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Abstract: The open source and freely available fluid flow solver named caffa3d was adapted to
simulate the performance of a medium-scale Hydrostatic Pressure Machine (HPM) with straight
radial blades, which had been previously tested in a laboratory facility. A fully detailed explanation
of the code caffa3d is not intended to be included in this paper, but some of its main characteristics
are mentioned for completeness. In addition, convergence and grid sensitivity analysis were
performed in order to assess the adequacy of the model. Evolution of instantaneous power over a
few turns of the HPM shows typical blade pass frequency for all operating discharges and another
oscillatory phenomena at rotating frequency for higher discharges. The Power—Discharge and
Efficiency—Discharge curves obtained from the simulations present a good correlation with the
experimental curves, up to the discharge value corresponding to the maximum power of the HPM.
The comparison error in power and efficiency remained below 6% for discharge lower than 97.8 L/s.
For higher discharge, the flow through the HPM becomes very unsteady, with big eddy structures,
underfilling of the buckets and recirculation down to the entry of the channel, significantly reducing
the generated power. This behaviour was also observed during the previous experiments. In the
present work, the foundations for the study of other types of turbines with caffa3d are laid.

Keywords: CFD; Hydrostatic Pressure Machine; validation; open source

1. Introduction

In small countries with mostly flat terrains, the explotation of medium- and large-scale
hydropower has become prohibitive, due to the great impact of flooding large areas.
Nowadays, new hydropower stations in these countries are preferably of mini and micro
scales, for which conventional turbines are very expensive [1–3].

The evaluation of new devices for micro hydropower schemes usually does not justify
the investment that represents the use of commercial CFD codes or the excecution of
model tests. On the other hand, a lot of time and money could be spent while trying
different designs in the exact location of the scheme. To assess the performance of these
new devices, CFD simulations could be performed through open source and freely available
fluid flow solvers, which represent a great opportunity to save on investment costs in this
kind of projects. If the design and/or evaluation take part within a university research or
academic project, the use of this kind of tools becomes even more convenient. Researchers,
professors and students benefit from the use of open source fluid flow solvers by having
the opportunity to understand and even modify the original codes in order to solve
particular issues. Nevertheless, within industrial environments, the use of commercial
packages is mostly preferred [4,5]. Among a few examples of open source fluid flow
solvers, OpenFOAM is by far the most used around the globe, having a great community
of developers who help to improve its capabilities. OpeanFOAM was initially developed
by Henry Weller in 1989 [6] and it was made freely available in 2004 [7].
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In this work, we chose to use the open source and freely available fluid flow solver
named caffa3d [8,9], developed from a family of 2D flow solvers included in [10] by
researchers of the Computational Fluid Mechanics Group of the Faculty of Engineering of
Universidad de la República (Uruguay). It shares several characteristics with other open
source flow solvers and it is coded in Fortran 90, demanding lesser programming skills than
other packages. The most common and successful applications of caffa3d are simulation
of blood flow to predict the rupture of an intracranial aneurysm [11,12], simulation of the
wake produced by wind turbines [13] and evaluation of wind farms, atmospheric boundary
layer simulation to analyze wind flows in urban environments and pollutant dispersion [9],
and the development of a numerical wind tunnel [14]. There was an incipient use of the
solver to simulate the performance of a rotating device, specifically a Hydrostatic Pressure
Machine (a type of water wheel [15,16]), although in this first attempt some difficulties
aroused which did not allowed to obtain correct results [17].

Turbulence modelling is the main issue to solve in most common CFD simulations,
included turbomachinery flows. Most researchers use RANS (Reynolds Average Navier
Stokes) to model turbulence, along with several closure models such as κ − ε and κ−ω,
meanwhile others prefer the use of LES (Large Eddy Simulation) along with closure
models such as Smagorinsky for sub-grid scales. RANS solves the turbulence by time
averaging of Navier–Stokes equations, while LES does it by averaging in space while
maintaining time accuracy of fluid turbulence, making it more convenient for unsteady
simulations. In the field of turbomachinery simulations, RANS is the preferred choice for
most researchers [5,18], despite of its poor accuracy, due to higher computational cost and
the use of not enough fine grids for LES [19].

When dealing with turbomachinery simulations in CFD, rotating parts are other
important part of the problem. The rotation of the machine within the fluid domain could
be solved by several methods, such as MRF (Multiple Reference Frames), SM (Sliding
Meshes) or IBCM (Immerse Boundary Condition Method). Among the first two, that
work with body fitted grids to model the solid surface of the machine, MRF (also called
frozen-rotor) handles the rotation by solving the equations in a rotating reference frame
(using relative velocities and considering Coriolis and transport forces) for those blocks
close to the machine and in an absolute reference frame for the rest of the blocks [20],
while SM solves the equations for the entire domain in an absolute reference frame but
it needs to rotate the block grids around the machine and solve the connectivity between
the cells of the interface [8]. In MRF method all the mesh blocks of the domain remain
stationary in their respective reference frames, and a steady flow condition must exist
at the interface between the subdomains, so it is not useful for transient simulations. In
the IBCM [21], there is no special treatment for the grid, as the solid is represented by an
external mass force field acting like the real solid body and imposing a velocity equal to
the body’s one in the grid cells lying within it’s surface. For rotating bodies, one need to
re-calculate the distance between cells and body’s surface at every time step, making the
method computationally expensive.

In addition, in those turbomachines working partially submerged under water, the
simulation of two very distinct fluids (air and water) is another challenging task. In order
to simulate two phase flows, the methods are devided into Lagrangian approaches, such
as SPH (Smoothed Particle Hydrodinamics) described in [22,23], and Eulerian approaches
which in turn are divided into interface-tracking and interface-capturing methods [10].
Among the latter, VOF (Volume Of Fluid), proposed by [24], is the most popular method.

