed by the calculation model with
other Francis turbine impellers with corresponding specific speeds is given in Table 2.
These are relative values related to the size of the impeller—outer diameter D1. The results
of the calculation model for the Turbine variant are shown in the left column of the table.
The parameters of the test impeller of the Francis turbine F99 at NTNU Trondheim, Norway,
are shown in the middle column [22]. The last column on the right presents the parameters
of the Francis turbine impeller at Štěchovice hydroelectric power plant on the Vltava River,
Czech Republic [18].

Table 2. Comparison of model results with the geometry of Francis turbines.

Parameter Turbine, Model
F99,

NTNU [22]
Štěchovice,

CR [18]

Impeller diameter D1 (m) 0.132 0.622 2.47
Blade length L/D1 (-) 0.394 0.402 0.433

Impeller width B/D1 (-) 0.083 0.094 0.075
Outlet diameter D2/D1 (-) 0.636 0.561 0.623

Blade angle—Inlet β1 (deg) 60 63 60
Blade angle—Outlet β2 (deg) 20 20 25

As the table above indicates, the basic geometric characteristics proposed by the
calculation model correspond to the parameters of standard Francis turbines. Any differ-
ences may be caused by slightly different values of the specific speeds of individual types
of impellers.

Hydraulic Test Circuit

Verification tests were conducted on an open hydraulic circuit in the laboratory of
fluid mechanics at the Faculty of Engineering, Czech University of Life Sciences Prague.
The circuit diagram is shown in Figure 8.

The test circuit consisted of a feeding pump, a reservoir with pipes, and control and
measuring devices. With this setting, the feeding pump (FP) created the hydrotechnic
potential for the tested PAT and the water flowed in the direction of the blue arrows. The
generator with the momentum sensor (D) Magtrol TMB 307/41 (accuracy 0.1%) allowed
for the continuous regulation of shaft speed via the frequency converter LSLV0055s100-
4EOFNS. The water flow was measured using an electromagnetic flowmeter (Q) SITRANS
FM MAG 5100 W (accuracy 0.5%). The pressures at pp and ps were measured by the
pressure sensor HEIM 3340 (accuracy 0.5%), which was installed according to the first class
accuracy requirements [23].

The hydraulic circuit described above was used for the testing of PAT variants with
a head of 10 m, 20 m, and 30 m. The constant value of head was controlled by changing
the speed of the feed pump by means of a frequency converter. Under these conditions,
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the basic parameters were measured, from which the performance characteristics were
subsequently created.

Figure 8. The hydraulic circuit scheme for testing PAT (Turbine variant shown in the photo): Q:
flowmeter; FP: feed pump; PAT: pump as turbine; D: dynamometer; FC: frequency converter.

4. Results and Discussion

The partial results of the Original and the Turbine performance tests indicated the
possibility of creating a new construction, which would be a combination of both variants.
The aim was to maintain efficiency improvement while minimizing modifications to the
pump. In accordance with these requirements, the calculation model was modified, and
another variant of PAT was developed, which is referred to as “Hybrid” in the following
text. The key outer dimensions of the Hybrid impeller remained the same in order to
avoid volute casing modification. The purpose of this variant was to reduce the cost of
the modification and, thus, the final price of PAT. The specific geometric parameters of the
impeller are subject to the know-how of the author of the modification. It is the intellectual
property of the university (CULS Prague) and can be provided on request. To manufacture
this variant, the rear shroud of the original pump impeller was again used as a basis. Metal
alloy blades were glued to the front shroud, and the entire product was glued to the rear
shroud. The final appearance of PAT with this impeller visually corresponds to the variant
in Figure 6 on the left.

The following charts indicate the performance characteristics of selected parameters
depending on the shaft speed for all three variants of PAT—Original, Turbine, and Hybrid.
The curves are created by mean values of three measurements at constant net head of
10 m, 20 m, and 30 m. There are also standard deviations marked on the curves. Values
and curves corresponding to the unmodified Original variant are marked in blue. The
characteristics of the Turbine and Hybrid variants are marked in red and green, respectively.

Figure 9 presents the first series of characteristics, which are the efficiency courses in
dependence on the shaft speed. The increase in efficiency in both innovated variants is
obvious. The absolute values of the efficiencies for BEP are summarized in Table 3. The
relative increase regarding the Original is indicated in Table 4. The comparison at BEP also
indicates a shift in the shaft speed to lower values, especially for the Hybrid variant.
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Figure 9. Efficiency in terms of dependence on shaft speed.

Figure 10 presents another series of characteristics—the dependence of torque on shaft
speed. The comparison again indicates that the Turbine and the Hybrid variants prove
higher torque, especially at lower speed.

 

Figure 10. Torque in terms of dependence on shaft speed.

The mechanical power output courses (see Figure 11) basically copy the trends of the
efficiency courses. The absolute values of the achieved power outputs obviously increase
with increasing net head. The characteristics of the Turbine and the Hybrid also indicate a
noticeably greater distance between the curves at higher net heads towards higher values.
It is caused by a higher flow rate, as compared to that of the Original.

 

Figure 11. Courses of power output in terms of dependence on shaft speed.
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The last series of characteristics represents courses of flow rate in terms of dependence
on shaft speed (see Figure 12). The graphs of the flow rate courses indicate that the
impeller´s flow rate decreases with increasing shaft speed. This characteristic also applies
to Francis turbines with low specific speeds [20]. This is caused by the increasing centrifugal
force, which acts against the centripetal direction of water flow.

 

Figure 12. Courses of flow rate in terms of dependence on shaft speed.

Table 3. (a) Overview of absolute values of performance parameters achieved at BEP at net head of 10 and 20 m. (b) Overview of
absolute values of performance parameters achieved at BEP at net head of 30 m.

(a)

Parameter
10 m 20 m

Turbine Hybrid Original Turbine Hybrid Original

Shaft speed N (min−1) 1353 ± 1 1149 ± 1 1358 ± 2 1910 ± 3 1709 ± 1 2029 ± 1
Power P (kW) 0.36 ± 0.001 0.41 ± 0.001 0.28 ± 0.001 1.1 ± 0.002 1.23 ± 0.002 0.90 ± 0.001

Flow rate Q (L/s) 5.6 ± 0.01 6.3 ± 0.03 5.2 ± 0.04 8.0 ± 0.01 8.8 ± 0.04 7.4 ± 0.06
Head H (m) 10 ± 0.13 10 ± 0.13 10 ± 0.09 20 ± 0.07 20 ± 0.16 20 ± 0.22

Efficiency η (%) 66 ± 0.8 66 ± 0.9 55 ± 0.5 70 ± 0.3 72 ± 0.6 62 ± 0.7
Torque T (Nm) 2.7 ± 0.01 3.3 ± 0.003 2.0 ± 0.002 5.6 ± 0.004 6.7 ± 0.01 4.2 ± 0.005

(b)

Parameter
30 m

Turbine Hybrid Original

Shaft speed N (min−1) 2408 ± 3 2078 ± 3 2402 ± 2
Power P (kW) 2.05 ± 0.005 2.38 ± 0.004 1.70 ± 0.003

Flow rate Q (l/s) 9.8 ± 0.02 11.0 ± 0.11 9.0 ± 0.03
Head H (m) 30 ± 0.31 30 ± 0.36 30 ± 0.11

Efficiency η (%) 71 ± 0.7 73 ± 0.9 64 ± 0.2
Torque T (Nm) 8.2 ± 0.01 10.7 ± 0.01 6.9 ± 0.01

Table 4. Relative increases of the performance parameters at BEP related to the Original.

Parameter
10 m 20 m 30 m

Turbine Hybrid Turbine Hybrid Turbine Hybrid

Shaft
speed

%N
(min−1) −0.3 −15.4 −5.9 −15.8 0.3 −13.5

Power %P (kW) 28.8 44.5 23.0 37.2 20.6 39.7
Flow rate %Q (L/s) 7.5 20.0 8.0 17.9 8.3 22.2
Efficiency %η (%) 19.8 20.5 13.8 16.3 11.3 14.4

Torque %T (Nm) 33.7 67.9 32.7 59.1 20.1 56.7
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The variability of the flow rate can be used in cases where PAT functions as a re-
placement for the throttle valve in water distribution networks (WDN). In this case, PAT
must be equipped with shaft speed control (e.g., by means of a frequency converter). The
disadvantage of these applications is the resulting small range of flow control. Here, in the
case of the Original variant, it is possible to regulate the flow rate by changing the shaft
speed in the range of 33% of the nominal flow rate (Q = 0.77 ÷ 1.1·QBEP). The Turbine
variant shows higher flow rate, but the regulation range is roughly the same (i.e., 33% again
(Q = 0.8 ÷ 1.13·QBEP)). From this point of view, the most interesting is the Hybrid variant,
where the steepest course of the flow rate was indicated—from the highest Turbine values
to the lowest Original values. In absolute value, the Hybrid variant allows regulation of
up to 44% of the nominal flow rate (Q = 0.66 ÷ 1.1·QBEP). This modification therefore also
opens a greater potential for the use of PAT as a replacement for a throttle valve.

The following Table 3 summarizes the absolute values of the performance parameters
achieved at BEP. The values were corrected using affine relations to a constant net head of
10 m, 20 m, and 30 m.

From the achieved results, the relative increase in the parameters of the Turbine and
the Hybrid variant related to the Original was subsequently determined:

ΔA = 100· Am − A0

A0
(%) (6)

where A0 is a parameter of the Original and Am is a parameter of the modification (Turbine
or Hybrid). An overview of the relative increases in the performance parameters in
comparison with those of the Original is presented in Table 4.

The technical implementation of such modifications is a challenge. Every PAT modifi-
cation means an increase in price. From this point of view, the Hybrid variant, considering
only a modification of the impeller, appears to be the most advantageous. The volute
casing and the draft tube do not have to be modified. At present, the problem of impeller
manufacturing could be solved with the help of so-called additive technologies, as they can
be used to manufacture virtually any geometry. An alternative way is to manufacture only
the impeller blades along with the front shroud. This unit can be then glued or welded to
the rear shroud. The resultant experience and test results with such 3D printed impellers
are presented by Polák [24].

5. Conclusions

The focus of this study is two-fold. The first focus is the presentation of a calculation
model for the design of a low specific speed Francis turbine impeller. The second focus is
an experimental verification of the results of this model for the design of PAT innovation
in order to increase its efficiency. The algorithm of the calculation model combines the
original graphic–numerical design of the geometry of the Francis impeller so that it is as
user-friendly and clear as possible. The example of the numerical solution described in this
article presents the results of the design of particular PAT with an impeller with a diameter
of D1 = 132 mm and a specific speed of Ns = 80 min−1. A comparison of the geometry
characteristics designed by the model with the realized Francis turbine impellers gives a
corresponding likeness.

