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Abstract—The aim of this paper is to perform a hydrodynamic analysis of the f luid f low around a sym-
metrical 3D hydrofoil on the physical laboratory model HM133 and to show the formation of the
boundary layer and the separation point on the observed body. The analysis is performed in such a way
that the geometric body within the measuring section of the physical model HM133 rotates around its
vertical axis due to the f luid f low (water), resulting in a various potential view in front of and behind
the observed body. The investigations were carried out in Hydrotechnical Laboratory Practicum at the
Faculty of Civil Engineering, University of Rijeka. The paper covers the field of real f luid dynamics,
which includes a description of laminar and turbulent f low on a plane surface and the formation of a
boundary layer and separation point on the observed geometric body. In this segment, both the
boundary layer and its properties have been analyzed in detail. The hydrodynamic analyses based on
the tested submodels of hydrofoil of the physical model HM133 were validated and verified with the
Computational Fluid Dynamics (CFD). This is based on the development of commercial numerical
models in the computer program ANSYS Fluent 2020R1.
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The f luid f low around plane and curved 2D and 3D bodies is the subject of numerous experimental
and numerical studies due to its importance for the technical dimensioning, design and construction of
objects in space [1, 2]. Fluid f low around single straight or curved objects reveals a number of important
physical phenomena such as f low separation, vortex formation and turbulence. A number of practical
mechanical properties, including frictional and buoyancy forces and pressure coefficients, significantly
influence the mechanism of vortex formation [3]. To better understand the complexity of turbulent f lows,
innovative numerical techniques and methods have been introduced around such objects. Computational
Fluid Dynamics (CFD) is a useful tool for demonstrating f low fields, based on which vector and contour
representations of changes in individual physical quantities as a result of numerical simulation can be
shown [4–6].

The phenomenon of vortex release in various forms is extremely important due to its physical applica-
tion, and its occurrence can cause serious damage to buildings (undermining of material at the foot of river
abutments, vibrations of bridge structures and high-rise buildings, breakage of roof structures, cavitation
on water, steam and gas turbines, etc.). The phenomenon of vortex shedding is carefully taken into
account in construction [7, 8]. Vortex shedding can be defined as the periodic separation of pairs of alter-
nating vortices to form a body around which a f luid f lows, creating an oscillating f low that occurs when a
fluid (e.g., air or water) f lows around a body at a certain velocity that depends on the size and shape of the
body itself. Depending on the values of the Reynolds number Re, the f low around the geometric body can
be described by the following modes: 1) for 190 < Re < 3 × 105 as subcritical region (laminar separation
occurs), 2) for 3 × 105 < Re < 3 × 106 (laminar separation and turbulent fusion occur), and 3) for the
supercritical region Re > 3 × 106 (turbulent separation), [9, 10]. Vortex „separation” or “release” is one
of the most challenging phenomena in turbulent f lows. Therefore the frequency of ejection of various
460



HYDRODYNAMIC ANALYSIS 461
arbitrary bodies within the vortex itself is used to measure the f low velocity during the vortex f low.
Although the vortex scale is well known and many studies have been conducted over the years, the nature
of the vortex process has not yet been fully understood. Over the last 20 years, many methods have been
proposed to control the dynamics of eddy currents, but, unfortunately, turbulence models have not yet
correctly described the phenomenon of turbulent vortex “shielding.” Today, f luid f lows around single
geometric bodies at large Reynolds numbers can be estimated very reliably using CFD numerical simula-
tions [1, 7].

In this paper, a hydrodynamic analysis of the water f low around a symmetric hydrofoil is performed.
With the help of the laboratory physical model HM133 the formation of the boundary layer around the
specified geometric body as well as the point of origin of the separation point on it was observed. The
model was tested under controlled conditions in the Hydrotechnical Practicum of the Faculty of Civil
Engineering University of Rijeka. For the geometric body of the hydrofoil, several variants of water f low
were performed by the developed physical and numerical models for performing hydrodynamic analysis
of water f low. On the basis of the numerical models the effects of changes in the velocity, pressure and tur-
bulent viscosity fields were studied.