Section 2 presents some details of caffa3d (including its main equations and discretization
schemes), a description of the HPM chosen as case study, the computational domain and
mesh, initial and boundary coinditions, solver parameters and fluid properties and method
for power and efficiency calculation. In addition, a convergence study and grid sensitivity
analysis is presented.

In Section 3, the use of caffa3d to simulate a hydropower device is validated through
the analysis of the performance of a medium-scale HPM with straight radial blades. Some
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turbulence characteristics of the flow in the channel are shown. The generated power and
efficiency for different discharges are compared with previous experimental results and a
qualitative comparison of the flow across the wheel for two distinct conditions is presented.
Similar analyses were conducted in the past by other researchers using commercial CFD
codes [25].

The main emphasis of the present study was not to perform a rigurous analysis of the
turbulent quantities, but to evaluate the use of caffa3d to assess the global performance of a
hydropower device.

2. Numerical Method
2.1. Description of Flow Solver caffa3d

The solver caffa3d is an implementation of the finite volume method in Fortran 90;
it uses mesh blocks adapted to the geometry; it can be combined with the immersed
boundary conditions method; and it can be parallelized through domain decomposition
under a model of distributed memory using the MPI library. The coupling between the
velocity field and the pressure field is conducted with the SIMPLE method (Semi-Implicit
Method for Pressure-Linked Equations). The code of the caffa3d program is developed in
several modules that solve the fluid motion or Navier–Stokes equations as well as several
sets of specific equations for particular problems (such as turbulence modeling, mesh
motion, two-phase flows, scalar transport, radiation, etc.). It is completed with specific
modules for data processing (domain geometry, indexing, interfaces, boundary conditions,
writing of results, communication between regions, etc.). In [8,9,14], the structure of the
code is described in depth, including its mathematical models, the spatial and temporal
discretization schemes and the SIMPLE equation coupling method.

Taking advantage of the possibility of parallelizing the simulations, the solver is
executed in ClusterUy, the National Supercomputing Center of Uruguay, which has 1216
state-of-the-art CPU computing cores, of which 1120 are Intel Xeon-Gold 6138 2.00 GHz
cores and 96 are AMD EPYC 7642 2.30 GHz cores, 3.8TB of RAM and 100352 Nvidia Tesla
P100 GPU compute cores with 12 Gb of memory interconnected by a high-speed 10 Gbps
Ethernet network [26].

2.1.1. Turbulence Modeling

To model the turbulence in caffa3d, the LES (Large Eddy Simulation) technique is
used together with the Smagorinsky model [27] for the modeling of the sub-grid scales.
This method consists of treating the effect of the sub-grid scales as a eddy viscosity (µt),
which is added to the dynamic viscosity (µd) of the simulated fluid to obtain a net viscosity
(µ = µt + µd) which is used in the momentum balance equation. The calculation must be
performed for each cell of the domain, whereby the viscosity is no longer uniform. The
expression used to calculate the sub-grid scale eddy viscosity is [10]:

µt = ρ(CS∆)2|D| (1)

where ρ is the density of the fluid, CS is a characteristic parameter of the eddy viscosity

models, |D| =
√

2DijDij is the norm of the deformation tensor of the filtered velocity field
and ∆ is the width of the applied filter (which is proportional to the cube root of the volume
of each cell). In caffa3d, the parameter CS is not a constant (as it could be in other models),
but calculated for each cell element at each time step as [28]:

CS = 0.128(1 +
24.5

ReSGS
)−1 (2)

where ReSGS = ρ|D|∆2

µ is the Reynolds number of the sub grid scales. This approach helps to
attenuate the value of CS in regions with low turbulence intensity, where the Smagorinsky
model impose excessive dissipation, such as near solid boundaries.
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The Smagorinsky model is complemented with a special wall function for the treatment
of the turbulence inside the boundary layer [10]. In fact, for high Reynolds numbers, the
viscous sublayer becomes too thin to be acurately modeled by the geometrical grid. If a
wall cell element lies within the viscous sublayer, then the eddy viscosity is calculated
through Equation (1), but if this is not the case, some correction must be made. The distance
from the center of the cell to the wall (y) is expressed in dimensionless form as y+ = uτy

ν ,
where uτ =

√
τw/ρ is the shear velocity and τw is the shear stress at the wall. The viscous

sublayer is limited by y+ < 5. However, if the wall cell element lies outside the visocus
sublayer and within the logarithmic sublayer, the eddy viscosity is calculated as:

µt =
y+µκ

ln(Ey+)
(3)

where κ = 0.41 is the von Karman constant and E = eκB = 8.43 (B = 5.2 is an empirical
constant in the dimensionless velocity profile of the logarithmic sublayer). This correction
should be applied if the wall cell element lies in the logarithmic sublayer, i.e., if y+ > 30 [29].

Due to its high accuracy in the time domain, LES was the chosen technique for
turbulence modeling of the flow through the HPM. However, it will require very fine grids
to do its work.