Based on the theoretical results, the manufacture of the impeller proposed by the
calculation model was instigated. Thus, the Turbine variant, with a new impeller geometry
and modification of the closely adjacent parts (i.e., the volute casing and the draft tube),
was created.

Testing on a test circuit at 10 m, 20 m, and 30 m head proved that the Turbine variant
has a positive effect on improving the efficiency of PAT—in terms of absolute value, the
efficiency increased by up to 10% in optimal operation (BEP). The modification further
resulted in a flow rate increase of roughly 8%. Added together, the overall PAT power
output was increased by 25%. Due to the changed geometry of the impeller blades, the
torque was increased by 20 to 30%. These promising results led to the modification of the
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calculation model, as well as the construction and testing of another variant—the Hybrid.
Its mission was to maintain the positives achieved by the Turbine, but at the same time, to
minimize the massive interventions and modifications of the original pump. The results
obtained with the Hybrid variant in BEP are as follows: In absolute terms, the efficiency
was 10 to 11% higher than that of the unmodified Original variant. The flow rate was about
20% higher. This resulted in an even greater increase in overall power output of 37 to 45%.
There was also a significant increase in torque of up to 60%. However, the Hybrid variant
had, in BEP, significantly lower shaft speed (approximately by 15%) than the Original. On
the other hand, it provided a wider control of the flow range (Q = 0.66 ÷ 1.1·QBEP), which
is advantageous when using PAT as a throttle valve in WDN. In summary, it can be stated
that the modifications proposed by the calculation model have a significantly positive effect
on increasing the efficiency of PAT operation.

In addition to the modifications described above, another way to increase the efficiency
of PAT is to modify the adjacent parts. This mainly concerns a draft tube. Its significance
increases as specific speed increases. Further research specifically on high-speed machines
will be focused on solving this problem.
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Nomenclature

A measured value
B impeller width on inlet, m
BEP best efficiency point
c absolute velocity of water, m·s−1

D impeller diameter, m
FC frequency converter
FP feed pump
g gravitational acceleration, m·s−2

H net head, m
L blade length, m
N rotational speed, min−1

Ns specific speed, min−1

P power output, W
PAT pump as turbine
Q flow rate, L·s−1

T torque, N·m
u circumferential velocity of impeller, m·s−1

w relative velocity of water, m·s−1

WDN water distribution network
Y specific energy, J·kg−1

Subscripts and Superscripts

e external
i internal
M model
T turbine
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u circumferential component
1 inlet
2 outlet

Greek Symbols

α angle between circumferential and absolute velocity: deg
β angle between relative and circumferential velocity, deg
ρ density of water, kg·m−3

η total efficiency, 1, %
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Abstract: This study presents the design and implementation of different types of manifolds (sam-
pling system) to measure water flow properties (velocity, pressure, and temperature) through the
high- and low-pressure section of a Francis-type low head hydraulic turbine (LHT of 52 m) to calcu-
late it is efficiency using the Thermodynamic Method (TM). The design of the proposed manifolds
meets the criteria established in the “International Electrotechnical Commission—60041” Standard
for the application of the TM in the turbine. The design of manifolds was coupled to the turbine
and tested by the Computational Fluid Dynamics (CFD) application, under the same experimental
conditions that were carried out in a power plant, without the need for on-site measurements. CFD
analyses were performed at different operating conditions of volumetric flow (between values of
89.67 m3/s and 35.68 m3/s) at the inlet of turbine. The mechanical power obtained and the efficiency
calculated from the numerical simulations were compared with the experimental measurements
by employing the Gibson Method (GM) on the same LTH. The design and testing of manifolds for
high- and low-pressure sections in a low head turbine allows for the constant calculation of efficiency,
avoiding breaks in the generation of electrical energy, as opposed to other methods, for example, the
GM. However, the simulated (TM) and experimental (GM) efficiency curves are similar; therefore, it
is proposed that the design of the manifolds is applied in different geometries of low-head turbines.

Keywords: computational fluid dynamics; hydraulic efficiency; Gibson method; manifolds; turbine;
thermodynamic method

1. Introduction

The “International Electrotechnical Commission—60041” (IEC—60041) Standard es-
tablishes various test development methods to determine the hydraulic performance of
different hydraulic turbomachinery, such as the Reel method, Pitot tubes, and Pressure-
Time (also called Gibson), among which is the Thermodynamic Method ™. According to
the standard, this method allows, in a hydroelectric power station, for the measurement
of flow properties extracted in the high- and low-pressure section (inlet and outlet of the
turbine or pump, respectively), to calculate the hydraulic efficiency of the turbomachinery.
This method is less invasive compared to others, for example, the Pressure-Time method
(also called the Gibson method). The Pressure-Time method is accurate and can inexpen-
sively perform indirect flow measurements for low head turbines. However, it could be
risky due to the phenomenon used for measurement. The application of TM instead of the
Gibson method aims to avoid damage in any component of the hydraulic turbine, such as
the penstock, valves, or distributor. In addition, it allows for the calculation of continuous
efficiency by simultaneously measuring the interest variables without stopping power
energy generation.

The IEC—60041 Standard establishes that the application of TM is limited to specific
hydraulic energy values greater than 1000 J/kg (heads higher than 100 m). However, under
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favorable conditions, the measurement interval could be extended to lower values of the
specific hydraulic energy or heads lower than 100 m [1,2].

Given the inherent difficulties in directly measuring the flow that define the hydraulic
efficiency (ηh), it is possible to carry out their extractions in manifolds that are especially
designed for the determination of temperature, pressure, and velocity in the fluid, installing
them in the inlet and outlet sections of the turbine, respectively (Figure 1).

Figure 1. Conceptual diagram showing the location of manifolds to measure flow properties to
compute power and efficiency according to IEC—60041.

The manifolds must be designed to ensure that the velocity inside is at a specific
interval, so that the flow is uniform when it comes into contact with the installed temper-
ature transducers. This guarantees that the temperature will remain constant inside the
manifold and around the sensor. Moreover, the precision and sensitivity of the temperature
measurement instruments should be sufficient to provide an indication of a temperature
difference of at least 0.001 K between the measurement points. In addition, the temper-
ature of the extracted water should be continuously monitored by thermometers of at
least ±0.05 K precision and 0.01 K sensitivity [2]. According to different authors, Pt-100
Resistive Temperature Detectors (RTD’s) are commonly used for measurement due to their
high stability and precision [3–5].

According to TM, the direct operating procedure or direct method is used to measure
the efficiency of the turbine under study. This method measures temperature, velocity, and
pressure, extracting water from the penstock at the high-pressure side of the turbine to
a manifold with a minimum expansion. Hydraulic losses and friction cause an increase
in the temperature of the water passing through the turbine. This phenomenon can be
calculated using the specific heat of the water. Although the authors of [6] defined that the
decrease in the head in a turbine reduces the temperature difference between the inlet and
outlet, they are directly proportional.

On the other hand, although this is a numerical case, in experimental cases, authors
such as [4] propose a procedure for the normalization of experimental tests from the
opening of the closing control device. After 10 min stabilization in the generator’s frequency,
the temperature data recording is started by means of Pt-100 type sensors during the first
2 min. At the end, the average value of the temperature difference is calculated (high and
low pressure). During this period, the measurements of the other parameters, such as inlet
and outlet pressure and power, are simultaneous. This procedure is repeated for different
openings of the closing control device, that is, for different load values in the unit, as in the
present case.

Hydraulic turbines and the geodesic points where these are installed can present
aspects of great complexity, such as installing manifolds on the low-pressure side embed-
ded in concrete tubes. However, with a correct design of collecting tubes that are long
enough for sample extraction, the measured temperature values could be considered ade-
quate [7]. In the high-pressure section, the optimal length for penetration of the detraction
into the pipe can be calculated. However, the length established by IEC-60041 could be
enough [8–11].

IEC-60041 establishes that the design of detraction probes for the high-pressure zone
must present the appropriate structural study to avoid total or partial detachment, and
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that it reaches essential areas such as the runner, causing significant damage. To select
the correct materials for the probes that support the loads, the typical properties of the
materials used in engineering can be consulted [10,11].

According to [3], the design of a horizontal sampling system at the outlet of the turbine
is better than vertical. However, the research is based on a Pelton-type turbine. According
to the turbine types, the power distribution and partial flow passage can demonstrate
significant differences for the present study.

On the other hand, the system can be designed by two or more means of sampling; for
example, a system composed of an arrangement of horizontal tubes with a central mixing
chamber, in which the relevant sensors are coupled. Furthermore, perforated tubes are
located at the turbine’s outlet, and temperature sensor is placed at different heights to
measure temperature changes throughout the section.

A hybrid vertical detraction system and a mixing chamber for each tube would
reduce the number of sensors required and improve measurement. In addition, the use of
perforated tubes for the water samples at the outlet of the turbine omits the presence of
elbows to avoid friction losses [12].

The development of accurate instruments allows for the application of TM in low
head turbines; for example, most hydroelectric power plants in Mexico have heads lower
than 100 m, such as 22 and 76 m. Consequently, the present study focuses on a 52-m
head Francis-type hydraulic turbine installed in a hydroelectric plant in México. This has
a rotational velocity of 180 RPM (18.84 rad/s) under normal operating conditions, i.e.,
constant volumetric input flow (between values of 89.67 m3/s and 35.68 m3/s), and a 3.5 m
maximum tip diameter for the runner.

With these values, the specific speed in the turbine is calculated according to [13–16],
see Equation (1). N is expressed in RPM, Q is the volumetric flow in (m3/s) and H is the
head in meters.

Ns = N
(

Q0.5

H0.75

)
=

638
H0.512 (1)

The turbines can be classified according to the specific speed, at the head (H), a range
from 50 to 240 m can be found the Francis turbine, and their specific speed is between
51 and 255 dimensionless (Power in kW) [16]. Therefore, the specific speed value for the
studied turbine is 87.93, i.e., a Francis slow turbine.

On the other hand, an example comparison of the efficiency calculations in a turbine
was performed using the Gibson Method (GM) and the TM at the Gråsjø power plant in
Norway, which show differences between the efficiency curves below 0.5%, for the entire
range measured below 0.15% and for relative powers between 0.5 and 1.15%. The Gråsjø
power plant is equipped with a vertical Francis turbine and has a net height of 50 m [17],
which serves as a reference for current research development.

