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A B S T R A C T

Vertical-axis hydrokinetic turbines are promising option to harness the low velocity currents. However, limited
investigations have been carried out considering the interactions between the turbine rotor and the channel
section, including the free-surface. Thus, a vertical-axis turbine model has been designed and manufactured, to
be tested in an open channel. Also, a three-dimensional multiphase simulation has been carried out, using the
volume of fluid (VOF) model, to capture the air–water interface and to investigate the free-surface variations
effects on the turbine output. Experimentally, the turbine model has been characterized under different flow
conditions and free-surface levels. The peak power coefficients are found to increase with the upstream velocity.
This effect is directly linked to the blockage ratio and the Froude number. A reasonably good match has
been found between the experimental and the numerical results. The VOF model is able to simulate the free-
surface longitudinal variations, and the effect of the turbine blockage of the channel. The velocity field and
the pressure coefficient distribution, around the turbine rotor, have been studied and correlated with the
free-surface variations from upstream to downstream of the turbine. Finally, the vortex street generated by
the blade–plate interaction has been analyzed.
1. Introduction

Hydrokinetic turbines transform the kinetic energy available in wa-
ter currents into a useful mechanical work [1]. Based on the alignment
of the rotor axis with respect to the water flow, three generic categories
can be defined; the first one is the horizontal-axis turbines, alternately
called axial-flow turbines, which have the axes parallel to the fluid flow
and employ propeller type rotors. The second category is the cross flow
turbines, known as ‘‘floating waterwheels’’, in which the rotor axis is
orthogonal to the water flow but parallel to the water surface, and are
based on the hydrodynamic drag. Finally, the Darrieus type or vertical-
axis turbines, whose axes are also perpendicular to the fluid flow, but
working on the hydrodynamic lift, and are usually derived from the
rotor designs of the wind industry [2].

Among these types, vertical-axis turbines are considered a viable
choice to harness the energy in the water current, particularly for low
flow velocities, due to its simple design and insensitivity to the flow
direction [3]. However, within the blue economy, as a more restricted
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markets are exploited, continued innovation of these kind of turbines
is necessary to ensure their competitiveness with other types [4].

Many investigations have been carried out to optimize and enhance
the design parameters of the vertical-axis turbine, including the number
of blades [5], the profile type [6] and the aspect ratio value [7]. Of
the vertical-axis turbine types, the lift-based ones give the highest peak
performance, specifically the straight bladed turbines. However, one
of the handicaps of this turbine category is the limited self-starting
capability. Increasing the turbine solidity (which is calculated as 𝜎 =
𝑛 ⋅ 𝐶∕𝑅, where 𝑛 is the number of blades, 𝐶 is the chord length and
𝑅 is the radius of the turbine rotor) is the simplest solution offered
to overcome this issue [8]. However, high solidity profiles cause a
low power efficiency, specifically at low Reynolds number condition.
To overcome this issue, the blade pitch control is applied and tested
for high solidity straight-bladed turbines [9], in which the maximum
power coefficient increases by 78%. Another variable pitch techniques
based on the double-disk multiple stream-tube are also applied [10,11].
The flexible-high solidity foil offers a self-starting capability at water
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Nomenclature

𝐵 Blockage ratio
𝐶 Blade chord length, m
𝐶𝑝 Power coefficient
𝐷 Turbine diameter, m
𝑑𝑠 Shaft diameter, m
𝐹𝑟 Froude number, 𝐹𝑟 = 𝑈∕

√

𝑔ℎ
𝐻 Blade height, m
ℎ Upstream water height, m
𝑁 Rotational speed, rpm
𝑛 Number of blades
𝑃 Power output, W
𝑄 Water flow rate, m3∕s
𝑅 Radius of rotor, m
𝑇 Torque, N m
𝜎 Solidity
𝐴 Turbine cross-sectional area, m2

𝜆 Tip speed ratio, 𝜆 = 𝛺 ⋅ 𝑅∕𝑈
𝛺 Angular velocity, rad/s
𝑈 Upstream velocity, m/s
𝜌 Water density, kg∕m3

𝛼 Water volume fraction
𝑉𝑤 Water volume, m3

𝑉 Mixture volume, m3

𝜇 Dynamic viscosity, pa.s
g Gravitational acceleration, m∕s2

𝛤𝜎 Surface tension, N/m
𝐶𝑇 Instantaneous torque coefficient
𝑦+ Non-dimensional wall distance
𝑍∗ Normalized water height
𝐿 Channel maximum depth, m
𝜁∗ Normalized vorticity, 𝜁∗ = ∇𝑢∕[𝑢 ⋅ 𝑐]
𝜃 Azimuth angle, degree

velocity of 0.5 m/s and above with a power coefficient value reaches
to 0.37 for vertical-axis tidal turbines [12]. Hybridization between two
different turbines [13] is also one of the effective solutions, Govind [14]
proposes a novel strategy to combine 12 kW NREL horizontal-axis
turbine with 10 kW H-type vertical axis rotor on the same tower. The
excess torque from the horizontal rotor is transferred to the vertical
rotor through a continuously variable transmission.