2.1.2. Free Surface Flows

In order to simulate open channel flows, caffa3d implements the VOF (Volume of
Fluid) method [24,30] with CICSAM technique for the calculation of flow across cell’s
boundaries [31,32] and the estimation of surface tension forces from [33]. In the VOF
method, a scalar Vf is introduced to represent the volume fraction that one of the fluids
(in this case water) occupies in each cell at each instant of time. If, in any cell, we have
Vf = 1 it means that the cell is completely occupied by water (or fluid 1), while if we
have Vf = 0 it means that the cell is completely occupied by air (or fluid 2). If, in any cell,
we have 0 < Vf < 1, it means that such cell lies within the interface between the fluids.
The density (ρ) and viscosity (µ) of each cell are calculated from the properties of each
fluid (subscript w for water and a for air) and the value of Vf in such cell, according to the
following equations:

ρ = Vf ρw + (1−Vf )ρa (4)

µ = Vf µw + (1−Vf )µa (5)

The transport equation of the scalar Vf (6) is solved together with the mass (7) and
momentum (8) conservation equations to find the position of the interface at each instant:

∂Vf

∂t
+∇(Vf~v) = 0 (6)

∂ρ

∂t
+∇(ρ~v) = 0 (7)

∂ρ~v
∂t

+∇(ρ~v~v) +∇p = ρ~g + ~Fσ +∇
[
µ
(
∇~v +∇~vT

)]
(8)

where g = 9.8 m/s2 is the gravitational acceleration, ~Fσ is the force at the interface due
to surface tension σ (in the case of water–air interface σ = 73× 10−3 N/m), calculated
according to the expression proposed by [33]:

Fσ = σ∇

 ∇Vf∥∥∥∇Vf

∥∥∥
∇(Vf )

ρ

0.5(ρw + ρa)
(9)

The VOF method implemented in caffa3d uses the CICSAM (Compressive Interface
Capture Scheme for Arbitrary Meshes) technique based on the donor–acceptor approach for
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the calculation of the scalar fluxes Vf across cell faces [31,32]. The donor–acceptor approach
consists of using Vf information from upstream and downstream of a cell, to establish an
approximate shape of the interface, and then using this shape to calculate the fluxes, taking
into account the slope of the interface. The CICSAM technique was introduced by [31] to
solve a problem encountered when using the VOF method on problems with more than
one dimension (it tends to wrinkle the interface).

Additionally, to avoid values without physical meaning of the scalar Vf (less than 0
or greater than 1), a procedure called predictor–corrector is implemented that assigns the
value 0 or 1 to these cases as required [31].

This type of simulation especially requires that the Courant–Friedrichs–Lewy (CFL)
condition be satisfied to guarantee the stability of the numerical scheme [34,35]. This
condition implies that, for all volume cells, the following equation must be verified:

Co =
u∆t
∆x
≤ 1 (10)

where Co is the Courant number, u is the fluid velocity at the center of the cell, ∆t is the time
step, and ∆x is the smallest dimension of the cell. As very small cells are required in the
areas close to the solid surfaces (to correctly simulate the viscous sublayer), it is necessary
to work with small time steps as well. In unsteady flow simulations, it is difficult to predict
the maximum values of velocities that may occur, so it may happen that the CFL condition
is initially satisfied but at some point is no longer fulfilled. To solve this problem, the VOF
module of caffa3d includes a routine to adapt the time step in each iteration step, so that the
Equation (10) is always verified.

2.1.3. Turbomachinery Modeling

To model a rotating device, such a hydropower turbine or water wheel, the computational
domain is divided in stationary and rotary block meshes. The rotation of the moving blocks
is obtained by trigonometric relationships and the communication across the interface
bewteen stationary and moving blocks is treated with the Sliding Mesh (SM) technique [8].
The governing equations for the entire domain are solved in an absolute reference system.
In this case, the subdomain mesh blocks containing the rotor and its surfaces rotate at the
same rotation speed, which is achieved by a simple rotation of the cell coordinates from
trigonometric relationships. It results in an inherently non-stationary simulation and the
exact position of the rotor is captured at each time step, which is why it was the approach
chosen in this research for the simulation of flow through turbomachines. In the faces of
the cells of the interface between the rotating mesh and the static mesh, corrections must
be added in the fluxes (for mass, momentum, a passive scalar, etc.) and some connectivity
information must also be updated (indexing). The SM method is implemented in caffa3d
within a specific module that deals with the generic movement (translation or rotation) of
grid blocks. The module includes subroutines that initializes the position of the blocks,
defines the type of movement and its speed, and calculates the new positions occupied by
the centers of cells and faces of the moving mesh blocks. When a block moves with respect
to another one without overlapping, there is a sliding interface between them that must be
specially treated, in order to correctly establish a relationship between the cell faces of one
block and another. In the case of rotational movement, the relative displacement angle α is
defined between the centers of the faces of both blocks that make up the interface (Figure 1).
For non-zero values of α, each cell face of one of the rotating blocks corresponds to at least
two cell faces of the other block.
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Figure 1. Diagram of the sliding interface, showing the relative displacement angle α between a
rotating block and other static ones (particular case).

The momentum conservation equation for moving blocks must consider the local
derivative of absolute velocity ( ~vA), and relative velocities (~vR) for mass flows, as presented
in the following equation [8]:

∫
Ω

ρ
∂R ~vA

∂t
dΩ +

∫
S

ρ ~vA( ~vR · n̂S)dS =
∫

Ω
ρ~gdΩ +

∫
S
−pn̂SdS +

∫
S

µ
(
∇ ~vA +∇ ~vA

T
)

n̂SdS (11)

where in the velocity vectors ~v, the subscript A refers to the inertial reference system and
the subscript R refers to the reference system that rotates with the blocks, ρ is the density, µ
the dynamic viscosity, ~g the gravitational acceleration, and p the pressure. All magnitudes
are evaluated in each volume cell of the grid.