2. Materials and Methods

2.1. Measurement System Design
2.1.1. Manifolds Design for the High-Pressure Section (Inlet)

According to Castro [18] and Urquiza [19], the principal parameters were obtained
to design the manifolds used in TM on the turbine´s inlet section. The values shown in
Table 1 are the final results of the Gibson method, applied on a 52.54 m head turbine under
different working conditions. (QT) it is the net volumetric flow, (Q0) is leakage flow when
wicked gates are closed, (P1) is inlet pressure in the flow of water, (Pm) is the mechanical
power energy generated by the runner, (Pe) is the electrical power measurement in the
generator, (Torque) is the torque generated by the runner, (ηh) is the hydraulic efficiency of
the turbine and (ηg) is the efficiency measured in the generator. The number of manifolds
and their positioning is shown in Figure 2. The proposed design is shown in Figure 3 [20].
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Table 1. Parameters of the turbine on study [18,19].

QT
(m3/s)

Q0

(m3/s)
P1

(kPa)
Pm

(MW)
Pe

(MW)
Torque

(kN m)
ηh

(%)
ηg

(%)

89.67 0.7 390.09 31.65 31.05 1679.94 85.10 98.30
82.00 0.7 392.03 30.71 30.12 1630.04 89.80 98.28
76.14 0.7 393.48 29.03 28.45 1540.87 91.16 98.23
68.73 0.7 395.35 26.05 25.50 1382.70 89.91 98.14
60.99 0.7 396.64 22.63 22.10 1201.17 87.84 97.97
52.90 0.7 397.92 19.02 18.51 1009.55 84.92 97.68
46.11 0.7 399.69 15.72 15.23 834.39 80.08 97.26
35.68 0.7 404.70 10.14 9.68 538.22 65.89 96.06

 
Figure 2. Measurement system, high-pressure section: (a) general view, (b) upper-right probe and
manifold, zoom.

 

Figure 3. Manifold proposed and instrumentation.

According to [19], for each volumetric flow, the rotational velocity is 180 RPM
(18.84 rad/s), and the total deviation of measurements was ±1.6%. It is possible to define
the total deviation of measurements of the flow in a systematic way, with Equation (2):

δQ = ±
√

δ2
Δρ + δ2

ΔA + δ2
C + δ2

δ + δ2
Dp + δ2

Δp f + δ2
t + δ2

Ql + δ2
rp (2)

where:

δΔρ —Uncertainty regarding the change in water density due to subsequent pressure
change.
δΔA—Uncertainty regarding the change of pipe section due to the change in pressure.
δC—Uncertainty regarding the determination of the C-value (C = L/A).
δρ—Uncertainty regarding the value of water density.
δΔp—Uncertainty regarding errors in measuring pressure differences between sections of
the pressure pipe.
δΔpf —Uncertainty regarding the decrease in pressure in the section of the pipe that gener-
ates hydraulic losses.
δt—Error relating to measurement over time.
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δQl—Relative uncertainty of measurement under final conditions by assessing flow intensi-
fication (leakage intensification).
δrp—Error regarding the pressure change log.

The probe intrusion depth in the pressure tube for the extracted water samples is
170 mm, placed diametrically opposite to, or at 90◦ from, each other. According to Côté [9],
the increase in the intrusion length does not represent significant changes between the
results obtained with a longer probe (50 mm minimum). The differences between the
results obtained with probes of different length were small, and no greater than those
obtained with probes of the same length. On the other hand, the intrusion depth of the
probe is at an optimum point where the main velocity produces a velocity equal to the
average falling velocity of the turbine at the probe inlet. The optimal penetration where this
condition is fulfilled is reported for different flow velocity profiles within the penstock [8].

However, the power of the turbine shaft (Pm) or mechanical power has been calculated
with Equation (3):

Pm = (Pe/ηg) − Pf (3)

where Pe is the generator active power (measured on site), ηg is the efficiency of the
generator (obtained from the manufacturer), and Pf = (PtB + PgB) are the losses in the
load-bearing block (PtB) and the guide-bearing (PgB). The losses have been calculated in
accordance with the IEC 60041 standard.

2.1.2. Manifolds Design for the Low-Pressure Section (Outlet)

For the study of energy transfer in the low-pressure section, the geometry and design
parameters were obtained by Castro [18]. The low-pressure section is made up of a rotating
domain and a stationary one. The first is made up of the runner, hub and shroud of the
turbine; the second is made up of the draft tube, divider and outlet of the section.

According to the standard, the distance of the traction intakes in this section must
be located at a distance from the runner of at least five times its maximum diameter; for
the turbine in question, the tip diameter of the runner is 3.5 m and the minimum distance
required is 17.5 m. However, the manifolds were located farther away than the minimum
distanced required to avoid turbulence generated in the walls, close to the division of the
draft tube (see Figure 4).

 
Figure 4. General geometry low section pressure (isometrical view).

Hulaas establishes that, under favorable conditions, the application of TM can be
extended to falls of less than 100 m; on the other hand, since it is an inaccessible, closed
measurement selection, the only possibility of exploring the temperature is through an
intake device located inside the tube. This device consists of at least two tubes that collect
partial flows [1,2].

105



Energies 2021, 14, 8359

Based on Figure 4, four fluid withdrawal intakes were coupled to perform temperature,
flow rate and pressure measurements at the outlet of the draft tube; the proposed design is
shown in Figure 5.

Figure 5. Manifold vessels coupling, outlet section: (a) manifolds T21, T22, T23 and T24, (b) view
outlet section left, (c) isometric view of manifold vessel, (d) mixing chamber (inside).

2.2. Numerical Simulation (CFD)

The computational fluid dynamics (CFD) analysis for the high- and low-pressure
sections was performed in commercial software (ANSYS CFX). The domain discretization
was performed by ICEM for both domains, and both the numerical calculation, and the
post-process were performed by ANSYS CFX.

The discretization of the high-pressure section was of the non-structured tetrahedral
type, presenting a total of 1,273,913 elements. In both the high- and low-pressure section,
the element unit is millimeters (mm).

For the high-pressure section, the minimum size of the element is 1 mm, and the
maximum size is 480 mm. This section includes the temperature sensors, probes, manifolds,
inlet, outlet, and penstock.

The discretization for the low-pressure section is also that of the non-structured
tetrahedral type, presenting a total of 6,297,796 elements. On the other hand, united
with the elements, smaller bodies such as collector tubes (manifolds), mixing chambers,
RTD’s, and the flow inlet and outlet locations are added. For the low-pressure section, the
minimum size of the element is 1 mm, and the maximum size is 600 mm. This section
includes the temperature sensors, manifolds, runner, inlet and outlet of turbine, and draft
tube, respectively.

For each of the numerical simulations, mass flow conditions calculated from the inlet
volumetric flow were established.

According to [21], some turbulence models, such as k−Epsilon, are only valid for fully
developed turbulence, and do not perform well in the area close to the wall. Two ways of
dealing with the near-wall region are usually proposed.

One way is to integrate the turbulence with the wall, where turbulence models are
modified to enable the viscosity-affected region to be resolved with all the mesh down to
the wall, including the viscous sublayer. When using a modified low-Reynolds turbulence
model to solve the near-wall region, the first cell center must be placed in the viscous
sublayer (preferably y+ = 1), leading to the requirement of abundant mesh cells. Thus,
substantial computational resources are required.
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Another way is to use the so-called wall functions, which can model the near-wall
region. When using the wall functions approach, there is no need to resolve the boundary
layer, causing a significant reduction in the mesh size and the computational domain. Then:

- First, grid cell need to be 30 < y+ < 300. If this is too low, the model is invalid. If this is
too high, the wall is not properly resolved.

- The high-Re model (Standard k−Epsilon, RNG k−epsilon) can be used.
- This method is used when there is greater interest in the mixing than the forces on

the wall.

For the present case, the absolute distance from the wall in temperature sensors (walls
of greater interest) is 0.97 mm (y), the Re number is 3998.2, the skin friction (Cf) is 0.013, the
Wall shear stress (τw) is 2.44 Pa, the friction velocity (u*) is 0.049 m/s and the y+ value is
47. As the y+ value is in the range 30 < y+ < 300, both the turbulence model k-Epsilon and
mesh are applicable for the study.

2.2.1. High Pressure Section

The high-pressure domain (penstock, Figure 6) was established as a stationary nu-
merical analysis, with a k-Epsilon turbulence model and the Total Energy model to obtain
temperature changes at strategic points in the domain. The fluid temperature at the inlet
was 25 ◦C, and the walls of the study domain were defined as adiabatic.

 
Figure 6. CFD, Post-processing. High-pressure section: Isometric view.

The boundary condition at the input was established as a mass flow rate and the outlet
was established as a pressure outlet. Both the inlet and outlet conditions are presented in
Table 1; for example, the first simulation is a development to 89,418.9 kg/s (89.67 m3/s) and
390 kPa values, respectively. A total of 2000 iterations were established, with a convergence
criterion of residual type “RMS”, with a value of 1 × 10−6 and, for energy, a value of
1 × 10−4.

The post-processing of the interest variable in the software shows the water tem-
perature inside the manifolds (Figure 7), and the temperature on the surface of the RTD
instrument through color contours (Figure 8), in which the higher value corresponds to
the red color and the minor to the blue. The RTD sensor, a simulated surface within the
study domain, directly obtains the necessary resolution for temperature measurement. The
dimensions of the simulated sensor are 4 mm in diameter and 152 mm long [20]. Proper
mixing of the fluid is confirmed by means of the temperature contours inside the manifolds,
and a constant temperature is ensured. The maximum temperature of the fluid inside the
manifolds is 25.1 ◦C, and the maximum temperature on the surface of the RTD sensor is
25.09 ◦C.
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(a) (b) 

Figure 7. Internal temperature vessel, high-pressure section: (a) Longitudinal view, (b) Cross view.

 
(a) (b) 

Figure 8. RTD temperature, high-pressure section: (a) Isometric view, (b) Longitudinal view (zoom).

According to the standard, at the manifold outlet, the volumetric flow must be between
0.1 × 10−3 and 0.5 × 10−3 m3/s; therefore, the expected velocity range will be between
0.29 m/s and 1.46 m/s, respectively, since the outlet diameter of the manifolds is 0.02 m.
Figure 9 shows the outlet velocity of the manifolds using colored contours. The obtained
results confirm the values that are allowed by the standard.

