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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

Herein, a new passive control system for limiting cavitation inside turbomachinery has been applied to a NACA0009 hydrofoil.
The basic idea is to introduce slots nearby its leading edge, connecting pressure and suction sides of the hydrofoil, in order to
increase locally the pressure on its suction side and to prevent cavitation from developing. The cavitating flow developed around a
two-dimensional hydrofoil is here considered since it is an archetype of cavitation nearby the leading edges of the impeller vanes.
Thus, the flow field developed at the leading edge of both the original and modified hydrofoil has been studied at different angles
of attack in order to reproduce a wide range of operating conditions that occur inside turbomachinery. Eventually, a comparison of
their performance in terms of polars (CL and CD) and vapour volume fractions (αv) is performed.
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1. Introduction

Cavitation has an important impact on the reliability of hydraulic systems and can lead to a reduction of perfor-
mance or worse to a total machine failure. Thus, it is important to understand what causes cavitation and how it
can be avoided in order to improve operating range and reliability. Cavitation is a phenomenon, which can occur in
hydraulic turbomachineries, such as pumps, turbines and propellers, when the local static pressure falls below the
vapour pressure. The phase change is characterized by pressure oscillations with specific amplitudes and frequencies.
Cavitation also causes surface damages and induces noise and vibrations, which negatively affect the performance of
these machines [1, 2]. Several experiments have been performed to study cavitation around 2D hydrofoils since they
can be representative, for instance, of the fluid flow around impeller vanes [3, 4]. Furthermore, different numerical
algorithms have been developed with the aim of simulating cavitating flow around Venturi duct and 2D hydrofoils
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[5, 6] and various turbulence models have been tested in order to find the best combination between mass transfer
models and turbulence models [7].

In the past, either active or passive cavitating flow control systems have been proposed with the aim of limiting
cavitation phenomena inside turbomachines and around hydrofoils. The formers are intentionally activated by the
operator like in the case of ventilation where gas is injected and a cavity is generated around the body in order to
reduce vapour shedding and bubble collapse [8]. The latters are systems which work autonomously with the aim of
modifying the boundary layer behaviour. In this second class, we can find the application of external elements, e.g.,
trip bars installed along the bodies [9, 10]. Actually, our cavitation control system belongs to this second class. In
particular, the flow past a NACA0009 hydrofoil at a fixed angle of attack equal to 2.5◦ was investigated by means of
OpenFOAM and the results compared against experimental data provided by P. Dupont [11]. Furthermore, a modified
NACA0009 hydrofoil with slots, connecting the pressure side to the suction side of the foil, introduced as a passive
cavitation control system, was investigated in order to understand the influence on the performance under fully wetted
flow and when cavitation occurs [12]. Furthermore, the capability of the ducts to limit flow separation on the suction
side of the hydrofoil was pointed out.

In this work we intend to investigate the NACA0009 at different angles of attack representing a hydraulic turboma-
chinery when operated under either design (0◦) or off design (2.5◦, 5◦) conditions. The same simulations have been
run with the application of the passive system control and eventually a comparison of their performance in terms
of force coefficients (CL and CD) and vapour volume fractions (αv) is performed. Simulations have been performed
by means of the open source CFD code OpenFOAM by solving the 2D Unsteady Reynolds-Average Navier-Stokes
(U-RANS) equations for incompressible flow with the mass transfer model proposed by Schnerr and Sauer [13]. The
attached cavities are strongly connected to the boundary layer behavior, while the bubble cavitation chiefly depends
on the pressure distribution and the liquid nuclei content [15]. Because of the small angles of attack (max 5◦) this ac-
tivity deals with quasi-steady cavitation and periodic cavitation. These phenomena require a transient approach. Even
if high Reynolds numbers are considered, laminar to turbulent transition is crucial in order to capture the inception
of attached cavitation, which occurs in the small recirculating bubble following laminar separation of the boundary
layer, as it does for the transcritical flow around a circular cylinder [15]. Hence, a transition-sensitive turbulence clo-
sure model can help in predicting the transition phenomena. For this reason the k-kl-ω [14, 15] model has been used
coherently with Capurso et al. [7]. The passive cavitation control system shows a remarkable reduction of the vapour
volume fraction (from -93% to -54%), however accompanied by a loss of performance corresponding to a reduction
of CL/CD from -39% to -45% at α = 2.5◦ and 5◦, respectively.