2.1.4. Discretization of Equations

Each of the above mentioned equations in the mathematical model is dicretized and
linearized at each cell. The discretization is performed in a collocated grid, while the
Rhie-Chow interpolation is used to avoid checkerboard pressure problems [8,36]. The
goal is to obtain a discrete approximation for all velocity components, in the form of the
followingequation for the case of u velocity component:

Au
PuP + Au

WuW + Au
EuE + Au

SuS + Au
NuN + Au

BuB + Au
TuT = Qu

P (12)

where Au
i are the coefficients of the heptadiagonal matrix of size nxn (n being the total

number of grid elements), P represents the cell in which equation is being solved and W, E,
S, N, B and T represent the west, east, south, north, bottom and top neighbors of cell P. Qu

P
is the independent vector term. The approximation consist of an implicit first order upwind
term combined with an explicit second order linear interpolation deferred correction in the
source term. A complete description of the discretized equations can be found in [8], but,
as an example, the following equation presents the discretization of the convective u flux
for a given element through east face (Fcu

e ) in Equation (8):

Fcu
e =

∫
Se

ρu(~v · n̂S)dS ≈ ṁeue =

max(ṁe, 0)uP + min(ṁe, 0)uE + γCDS(ṁeue −max(ṁe, 0)uP −min(ṁe, 0)uE) =

Acue
P uP + Acue

E uE −Qcue
P (13)

where ṁe is the mass flux through the face, which is assessed within the resolution of the
mass balance equation, considering a correction in the pressure field, with the SIMPLE
method for velocity–presure coupling, γCDS is the blending factor between upwind and
linear interpolation approximation. The superscript c stands for convective, u for the
velocity component and e for the east face. The implicit term in Equation (13) contributes
to the coefficients Au

i , while the explicit term is added to the source term Qu
P.

Within each time step, caffa3d solves alternately and successively the discretized
equations of momentum and mass balance of the form of Equation (13), together with one
or several scalar transport equations.
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2.2. Case Study

The hydropower device chosen for this study was a Hydrostatic Pressure Machine [15,16]
that is a type of water wheel that gets the power from a channel flow with a head difference
between upstream and downstream of the wheel. The use of this device was proposed
together with other devices, for obtaining hydropower energy in low head sites, in the
framework of the research project HYLOW [37]. The wheel’s speed of rotation is set at a
specific value for a given discharge, in order to maintain a constant head upstream, while a
weir keeps a constant head downstream. Therefore, this type of machine works typically
under constant head.

The analyzed hydraulic wheel has a diameter of 1200 mm, and is made up of 12
radially arranged straight blades of 400 mm long and 970 mm wide (see Figure 2). The
width of the channel where the wheel is inserted is slightly greater than the width of the
wheel, with the lateral gap equal to 3 mm. The gap between the tip of the blades and the
curved bottom is 5 mm. This model of HPM was one of the several models that were tested
within the HYLOW project [38,39].

Figure 2. Diagram of the HPM with straight blades tested in the HYLOW project. Taken from [38].

Among all the water level configurations analyzed in [38,39], two stand out. One
configuration where the level upstream (d1) matches the upper edge of the hub and
downstream (d2) matches the lower edge of the hub (as in Figure 2), called the reference
configuration. The other configuration is where the level upstream (d1) matches the upper
edge of the hub and the level downstream (d2) is 200 mm below the lower edge of the
hub, which is the configuration with maximum power and efficiency. In order to validate
the numerical simulations with caffa3d, only the reference water level configuration was
considered.

Figure 3a shows the Power—Discharge and Efficiency—Discharge curves for the
reference configuration. It is observed that the maximum power of 186.7 W occurs for a
discharge of 97.8 L/s and the maximum performance of 53% is reached with a discharge
of 58.9 L/s. Figure 3b shows the linear relationship between the total discharge and the
rotating speed of the wheel, as well as the value of the leakage flow (which in this case
resulted in Q f = 25 L/s. Both figures were extracted from an internal report of the HYLOW
project [38].

From Figure 3a,b, the operating points of the HPM to be simulated in caffa3d were
obtained, which are presented in Table 1.

Table 1. Operating points of the HPM with straight blades of 1200 mm in diameter, based on
experimental tests.

Q (L/s) 58.9 77 97.8 120 137

N (rpm) 2.5 3.5 5.0 6.2 7.2

Pm (W) 123.4 155 186.7 149 80

η (%) 53 51 49 29 14
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(a) (b)
Figure 3. Operational curves of the HPM of medium-scale and radial straight blades tested in the
HYLOW project (taken from [38]). (a) shows Power—Discharge and Efficiency—Discharge curves
while (b) shows the relationship between discharge and rotating speed.

2.3. Domain, Mesh, Boundary Conditions and Other Parameters

Seeking to optimize the computational capabilities, a reduced domain was chosen
instead of covering the entire real channel that was used for the experimental tests. Taking
advantage of the geometric symmetry of the wheel and the channel, and in order to reduce
computational time, only one half of the complete domain was modeled, imposing a
symmetry-type boundary condition on the plane corresponding to the longitudinal half of
the channel. Figure 4 shows an image of the computational mesh generated for the entire
domain, which covers the channel of length 4.8 m (with the HPM axis in the center) and
width 488 mm (half of the width of the real HPM plus the lateral gap), with a height of
1.73 m to cover the entire part of the channel occupied by water and a significant volume
of air. The circular hole centered at (x, y) = (0, 0) is the hub of the HPM (which is not
included in the mesh).

Figure 4. Complete computational mesh for the simulation of the HPM in caffa3d.

Details of parts of the mesh near the HPM and its blades are presented in Figure 5,
and specifically a part of a blade is observed in the right image, represented by a hole in
the mesh as well as the hub. The denser annular region around the HPM corresponds to
the two annular cylinder-shaped blocks that form part of the sliding interface.
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Figure 5. Part of the computational mesh around the HPM.

The entire domain is broken down into 98 structured mesh blocks, which in turn are
grouped into 28 regions, each of which is assigned to a different processor in order to
parallelize the simulations. In total, we have 714× 103 hexagonal cells. To give an idea
of the density of the mesh, the left blocks representing the entrance of the channel (see
Figure 4) has 26 elements in x (longitudinal) direction, 77 elements in y (vertical) direction,
and 24 elements (among all the blocks that conform the width of the channel) in z (normal)
direction. In this block, the distance from the center of the first element to the floor is
y = 3.4 mm, resulting in y+ = 56, lying in the logarithmic sublayer [29]. In addition, the
blocks surrounding each blade of the HPM, are of C-type mesh, with 84× 10× 24 elements.
In this block, the distance from the center of the first element to the walls of the HPM (hub
and blades) is y = 3.1 mm.