  
(a) (b) (c) 

Figure 9. Velocity outlet, high-pressure section: (a) Isometric view, (b) Front view, (c) location velocity
outlet (zoom).

On the other hand, Figure 10 shows the pressure contours at a location where a
relevant sensor is physically attached.
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(a) (b) (c) 

Figure 10. Pressure location, high-pressure section: (a) Isometric view, (b) Front view, (c) location
pressure outlet (zoom).

2.2.2. Low Pressure Section

The CFD in the low-pressure section, as well as in the high-pressure one, used different
inlet mass flows (presented in Table 1); however, the pressure at the outlet of the turbine
(draft tube) was established as a pressure static outlet or open to the atmosphere. The
numerical simulation was of the “turbo-machinery” type, defining a rotating domain
(runner) and a stationary domain (draft tube and manifolds). When using two types of
domains, it is necessary to establish a new boundary condition, defined as an interface. This
configures itself as a “stage” type, since it adapts the results of a domain with movement to
a stationary one, in which it is determined to be a “fluid–fluid” interface with corresponding
360◦ angles. A volumetric flow inlet with a direction based on cylindrical components was
defined, a rotational velocity of the runner at 180 rpm and the temperature of the inlet
fluid was that obtained at the outlet of the penstock for each of the different cases. The
k-Epsilon turbulence model and the Total Energy equation were enabled; similarly, the
domain walls were adiabatic, as in the penstock. In both the low- and high-pressure section,
one of the most prominent turbulence models, the (k-Epsilon) model, was used. This is
implemented in most general purpose CFD codes and is considered the industry standard
model. It has proven to be stable and numerically robust and has a well-established regime
of predictive capability. Therefore, for general-purpose simulations, the model offers a
good compromise in terms of accuracy and robustness.

Within CFX, the turbulence model uses the scalable wall-function approach to improve
robustness and accuracy when the near-wall mesh is refined. The scalable wall functions
enable solutions to arbitrarily fine near-wall grids, significantly improving standard wall
functions. Defined thus, a total of 10,000 iterations were established with a convergence
criterion of residual type “RMS” with a value of 1 × 10−6 and, for energy, a value of
1 × 10−4.

The processing of variables of interest in the software shows the temperature measured
by the RTD sensor fitted inside the manifold (Figure 11) at the outlet of the draft tube. The
dimensions of the simulated sensor are 4 mm in diameter and 50 mm long.

 
(a) (b) 

Figure 11. Temperature, low-pressure section: (a) Isometric view (b) RTD Sensor, zoom.
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Figure 12 shows the velocity and pressure at the outlet of the manifold.

  
(a) (b) 

Figure 12. Outlet location, (a) Velocity outlet, (b) Pressure Outlet.

A view of the flow inlet through velocity vectors to the mixing chamber is shown in
Figure 13. The total length of the collecting tubes is 4.06 m, equivalent to the outlet height
of the draft tube for correct sampling in the zone, the diameter of the tubes is 30.8 mm or
1 1/2 in., 10 inlet holes to the collection tube with a diameter of 10 mm satisfy the minimum
dimensions required by the standard [2].

 

Figure 13. Internal flow (velocity vectors), low-pressure section.

2.3. Application of Grid Convergence Index (GCI)

According to [22], the computer code used for CFD applications must be fully refer-
enced, and previous code verification studies must be briefly described or cited. Appropri-
ate methods could be selected to validate that CFD results do not depend on the quality or
size of the grid. For the present study, the Grid Convergence Index (GCI) method was used.

The recommended procedure to calculate the fine-grid convergence index (GCI) is
based on Equation (4)

GCI21 = (1.25ea
21)/(r21

p − 1) (4)

where ea
21 is approximated relative error, calculated by Equation (5). φ are the values of

critical variables. For the present case, φ is the temperature (T11 or T21) at specific points in
specific domains.

ea
21 = |(Φ1 − Φ2)/Φ1| (5)

r21
p is the grid refinement factor r = hcoarse/hfine. It is desirable that this is greater

than 1.3. The 21 subscripts correspond to the relationship between grid 1 (fine) and grid 2
(coarse); see Equation (6)

r21
p = h2/h1 (6)
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where “p” is the apparent order of the method used. For estimation of discretization error,
it is necessary to define a representative cell, mesh or grid size “h” (mm). For example,
Equation (7) is employed for three-dimensional calculations.

h =

[
1
N
∗

N

∑
i=1

(ΔVi)
( 1

3 )

]
(7)

ΔVi is the volume and N is the total number of cells used for the computations. Another
method to obtain the size of the grid (h) is analyzing the grid in the software used. This
analysis can be conducted according to volume, the maximum/minimum length or the
maximum/minimum side or the density of the grid.

In comparison with Equation (4), Roache [23] establishes that the grid convergence
index (GCI) is based on Equation (8)

GCIRo = 3|ε|/(rp − 1) (8)

where ε is equivalent to ea
21, and rp is equivalent to r21

p. A summary and comparison of
results for two grids are shown in Tables 2 and 3.

Table 2. Summary of results, high-pressure section.

Grid φ ea
21 h r21

p GCI21 (%) GCIRo (%)

Coarse (2) 25.0957 1.20 × 10−6 455.38 1.196 3.47 × 10−4 8.34 × 10−4

Fine (1) 25.0957 380.65

Table 3. Summary of results, low-pressure section.

Grid φ ea
21 h r21

p GCI21 (%) GCIRo (%)

Coarse (2) 25.0204 1.22 × 10−5 816.67 1.917 5.72 × 10−4 1.37 × 10−3

Fine (1) 25.0207 426.10

The grid convergence index (GCI) is adequate when the result is less than 1%, accord-
ing to Roache. Despite the CGI differences between the authors, a value of less than 1%
was obtained for both cases. Due to the presented results, it is possible to carry out the
current study with the first generated grid.

2.4. Thermodynamic Method Application

The calculation of Hydraulic Efficiency (ηh) is defined by the ratio of the mechanical
power (Pm) and the hydraulic power (Ph) of the turbine, respectively, as in Equation (9).

ηh = Pm/Ph (9)

The mechanical power (Pm) of the turbine is calculated by the specific mechanical
energy (Em), density (ρ) and the volumetric flow (QT) that passes through the turbine, as in
Equation (10).

Pm = Em ∗ (QT ∗ ρ) (10)

The hydraulic power (Ph), in contrast with the Pm, is obtained by means of the Specific
Hydraulic Energy (Eh), as in Equation (11). The correction factor (ΔPh) is neglected since
Urquiza [8] considered this factor in the presented results.

Ph = Eh ∗ (QT ∗ ρ) ± ΔPh (11)

The Em was calculated with the variables measured in the manifolds, such as pressure
(p), temperature (T) and velocity (v), (see Equation (12)). The reference heights (z) are
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assigned for each manifold and the isothermal factor (ȧ), as well as the specific heat (Cp),
are obtained from the annexes of IEC 60041, Appendix E physical data, Table EV and
EVI [2] (Table 4), and an interpolation of the temperature and average pressure for each of
the case studies.

Table 4. Properties of water [2].

Absolute Pressure (10 × 105 Pa)

θ (◦C) ȧ (×10−3 m3/kg) Cp (J/kg ◦C)

23 0.9315 4179
24 0.9286 4179
25 0.9257 4179
26 0.9229 4179
27 0.9201 4179

Finally, gravity (g) was obtained from Reference [8]. The subscripts 11 and 21 corre-
spond to the manifolds in the inlet and outlet section, respectively. Similarly, T1 and T2
belong to the corresponding sections.

Em = [ȧ ∗ (p11 − p21)] + [Cp ∗ (T1 − T2)] + [(v11
2 − v21

2))/2] + [g ∗ (z11 − z21)] (12)

The Eh is obtained by the properties measured in the main water flow (subscripts 1
and 2), Equation (13). Pressure (p), velocity (v) and height (z) are geodetic sampling points
or reference points with respect to the height of the sea level at which the turbine is located.
ρ, as well as ȧ and Cp, are obtained by interpolation.

Eh = [((p1 − p2))/ρ] + [((v1
2 − v2

2))/2] + [g ∗ (z1 − z2)] (13)

The sampling points are observed in Figure 14, which is a general diagram of the
turbine in question (original C.H. Temascal plane), as well as the areas in which the fluid
properties are measured.

Figure 14. Longitudinal view, measurement points [24].

According to [6], the mechanical energy (Em) is calculated by Equation (14). In this
equation, ȧ is an isothermal factor of the water, p11, the inlet pressure in the diffuser, p21, the
outlet pressure of the suction tube, T11, the inlet temperature of the suction tube, T20, the
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outlet temperature of the suction tube aspiration, z11, is a reference point for temperature
measurement, and z1m is the reference point for measuring p11.

Em = [ȧ ∗ (p11 − p12)]

Em = [Cp ∗ (T11 − T20)] + [(v1
2 − v2

2))/2] + [g ∗ (z1m − z11)] (14)

However, the variables for the present study were adapted to the previously estab-
lished conditions, defining Em as Equation (15).

Em = [Cp ∗ (T1 − T2)] + [(v11
2 − v21

2))/2] + [g ∗ (z11 − z21)] (15)

3. Results

3.1. Results of Thermodynamic Method
3.1.1. High-Pressure Section

For each of the different conditions and working sections, the temperature, velocity
and pressure in the manifolds were obtained as required by IEC 60041. Similarly, the
amount of volumetric flow that exits the manifolds located on the penstock and draft pipe
was tested. As it is a stationary type of simulation, the value of temperature, pressure and
velocity is obtained by exporting a series of values provided by the software in each of
the locations of interest at the end of the numerical calculation (high- and low-pressure
section). This series of values is averaged and shown below.

Table 5 contains the average temperature values in the four manifolds; Table 6 contains
the average velocity and pressure values of the manifolds. Section 14.3.1 “General”; of the
IEC-60041 standard establishes that the thermodynamic method for the average yield is
based on the laws of thermodynamics, using the thermodynamic temperature ϑ in Kelvin
(K). In case of temperature differences, the temperature can be directly expressed in Celsius
(◦C) degrees, as ϑ1 − ϑ2 = θ1 − θ2 [2].

Table 5. Manifold´s temperature, high-pressure section.

QT (m3/s) T11 (◦C) T12 (◦C) T13 (◦C) T14 (◦C) T1 (◦C)

89.67 25.095 25.095 25.095 25.095 25.095
82.00 25.095 25.095 25.095 25.095 25.095
76.14 25.095 25.095 25.095 25.095 25.095
68.73 25.096 25.096 25.096 25.096 25.096
60.99 25.096 25.096 25.096 25.096 25.096
52.90 25.096 25.096 25.096 25.096 25.096
46.11 25.096 25.096 25.096 25.096 25.096
35.68 25.097 25.097 25.097 25.097 25.097

Table 6. Manifold’s velocity and pressure, high-pressure section.