Nomenclature

ρ density [kg/m3]
µ viscosity [kg/ms]
p pressure [Pa]
Cv evaporation coefficient
Cc condensation coefficient
ṁ− evaporation rate
ṁ+ condensation rate
σ cavitation number
pv saturation pressure [Pa]
Cp pressure coefficient
CL lift coefficient
CD drag coefficient
L lift per unit lenght [N/m]
D drag per unit lenght [N/m]
αv vapour volume fraction
α angle of attack
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2. Governing equations

The Unsteady RANS equations in their conservative unsteady formulation, for Newtonian fluids without body
forces and heat transfer, are presented in the Cartesian coordinates (1) along with the continuity equation (2) and the
mass transport equation (3) for liquid:

∂ρmui

∂t
+
∂(ρmu jui)
∂x j

= − ∂p
∂x j
+
∂

∂x j

[
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(
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2
3
∂uk
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δi j

]
(1)

∂ρm

∂t
+
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∂x j

= 0 (2)

∂(ρlαl)
∂t

+
∂(ρlαlu j)
∂x j

= ṁ+ + ṁ− (3)

ρm = ρlαl + ρvαv (4)

µm = µlαl + µvαv (5)

The subscript (l, v,m) refers to the liquid, vapour and mixture phases, respectively. The subscripts (i, j, k) denote the
directions of the Cartesian coordinates. The source term, (ṁ+), and the sink term, (ṁ−), in equation (3) represent the
condensation and evaporation rates, respectively. In OpenFOAM, the application, which allows one to solve this set of
equations, is named InterPhaseChangeFoam. It is based on the Volume of Fluid (VoF) technique, which considers two
incompressible, isothermal and immiscible flows and solves one global momentum equation and a transport equation
for each flow adopting a PIMPLE algorithm. In these simulations the condensation and the evaporation rates are
modeled according to Schnerr and Sauer [11]:

ṁ− = 3Cv
ρvρl

ρm

√
2

3ρl

1

RB
√
|p − pv|

(1 − αnuc + αl)min(p − pv, 0) (6)
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1
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√
|p − pv|

αlmax(p − pv, 0) (7)

which are based on the Rayleigh-Plesset equation. The volume fraction of the water vapour nuclei, αnuc, and the
radius of the bubble, RB, used in the previous equations (6, 7) are calculated as follows:

αnuc =
n0πd3

nuc/6
1 + n0πd3

nuc/6
(8)

RB =
3

√
3

4πn0

1 + αnuc − αl

αl
(9)

For these simulations n0 and dnuc are set equal to 1.6 · 1013 1/m3 and 2 · 10−6 m, respectively. Actually, these values
can be determined during water quality experimental tests. Both the condensation coefficient, Cc, and the evaporation
coefficient, Cv, coincide to 1, the default values in OpenFOAM.

The Schnerr and Sauer mass transfer model equations have been solved in combination with the k-kl-ω model for
turbulence closure [7, 14]. The gradient terms have been computed using a second-order upwind scheme and a cell
limited scheme for the pressure. The convection terms have been computed using a second-order backward scheme
and a first-order upwind scheme for the turbulence terms. The Laplacian terms have been resolved using a limited
corrected scheme while the time integration scheme is a first-order Euler one.
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Fig. 1. Main dimensions of the numerical domain expressed in mm.

3. Numerical domain and boundary conditions

The 2D fluid domain is shown in Figure 1. It reproduces the height of the experimental test section of the Cavi-
tation Research Facility at EPFL, Lausanne [11], whereas the computational domain extends 3.5c upstream and 5.5c
downstream of the foil (c = 100mm) to reduce influence of boundary conditions at the inlet and outlet.