Regarding the boundary conditions of the domain (Figure 6), the back lateral surface
is treated as a plane of symmetry (longitudinal half of the channel) and the front lateral
surface is treated as a wall with no traversing condition (channel wall). A constant pressure
condition equal to zero (simulating atmospheric air) is assigned to the upper surface and
the lower surface is treated as a wall with no traversing condition (channel floor). The
left surface has an inlet condition with uniform velocity from the channel floor to a height
corresponding to the upper edge of the hub (water entry) and then a zero pressure condition
(corresponding to the air zone). The right surface has a wall condition from the bottom up
to a certain height (simulating a sharp crested weir) and then a zero pressure condition to
enable the exit of water and air. Finally, the surfaces corresponding to the boundary of the
HPM (blades and hub) are treated as solid walls with no traversing condition and rotating
at constant speed; this is then a time dependant boundary condition.

Water and air are at rest at the initial time, while the interface is at the upper edge of
the HPM’s hub from the axle towards upstream and at the lower edge of the HPM’s hub
from the axle towards downstream (as in Figure 2). The HPM is stopped at initial time and
suddenly starts rotating at the corresponding speed (due to the low rotating speed it was
not necessary to increase it gradually to avoid instabilities).

The time step used in the simulations, depending on the rotating speeds and discharges
values, varied between 1× 10−4 s and 2× 10−4 s. It was verified that CFL condition was
met. For the discretized momentum, continuity and VOF function transport equations, a
total of three, three and two, respectively, inner iterative steps were performed, whereas six
steps of the outer iteration were conducted.



Fluids 2023, 8, 9 10 of 24

Figure 6. Boundary conditions of the computational domain.

The properties of water are those corresponding to atmospheric pressure and a
temperature of 20 ºC (ρH2O = 1× 103 kg/m3 and µH2O = 1× 10−3 Pa·s). Air density
corresponds to atmospheric pressure and a temperature of 20 ºC (ρair = 1.2 kg/m3), while
µair = 1.7× 10−3 Pa·s, which is 100 times higher than that corresponding to the mentioned
conditions, in order to reduce spurious velocities in air [17]. For the force due to surface
tension, the value of 73× 10−3 N/m corresponding to the tension between water and air
was used. The properties of water, together with the simulated inlet velocities (0.056 m/s
to 0.169 m/s) and the length scale of the HPM (D = 1.2 m), give a Reynolds number ( vD

ν )
between 6.7× 104 and 2.0× 105.

2.4. Power and Efficiency Calculation

From the pressure −pn̂ and shear stress ~τ vectors in the cells of the wheel’s surface S,
the torque M applied by the water to the HPM was calculated as:

~M =
∫

S

−−−−→
(P−O)× (−pn̂ +~τ)dS (14)

where
−−−−→
(P−O) is the vector from the axle O to a generic point P belonging to S. Then, the

mechanical power Pm applied to the HPM was calculated as:

Pm = ~M · ~ω (15)

where ~ω is the rotating speed in rad/s. To obtain the mechanical power at the HPM’s shaft
it would only be necessary to subtract the friction loss in the bearings, but since this is
difficult to determine, a direct comparison is proposed between the power calculated from
the simulations and the power presented in the HYLOW reports.

The available (maximum) power is the hydraulic power of the flow through the HPM,
calculated as:

Ph = ρgQ∆H = ρgQ(d1 − d2 +
v2

1 − v2
2

2g
) (16)

where Q is the discharge, ∆H the head difference upstream and downstream of the HPM
calculated from the water levels (d1 and d2) and the free surface velocities (v1 and v2). The
dynamic head (last term in Equation (16)) can be neglected as the velocities are very low.
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Due to intrinsic losses during the energy transfer, the hydraulic power exerted on the HPM
is lower than the available hydraulic power.

Finally, the efficiency of the HPM can be calculated as the quotient between the
mechanical power absorbed by the HPM and the hydraulic power available in the channel
(η = Pm

ρgQ∆H ).

2.5. Convergence Study

Because of some instabilities during the startup of the simulations, we first need to
assess the time from which the flow becomes roughly steady, and then carry out all the
analysis from this time on (thus removing the initial period of startup). This assessment
could be conducted watching at the reduction of the residuals of the equations over time
advance. Figure 7 shows this information for the momentum equation in u velocity
component, where it can be seen how at tmom ≈ 10−1 s the residual stops dropping. A
similar behaviour is found in the residual of mass balance equation, meanwhile for the
VOF equation the residual stops dropping much earlier (tVOF ≈ 10−3 s).

Figure 7. Residual drop over time advance, for the u velocity component momentum equation.

In this kind of simulations, the residuals of the equations should drop along the
iterative process at each time step, reaching a steady value at certain number of steps of
the outer iteration. The operating point of maximum power was selected to perform the
iteration convergence study. For the assessment of the residual drop along the iterative
process, the average among all time steps (from the initial time of steadiness assessed
earlier), for each iteration step was performed. The result is plotted in Figure 8 for the
residual of momentum, mass balance and VOF equations, where the value of the residual
at each iterative step is normalized by its maximum value (the one at the first iterative
step). It can be seen how at the number of six steps of the outer iteration, the residual of
momentum equation is reaching a steady value. The residual of the mass balance equation
appears to continuously drop beyond si steps, but at a very low rate, meaning that after the
first iteration the mass balance is guaranteed. In addition, the transport equation of VOF
method, would only need two steps to reach a steady residual.
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Figure 8. Residual drop along iterative steps, for the u velocity component momentum equation, the
mass balance equation and the VOF scalar transport equation.