QT (m3/s) P11 (Pa) v11 (m/s)

89.67 314.22 0.70
82.00 301.12 0.66
76.14 303.74 0.68
68.73 294.34 0.67
60.99 268.95 0.70
52.90 287.85 0.66
46.11 251.58 0.67
35.68 254.11 0.68

3.1.2. Low-Pressure Section

The analysis of results in the low-pressure section (runner and draft tube) involves a
comparison of the mechanical power and torque generated by the turbine for each flow
condition (Table 7) in the software.
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Table 7. Comparison between mechanical power and torque, reported vs. simulated.

QT
(m3/s)

PM Reported
(MW)

PM Simulated
(MW)

Torque Reported
(kN m)

Torque Simulated
(kN m)

89.67 31.65 31.58 1679.94 1676.13
82.00 30.71 30.66 1630.04 1627.58
76.14 29.03 28.96 1540.87 1537.15
68.73 26.05 25.99 1382.70 1379.33
60.99 22.63 22.58 1201.17 1198.73
52.90 19.02 18.97 1009.55 1006.96
46.11 15.72 15.67 834.39 831.56
35.68 10.14 10.12 538.22 537.32

By demonstrating the same mechanical power and torque conditions, the results in
the draft tube can be analyzed. The manifolds attached to the draft tube acquired samples
of the main flow (water) to obtain the energy distribution at different points. Variables
such as temperature, velocity and pressure, obtained in each of the containers, are shown
in Tables 8 and 9.

Table 8. Manifold´s temperature, low-pressure section.

QT (m3/s) T21 (◦C) T22 (◦C) T23 (◦C) T24 (◦C) T2 (◦C)

89.67 25.023 25.017 25.019 25.022 25.020
82.00 25.018 25.014 25.011 25.013 25.014
76.14 25.012 25.011 25.008 25.009 25.010
68.73 25.008 25.008 25.008 25.007 25.008
60.99 25.008 25.010 25.007 25.007 25.008
52.90 25.009 25.011 25.009 25.008 25.010
46.11 25.013 25.014 25.012 25.011 25.013
35.68 25.020 25.021 25.018 25.017 25.019

Table 9. Manifold´s velocity and pressure, low-pressure section.

QT (m3/s) P21 (Pa) v21 (m/s)

89.67 99,385.15 1.31
82.00 99,503.34 1.25
76.14 99,843.35 1.15
68.73 100,511.12 0.89
60.99 100,265.66 1.02
52.90 99,748.05 0.98
46.11 99,441.40 0.94

4. Discussion

The results obtained in the low-pressure section (draft tube) show that the direction
of runner rotation (clockwise) and the geometry of the draft tube discharges water from a
turbine, in addition to acting as an energy-recovery device, helping to improve the overall
performance of the unit. It can also allow the downstream water level to be lower or higher
than the equatorial plane of the turbine, depending on the needs of the facility. The draft
tube, due to its divergent shape, causes a deceleration in the velocity of the water leaving
the turbine, converting the kinetic energy of the fluid into pressure energy (Figure 15) [18].
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(a) (b) 

Figure 15. Velocity streamlines on the complete turbine, (a) upper view, (b) lateral View.

By coupling the manifolds in the draft tube, the flow distribution is affected, causing
recirculation or vorticity in the area in which manifolds are located. The location of the
manifolds is suggested by IEC-60041. Depending on the dimensions of probes, vorticity can
be created behind the probes and then dissipated. The flow disturbance will be downstream
once velocity, pressure, and temperature variables have been measured, so they cannot
influence efficiency calculations. Therefore, the average temperatures in the manifolds T22
and T23 are slightly higher than the average temperature of T21 and T24, as derived from
the flow distribution behavior in the turbine (Figure 16).

 
(a) (b) 

 
(c) 

T21 

T24 

T22 

T23 

Figure 16. Manifold´s in the draft tube, (a) Recirculation flow (normalized symbols), (b) Recirculation
flow in manifolds, left section “zoom” (normalized symbols) (c) Temperature contour.

The summary of results obtained from the temperature differences T1–T2 (ΔT), Em, Eh,
Pm, Ph and ηh, for different cases is presented in Table 10. Figures 17 and 18 show the main
comparison of the results, between what was reported in [18,24] and the current case study.
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Table 10. Summary of results, application of Thermodynamic Method.

QT (m3/s) ΔT (◦C) 1 Em (J/kg) Eh (J/kg) Pm (MW) Ph (MW) ηh (%)

89.67 0.075 336.04 420.12 30.05 37.57 79.99
82.00 0.081 363.26 420.26 29.71 34.37 86.44
76.14 0.085 379.30 421.10 28.80 31.98 90.07
68.73 0.087 389.71 423.14 26.71 29.01 92.10
60.99 0.087 388.17 424.21 23.61 25.80 91.50
52.90 0.086 383.80 424.16 20.25 22.38 90.48
46.11 0.083 370.69 425.20 17.05 19.55 87.18
35.68 0.077 347.91 429.30 12.38 15.28 81.04

1 ΔT: Temperature difference between measured sections (T1–T2).

 

Figure 17. Comparison, Reported hydraulic efficiency (Gibson method) vs. Simulated hydraulic
efficiency.

 

Figure 18. Comparison of mechanical power generated, reported (Gibson method) vs. simulated.

CFD simulations are a proven tool to investigate hydraulic turbine performance, while
measurements of some parameters, such as flow or pressure, are common in calculations
of their efficiency. In the present study, the design of manifolds and CFD applications
contribute to the assay, with sampling system (manifolds) and experimental measurement
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times in the power plant, complying with the criteria established to apply the TM to
low-load turbines.

Experimental studies report that the water temperature at the turbomachine outlet
must be higher than that at the inlet. With a lower temperature difference between the
measurement sections, the maximum hydraulic efficiency is presented. According to
those mentioned above [3], the difference between the efficiency curves is around 0.5%;
however, for the present study, the maximum and minimum differences in efficiency are
15.12% and 1.09%, respectively, for the Gibson method (reported). As one of the most
important variables for the study is the temperature on surfaces of principal components,
such as the runner, penstock, draft tube, etc., and these are unknown, the domain was
specified as adiabatic. As a result, there is a low-temperature increase in the water between
the high- and low-pressure sections. These cause a low-energy exchange and higher
efficiency than expected. If the temperature in these components was known, the boundary
conditions could be set differently, and a lower efficiency would be expected in different
cases. Likewise, the efficiency would present results closer to those reported. The hydraulic
efficiency of the turbine is susceptible to temperature changes between one section and
another. This sensitivity is presented with values up to 0.0001 K; the assumed temperature,
or a change in temperature in any of the components, has a direct effect on efficiency.

The simulated TM presented differences in the mechanical power and efficiency;
however, the behavior of the generated curve shows the same tendency as the curve in
the experimental data obtained using the Gibson method (reported), presenting a gradual
increase in efficiency until a maximum point is reached. This subsequently decreases.
The results obtained for each operating condition are similar to those reported by the
Gibson method, meaning an adequate comparison for the study of the proposed manifolds
design, considering the head limits (less than 100 m), the amount of maximum volumetric
input flow (89.67 m3/s), the type of turbine (Francis slow) and the specific speed of
the turbomachine (less than 110). In future studies, the authors recommend developing
transitory simulations for other operating conditions, as well as using the experimental
test to measure temperature in the main components, and set different variables in the
numerical simulations.

According to [3,12], the present study used a hybrid vertical detraction system and
a mixing chamber for each tube, reducing the number of sensors that are required to
facilitate installation in the low-pressure section. In addition, the manifolds proposed in
the low-pressure section are compatible at different outlet heights for the draft tube, as it is
only necessary to adjust the tube length.

5. Conclusions

Based on the location of the manifolds in the input and output sections, the proposed
design of manifolds to measure properties of the main flow of a Francis-type low-head hy-
draulic turbine meet with the requirements suggested by the IEC—60041 Standard to carry
out the Thermodynamic Method (TM) employing Computational Fluid Dynamics (CFD).

The distance from the turbine center to the measuring section is essential. The min-
imum distance set in the standard [2] is five times its maximum diameter, and the mea-
surements show that it should be the absolute minimum. According to Figure 3, a shorter
distance could improve energy distribution.

Using a mixing chamber inside the draft tube allows for a direct measurement of
temperature in the principal flow at the outlet. In addition, inside the mixing chamber,
there is a water flow concentrator, which helps to direct the flow into the temperature
sensor, obtaining a direct measurement. The IEC-60041 establishes that the minimum
number of tubes consists of two units that collect partial flows. However, increasing the
number of tubes and manifolds at the outlet makes it possible to improve the temperature
measurements. In this case, four manifolds were used in the low-pressure section. In both
the left and right section, two manifolds were installed after the division to avoid a high
recirculation or vorticity in the area in which manifolds are located.
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On the other hand, the results obtained from the mechanical power and torque in
the turbine runner were identical to those reported by the Gibson method (GM); however,
the efficiency between the above methods is similar. To obtain results that are closer to
reality, the numerical simulations used in CFD must be supplied from as many boundary
conditions as possible (actual conditions). It is necessary to set the temperature on the
surface of principal components so that the main flow of water makes contact via its
passage through the turbomachine to the efficiency results, with the application of TM.