1. PREVIOUS RESEARCH
One of the first scientist who describe the phenomenon of vortex shedding was Leonardo da Vinci,

who drew several fairly accurate sketches of the vortex formation in the f low behind an arbitrary body. The
formation of a vortex around the body is described by Theodore von Karman in 1911 [11]. In scientific and
professional studies, researchers perform various hydrodynamic analyzes on the body of the hydrofoil, the
consequences of which are the characteristics of its profile. The proportions of the hydrofoil itself and the
shape of its tip can lead to a lower ratio between the buoyancy force and a reduction in the efficiency of
the hydrofoil. In [12] high-speed video cameras and pressure sensors were used to investigate cloud cavi-
tation around an oscillating hydrofoil and analyzed the mechanism of transient pressure pulses near the
separate cavitation. In [13] the f low past the NACA0015 hydrofoil was analyzed from fluffy cavitation to
cloud cavitation by combining experimental and numerical methods. The performance of 2D hydrofoils
below the water surface based on the distribution of the source on the undisturbed water surface using the
Dirichlet boundary condition was analyzed in [14]. A potentially directional plate method for the analysis
of 3D hydrofoils below the water surface was developed in [15], while the shape of the hydrofoil moving
directly below the water surface and its effectiveness in reducing friction and drag forces was analyzed in
[16]. The paper analyzes the values of the resistance coefficients of shapes depending on the pressure dis-
tribution and the buoyancy and friction coefficients for different values of the Froude number. In [17] was
simulated supercavitation on a hydrofoil under a water surface and prove that it is possible to apply a time-
accurate multi-phase Navier–Stokes CFD method to simulate cavitation near a water surface. The CFD
characterization of a new type of hydrofoil designed for optimal performance and under supercavitation
conditions, including transient mode were presented in [18]. Numerical calculations confirm the superior
properties of the new hydrofoil, which is capable of achieving the high efficiency under both subcavitation
and supercavitation conditions.

The authors in [19] used the NACA2412 hydrofoil to simulate cavitation f lows in various turbulent
models. The results showed that the pressure pulse frequencies and leakage cycles obtained with the LES
turbulent model were similar to the experimental values. The development of cavitation on the body of a
hydrofoil at large Reynolds numbers was in [20, 21]. The authors in [22] used methods to study the influ-
ence of f luid f low around the hydrofoil (NACA 0015) and analyze the hydrodynamic forces on it. Con-
tinuous water f low at the upper end of the hydrofoil was simulated under various conditions with the com-
mercial software ANSYS-CFX, which is based on the SST (Shear Stress Transport) k–ω turbulent model.
In [23] a study of the hydrodynamic performance of 2D and 3D submerged hydrofoils in relation to dif-
ferent geometries was performed, which was simulated by CFD. The selection of optimal Artificial Neural
Networks (ANN) predicts the hydrodynamic performance of the hydrofoil. For the relevant criteria to
calculate the ratio of buoyancy and frictional forces, various angles and inflow velocities of the f luid on
the body of the hydrofoil were applied. In [24] was created a numerical 2D model in the computer pro-
gram ANSYS Fluent to simulate the f low of seawater around a submerged hydrofoil (NACA 4412) placed
near a water body. The results obtained show a satisfactory agreement with the experimental measure-
ments. Experimental and numerical tests of f luid (water) f low around cylindrical abutments and elon-
gated planar geometric bodies were carried out in [9], where hydraulic analyzes were performed for vari-
ous velocities and various angles of water inflow with respect to individual geometric bodies. In the present
paper, the motivation and desire of the authors was to additionally perform hydraulic analysis for various
dispositions of the hydrofoil to which water f lows in at various angles of attack. Since the hydrofoil has
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variable dimensions (its width decreases along the body), it was an additional motive to perform a f low
analysis and to determine the boundary layers and separation points along such bodies in individual tested
variants.

2. FORMATION OF A BOUNDARY LAYER ON A FLAT SURFACE

When a liquid on a f lat plate f lows at a short distance x from the plate, the liquid moves at a certain
velocity. Due to viscosity, a boundary layer forms near the plate, in which the velocity varies continuously
from the value  = 0 m/s (on the plate) to a maximum value [10]. The free-stream flow velocity is uniform,
and then a laminar boundary layer is formed in the beginning of the f lat, smooth plate. With increasing
Reynolds number Re the f low changes from stable to unstable, i.e., the laminar boundary layer changes
into the turbulent boundary layer. The value of the Reynolds number, at which a change from one layer to
another takes place, is determined by the expression (2.1) and it is 3 × 106–4 × 106 [25]:

(2.1)

where  is the free-stream flow velocity, x is the horizontal distance reckoned from the beginning of the
flat plate, and μ is the dynamic viscosity coefficient. The zone between the laminar and the turbulent
boundary layers is called the transition zone, which depends on the strength of the turbulence in the free
flow [3]. In the area of the turbulent boundary layer, a thin viscous sublayer is formed. Such a layer exhibits
large velocity gradients and internal friction. With the change from laminar to turbulent f low, the thick-
ness of the boundary layer increases. The thickness of the boundary layer δ on a f lat plate depends on the
distance x from the leading edge of the f lat plate and the f low regime. If there is a stable f low near the lead-
ing edge, the thickness of the boundary layer is determined as follows:

(2.2)

where c is a constant, ρ is the density of the liquid, Re  is the Reynolds number,  stands for

the free f low velocity. The lower the viscosity, i.e., the higher Re, the slower the growth of the boundary
layer [8]. Due to viscosity of the liquid, the liquid adheres to the substrate, creating a boundary layer. This
creates friction on the substrate. Based on the law of conservation of momentum the friction (tangential
stress) τ is determined. The friction on the substrate depends on the density of the f luid ρ and the coeffi-
cient of resistance cf, which is not a constant but depends on the change of the thickness of the boundary
layer along the substrate [3, 7, 25]:

(2.3)

Each particle experiences certain resistances during its movement through the liquid, which are caused
by the forces that force these particles to move. Resistances have a direction that is opposite to the forces
that force the body (particle) to move. It depends on the geometrical properties of the particle, the velocity
at which the particle moves through the liquid, the roughness, the density and the viscosity of the liquid
through which the particle moves. The Reynolds number plays the significant role in determining the
resistance. The total resistance is the sum of the frictional resistance and the form resistance. The bound-
ary layer influences the frictional resistance [7, 10]. Besides roughness, the formation of the boundary
layer is also influenced by the pressure gradient. One of the main effects of the pressure gradient is the dis-
tortion of the velocity profile. The thickness of the boundary layer also depends on the relationship

between the velocity U and the pressure gradient . Looking at the f low in the xy plane at convergent

flow, it can be seen that with increase in the velocity in the x direction the pressure gradient becomes neg-

ative, making the boundary layer thin , , [10]. With increase in the velocity U, the pressure

p decreases, whereby the turbulent vortices cannot remain in the boundary layer. In such a situation the
thickness of the boundary layer is relatively thin. In contrast to acceleration, the thickness of the boundary
layer increases during deceleration. During a divergent f low with deceleration the pressure increases and
becomes positive [3]. The expansion of the boundary layer is an indicator that the separation of the
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Fig. 1. Conducting experiments on the physical model HM133 (Photo: E. Žic).
boundary layer is taking place , . During an accelerating f low dp/dx < 0 the boundary layer

still sticks to the rigid wall. By reducing the velocity, i.e. slowing down and increasing the pressure, the
boundary layer expands until it can no longer adhere to the rigid wall. At that moment the boundary layer
separates from the wall, creating vortices. The point at which the boundary layer separates from the sub-
strate is called the separation point. The point lies in the area of the retarding f low dp/dx > 0. At the point
of separation, the velocity gradient is zero d /dx = 0 [3, 6].

3. LABORATORY PHYSICAL MODEL HM133
In this paper the physical modeling was performed with the physical model HM133 (Fig. 1). The phys-

ical model HM133 is used to visualize f low fields, i.e., laminar and turbulent f low processes in a rectan-
gular channel. It is a model that generates fine gas bubbles (using the anode and cathode), which allows
the f low to be visualized. In the physical model, various physical 3D geometric bodies are placed on which
the f low around these bodies, the formation of the boundary layer and the arrangement of the separation
points of the vortex are analyzed with the help of bubbles [8, 26].

3.1. Description of Work on the Physical Model HM133
The HM133 physical model is a device that uses electricity as a drive to start a pump (water circulation)

and a current regulator (to generate bubbles). It consists of a polystyrene tank of size 900 × 300 × 220 mm.
A liquid circulation takes place in it (Fig. 2). Inside the tank there are two separate basins, an inlet basin
(upper) and an outlet basin (lower). The liquid f low starts in the inlet basin. First, glass balls for f low sta-
bilization are placed in the inlet basin (in a specially designed space at the bottom of the basin), which are
evenly distributed. The balls serve to stabilize the possible undulating f low right at the beginning of the
working section. The tank is filled with maximum 6 l of water until the inlet and outlet basins are filled to
about 2 cm below the upper edge of the tank. A small f low stabilizing plate is placed vertically so that a
steady and even flow can develop (Figs. 2 and 3). The continuous circulation of the liquid is made possible
by the pump located in the housing below the tank and the f low rate can be easily adjusted by regulating
the speed of the pump with the regulator. The intensity of bubble formation can be adjusted on the regu-
lator, as well as the formation of pause intervals in the process of its generation. The paper considers the
constant production of bubbles without pauses [26].