The hydrofoil is a NACA0009 [11, 16] with a chord truncated at 90% of its initial chord value (110 mm), maximum
thickness at 50% of the initial chord and the trailing edge height equal to 3.22 mm (Figure 2). A no-slip boundary
condition is imposed along the hydrofoil surface and along the top and bottom tunnel boundaries. The pressure at the
outlet is set in such a way to guarantee the desired cavitation number, σ = (p∞ − pv)/(0.5ρ∞U2

∞) = 0.81, where p∞
is the pressure measured at 250 mm upstream of the foil. This distance has been chosen being adequately far from
the pressure disturbance due to the hydrofoil. The velocity at the inlet, U∞, is equal to 20.7 m/s and the properties
of the fluid are assumed to be ρl = 998.7 kg/m3 and νl = 1.08 · 10−6 m2/s, which corresponds to pure water at 17
◦C. The vapour pressure of the water at 17 ◦C is pv = 1938.4 Pa and the vapour density and kinematic viscosity
are ρv = 0.014493 kg/m3 and νv = 6.66 · 10−4 m2/s , respectively [11]. Furthermore, for this test case a constant
turbulent intensity has been assumed equal to 1% at the inlet of the domain. The grid has been computed with the
software Pointwise Gridgen R©, exported in .msh format and then converted with the command fluentMeshToFoam in
OpenFOAM. After that, the grid has been checked, to extract information about its extreme values of aspect ratio
(AR < 1000), skewness (S k < 0.98) and non-orthogonal cells (θo < 70◦), with the command checkMesh. About the
grid sensitivity analysis, this has been carried out by considering the three grids having different numbers of prism
layers and initial heights: a fine, a medium and a coarse mesh that are made up of 65 000, 38 000 and 28 000 cells,
respectively. These grids have been tested under steady-state fully wetted (non-cavitating) condition. The details of the
grid are shown in Figure 2. Each fluid mesh has been made with a different number of structured elements close to the
foil surface to ensure a proper value of y+ = yUτ/ν , where y is the first cell height, and Uτ is the wall frictional velocity.
The region outside these elements has been discretized with unstructured triangular elements. Mesh refinements are
performed both at leading and trailing edges of the foil (Figure 2). The lift and drag coefficients have been compared
with the experimental data provided by P. Dupont [11] in Table 1.

Table 1. Comparison of the hydrofoil performance (lift and drag coefficient) in wetted simulation with U = 20 m/s compared with experimental
data [11].

An example of a column heading n. cells CD =
D

1/2ρU2c
CL =

L
1/2ρU2c

err. CD err. CL

Dupont P. (experimental) 0.0214 0.315
Coarse mesh (y+=70) 28000 0.0162 0.334 -24% 6%
Medium mesh (y+=30) 38000 0.0134 0.322 -49% 2%
Fine mesh (y+=1) 65000 0.0207 0.341 -5% 8%

The effect of turbulence models, mesh types, and mesh density on the cavitating flow dynamics have been studied
in detail for the case of the NACA0009 hydrofoil at a fixed angle of attack, α = 2.5◦, under steady flow conditions for
the quasi-steady sheet cavitating case (σ = 0.81 and Re = 2 ·106). The mesh with about 65 000 cells has been selected
to carry out the multi-phase analyses considering that only marginal deviations are observed in the results among the
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2. Governing equations

The Unsteady RANS equations in their conservative unsteady formulation, for Newtonian fluids without body
forces and heat transfer, are presented in the Cartesian coordinates (1) along with the continuity equation (2) and the
mass transport equation (3) for liquid:
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The subscript (l, v,m) refers to the liquid, vapour and mixture phases, respectively. The subscripts (i, j, k) denote the
directions of the Cartesian coordinates. The source term, (ṁ+), and the sink term, (ṁ−), in equation (3) represent the
condensation and evaporation rates, respectively. In OpenFOAM, the application, which allows one to solve this set of
equations, is named InterPhaseChangeFoam. It is based on the Volume of Fluid (VoF) technique, which considers two
incompressible, isothermal and immiscible flows and solves one global momentum equation and a transport equation
for each flow adopting a PIMPLE algorithm. In these simulations the condensation and the evaporation rates are
modeled according to Schnerr and Sauer [11]:
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which are based on the Rayleigh-Plesset equation. The volume fraction of the water vapour nuclei, αnuc, and the
radius of the bubble, RB, used in the previous equations (6, 7) are calculated as follows:
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For these simulations n0 and dnuc are set equal to 1.6 · 1013 1/m3 and 2 · 10−6 m, respectively. Actually, these values
can be determined during water quality experimental tests. Both the condensation coefficient, Cc, and the evaporation
coefficient, Cv, coincide to 1, the default values in OpenFOAM.