The efficiency calculation is higher under particular volumetric flow conditions
(35.68 m3/s and 68.73 m3/s) compared to the efficiency reported when applying the
GM. The maximum efficiency generated by the turbine applying the TM was 92.10%,
corresponding to a flow of 68.73 m3/s. After the maximum efficiency point, the TM’s
efficiency is lower than the GM’s.
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Glossary

ȧ Isothermal factor of water (m3/kg)
Cp Specific heat capacity of water (J/kg ◦C)
Eh Specific hydraulic energy (J/kg)
Em Specific mechanical energy (J/kg)
g gravity acceleration (m/s2)
p1 Turbine pressure inlet (Pa)
p11 Average pressure vessels, high-pressure section (Pa)
p2 Turbine pressure outlet (Pa)
p21 Average pressure vessels, low-pressure section (Pa)
Pe Active generator power (MW)
Pf Difference in losses in the bearings (%)
PgB Loss in guide bearing (%)
Ph Hydraulic power (MW)
Pm Mechanical power (MW)
PtB Loss in load bearing (%)
Q0 Leakage flow (m3/s)
QT Volumetric flow in turbine (m3/s)
T1 Average temperature vessels, high-pressure section (◦C)
T11 Temperature, upper-right vessel (◦C)
T12 Temperature, upper-left vessel (◦C)
T13 Temperature, lower-right vessel (◦C)
T14 Temperature, lower-right vessel (◦C)
T2 Average temperature vessels, low-pressure section (◦C)
T21 Temperature vessel A (◦C)
T22 Temperature vessel B (◦C)
T23 Temperature vessel C (◦C)
T24 Temperature vessel D (◦C)
v1 Turbine velocity inlet (m/s)
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v11 Average velocity vessels, high-pressure section (m/s)
v2 Turbine velocity outlet (m/s)
v21 Average velocity vessels, low-pressure section (m/s)
z1 Reference point high-pressure section (m)
z11 Reference point in manifolds, high-pressure section (m)
z2 Reference point low-pressure section (m)
z21 Reference point in manifolds, low-pressure section (m)
ΔPh Hydraulic power correction (W)
θ Temperature (◦C)
ΦP Penstock diameter
δC Uncertainty regarding the determination of the C-value (C = L/A) (%)

δQl
Relative uncertainty of measurement under final conditions by assessing flow
intensification (leakage intensification) (%)

δQ Total deviation of measurements of the flow in a systematic manner (%)
δrp Error regarding the pressure change log (%)
δt Error relating to measurement over time (%)
δΔA Uncertainty regarding the change in pipe section due to the change in pressure (%)

δΔp
Uncertainty regarding errors in measuring pressure differences between sections of the
pressure pipe (%)

δΔpf
Uncertainty regarding the decrease in pressure in the section of the pipe that generates
hydraulic losses (%)

δΔρ Uncertainty regarding the change in water density due to subsequent pressure change (%)
δρ Uncertainty regarding the value of water density (%)
ηg Generator efficiency (%)
ηh Hydraulic efficiency (%)
ρ Density (kg/m3)
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Abstract: Due to the increasing use of renewable energy sources, and to counter the effects of fossil
fuels, renewable dispatchable hydro power can be used for balancing load and generation from
intermittent sources (solar and wind). During higher percentage change in load acceptance or
rejection in the intermittent grid, the operations of surge tanks are crucial in terms of water mass
oscillation and water hammer pressure, and to avoid wear and tear in actuators and other equipment,
such as hydro turbines. Surge tanks are broadly classified as open types, with access to open air, and
closed types, with a closed volume of pressurized air. Closed surge tanks are considered to have a
more flexible operation in terms of suppressing water mass oscillation and water hammer pressure.
In this paper, a mechanistic model of an air cushion surge tank (ACST) for hydro power plants is
developed based on the ordinary differential equations (ODEs) for mass and momentum balances.
The developed mechanistic model of the ACST is a feature extension to an existing open-source
hydro power library—OpenHPL. The developed model is validated with experimental data from
the Torpa hydro power plant (HPP) in Norway. Results show that the air friction inside the ACST is
negligible as compared to the water friction. The results also indicate that a hydro power plant with
an ACST is a potential candidate as a flexible hydro power in an interconnected power system grid
supplied with intermittent energy sources. Conclusions are drawn based on the simulation results
from hydraulic performance of the ACST.

Keywords: air cushion surge tank (ACST); air friction model; flexible hydro power plants; mechanistic
model; OpenHPL

1. Introduction

1.1. Background

Electricity generation from renewable energy is increasing because of oil insecurity,
climatic concern, the nuclear power debate, and carbon emission prices. In a growing
trend of renewable energy, today’s power systems are a combination of intermittent and
dispatchable renewable sources in a common interconnected grid. Intermittent sources
include sources like solar power plants and wind power plants, whose variability can be
balanced using a dispatchable renewable source like a hydro power plant, as discussed
in [1,2]. In an interconnected power grid with both intermittent and dispatchable sources, a
sudden loss in generation from the intermittent sources, for example, shadowing a large
number of solar panels as in the case of solar power plants, a shutdown of the wind
generators for unacceptable wind velocity as in the case of wind power plants, hydro
power plants must be able to operate with a higher percentage of load acceptance to cope
with the loss in generation, and to protect the power grid from a blackout. Similarly, when
there is a sudden increase in production from the intermittent generation, hydro power
plants must be able to operate with a higher percentage of load rejection to cope with grid
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instability and blackout. This indicates the need for flexible operation of dispatchable hydro
power plants. In [3,4], the concept of flexible hydro power is coined for the interconnected
power grid. Similarly, in [5] cascaded hydro power plants are considered as one of the
candidates for flexible hydro power plants. In relation to the concept of flexible hydro
power, hydro power plants with open surge tanks are relatively less able to tackle a higher
percentage of load acceptance and rejection. However, power plants with ACST are more
likely to tackle a higher percentage of load acceptance and rejection as ACST can be placed
very near to the turbine. Hydraulic behavior of the open surge tanks studied in [6] outlines
their operational limits in terms of their design heights and water hammer effects. As the
percentage of load acceptance and rejection increases in the case of the open surge tanks,
water mass oscillation inside the surge tanks may exceed the maximum allowed height
and the operational limit of the power plant equipment due to an excessive water hammer
effect. Similarly, in [7,8] the benefits of ACST with respect to open surge tanks are given.

In this regard, it is of interest to study the hydraulic behavior of an ACST (closed
surge tank) with respect to open surge tanks. A simple mechanistic model of an ACST was
developed and studied previously in [9] as a feature extension to an open-source hydro
power library—OpenHPL. OpenHPL is based on an equation-based language—Modelica.
OpenHPL is under development at the University of South-Eastern Norway. This paper
primarily focuses on the model improvements from [9], validation of the improved model
with experimental data from [10], and hydraulic behavior of an ACST in relation to flexible
hydro power plants.

1.2. Previous Work and Contributions

The model of hydraulic transients inside the surge tank is a well-established theory
using Newton’s second law [11,12]. The use of hydraulic resistances in the inlet of the surge
tank helps to reduce water hammer effects. Different types of surge tanks designed with
respect to the hydraulic resistances are presented in [13]. The time evolution equations
for developing a mechanistic model of the surge tank are given in [14]. The hydraulic
resistance at the inlet of different kinds of surge tanks can be studied from [14,15]. Closed
surge tanks or ACST are important in terms of suppressing water mass oscillation due to
the cushioning of air during hydraulic transients [16]. A hydraulic scale model of an ACST
was studied in [10] based on 1D mass and momentum balances. In [17], a simulation study
was carried out considering 1D mass and momentum equations for both water and air
inside the ACST. In the paper, it is shown that the mass and momentum balances for air
inside the ACST can be further simplified with an ideal gas relation. Other studies include
the gas seepage theory for air loss through the ACST chamber in [18], a monitoring method
for the hydraulic behavior of the ACST in [19], stability analysis of the ACST in [20], etc.
The model developed in most of the previous work assumes an adiabatic process for the
cushioning of air inside the ACST. The polytropic constant for air γ is considered around
1.4 for almost all the models of the ACST. However, previous work lacks modeling of the
ACST with a possible consideration of friction due to air flow inside the ACST during its
operation. The following research contributions are provided in this paper:

• a mechanistic model of an ACST, and
• a comparison between the ACST models with and without air friction.

1.3. Outline

Section 2 provides a mechanistic model of an ACST based on mass and momentum
balances. In Section 3, model fitting and simulation results are outlined through a case
study of the ACST used in Torpa Hydro Power Plant (HPP). Section 4 provides conclusions
and future work.

2. Mechanistic Model of ACST

A general schematic and a flow diagram of an ACST is shown in Figure 1. The free
water surface inside the surge tank is filled with pressurized air. Figure 1a shows the general
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schematic of an ACST where the water with volumetric flow rate V̇ flows towards the air
chamber through the access tunnel with length Lt and diameter Dt. The intake-penstock
manifold pressure at the bottom of the tank is represented by pm, and the air pressure at
the air chamber due to the cushioning of the air is represented by pc. The diameter of the
air chamber is D. H is the total height of the surge tank and L is the total vertical slant
length of the surge tank. In the figure, h represents the water level inside the tank during
the operation of the ACST, and the dotted line in Figure 1a indicates that h is a variable
quantity. Figure 1b shows a flow diagram inside the surge tank where Ff is the fluid friction
against V̇, Fg is the force due to gravity in the downward direction, and FV̇

g is the projection
of Fg in the alignment of the flow.

Figure 1. ACST with an access tunnel and an air chamber. (a) general schematic of ACST and (b) flow
diagram.

Models developed in OpenHPL are based on a semi-explicit DAE formulation with
a differential equation for the mass and the momentum balances as described in [21] and
given by

dm
dt

= ṁ (1)

dM
dt

= Ṁ+ F (2)

where ṁ and Ṁ represent the mass flow rate and the momentum flow rate, respectively.
Equations (1) and (2) are expressed with a series of algebraic equations as

ṁ = ρV̇ (3)

M = mv (4)

Ṁ = ṁv (5)

F = Fp − FV̇
g − Ff (6)

where ρ is the density of the water, m is the mass of air and water inside the ACST, v is the
average velocity of the flow, V is the volume of the ACST, F is the total force acting in the
surge tank, Fp is the pressure force, and Ff is the fluid frictional force. The expressions for all
the variables are given in the sequel. A general idea regarding mathematical formulations
of these variables is taken from [9].

The total mass inside the surge tank is expressed as

m = mw + ma (7)

where mw and ma are the masses of the water and the air inside the surge tank, respectively.
ma is constant inside the chamber and is determined based on the initial air cushion
pressure pc0 which is considered to be a design parameter for the hydraulic performance
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of the surge tank. If hc0 is the initial water level inside the surge tank for the initial air
cushion pressure pc0, then the expression for the mass of the air inside the surge tank is
found from an adiabatic compression and rarefaction of the air inside the surge tank during
operation. It is found that for an ACST with a larger diameter, the heat transfer between
air and water, air to the walls of the ACST, etc., can be neglected, and an adiabatic process
of compression and rarefaction of the air inside the ACST can be assumed [16]. For an
adiabatic process with pressure p, volume V, and γ of the air inside the ACST, considering
standard temperature and pressure (STP), the relation pVγ = constant is assumed where γ
is the ratio of specific heats at constant pressure and at constant volume. The mass of the
air is then calculated formulating an ideal gas relation with the initial air pressure pc0 and
the initial volume A

(
L − hc0

L
H

)
given by

ma =
pc0 A

(
L − hc0

L
H

)
Ma

RT◦ (8)

where Ma is the molar mass of air, R is the universal gas constant and T◦ is the temperature
taken at STP. Similarly, A is the area of the air chamber expressed as A = π D2

4 .
From Equation (2) formulating pc0Vγ

0 = pcVγ, the air cushion pressure during the
operation of the surge tank is given by

pc = pc0

(
L − hc0

L
H

L − �

)γ

(9)

where pc depends on the length � inside the ACST.
During the operation of the surge tank, the mass of the water inside the surge tank mw

varies according to the variation in h. Thus, the expression for mw is formulated considering
two different scenarios inside the surge tank based on the variation of the water level h.
First we consider (i) h ≤ Ht and second we consider (ii) h > Ht. Furthermore, we also
formulate expressions for Fp and Ff for both of the scenarios of the water level h.