2.6. Grid Dependency Study

A grid sensitivity analysis was also performed, in order to check if the density of
the mesh used along the simulations was adequate. Figure 9 shows the other two grids
generated to assess the dependency. The medium grid (not shown in Figure 9) corresponds
to the one described in Section 2.3. The coarse grid has roughly half the elements of
the medium grid (4.6× 104), while the fine grid has roughly double the elements of the
medium grid (1.280× 106). To give an idea of the density of the new meshes, in the blocks
surrounding each blade, the distance from the center of the first element to the walls is
4 mm in the coarse mesh and 2.3 mm in the fine mesh, while in the medium mesh it is
3.1 mm.

Figure 9. Part of the computational mesh around the HPM, for the coarse (left) and fine (right) grids.

The operating point of maximum power was again selected to perform the grid
dependency study. It was obtained, as expected, that the finer the grid, the lower the
residuals of the equations. In addition, power evolution over time up to the first complete
revolution of the HPM was plotted for the three grids, showing very similar behaviours
(Figure 10). The first peak of power is related to the startup of the machine, and it was not
considered when calculating the mean values.
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Figure 10. Power evolution for operating point at Q = 97.8 L/s, for three grids with different
densities (medium, coarse and fine).

The medium density grid was the one that gave an average power closer to the
experimental value (186.7 W). This was the grid used across the present work for validating
the simulations over the full operating range of the HPM.

3. Results and Discussion

The analysis of the simulation results is divided into four parts. Before presenting
the data involved in the validation of the simulation and the characterization of the flow
field, some characteristics of the turbulence of the resolved flow are shown. Regarding
the validation of the simulations, a quantitative study is presented, where the calculation
of the instantaneous power is carried out for different operating discharges of the HPM
obtained from the numerical simulations. Then, the average power and efficiencies for each
discharge were calculated and compared with the values presented in the HYLOW project.
Finally, a qualitative study of the flow in the channel around the HPM is presented, with
images of the behavior of the flow and streamlines colored by velocity and pressure.

3.1. Turbulence Charactaristics of the Flow

The main turbulence quantities of the flow were evaluated at one of the operating
points of the HPM (Q = 58.9 L/s and N = 2.069 rpm). The Reynolds number calculated
from the mean velocity of the cross section of the channel downstream of the HPM and the
height of the water in the same section, resulted in 6.1× 104. The Reynolds number of the
subgrid scales defined in Section 2.1.1 took values between 400 and 4000. In addition, the
friction Reynolds number calculated from the shear velocity and half of the water height
resulted in values around 3000.

In order to obtain an idea of how well the turbulence of the flow was modeled, the
spectrum of the turbulent velocity of a given cell element was obtained. The cell under
study is an hexaedron of 51 mm × 7.3 mm × 14 mm (in longitudinal, transversal and
vertical direction, respectively, and it is located downstream and close to the HPM (at
97 mm above the floor). The spectrum shows the turbulent kinetic energy distribution
among all the scales of the flow, from the production to the dissipation scales, as well as
the inertial subrange in between. Following Kolmogorov’s hypothesis [29], a decay of the
energy in a rate of −5/3 is expected in the inertial subrange. For a correct spectral analysis,
the mean velocity must be steady in the analysed period, conditioned that is satisfied for
the three velocity components (longitudinal-u, vertical-v and transversal-w), as shown in
Figure 11 for a period of 86 s.
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Figure 11. Time series of the three velocity components (longitudinal-u, vertical-v and transversal-w).
Broken lines represent the averages of each component.

The power spectrum of the longitudinal component of velocity is calculated by means
of the fast Fourier transform, as described in [40]. For a better definition of the spectrum,
the frequency range was divided in three subranges. For the low frequency range (between
fmin and 0.191 Hz), the entire set of data was used to calculate the spectrum. For the
medium frequency range (between 0.191 Hz and 2.06 Hz), the data were divided in two
subsets and the average of both spectrums was calculated. Finally, for the high frequency
range (between 2.06 Hz and fmax), the data were divided in four subsets and the average of
all four spectrums was calculated. The result was normalized by the square of the standard
deviation σ2

u (representing a power spectral density) and plotted against frequency in
Figure 12, together with the −5/3 decay law. Because the number of data points used to
compute the spectrum has to be a power of 2, it was necessary to cut the data to 52.4 s
(218 data points). The minimum frequency is related to the total time of the data and is
assessed as fmin = 1/T = 0.019 Hz, while the maximum frequency depends on the average
horizontal velocity (u = 0.29 m/s) and the length of the cell element (l = 51 mm) and is
assessed as fmax = u/l = 7 Hz.

From the value of the spectrum at f = 0 one can obtain an estimate of the longitudinal
integral length scale (characteristic of the energetic vortices) as [29]:

Lu =
uSu( f = 0)

4σ2
u

(17)

which in this case resulted in Lu = 0.25 m (similar to half the height of the water in the
channel downstream of the HPM). The turbulence intensity (Iu = σu/u) resulted as high as
94%, supporting the choice of LES over RANS to model the turbulence in this study.
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Figure 12. Power spectral density of the longitudinal component of velocity.

3.2. Instantaneous Power

The maximum discharge in the simulations was 120 L/s (higher discharges yielded
great instabilities that did not represented the actual performance of the HPM), and the
working point Q = 110 L/s was added, which, although it was not included in the
experimental tests, was useful to obtain smoother operating curves in a zone of unsteady
performance of the HPM. In addition, the point corresponding to Q = 40 L/s was included,
which was not part of the experimental tests either. A simulation was carried out in order
to evaluate the leakage flow through the HPM (Q f ), for which the wheel was left stationary
and the same discharge as in the experimental tests (25 L/s) was considered. It was
found that the water levels before and after the HPM remained constant for a considerable
time (20 s), so it was possible to conclude that Q f = 25 L/s in the simulations of the
analyzed HPM.