In the f loor plan of Fig. 2, the number 12 indicates the polystyrene tank in which the f low takes place.
The glass balls are correctly arranged in the entrance basin (label 1). Label 2 shows the plate for stabilising
the f low. The electrolysis consists of a stainless steel plate (marks 3 and 4) immersed in water, i.e. the
anode and cathode, represented by the number 5. The electrolysis produces hydrogen bubbles (6) which
are clearly visible in bright light (7). The object marked with the number (8), which is observed, is usually
located in the middle of the measuring section. Label (9) shows windows and (10) LEDs. A comb barrier
(11) serves to regulate the water level.

After we have brought the physical model into the operational position, we must perform the following
actions on the controller: 1) turn on the white light (“Illumination” switch), 2) turn on the pump
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Fig. 2. Floor plan of the physical model HM133 (the numbers in the figure are described within the text of the paper) [8].
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Fig. 3. Side view of the physical model HM133 [10].
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(„Pump“), 3) turn on the bubble generator, 4) set the appropriate water f low rate (speed), 5) set the desired
amount of bubble production („Current Control“), 6) set the duration of the impulse for bubble produc-
tion („Pulse“), and 7) set the duration of the pause between the impulses („Pause“).

The model works on the basis of electrolysis. The electrolysis produces bubbles on the platinum wire
(cathode), which improves the visualization of the f low. The two electrodes are immersed in water and
current, i.e., electrons, f low between the electrodes. The stainless steel plate serves as anode and the thin
platinum wire as cathode. The closer the cathode is to the anode, the more hydrogen bubbles form on the
wire (Figs. 2 and 3). An increase in the current at the regulator will result in more bubbles being formed.
The center of the measuring part (measuring section) is illuminated from the side with white light, which
results in white LEDs. The measuring part has a size of 560 × 150 × 176 mm. In order to get a better view
of the forming bubbles, Glauber’s salt (sodium sulfate decahydrate, Na2SO4 ⋅ 10H2O) is added to the liq-
uid, which leaves a white stain in the outlet basin. Since the electrolysis process results in almost no bubble
formation when distilled water is used, 7 g of Glauber’s salt must be added to this water, which accelerates
bubble formation [26].

3.2. Tests Performed on the Physical Model HM133

The test on the physical model HM133 was carried out for the geometric body of a symmetric hydrofoil
in such a way that the same geometric body is arranged at various angles to the f low direction in order to
obtain the best possible insight into the liquid f lowing around it. The first submodel of the hydrofoil (Sub-
model 1) was placed in the direction of f low (Fig. 4a), whereby very weak water f lows around the body
walls were noticed. No significant vortex phenomena are observed on the model, as the hydrofoil is shaped
so that it is well rounded towards the front and gradually tapers towards the rear. This makes it more dif-
ficult for liquid particles that reach the surface of the object to leave the same surface, so there are no sig-
nificant vortices. This has the effect of reducing the occurrence of hydrodynamic resistance. In addition,
it is more difficult to observe the separation of the boundary layer in this submodel because there is almost
no separation point.
FLUID DYNAMICS  Vol. 56  No. 4  2021
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Fig. 4. Water f low around the hydrofoil in the f low direction, (a) submodel 1, (b) submodel 2, (c) submodel 3, (d) sub-
model 4.
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The second submodel (Submodel 2) is a hydrofoil, which is arranged at an angle of 45° to the f low
direction (Fig. 4b). In contrast to the first submodel, it is more clearly observed in this submodel that tur-
bulence is generated at the front, well rounded part. Thus, the occurrence of a vortex behind the rounded
part was observed more clearly. At this point a separation point is formed, i.e., the boundary layer is sep-
arated. The liquid f low, which reaches the remaining part of the walls of the hydrofoil, and is inclined,
glides freely along the wall in the formal laminar f low at lower velocities (no significant vortices were
observed).

The third submodel of the hydrofoil (Submodel 3) is arranged at an angle of 30° to the f low direction.
In this example, the body of the hydrofoil is at a smaller angle, with greater turbulence at the rear constric-
tion. The turbulence is more pronounced than in the previous example of Submodel 2 (Fig. 4c).

On the last submodel (Submodel 4) the hydrofoil is arranged at an angle of 90°, at the right angle to
the direction of water f low (Fig. 4d). Due to the unfavorable position of the hydrofoil, turbulences occur
instantaneously when hitting water. The turbulence occurs both behind the rounded part of the body and
behind the narrowed part of the body, but is larger at this point. Air bubbles along the wall become slower
and accelerate as they approach the narrowed part, which was observed in more intense eddies (small
polystyrene balls introduced into the water f low were also used to visualize the f low velocity). The bound-
ary layer separates on both sides of the hydrofoil.