2.1. Case h ≤ Ht

When the water level is up to the tip of the access tunnel or below the tip of the access
tunnel, mw is given by mw = ρAt� where � is the slant height for h as shown in Figure 1a.
mw is further expressed as

mw = ρAth
L
H

. (10)

The pressure force Fp is formulated based on the pressure difference at the manifold
and the air pressure with an expression

Fp = (pm − pc)At. (11)

The frictional force Ff is expressed as

Ff = FD,w + FD,a (12)

where FD,w is the frictional force formulated for water flow inside the surge tank based on
Darcy’s friction factor for water, fD,w. Similarly, FD,a is the frictional force formulated for
air flow inside the surge tank based on Darcy’s friction factor for air, fD,a. Both fD,w and
fD,a are calculated as in [9]. The general expression for Darcy’s friction factor fD is based
on Reynolds’ number NRe = ρ|v|D

μ and expressed as
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fD =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

64
NRe

NRe < 2100

aN3
Re + bN2

Re + cNRe + d 2100 ≤ NRe ≤ 2300
1(

2 log10

(
ε

3.7D + 5.7
N0.9

Re

))2 NRe > 2300

where μ is the dynamic viscosity of the fluid, ε is the pipe roughness height. For the region
2100 ≤ NRe ≤ 2300, fD is calculated from a cubic interpolation, with the coefficients a, b, c,
and d, differentiable at the boundaries. The final expression for Ff is calculated as in [9]
given as

Ff =
1
2

ρv | v |
(

Aw,w
fD,w

4
+ Aw,a

fD,a

4

)
(13)

where | v | preserves the fluid frictional force against both directions of flow; flow induced
from the access tunnel towards the air chamber, and vice-versa. Aw,w is the wetted area
due to water flow inside the surge tank given by

Aw,w = πDt� (14)

and Aw,a is the wetted area due to the air during adiabatic compression and rarefaction
inside the surge tank, and expressed as

Aw,a = π[D(L − Lt) + Dt(Lt − �)]. (15)

2.2. Case h > Ht

When the water level inside the surge tank is above the access tunnel expression for
mw is formulated by summing the mass of water inside the access tunnel and the mass of
water inside the air chamber, and is expressed as

mw = ρ[AtLt + A(�− Lt)]. (16)

For � > Lt we consider Figure 2 for finding the total pressure force Fp in the direction
of the flow. The calculation of the fluid frictional force is given in Figure 3. From Figure 2,
the pressure force Fp is calculated based on the junction pressure pj between the junction of
the access tunnel and the air chamber. pj is expressed as the sum of the air pressure pc and
the hydrostatic pressure due to the difference in liquid-level h − Ht. The junction pressure
is then expressed as

pj = pc + ρg(�− Lt)
H
L

(17)

which relates in the final expression for Ff as

Fp =
(

pm − pj
)

At +
(

pj − pc
)

A. (18)

From Figure 2, the overall fluid frictional force Ff is calculated with an expression
given as

Ff = FD,w + Fφ + FD,a (19)

where FD,w + FD,a is given as

FD,w + FD,a =
1
2

ρv | v |
(

Aw,w
fD,w

4
+ Aw,a

fD,a

4

)

where Aw,w = π[DtLt + D(�− Lt)] and Aw,a = πD(L − �); the calculations were similarly
performed as in Equations (14) and (15).
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Figure 2. Considering junction pressure pj for evaluating the overall pressure force Fp in the direction
of flow. pj is the pressure calculated based on the sum of air pressure pc and hydrostatic pressure
due to liquid-level h − Ht.

Figure 3. Expressions for fluid frictional force Ff considering (a) the square expansion type fitting for
the flow towards the chamber through the access tunnel and (b) the square reduction type fitting
for the flow through the chamber to the access tunnel. In the figures, φse and φsr are the generalized
friction factors for the square expansion and the square reduction type fittings, respectively, taken
from [15].

In Equation (19), Fφ is the fluid frictional force due to water flow from the access tunnel
towards the air chamber, and vice-versa. Fφ can be expressed in terms of the pressure drop
(alternatively can be expressed in terms of the head loss). When the water is flowing from
the access tunnel towards the air chamber, we consider the pressure drop due to the square
expansion type of fitting as shown in Figure 3a, and when the water is flowing from the air
chamber towards the access tunnel, we consider the pressure drop due to the square reduction
type of fitting as shown in Figure 3b. Thus, Fφ is calculated based on the generalized friction
factors φse for the square expansion type of fitting and φsr for the square reduction type of
fitting. Additionally, for both types of flows as shown in Figure 3, we assume an average
cross-sectional area

Ā =
A + At

2
.
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If Δpφ is the pressure drop due to the fittings, there exists a relationship between Δpφ,
the average kinetic energy of the fluid per volume K′′′ = 1

2 ρv | v | and the friction factor
φ = {φse, φsr}. The relationship between Δpφ, K′′′, and φ is given by

Δpφ = φK′′′.

The pressure drop Δpφ is related to Fφ through the average cross-sectional area Ā and
given as

Fφ ≈ Δpφ Ā

which can be further expressed as

Fφ ≈ 1
2

ρv | v | Āφ, φ = {φse, φsr}.

The final expression for overall fluid frictional force Ff is then given as

Ff ≈ 1
2

ρv | v |
(

Aw,w
fD,w

4
+ Aw,a

fD,a

4
+ Āφ

)
φ = {φse, φsr}. (20)

This completes the expressions for variables m, Fp and Ff for the two scenarios of
the liquid level inside the surge tank, viz., h ≤ Ht and h > Ht. To further complete the
information of variables in Equation (6), the expression for FV̇

g is calculated as

FV̇
g = mg

H
L

, (21)

as shown in the flow diagram of Figure 1a. Finally, the mechanistic model of the ACST
needs an expression for the average velocity v expressed as

v =
V̇
Ā

. (22)

Equations (1)–(6), in addition to other associated algebraic relations from
Equations (7)–(22), represent a semi-explicit DAEs formulation for the ACST, and
can be modeled in a equation-based modeling language like Modelica. The de-
veloped mechanistic model of the ACST is implemented in OpenHPL as a feature
extension, and the case study was carried out for Torpa HPP.

3. Case Study

Figure 4a shows the layout diagram of Torpa HPP. Similarly, Figure 4b shows the
simulation model of Torpa HPP created in OpenHPL. In Figure 4b, the reservoir model, the
intake tunnel model, the penstock model, and the discharge model are developed as in [21].
A detailed model of the penstock considering water compressibility and pipe elasticity
can be formulated from [22]. However, we consider the penstock model as a simple pipe
model. Similarly, the Francis turbine mechanistic model for the case study is modeled as
in [23]. The mechanistic model for the tailrace is taken as an exact mirror replica of the
reservoir model.

The dimensions of the ACST shown in Figure 4a are found based on the piezometric
diagram for Torpa HPP from [10]. The model developed in Section 2 is based on a cylindrical
access tunnel and a cylindrical air chamber. Thus, the hydraulic diameters for the access
tunnel Dt and the air chamber D are evaluated based on the volume of air inside the
chamber using the operating conditions. Table 1 shows the parameters and the operating
conditions of the ACST for Torpa HPP.
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Figure 4. (a) Layout diagram for Torpa HPP. Nominal head, nominal discharge, and nominal power
output are 445 m, 40 m3/s and 150 MW, respectively. The ACST has air volume of 13,000 m3, initially
pressurized at 41 · 105 Pa. Similarly, both of the headrace and tailrace tunnels are 7 m in diameter.
Torpa HPP consists of two turbine units each rated at 75 MW with rated discharge at 20 m3/s. Torpa
HPP also consists of a tailrace surge tank not shown in the figure. (b) Simulation model of Torpa HPP
implemented in OpenHPL from the head reservoir to the tail reservoir.

For the model created in Figure 4b, it is of interest to:

1. validate the model with the experimental data from [10],
2. simulate the model considering air friction inside the ACST, and
3. study the hydraulic behavior of the ACST at different load acceptances and rejections.

3.1. Simulation Versus Real Measurements

Figure 5 shows the simulated versus real measurement for Torpa HPP. As shown in
Figure 4b, uv1 and uv2 are the turbine valve signals for the turbine unit-1 and the turbine
unit-2, respectively, for controlling the volumetric discharge through the turbines. The
input turbine valve signal for unit-1 is given by

uv1 =

⎧⎪⎨
⎪⎩

0.68 0 < t ≤ 500 s
0.68
50 (t − 550) + 0.98 500 s < t ≤ 550 s

0.98 550 s < t ≤ 1200 s

,
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and the input turbine valve signal for unit-2 is given by,

uv2 =

⎧⎪⎨
⎪⎩

0.55 0 < t ≤ 500 s
0.55
50 (t − 550) + 0.93 500 s < t ≤ 550 s

0.93 550 s < t ≤ 1200 s.