The Schnerr and Sauer mass transfer model equations have been solved in combination with the k-kl-ω model for
turbulence closure [7, 14]. The gradient terms have been computed using a second-order upwind scheme and a cell
limited scheme for the pressure. The convection terms have been computed using a second-order backward scheme
and a first-order upwind scheme for the turbulence terms. The Laplacian terms have been resolved using a limited
corrected scheme while the time integration scheme is a first-order Euler one.
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Fig. 1. Main dimensions of the numerical domain expressed in mm.

3. Numerical domain and boundary conditions

The 2D fluid domain is shown in Figure 1. It reproduces the height of the experimental test section of the Cavi-
tation Research Facility at EPFL, Lausanne [11], whereas the computational domain extends 3.5c upstream and 5.5c
downstream of the foil (c = 100mm) to reduce influence of boundary conditions at the inlet and outlet.

The hydrofoil is a NACA0009 [11, 16] with a chord truncated at 90% of its initial chord value (110 mm), maximum
thickness at 50% of the initial chord and the trailing edge height equal to 3.22 mm (Figure 2). A no-slip boundary
condition is imposed along the hydrofoil surface and along the top and bottom tunnel boundaries. The pressure at the
outlet is set in such a way to guarantee the desired cavitation number, σ = (p∞ − pv)/(0.5ρ∞U2

∞) = 0.81, where p∞
is the pressure measured at 250 mm upstream of the foil. This distance has been chosen being adequately far from
the pressure disturbance due to the hydrofoil. The velocity at the inlet, U∞, is equal to 20.7 m/s and the properties
of the fluid are assumed to be ρl = 998.7 kg/m3 and νl = 1.08 · 10−6 m2/s, which corresponds to pure water at 17
◦C. The vapour pressure of the water at 17 ◦C is pv = 1938.4 Pa and the vapour density and kinematic viscosity
are ρv = 0.014493 kg/m3 and νv = 6.66 · 10−4 m2/s , respectively [11]. Furthermore, for this test case a constant
turbulent intensity has been assumed equal to 1% at the inlet of the domain. The grid has been computed with the
software Pointwise Gridgen R©, exported in .msh format and then converted with the command fluentMeshToFoam in
OpenFOAM. After that, the grid has been checked, to extract information about its extreme values of aspect ratio
(AR < 1000), skewness (S k < 0.98) and non-orthogonal cells (θo < 70◦), with the command checkMesh. About the
grid sensitivity analysis, this has been carried out by considering the three grids having different numbers of prism
layers and initial heights: a fine, a medium and a coarse mesh that are made up of 65 000, 38 000 and 28 000 cells,
respectively. These grids have been tested under steady-state fully wetted (non-cavitating) condition. The details of the
grid are shown in Figure 2. Each fluid mesh has been made with a different number of structured elements close to the
foil surface to ensure a proper value of y+ = yUτ/ν , where y is the first cell height, and Uτ is the wall frictional velocity.
The region outside these elements has been discretized with unstructured triangular elements. Mesh refinements are
performed both at leading and trailing edges of the foil (Figure 2). The lift and drag coefficients have been compared
with the experimental data provided by P. Dupont [11] in Table 1.

Table 1. Comparison of the hydrofoil performance (lift and drag coefficient) in wetted simulation with U = 20 m/s compared with experimental
data [11].

An example of a column heading n. cells CD =
D

1/2ρU2c
CL =

L
1/2ρU2c

err. CD err. CL

Dupont P. (experimental) 0.0214 0.315
Coarse mesh (y+=70) 28000 0.0162 0.334 -24% 6%
Medium mesh (y+=30) 38000 0.0134 0.322 -49% 2%
Fine mesh (y+=1) 65000 0.0207 0.341 -5% 8%

The effect of turbulence models, mesh types, and mesh density on the cavitating flow dynamics have been studied
in detail for the case of the NACA0009 hydrofoil at a fixed angle of attack, α = 2.5◦, under steady flow conditions for
the quasi-steady sheet cavitating case (σ = 0.81 and Re = 2 ·106). The mesh with about 65 000 cells has been selected
to carry out the multi-phase analyses considering that only marginal deviations are observed in the results among the
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Fig. 2. Mesh details.