4. DESCRIPTION AND APPLICATION OF THE NUMERICAL MODEL

ANSYS Fluent is a computer program which is used for numerical simulations of f luid dynamics and
is one of the tools within the software package ANSYS Workbench. In this paper, the commercial program
ANSYS Fluent 2020R1 was used, which is ideally suited for the analysis of f luid f lows around 2D and 3D
geometric bodies [1, 2, 4, 8]. Among other things, ANSYS Fluent can be used to solve problems in the
fields of rheology, multiphase f low, f low propagation in open channels, f luid f low (liquids and gasses)
around rigid and movable walls, magnetism phenomena, modeling of electrical circuits, aerodynamics,
energy, thermodynamics and similar [1, 7]. ANSYS’ simulation technology offers improved design per-
formance for engineers and various industries.

Creating a numerical model in the ANSYS Fluent 2020R1 computer program involves three basic pro-
cesses: 1) preprocessing, 2) solving a given problem, and 3) postprocessing. Preprocessing includes defin-
ing the geometry in a numerical model and generating a grid. The first step is to define the geometry of
the model and the second step is to define the numerical grid. For the purpose of this work, the Design-
Modeler program within the computer program ANSYS Fluent was used [1, 2, 8]. It is a program that
FLUID DYNAMICS  Vol. 56  No. 4  2021
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Fig. 5. Discretization of the numerical network for the hydrofoil model at an angle of 45° in relation to the water f low
direction.
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contains tools for complex geometry, mesh generation and numerical mesh optimization tools to meet the
requirements for performing sophisticated hydrodynamic analyzes. The geometry can be entered from
various graphics programs such as Autocad. The resulting structured or unstructured meshes, topologies
and boundary conditions are then stored in a database, from where they can be easily converted into input
files required for a specific numerical model solution [2, 7].

After the geometry of a single object is created, it is necessary to create a grid. DesignModeler offers
several mesh modules: tetrahedral mesh, hexahedral mesh, hybrid mesh and the Shell Meshing mesh
module, which provides faster generation of 2D and 3D surface meshes. For the geometric body of the
hydrofoil a program-controlled diffraction is given (in the area around the hydrofoil itself the numerical
mesh has a different shape and is denser at the end due to more precise results). When generating a mesh,
the area of the problem is discretized by nodes connected in the form of finite elements, which together
form the volume of the area. Each surface is assigned a domain name, on the basis of which the initial and
boundary conditions are later defined on the numerical model. It is up to the user to create a structured
and/or unstructured network that can provide results with sufficient accuracy [1, 2, 5, 7]. The total num-
ber of nodes and elements that have discretized the numerical mesh is 5538 and 5152 in the hydrofoil
model (hydrofoil model at 45°, Fig. 5). The creation of a numerical mesh is one of the most important
steps to get a clearer insight into the formation of the boundary layer. Triangular and square finite elements
were used to generate the f low domain.

The central part in the creation of a numerical model includes the definition of the properties of the
numerical model, such as the type of turbulent model, initial and boundary conditions, f luid type, itera-
tive methods and the definition of the accuracy of solution convergence. The solution of a given problem
includes solving partial differential equations (continuity equations, equations of conservation of momen-
tum and equations of conservation of kinetic energy) and finding solutions for the numerical model. In
this paper a k-ε turbulence model with two characteristic equations is used to solve the turbulence problem
using a standard wall function.

The notation k stands for turbulence kinetic energy, which gives information about how much energy
is contained in the f luctuations. The higher the f luctuation intensity, the higher the kinetic energy. The
coefficient ε describes the dissipation of the turbulence kinetic energy. It gives information about the rate
with which the dissipation of the kinetic energy takes place. For practical purposes the standard k–ε tur-
bulence model is used. The model presents two equations for k and ε [2, 8]:

(4.1)

where  is the diffuse transport, P is the energy production rate, ε is the dissipation rate, and νt

is the turbulent viscosity. The left-hand side represents the total change of the turbulence kinetic energy.
The second part referring to the change ε is expressed as:
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(4.2)

wherein  is the diffuse transport,  represents the production rate and  represents

the dissipation rate. Based on the experience of scientists who studied the f luid f low around the hydrofoil
[14–16, 19], the turbulence intensity of 5% was chosen to determine the turbulence on the model, while
the ratio of the layer thickness in which the turbulent viscosity occurs relative to the boundary layer was
taken from 10. It should be noted that the free-stream flow is dominated by the turbulent viscosity, which
is not a physical property of f luids (like molecular viscosity), but a consequence of the mixing intensity of
particle vortices [5, 6]. In the immediate vicinity of the stationary wall, molecular viscosity predominates,
while distance from the wall leads to a dominant effect of turbulent viscosity. The boundary layer is divided
into inner and outer layers, whereas the inner layer can be further divided into three sublayers: viscous,
transition and inertial layer [6]. Due to the larger gradients along the solid wall in relation to the free f low,
it is necessary to perform a spatial discretization along the edges in order to finally describe the physical
process well. Approaching the wall reduces the effect of turbulent viscosity, which is a challenge for the
choice of the turbulence model itself. Such problems can be solved in two ways. In the first method, the
range of viscous and inertial sublayer is described by wall functions by applying the turbulence model in
the inertial sublayer, while in the second method, the existing turbulence model is modified so that it
asymptotically approaches the wall (which often requires fine discretization along the wall).

In this work, the f low of the body took place in the presence of water and the body material was taken
as plastic (plexiglass). Flow velocities of 0.5 m/s are defined as initial conditions on the submodels. The
outlet boundary condition in the duct is defined as outlet pressure, with a mean reference pressure (mea-
surement) of 0 Pa. The left and right side walls of the duct and the walls of the geometric bodies are fixed,
i.e. the f low velocity at the wall surfaces is zero. For spatial discretization schemes, first and second order
upwind schemes were used. Based on these schemes the turbulence kinetic energy, the turbulence dissi-
pation rate, the gradient, the pressure and the Reynolds stresses were calculated. The SIMPLE algorithm
(semi-implicit method for pressure related equations) was used to solve the Navier–Stokes equations [1,
2, 7]. The tolerance values in the convergence conditions for individual variables (continuity, velocity in
the x and y direction, k and ε) were taken with values of 0.0001. The number of iteration steps is taken from
1000. The standard initialization is used to solve the initialization because it requires the user to enter each
value to define the appropriate environment and to increase the 0.5 reality of description of the physical
process.

The post-processing includes the analysis and processing of data (individual physical quantities),
which can be represented in vectorial (via field vectors) and contour-graphic representation. In this way,
the phenomena of vortices caused by large turbulence behind the observed geometric body become more
visible. CFD postprocessing offers the possibility to display changes of a single physical quantity over a
series of streamlines. This defines the initial surface/plane from which the streamlines begin to f low.
Again, the streamlines can be placed less frequently or more densely, depending on the desired clarity of
the representation. In addition to graphical representations, the results obtained can be represented by
numerical simulations in which liquid particles move in space and time. The velocity of the particles in the
simulation can be set faster or slower, depending on how the video is stored or the video memory is
reduced.

5. RESULTS AND DISCUSSION

Due to the necessity to compare individual physical quantities on submodels, which were created on
the physical model HM133, the creation of numerical models with the computer program ANSYS Fluent
2020R1 was also carried out in this work. The results of the hydrodynamic analysis are graphically repre-
sented by contour and vector representations, with a corresponding legend on the display page. The input
velocity, on the basis of which the hydrodynamic analysis was performed on physical models, was assumed
to be 0.5 m/s for the hydrofoil model. The velocity measurements at individual critical points within the
working part of the physical model (Fig. 4) were carried out with the aid of a classical Pitot tube (using the
Toriccelli formula , [25]) and for the final verification of the values on numerical models for the
flow of water around individual geometric bodies investigated (Table 1). An additional check of the cal-
culation was carried out with a small balls of polystyrene of negligible mass f lowing down the water f low.
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Table 1. Verification of f low velocity on physical (measured) and numerical (calculated) hydrofoil model

Submodel 1—hydrofoil (in the direction of water f low, 0°)

Measuring point Height in Pitot tube,
h [mm] Physical model,  [m/s] Numerical model,  [m/s]

1 14.0 0.52 0.55
2 13.0 0.51 0.53
3 16.0 0.56 0.58
4 19.0 0.61 0.56

Submodel 4—hydrofoil (at an angle of 90°, perpendicular to the f low direction)
Measuring point Height in Pitot tube,

h [mm]
Physical model,  [m/s] Numerical model,  [m/s]