For inputs uv1 and uv2, the mechanical power outputs for the turbine unit-1 (Figure 5c)
and the turbine unit-2 (Figure 5d), the turbines inlet pressure ptr (Figure 5e), and the air
pressure inside the surge tank pc (Figure 5f) are recorded for 1200 s with the measurement
samples taken at each second. The air pressure pc is measured using the pressure sensor
PARO scientific 8DP000-S with an error of less than 0.01% of full scale of 6 Mpa, the turbine
inlet pressure ptr is measured using the pressure sensor PARO scientific DIQ 73K with an
error of less than 0.04% of full scale of 20 Mpa, and the measurements for the mechanical
power outputs are provided by the plant owner from Torpa HPP. The information about
Torpa HPP and its experimental procedures are taken from [24]. Figure 5 shows that the
simulation corresponds well with the real measurements in the case of power productions
from the turbines (Figure 5c,d). In the case of the turbine inlet pressure ptr (Figure 5e)
there is an steady-state error of 0.6 bar for 0 < t ≤ 500 s. We believe that the steady-state
error in ptr for 0 < t ≤ 500 s can be eradicated by the inclusion of detailed geometrical
dimensions for the headrace tunnel. In this paper, the headrace tunnel is considerd with a
simple slanted pipe geometry as shown in Figure 4a. Similar steady-state error can be seen
in the case of the height of water level inside the ACST h (Figure 5g) with negligible error of
0.05 m. In the case of air pressure inside the ACST pc, the simulation and the measurement
data are in good agreement. The measurement sampling rate in the case of water level h, air
pressure pc, and turbine power outputs are slower and oscillatory because the data are only
recorded after a minimum change in the measured value, which may be the reason for the
steady-state errors and phase difference between the simulation and measurements shown
in Figure 5c,d,f,g. In addition, in Figure 5f,g for 800 s < t ≤ 1200 s, the simulated values
have poorly damped oscillation while the measurement quickly reaches a steady value.
The simulated and the experimental dynamics of the variables (pc and h) are not captured
well because of the slower and oscillatory sampling rate of the sensors. The simulation
and the real measurements are matched by manual tuning of pipe roughness height of
the headrace tunnel (ε ≈ 0.4 mm), hydraulic diameter of the access tunnel Dt ≈ 15 m, and
hydraulic diameter of the air chamber D ≈ 24 m.

Table 1. Parameters and operating conditions of the ACST for Torpa HPP.

Quantity Symbol Value

Hydraulic diameter of the throat Dt 15 m
Hydraulic diameter of the chamber D 24 m
Length of the throat Lt 29 m
Total height H 50 m
Total length L 58 m
Pipe roughness height ε 0.9 mm
Total volume − 17 · 103 m3

Operating temperature T◦ 293 K
Adiabatic exponent for air at STP γ 1.4
Molar mass of air at STP Ma 29 · 10

−3
kg mol−1

Universal gas constant R 8.314 JK−1 mol−1

Initial pressure of air pc(0) = pc0 41 · 105 Pa
Initial water level h(0) = hc0 27 m
Initial volume of air V0 13 · 103 m3
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Figure 5. Simulation versus real measurements for Torpa HPP, (a) turbine valve signal for unit-1,
(b) turbine valve signal for unit-2, (c) power output for unit-1, (d) power output for unit-2, (e) inlet
pressure of the turbine units or the outlet pressure of the penstock, (f) air cushion pressure inside the
ACST, and (g) height of water level inside the ACST.

3.2. Effect of Air Friction Inside ACST

We now consider Torpa HPP with each of the turbine units rated at 75 MW as a single
entity, for simplification, with 150 MW with input uv as the turbine valve signal. This
simplification is made for studying the hydraulic behavior of the ACST in terms of the air
friction inside the ACST, and the operation of Torpa HPP with respect to load acceptance
and rejection (Section 3.3). Only simulated results will be presented in the sequel.

The air friction force FD,a modeled using Darcy’s friction factor fD inside the ACST of
Torpa HPP is considered using Equation (12) for the case of water level h ≤ Ht, and using
Equation (19) for the case of water level h > Ht. The input to the turbine with valve signal
uv for the simulation purpose is given by
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uv =

{
0.5 0 < t ≤ 500 s
0.95 500 s < t ≤ 1500 s

where the hydro-turbine is loaded from half-load to nominal load at time t = 500 s.
Figure 6 shows hydraulic behavior of the ACST for the turbine loading from 50% to

95%. Figure 6b–d show the water level h inside the ACST, the air cushion pressure pc, and
the inlet turbine pressure ptr, respectively, for the ACST modeled with and without the air
friction consideration. From Figure 6c, we see that the differences in air cushion pressure
pc for the ACST modeled with and without the air friction consideration is in the order of
10−5 bar = 1 Pa, even for the turbine loaded from half load to the nominal operation. This
is because of the fact that fluid frictional force Ff depends on Darcy’s friction factor fD, and
fD depends on Reynolds’ number NRe = ρ|v|D

μ where μ is the dynamic viscosity of the fluid.

At STP, μair = 1.81 · 10−5 Pa · s and μwater = 8.90 · 10−4 Pa · s which can be approximated
as μwater ≈ 100 μair.

Figure 6. ACST model with and without frictional force due to the air inside ACST for Torpa HPP,
(a) turbine valve signal uv, (b) water level h inside ACST, (c) air cushion pressure pc, and (d) turbine
inlet pressure ptr.

3.3. Operations of ACST in Load Acceptance and Rejection

Load acceptance and rejection are created by changing the turbine valve signal uv from
one operating condition to another operating condition, and are described in the sequel.

3.3.1. Load Acceptances

We consider Torpa HPP running at no load condition for a time period of 500 s. At
t = 500 s, a different load acceptance condition is created by changing the turbine valve
signal uv, and the hydraulic behavior of the ACST is observed for the next 1500 s. The
turbine valve signal uv is generated as

uv =

{
0 0 < t ≤ 500 s
uva 500 s < t ≤ 2000 s

where uva ∈ {0.25, 0.5, 0.75, 1.0} for load acceptances of 25%, 50%, 75%, and 100%, respec-
tively. For a total load acceptance (TLA) the load acceptance is 100%.

3.3.2. Load Rejections

In contrast to the load acceptances, we now consider Torpa HPP running at full load
condition for a time period of 500 s. At t = 500 s, a different load rejection condition is
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created by changing the turbine valve signal uv, and the hydraulic behavior of the ACST is
observed for the next 1500 s. The turbine valve signal uv is generated as

uv =

{
1.0 0 < t ≤ 500 s
uvr 500 s < t ≤ 2000 s

where uvr ∈ {0.75, 0.5, 0.25, 0.0} for load rejections of 25%, 50%, 75%, and 100%, respectively.
For a total load rejection (TLR), the load rejection is 100%.

Figure 7 shows hydraulic performance of the ACST during load acceptances and
rejections for Torpa HPP. Figure 7a,c,e,g shows the turbine valve signal uv, the air pressure
pc, the turbine inlet pressure ptr and the water level inside ACST h, respectively, for the
different percentage change in the load acceptances. Similarly, Figure 7b,d,f,h shows uv, pc,
ptr and h, respectively, for the different percentage change in the load rejections.

Figure 7a shows the turbine valve signal generated for load acceptances of 25%, 50%,
75%, and 100%. Figure 7c, at t = 500 s, shows that from the no load operation to TLA, the
difference in the air pressure pc inside the ACST is around 4 bar. Similarly, Figure 7e shows
that the difference in turbine inlet pressure ptr is around 3 bar, and Figure 7e shows that the
difference in the water level h inside the ACST is around 1 m. In addition, Figure 7c shows
that the difference in pc from no load operation to 25% load acceptance, 50% load acceptance
and 75% load acceptance are around 1 bar, 2 bar and 3 bar, respectively. Similarly, results
can be obtained for ptr (Figure 7e) and h (Figure 7g). For pc, ptr and h oscillation dies out as
the time progresses for t > 500 s.

Figure 7b shows the turbine valve signal generated for load rejections of 25%, 50%,
75%, and 100%. Figure 7d, at t = 500 s, shows that from full load operation to TLR, the
difference in pc is around 4 bar as similar in the case of TLA. Similarly, the difference is
around 3 bar in the case of ptr, as shown in Figure 7f. The difference in h from full load
operation to TLR is also 1 m, as in the case of TLA. Similarly, from Figure 7d, the difference
in pc from full load operation to load rejections of 25%, 50% and 75% are around 1 bar, 2 bar
and 3 bar, respectively. Similar results can be obtained for ptr (Figure 7f) and h (Figure 7h).
For pc, ptr and h, oscillation dies out for t > 500 s, similar to the case of load acceptances.
However, the oscillation dies out sooner in the case of TLA than TLR.

3.3.3. ACST as a Flexible Hydro Power

The results for Figure 7 show hydraulic behavior of the ACST in the case of load
acceptance and rejection. The difference in the water level is around 1 m for both TLA and
TLR. Similarly, the difference in the air pressure is around 4 bar for both TLA and TLR.
Referring to the results on the hydraulic performance of the ACST from Section 3.3 and
the study carried out for different types of open surge tanks in [6] clearly indicates that
ACST has a robust performance on suppressing water mass oscillation and water hammer
pressure during a higher percentage of load acceptances and rejections, unlike different
types of open surge tanks. Since one of the prominent requirements of a flexible hydro
power plant is to have a robust operation under various load acceptances and rejections, a
hydro power plant operated with ACST makes it a potential candidate for participating in
the concept of flexible hydro power.
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Figure 7. Hydraulic performance of the ACST for Torpa HPP for the different percentage change
in the load acceptances and the load rejections, (a) turbine valve signal uv as an input to the load
acceptances, (b) turbine valve signal uv as an input to the load rejections, (c) air pressure pc for the
load acceptances, (d) air pressure pc for the load rejections, (e) turbine inlet pressure ptr for the load
acceptances, (f) turbine inlet pressure ptr for the load rejections, (g) water level inside the ACST h for
the load acceptances, and (h) water level inside the ACST for the load rejections.

4. Conclusions and Future Work

A mechanistic model of an ACST has been developed considering an access tunnel
connected to an air chamber. The difference in diameters of the access tunnel and the
air chamber has been taken into consideration. The model is further enhanced with the
inclusion of Darcy’s friction force for air inside the ACST. Model fitting is done for the
150 MW Torpa HPP. The experimental data and the model simulation were matched by
manual tuning of pipe roughness height of the headrace tunnel, and hydraulic diameters of
the access tunnel and the air chamber of the ACST. Apart from the model fitting, simulation
results show that the effect of air friction inside the ACST is negligible as compared to
water friction. The simulation studies carried out for load acceptance and rejection show
the robust hydraulic behaviors of the ACST in terms of suppressing water mass oscillation
and water hammer pressure, which indicate that a hydro power plant with ACST makes it
a potential candidate for flexible hydro power in case of an energy-mix (intermittent and
dispatchable sources) interconnected power grid.

Future work includes the study of the hydraulic behavior of ACST in interconnected
grids supplied with intermittent generation. In addition, the model for ACST can be
improved using Lagrangian computational fluid dynamics. For the Lagrangian approach,
the meshless discretization technique smoothed particle hydrodynamics (SPH) can be used
to handle coupling between the free water surface and air inside the ACST [25,26].
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