Figure 13 shows time evolution of the instantaneous power of the HPM for discharges
58.9 L/s (Figure 13a), 97.8 L/s (Figure 13b) and 120 L/s (Figure 13c). The first few seconds
are not shown, because from the beginning of the simulation up to the first blade passage,
a power peak was observed followed by a transient behaviour where the power does not
stabilize. The time interval that is plotted in each graph corresponds to four turns of the
HPM. In each graph, the red line corresponds to the mean power and the broken black
lines represent the intervals corresponding to the standard deviation of the power.
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(a)

(b)

(c)
Figure 13. Instantaneous power over 4 turns of the HPM for three operating points: (a) Q = 58.9 L/s,
(b) Q = 97.8 L/s and (c) Q = 120 L/s.

The waveform with the highest frequency presented by the power curves responds to
the blade pass frequency of the HPM. In the curves corresponding to discharges greater than
97.8 L/s, this waveform is superimposed with another of lower characteristic frequency
associated with a complete turn of the wheel. This last wave increases its amplitude as the
discharge increases, even causing the HPM to present time intervals with negative power
(see Figure 13c).

3.3. Mean Power and Efficiency

From the time evolution of the instantaneous power, the average power for each
discharge was calculated and the efficiency for each working point was assessed. Table 2
summarizes the main parameters and results of the operation of the HPM at different
discharges. The rotating speeds, which differ from those presented in Figure 3b and in
Table 1, were selected in such a way that during the simulations the water level before the
HPM remained constant at the upper edge of the hub (the level after the HPM is controlled
by the height of the weir).

Table 2. Operating points of the HPM of straight blades of 1200 mm in diameter, from the simulations
in caffa3d.

Q (L/s) 25 40 58.9 77 97.8 110 120

N (rpm) 0 1.0 2.069 3.333 4.615 5.2174 6.25

Pm (W) 0 59.5 117.5 159 177 84.8 34.9

η (%) 0 38.0 50.9 52.7 46.2 19.7 7.4
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Figures 14–16 show the Power—Discharge, Efficiency—Discharge and Discharge—
Rotating speed curves (respectively), obtained from the numerical simulations, along with
the operating points surveyed in the previous experimental tests summarized in Table 1.
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Figure 14. Power—Discharge curve of the HPM. Comparisson of numerical with experimental results
presented in Schneider et al. (2011) [38].
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Figure 15. Efficiency—Discharge curve of the HPM. Comparisson of numerical with experimental
results presented in Schneider et al. (2011) [38].

From the previous figures, a very good correlation between the numerical and experimental
results can be seen, for discharges between 25 L/s (minimum discharge) and 97.8 L/s
(maximum power), concluding that the simulations carried out in caffa3d managed to
reproduce the operation of the HPM in this working range. However, for higher discharges,
the numerical simulations yielded much lower power and efficiency values, possibly
explained by overestimated turbulence modelling. Although it is an aspect to be solved in
the model and the numerical simulations, it is still acceptable that it can reproduce the global
variables of the real operation between the minimum discharge and that corresponding
to the maximum power, including the best efficiency point. It would be very rare to have
discharges outside this range in actual operation of this HPM.
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Figure 16. Relationship between discharge and rotating speed of the HPM. Comparisson of numerical
with experimental results presented in Schneider et al. (2011) [38].

Figure 17 shows the comparison error between the values of the different magnitudes
(power, efficiency and rotating speed) obtained numerically with caffa3d and those obtained
experimentally in the HYLOW project. The error is expressed relative to the experimental
value and it is shown for various discharges.
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Figure 17. Comparison errors for various discharges.

It is clear that the comparison error in power and efficiency increase rapidly when
the discharge goes from 97.8 L/s to 120 L/s. However, for discharges up to 97.8 L/s, the
error in power and efficiency remained below 6%, indicating a good correlation. On the
other hand, the comparison error in the rotating speed remains low for the entire range of
analyzed discharges. This behaviour reaffirms the above comments about the adequacy
of the model and the numerical simulations to analyze the performance of the HPM in
the operating range between the point of minimum discharge and the point of maximum
power.
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3.4. Channel Flow Analysis

In order to complement the previous analysis, images of the water flow in the channel
through the HPM are presented below, for two operating points. Due to the transient
nature of the HPM operation, instantaneous images of the flow are shown for a specific
time instant. Such instant was chosen in order to appreciate the characteristic behaviour of
the flow through the HPM for each operating point.

The maximum efficiency (from experimental tests) operating point is considered
first, with Q = 58.9 L/s and N = 2 rpm. The following figures show the instantaneous
streamlines through the HPM (the images correspond to the same instant of time). Figure 18
shows the streamlines colored by the magnitude of the velocity vector, while Figure 19
shows the streamlines colored by pressure.

Figure 18. Image of instantaneous streamlines through the HPM colored by velocity, Q = 58.9 L/s.

Figure 19. Image of instantaneous streamlines through the HPM colored by pressure, Q = 58.9 L/s.

In both images, several eddies are observed inside the buckets downstream the bottom
shroud, possibly due to the interaction of the main flow with the bottom flow coming from
the gap between the channel bed and the HPM, which, as it can be seen in Figure 18 has
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a higher velocity with respect to the average flow. Another eddy formation can also be
seen in the flow inside the bucket that has just entered the water, which could explain
the presence of the air bubbles observed in Figure 20. For the analyzed operating point,
there are no low pressure zones associated with the core of these eddy structures, so their
presence does not seem to alter the normal operation of the HPM.