The optimization studies of vertical-axis turbines are very diverse.
For instance, with respect to improving the efficiency, Villeneuve
et al. [15] predict and assess the efficiency and the power output
of a vertical axis turbine using a novel three-dimensional numerical
model, which evaluates the potential of the detached end plates. The
turbine with circular plates is 31% more efficient than the one without
ending plates. With respect to the blade profile and size, among the
many researches in this field, it is worth mentioning the one by Saeidi
et al. [16] which applies the double–multiple stream tube modeling
along with the blade element momentum theory to optimize the design
of the same turbine. Otherwise, the performance of a V-shaped blades
rotor has been studied numerically to improve the power output at
moderate tip speed ratios, obtaining a noticeable delay of the flow
separation [17]. In another instance [18], the power output from a
two-blades vertical-axis turbine is analytically studied by applying the
Taguchi method, in which the incoming flow angle along with the tip
speed ratio are found to be the most significant parameters affecting
the turbine power output. Investigations have even been extended to
789
consider wind and waves effects on the power output and efficiency of
the tidal turbines [19].

However, one of the fundamental needs for improving and op-
timizing these turbines is the availability of effective analytical and
numerical calculation tools. On a basic level, different theoretical ap-
proaches have been developed to define the actuator disc model in
an open channel flow, taking into account the Froude number and
the free-surface drop behind the turbine [20] and also the mixing
zone downstream [21]. Additionally, the models have been extended
to include these effects on the power output from a turbine array [22].
Moreover, the analytical tools have been applied as a sub-correction
model to evaluate the power available to a turbine array through
Depth-averaged simulations [23], as an alternative to the expensive
three-dimensional simulations of turbine farms.

On the numerical level, investigations based on the single-phase
flow analysis and without considering the free-surface effects, have
been carried out to study the flow field around the hydrokinetic tur-
bines. Typically, these studies solve the Navier–Stokes equations in a
domain where the free surface is fixed, using sliding mesh to simulate
the turbine rotation, and RANS turbulence models. It is unusual to find
research using LES methodology, however it is sometimes employed for
specific purposes. For instance, [24,25] use this model to study in more
detail the turbine wake, and [26] to look for the effect of the solidity
related to the flow separation at the blades. Regarding the simulation
of the turbine, as mentioned above, the method that often gives the
best results is the sliding mesh technique. The moving reference frame
(MRF) is not usually enough due to the important interaction between
the blades and the walls. Although other systems have been applied,
such as the immersed boundary [27]. One of the most interesting issues
in this type of simulations is the effect of the blockage that results from
placing the turbine in a channel of limited dimensions, either as an
isolated turbine [28,29], as a turbine farm [30,31] or even using flow
acceleration elements [32]. In general, the blockage and associated
procedures show a remarkable increase in turbine performance.

Nevertheless, such models are not sufficiently realistic, to accurately
assess the performance and characterize the flow field of hydrokinetic
turbines in open channels, because they do not consider the change of
the free-surface in their analysis. For instance, Nishi et al. [33] have
found that the single-phase simulation of an axial-flow turbine, in a
shallow water channel, over-predicts the turbine output by a factor
of 2.0 with respect to the multiphase and the experimental results.
The multiphase investigations can be grouped basically depending on
the topology of the turbines studied. With respect to horizontal axis
turbines, it has been studied, among other things, the effect of the close-
ness to the walls and the free surface on the turbine performance [34,
35], the wake recovery [36], the drop of the free surface behind the
rotor [37] or the influence of the proximity to the critical Froude
number [38]. There are also studies related to collection devices aimed
at increasing the power output [39]. Regarding non horizontal-axis
turbines, multiphase investigations of Savonius type turbines [40] and
cross-flow ones [41] have focused on exploiting the free-surface simu-
lation to obtain the optimal depth position. Although sometimes, as in
the last mentioned article, there is also an in-deep study on the velocity
and the pressure fields. Also, in relation to the Darrieus type turbines,
the topology with the horizontal-axis (perpendicular to the current),
has been the most studied. As before, the influence of the depth [42]
and the submersion [43] has been particularly investigated. Some
researches have been carried out on the Darrieus turbines inside open
channels and their interaction with the free-surface, however this in-
vestigations address only the turbine in its horizontal position [42,43].