Fig. 3. Comparison of the pressure coefficient calculated with three different grids on the suction and pressure side of the NACA0009 hydrofoil
with α = 2.5◦ in fully wetted flow condition with k-kl-ω turbulence model. The results are compared with experimental data [11].

three grids (see Figure 3), but this grid provides the lowest error in terms of lift and drag coefficient with respect to
the experimental data. Moreover, the grid with 65 000 cells presents a better resolution near the walls and the leading
edge (with y+ value approximately equal to 1) than the mesh with 38 000 cells.

4. Passive control system

Herein, a new passive control system for limiting cavitation has been applied to a NACA0009 hydrofoil. The basic
idea is to introduce slots nearby its leading edge connecting pressure and suction sides of the hydrofoil, in order to
increase locally the pressure on its suction side. The regular geometry has been modified with the introduction of
three slots close to the leading edge of the foil (see Figure 4). The slots have variable cross section areas and their axes
are inclined 30◦ with respect to the chord line of the foil. Due to the pressure gradient, a small amount of flow rate
flows through the slots. The slots angle is designed in order to avoid flow separation at their outlets [12]. In addition,
the main flow pushes down the flow coming from the slots. An evident result is a higher boundary layer close to the
suction side of the foil. The slots can be broached with a specific tool. Their cross section areas have been chosen not
constant (they increase from pressure to suction side) in order to reduce the velocity of the flow toward the outlet of
the slots. This slots configuration is applied to NACA0009 hydrofoil with three different angles of attack (0◦, 2.5◦ and
5◦) trying to reproduce the operating condition of a centrifugal pump at part-load. The NACA0009, modified with the
introduction of the slots from pressure to suction side, has been discretized by using the same technique previously
described. Moreover, the regions inside the slots have been discretized with structured elements close to the walls in
order to guarantee the same first cell height as the one applied on the adjacent walls of the foil, see Figure 4.
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Fig. 4. NACA0009 hydrofoil modified with the introduction of the slots and a representation of the fluid flowing through the slots from the pressure
to the suction side.

5. Results and Discussion

The unsteady simulations in both wetted and cavitating flow conditions have been run with a ∆t = 5.0 · 10−6s =
t∞/1000 = (c/U∞)/1000 for a total time equal to 0.35 s, which corresponds to seventy passages of the flow over the
hydrofoil. This value of the time-step, ∆t, has been selected to guarantee numerical stability. The Courant number for
all the simulations is approximately the same and it is equal to 0.3. Eventually, the results have been averaged over
the time interval corresponding to ten times the reference time (10t∞).

5.1. Single-phase flow

After the numerical method assessment, the regular foil and the modified geometry have been investigated. A
comparison of the pressure coefficient obtained via numerical simulations for the regular geometry and the modified
one with α = 2.5◦ is shown in Figure 5a. They are compared with the experimental data provided by P. Dupont [11].
The curves depicted in Figure 5a point out that the passive cavitation control system, acting on the forward part of the
hydrofoil, increases the pressure located at the leading edge (−Cp decreases) and modifies the pressure distribution
up to the 30% of the chord. Furthermore, the geometry modifications and the new pressure field lead to a reduction of
the lift coefficient (-25%) and an increase of the drag coefficient (+39%).

Fig. 5. Pressure coefficient on the suction and pressure side of the NACA0009 hydrofoil with α = 2.5◦ in fully wetted flow (a) and cavitating flow
(b) conditions with k-kl-ω turbulence model. The results of the regular and modified geometry are compared with experimental data [11].
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with α = 2.5◦ in fully wetted flow condition with k-kl-ω turbulence model. The results are compared with experimental data [11].

three grids (see Figure 3), but this grid provides the lowest error in terms of lift and drag coefficient with respect to
the experimental data. Moreover, the grid with 65 000 cells presents a better resolution near the walls and the leading
edge (with y+ value approximately equal to 1) than the mesh with 38 000 cells.