1 23.0 0.67 0.72
2 18.0 0.59 0.63
3 42.0 0.91 0.87
4 65.0 1.13 1.21

v v

v v
A k–ε turbulent model with a standard method was taken to create a 2D model of the hydrofoil. The
flow velocity at which the analysis was performed was 0.5 m/s (velocity measured on the HM133 physical
model). Four submodels were analyzed:

1) hydrofoil arranged in the f low direction (Fig. 6a);
2) hydrofoil arranged at an angle of 45° to the direction of f low (Fig. 6b);
3) hydrofoil at an angle of 30° to the direction of f low (Fig. 6c);
4) hydrofoil perpendicular to the direction of f low (90°) (Fig. 6d).
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Fig. 6. Vector views of the turbulent (eddy) viscosity field on a numerical hydrofoil model; (a) submodel 1, (b) submodel 2,
(c) submodel 3, (d) submodel 4.
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Fig. 7. Vector views of the velocity field on a numerical hydrofoil model; (a) submodel 1, (b) submodel 2, (c) submodel 3,
(d) submodel 4.
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Figure 6 shows a vector representation of turbulent viscosity with a comparison of four derived numer-
ical submodels. The direction of the turbulent viscosity is given by vectors indicating the formation of vor-
tices behind the body. The highest activity of the turbulent viscosity was recorded on the partial model of
the 3rd hydrofoil set at an angle of 30° to the f low direction on the narrower (rear) side of the model
(Fig. 6c)). Due to the favorable position of the hydrofoil, which is arranged in the f low direction, there is
no significant vortex activity, whereas the hydrofoil, which is arranged perpendicular to the f low direction,
increased the turbulent viscosity only at a certain distance from the geometric body.

The vector change of the velocity on the numerical model with a comparison of the four derived sub-
models is shown in Fig. 7. In a symmetrically arranged hydrofoil, the kinetic energy as a result of the
increase in f low velocity is greatest along each side of the hydrofoil. In the case of obliquely arranged bod-
ies, the greatest change in f low velocity is observed along the peaks, i.e., at the front rounded and rear nar-
rowed point. Turbulence develops at these peaks and the velocity increases significantly, as shown in sub-
FLUID DYNAMICS  Vol. 56  No. 4  2021



470 ŽIC et al.

Fig. 8. Contour views of the pressure field on a numerical hydrofoil model; (a) submodel 1, (b) submodel 2, (c) submodel 3,
(d) submodel 4.

00 0.050.050.05 0.10 m0.10 m0.10 m

00 0.0050.0050.005 0.010 m0.010 m0.010 m

Pressure
Pressure Contour
Pressure
Pressure Contour
Pressure
Pressure Contour

Pressure
Pressure Contour
Pressure
Pressure Contour
Pressure
Pressure Contour

00 0.050.050.05 0.10 m0.10 m0.10 m

00 0.050.050.05 0.10 m0.10 m0.10 m

9.67e+019.67e+019.67e+01
8.19e+018.19e+018.19e+01
6.72e+016.72e+016.72e+01
5.24e+015.24e+015.24e+01
3.76e+013.76e+013.76e+01
2.29e+012.29e+012.29e+01
8.11e+008.11e+008.11e+00
−6.65e+00−6.65e+00−6.65e+00

2.96e+012.96e+012.96e+01
6.93e+016.93e+016.93e+01
1.09e+021.09e+021.09e+02
1.49e+021.49e+021.49e+02
1.89e+021.89e+021.89e+02

−1.01e+01−1.01e+01−1.01e+01
−4.99e+01−4.99e+01−4.99e+01
−8.96e+01−8.96e+01−8.96e+01
−1.29e+02−1.29e+02−1.29e+02
−1.69e+02−1.69e+02−1.69e+02
−2.09e+02−2.09e+02−2.09e+02
−2.49e+02−2.49e+02−2.49e+02
−2.88e+02−2.88e+02−2.88e+02
−3.28e+02−3.28e+02−3.28e+02
−3.68e+02−3.68e+02−3.68e+02

−2.14e+01−2.14e+01−2.14e+01
−3.62e+01−3.62e+01−3.62e+01
−5.09e+01−5.09e+01−5.09e+01
−6.57e+01−6.57e+01−6.57e+01
−8.05e+01−8.05e+01−8.05e+01
−9.52e+01−9.52e+01−9.52e+01
−1.10e+02−1.10e+02−1.10e+02

PаPаPа

PаPаPа

Pressure
Pressure Contour
Pressure
Pressure Contour
Pressure
Pressure Contour

Pressure
Pressure Contour
Pressure
Pressure Contour
Pressure
Pressure Contour

6.24e+026.24e+026.24e+02
8.20e+028.20e+028.20e+02
1.02e+031.02e+031.02e+03
1.21e+031.21e+031.21e+03
1.41e+031.41e+031.41e+03