Figure 20 shows an image of the flow of water through the HPM obtained by simulations
in caffa3d (left) and presented in HYLOW reports of the experimental tests (right), for
similar discharges. The section on Supplementary Material has the video of the simulation
for a complete turn of the HPM.

Figure 20. Lateral image of the instantaneous flow of water through the HPM for low discharge. Left
image shows an instantant of simulations with caffa3d for Q = 58.9 L/s, while right image shows an
instant of experimental tests for Q = 60 L/s [38].

The previous images show bubbles of air trapped inside the bucket that has just
entered the water, which in this case manage to be expelled before the bucket passes
through the bottom of the channel (at higher discharges, the air is transported downstream
of the channel). Water recirculation is not appreciated, that is to say that all the water
transported by the HPM manages to evacuate towards downstream of channel (a desirable
situation in an optimal behavior of the machine).

Next, the operation of the HPM with a high discharge is analyzed, specifically
Q = 120 L/s and N = 6.25 rpm, where abnormal phenomena begin to be observed
that introduce inefficiencies reducing the absorbed power and the efficiency of the HPM.
The following figures show the instantaneous streamlines through the HPM (the images
correspond to the same instant of time). Figure 21 shows the streamlines colored by the
magnitude of the velocity vector, while Figure 22 shows the streamlines colored by pressure.

Figure 21. Image of instantaneous streamlines through the HPM colored by velocity, Q = 120 L/s.
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Figure 22. Image of instantaneous streamlines through the HPM colored by pressure, Q = 120 L/s.

In the previous images, larger eddy structures can be observed than at the point of
operation of maximum efficiency. Furthermore, in the bucket about to exit the water and
on the pressure side of the blade, significant negative pressure values occur. This blade
in particular is working with a negative torque with respect to the rotation of the HPM,
reducing the net absorbed power. This depression together with the delay in the entry of
air (and evacuation of water) are responsible for the recirculation of water towards the
entrance of the channel.

Figure 23 shows an image of the flow of water through the HPM obtained by simulations
in caffa3d (left) and presented in HYLOW reports of the experimental tests (right), for similar
high discharges. The section on Supplementary Material has the video of the simulation
for a complete turn of the HPM.

Figure 23. Lateral image of the instantaneous flow of water through the HPM for low discharge. Left
image shows an instantant of simulations with caffa3d for Q = 120 L/s, while right image shows an
instant of experimental tests for Q = 180 L/s with the level downstream of the wheel 200 mm below
the edge of the hub [38].

In particular, it can be seen how the buckets do not empty completely when they exit
the water, taking with them some water towards the entrance, which generates a contrary
torque that reduces the absorbed power. In addition, noteworthy is the high turbulence
produced when the blades enter the water and the large amount of air trapped in the
bucket that has just entered, which is not evacuated entirely, reducing the volume of water
transported and the force exerted on the blades.

4. Conclusions

In this paper. the operation of a simple Hydrostatic Pressure Machine (a type of
hydraulic turbine) with radial straight blades was analyzed by means of the use of caffa3d
code, which is an open source and freely available flow solver for incompressible viscous



Fluids 2023, 8, 9 22 of 24

fluid flow that implements the finite volume method in Fortran 90, and has been developed
by academic researchers from the Computational Fluid Mechanic Group of the Faculty of
Engineering of Universidad de la República (Uruguay). The solver implements the Large
Eddy Simulation method to model the flow turbulence, the Volume of Fluid method to
simulate open channel flows and the Sliding Mesh method to simulate rotating machinery.

A convergence study was performed in order to assess the adequacy of the total
number of iterations used in the simulations. From this study, it was concluded that the
actual number of iterations enable to reach a steady value of the residuals of the equations.
In addition, a grid sensitivity analysis was conducted, comparing the results for three
different total number of elements in the mesh.

The suitability of the simulations to model the turbulence characteristics of the flow
was studied, highlighting the distribution of the power spectral density of the longitudinal
velocity along the frequencies presented in the flow. For the inertial subrange, the spectrum
quite follows the−5/3 decay law predicted by Kolmogorv. The longitudinal integral length
scale in the channel downstream of the HPM resulted close to half the height of the water
in that section. The high values obtained for the turbulence intensity suggest that the use
of LES was adequate.

The time evolution of the absorbed power over a few turns of the wheel for various
discharges were presented, showing oscillatory phenomena related to the blade pass
frequency and the rotating frequency. The power–discharge and efficiency–discharge
curves (both with fixed head and variable rotating speed) were plotted, presenting a
good correspondence with the experimental curves previously found in the framework
of a research project. This was true at least up to the discharge corresponding to the
maximum power, after which the simulations yielded lower values than the experiments.
The comparison error in power and efficiency remained below 6% for discharge lower than
97.8 L/s.

Instantaneous images of the streamlines near the blade that was about to exit the water
showed eddy structures that increased in size with increasing discharge, resulting also in
higher negative pressure (and torque) over the pressure side of the blade, reducing the
absorbed power. In addition, short animations of the flow through the HPM were created
with the numerical results for two distinct discharges, and a qualitative comparison with
the experimental behaviour was performed, concluding that the simulation managed to
reproduce the main features of the flow for increasing discharge. These features are the
difficulty to expel the air inside the bucket of the HPM that was entering the water upstream,
and the difficulty to drain the bucket that was getting out of the water downstream.

It is proposed as future work to carry out numerical simulations of the operation
of other HPM models, which have been developed in order to increase the maximum
power and efficiency. Likewise, the possibility of simulating the operation of other types of
turbines is also proposed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fluids8010009/s1, Video S1: Three dimensional view of the water
flow through the HPM for the maximum efficiency operating point; Video S2: Three dimensional
view of the water flow through the HPM for discharge greater than that of maximum power operating
point.
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