4. Passive control system

Herein, a new passive control system for limiting cavitation has been applied to a NACA0009 hydrofoil. The basic
idea is to introduce slots nearby its leading edge connecting pressure and suction sides of the hydrofoil, in order to
increase locally the pressure on its suction side. The regular geometry has been modified with the introduction of
three slots close to the leading edge of the foil (see Figure 4). The slots have variable cross section areas and their axes
are inclined 30◦ with respect to the chord line of the foil. Due to the pressure gradient, a small amount of flow rate
flows through the slots. The slots angle is designed in order to avoid flow separation at their outlets [12]. In addition,
the main flow pushes down the flow coming from the slots. An evident result is a higher boundary layer close to the
suction side of the foil. The slots can be broached with a specific tool. Their cross section areas have been chosen not
constant (they increase from pressure to suction side) in order to reduce the velocity of the flow toward the outlet of
the slots. This slots configuration is applied to NACA0009 hydrofoil with three different angles of attack (0◦, 2.5◦ and
5◦) trying to reproduce the operating condition of a centrifugal pump at part-load. The NACA0009, modified with the
introduction of the slots from pressure to suction side, has been discretized by using the same technique previously
described. Moreover, the regions inside the slots have been discretized with structured elements close to the walls in
order to guarantee the same first cell height as the one applied on the adjacent walls of the foil, see Figure 4.
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to the suction side.

5. Results and Discussion

The unsteady simulations in both wetted and cavitating flow conditions have been run with a ∆t = 5.0 · 10−6s =
t∞/1000 = (c/U∞)/1000 for a total time equal to 0.35 s, which corresponds to seventy passages of the flow over the
hydrofoil. This value of the time-step, ∆t, has been selected to guarantee numerical stability. The Courant number for
all the simulations is approximately the same and it is equal to 0.3. Eventually, the results have been averaged over
the time interval corresponding to ten times the reference time (10t∞).

5.1. Single-phase flow

After the numerical method assessment, the regular foil and the modified geometry have been investigated. A
comparison of the pressure coefficient obtained via numerical simulations for the regular geometry and the modified
one with α = 2.5◦ is shown in Figure 5a. They are compared with the experimental data provided by P. Dupont [11].
The curves depicted in Figure 5a point out that the passive cavitation control system, acting on the forward part of the
hydrofoil, increases the pressure located at the leading edge (−Cp decreases) and modifies the pressure distribution
up to the 30% of the chord. Furthermore, the geometry modifications and the new pressure field lead to a reduction of
the lift coefficient (-25%) and an increase of the drag coefficient (+39%).

Fig. 5. Pressure coefficient on the suction and pressure side of the NACA0009 hydrofoil with α = 2.5◦ in fully wetted flow (a) and cavitating flow
(b) conditions with k-kl-ω turbulence model. The results of the regular and modified geometry are compared with experimental data [11].
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5.2. Multi-phase flow

The results show a good agreement between the pressure coefficient of the regular foil with α = 2.5◦ under
cavitating flow conditions and the experimental results. The results are depicted in Figure 5b. Moreover, the curves of
the modified geometry highlights that there are no large variation in either fully wetted and cavitating flow conditions
(Figures 5a, 5b). To compare the performance of the original foil with and without the slots, at different angles of
attack, the values of the CL, CD and CL/CD have been calculated. Moreover, the volumes occupied by the cavities
have been calculated. The variations are resumed in Table 2.

Table 2. Comparison of the hydrofoil performance at different angles of attack with and without passive cavitaion system control under multi-phase
flow conditions.

Cases Passive σ CD CL CL/CD var. CD [%] var. CL [%] var. CL/CD [%] var. Vcavity [%]
control system

0◦ no 0.81 0.0204 0
0◦ yes 0.81 0.0570 0.0642 179
2.5◦ no 0.81 0.0248 0.3730 15.00
2.5◦ yes 0.81 0.0284 0.2404 9.15 12 -35 -39 -93
5◦ no 0.81 0.0496 0.6360 12.80
5◦ yes 0.81 0.0622 0.4390 7.06 25 -31 -45 -54

The comparison of the mean liquid volume fraction, αl, of the regular foil against the modified geometry draw
attention to the strong reduction of the cavitation phenomenon (Figure 6). This confirms the ability of the passive
control system proposed in this work to suppress the cavitation inception at the leading edge of the hydrofoil, but also
when cavitation largely affects the hydrofoil, like in the case of 5◦, the system proposed is able to reduce the cavity
to a significant extent. Indeed the slots are able to increase the pressure locally at the leading edge of the foil without
promoting flow separation. Their effect is shown in Figure 6.