4.28e+024.28e+024.28e+02
2.33e+022.33e+022.33e+02
3.68e+013.68e+013.68e+01
−1.59e+02−1.59e+02−1.59e+02

2.66e−012.66e−012.66e−01

2.57e−022.57e−022.57e−02
3.42e−023.42e−023.42e−02

8.58e+018.58e+018.58e+01
1.71e+021.71e+021.71e+02

−8.52e+01−8.52e+01−8.52e+01
−1.71e+02−1.71e+02−1.71e+02
−2.56e+02−2.56e+02−2.56e+02
−3.42e+02−3.42e+02−3.42e+02
−4.27e+02−4.27e+02−4.27e+02
−5.13e+02−5.13e+02−5.13e+02
−5.98e+02−5.98e+02−5.98e+02
−6.84e+02−6.84e+02−6.84e+02
−7.69e+02−7.69e+02−7.69e+02
−8.55e+02−8.55e+02−8.55e+02

−3.55e+02−3.55e+02−3.55e+02
−5.51e+02−5.51e+02−5.51e+02
−7.46e+02−7.46e+02−7.46e+02
−9.42e+02−9.42e+02−9.42e+02
−1.14e+03−1.14e+03−1.14e+03
−1.33e+03−1.33e+03−1.33e+03

PаPаPа

PаPаPа(а)(а)(а) (b)(b)(b)

(c)(c)(c) (d)(d)(d)
model 3 (Fig. 7c), where the hydrofoil is arranged at an angle of 30°. The velocity vectors describe the
occurrence of vortices behind the hydrofoils in submodels 2, 3, and 4 (Figs. 7b, 7c, 7d).

In addition to the vector representations, the observed physical quantities can also be represented by a
contour representation (Fig. 8). In the case of submodel 1 (Fig. 8a), the pressure is generated only on the
front rounded part and is also highest at this point. By placing the geometric body at an angle of 45°, the
pressure is applied to the largest part of the surface which is in direct contact with the inflowing liquid par-
ticles. It is interesting to note that the pressure is lowest on the constricted back. The illustration of sub-
model 3 (Fig. 8c) is similar to the illustration of submodel 2 (Fig. 8b) except that the pressure occurs on a
smaller part of the contact surface on the well rounded side. The most unfavorable position in relation to
the pressure appears in part model 4 because the pressure acts completely along the entire contact surface
(Fig. 8d).

SUMMARY

The topic of this paper was the hydrodynamic analysis of the water f low around the geometric body of
a symmetric hydrofoil. For a given hydrofoil several submodels were created based on the deflection angle
of the hydrofoil with respect to the direction of water f low. The water f low around the said hydrofoil was
carried out for the values of the Reynolds numbers in the range of 2100 to 14600. The main focus of the
work was to observe the change of the law and the properties of the water f low with the change of the posi-
tion of the hydrofoil. The formation of the boundary layer and the development of the separation point
where the boundary layer is separated were also investigated. To verify and validate the experimental
research, hydrodynamic analysis was performed by numerical modeling with the computer program
ANSYS Fluent 2020R1. Numerical models have provided more precise solutions compared to laboratory
research. A standard, k–ε turbulence model was used to create the numerical models. Minor deviations
of individual physical quantities, which were determined on the basis of the results of numerical simula-
tions and laboratory experiments, are mainly due to the size of the numerical network. Looking at the
images obtained by experiments on a physical model and graphical contour representations from numer-
ical models, it can be concluded that the vortex shear points occur at almost the same positions with
FLUID DYNAMICS  Vol. 56  No. 4  2021
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respect to the geometric body of the hydrofoil. The vortex fields, which occur at certain deflection angles
with respect to the f low velocity, also agree very well in physical and numerical models.

In addition to the existing geometric bodies which are obtained in a package with the HM133 physical
model, it is possible to use 3D printer within the Hydrotechnical Laboratory of the Faculty of Civil Engi-
neering University of Rijeka, to create various shapes that are interesting for further research and testing.
Accordingly, it is possible to study a combination (set) of various geometric bodies and see their regulari-
ties in the f luid f low. It is also possible to analyze the changes in the f luid f low for the same geometric
body and position by increasing the velocities step by step. These are regulated by a controller, which is an
integral part of the HM133 physical model. It would certainly be desirable to do the same research by
selecting various turbulent models within the computer program ANSYS Fluent.
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