Fig. 6. Contours of the mean liquid volume fraction, αl, with and without the introduction of the passive cavitation control at different angles of
attack.
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6. Conclusions

In this work, the performance of the NACA0009 hydrofoil with the introduction of geometry modifications work-
ing as a passive cavitation control system has been investigated with different angles of attack with the purpose to
reproduce the leading edge of impeller vanes working at part loads. The study focuses on understanding how these
modifications affect the regular performance of the system and conversely improve the performance when cavitation
occurs by suppressing the cavity region. The passive cavitation control considers slots passing through the body of the
foil that allow the pressure transmission from the pressure side to the suction side of the foil. The numerical analyses
have been performed by solving 2D U-RANS equations with the mass transfer model proposed by Schnerr and Sauer
[13] and the k-kl-ω turbulence model. The hydrofoils have been tested in single and multi-phase flow conditions and
the results compared against the experimental data, when available (2.5◦). The performance of the hydrofoil has been
evaluated in terms of CD, CL, CL/CD and vapour volume fraction (αv). They show remarkable advantages, i.e., strong
reduction of the vapour volume fraction (up to -93%) even if accompanied by a loss of performance, CL reduction
(-31%) and CD increase (+25%), respectively. This level of loss can be acceptable considering that the current case
aims to reproduce the forward part of impeller vanes. Actually the impeller vane is longer than the foil analyzed here,
therefore the losses will be localized at the leading edge whereas the benefit from suppressing the cavitation can im-
prove the entire functionality of the pump channels. In the future work an optimization tool will be studied with the
aim to design a symmetric configuration, which can be used when the hydraulic turbomachine works either at part or
over loads.
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5.2. Multi-phase flow

The results show a good agreement between the pressure coefficient of the regular foil with α = 2.5◦ under
cavitating flow conditions and the experimental results. The results are depicted in Figure 5b. Moreover, the curves of
the modified geometry highlights that there are no large variation in either fully wetted and cavitating flow conditions
(Figures 5a, 5b). To compare the performance of the original foil with and without the slots, at different angles of
attack, the values of the CL, CD and CL/CD have been calculated. Moreover, the volumes occupied by the cavities
have been calculated. The variations are resumed in Table 2.

Table 2. Comparison of the hydrofoil performance at different angles of attack with and without passive cavitaion system control under multi-phase
flow conditions.
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The comparison of the mean liquid volume fraction, αl, of the regular foil against the modified geometry draw
attention to the strong reduction of the cavitation phenomenon (Figure 6). This confirms the ability of the passive
control system proposed in this work to suppress the cavitation inception at the leading edge of the hydrofoil, but also
when cavitation largely affects the hydrofoil, like in the case of 5◦, the system proposed is able to reduce the cavity
to a significant extent. Indeed the slots are able to increase the pressure locally at the leading edge of the foil without
promoting flow separation. Their effect is shown in Figure 6.
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6. Conclusions

In this work, the performance of the NACA0009 hydrofoil with the introduction of geometry modifications work-
ing as a passive cavitation control system has been investigated with different angles of attack with the purpose to
reproduce the leading edge of impeller vanes working at part loads. The study focuses on understanding how these
modifications affect the regular performance of the system and conversely improve the performance when cavitation
occurs by suppressing the cavity region. The passive cavitation control considers slots passing through the body of the
foil that allow the pressure transmission from the pressure side to the suction side of the foil. The numerical analyses
have been performed by solving 2D U-RANS equations with the mass transfer model proposed by Schnerr and Sauer
[13] and the k-kl-ω turbulence model. The hydrofoils have been tested in single and multi-phase flow conditions and
the results compared against the experimental data, when available (2.5◦). The performance of the hydrofoil has been
evaluated in terms of CD, CL, CL/CD and vapour volume fraction (αv). They show remarkable advantages, i.e., strong
reduction of the vapour volume fraction (up to -93%) even if accompanied by a loss of performance, CL reduction
(-31%) and CD increase (+25%), respectively. This level of loss can be acceptable considering that the current case
aims to reproduce the forward part of impeller vanes. Actually the impeller vane is longer than the foil analyzed here,
therefore the losses will be localized at the leading edge whereas the benefit from suppressing the cavitation can im-
prove the entire functionality of the pump channels. In the future work an optimization tool will be studied with the
aim to design a symmetric configuration, which can be used when the hydraulic turbomachine works either at part or
over loads.
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