The main objective of the present study is to characterize exper-
imentally and numerically the performance of a small vertical-axis
turbine under different flow and free-surface conditions. Also, an inten-
sive three-dimensional multiphase simulation has been carried out to
understand the complex free-surface flow field around the turbine rotor

and to clarify its influence on the turbine output. Experimentally, the
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Table 1
Turbine rotor specifications.

Parameter Specification

Rotor diameter (D) 0.15 m
Rotor height (H) 0.15 m
Blade profile NACA-0015
Chord length (C) 0.05 m
Solidity (𝜎) 2
Number of blades (n) 3
Shaft diameter (𝑑𝑠) 0.01 m

Fig. 1. A detailed schematic of the turbine model.

turbine model design and fabrication aspects are presented. In addition,
the experimental test rig including the instrumentation is explained in
detail. Numerically, the volume of fluid (VOF) model is used to track
the free-surface air–water interface, and the sliding mesh technique
is employed for the rotation of the turbine. The numerical model is
validated against the experimental findings.

2. Model design and fabrication

A vertical-axis turbine model has been designed and fabricated. It is
basically formed by three straight blades with NACA-0015 profile. The
detailed schematic in Fig. 1 shows also the two ending plates, shaft-
gripping system and ball bearing support. The geometrical parameters
of the turbine model are provided in Table 1. These parameters have
been carefully selected in order to obtain a self-starting and efficient
operation. Specifically, the NACA-0015 symmetrical airfoil has been
chosen due to its good hydrodynamic performance at low Reynolds
number [6] and under different free-surface effects [44]. The thickness
has been selected based on a comparison between different symmetrical
airfoils under low flow velocity conditions [45]. Additionally, the ratio
between the turbine height to the diameter (aspect ratio) has been set to
1.0, which has been found to enhance the performance of small turbines
under confined conditions [46].
790
Fig. 2. Turbine model and fabrication process.

Regarding the self-starting issue, a high blade solidity has been
selected as the most practical and effective solution for the low starting
torque. A blade chord of 0.05 m has been chosen, resulting in a solidity
value of 2.0 [7]. The experimental and numerical tests have been
carried out at a Reynolds number (based on the upstream velocity
and the blade chord) value around 2.5 × 104. This value is somewhat
small compared with those in real applications. However, for large scale
prototypes, the performance of lift-based turbines is usually enhanced
due to the better characteristics of the NACA-0015 blade profile at
higher Reynolds values [47,48]. So, larger turbines will have usually
better self-start and efficiency characteristics than the studied model
at the same upstream velocity. Finally, the proposed model has two
ending plates of 0.15 m in diameter and 0.05 m in thickness to
support the turbine blades and improve the hydrodynamic performance
through reducing the blade tip vortices and the flow in the span-wise
direction [5].

The model is designed using 3D-CAD software and manufactured
with the FDM (Fused Deposition Modeling) printing technology using
Polylactic acid (PLA) material for its flexibility and high strength. The
turbine components have been mounted on a steel shaft of diameter
(𝑑𝑠 = 10 mm) using a slotted-chuck mechanism, allowing the turbine
to be positioned at different heights. Fig. 2 shows a photo of the turbine
model and its fabrication process using the additive technology.

3. Methodology

3.1. Experimental methodology

Experimental tests have been carried out in an open water channel
facility to evaluate the performance of the small vertical-axis turbine
under low flow velocity conditions, and to validate the multiphase flow
analysis. The water channel system (Fig. 3) consists of: a rectangular-
section glassed channel, with recirculation tanks, pumps and control
gate. Also, it contains a brake-torque measuring system governed by a
control and data acquisition (SCADA) set-up.

The channel is 1.5 m long and has a rectangular section of 0.3 𝑥
0.5 m with water velocity in the test section ranging between 0.14 m/s
and 0.9 m/s, and with a height regulated by a control gate at the
discharge of the channel. The flow is achieved by two 15 kW centrifugal
pumps, with a combined nominal flow rate of 600 m3/hr, with a
variable velocity frequency regulation. The brake-torque measuring
system has a high precision torque and rotational speed sensor, com-
bined with a hysteresis brake (Magtrol TS103 and Magtrol HB-140M-2
respectively, with a precision of 0.1% in the torque and 0.015% in
the rotating speed). The turbine is connected to the measuring system
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Fig. 3. The experimental test rig.
mechanically through two flexible couplings. The water height of the
channel is measured with three ultrasonic sensors (HC-SR04, precision
of 0.001 m) through the width of the channel. The water height is also
measured in the high speed (1000 fps) videos recorded to monitor the
rotation of the turbine. Due to the surface fluctuations, the uncertainty
of the water average height measurements has been estimated between
0.7% and 1.1%.

In the experiments, the mechanical torque is measured together
with the rotational speed 𝑁 , the water flow rate 𝑄, and the upstream
water height ℎ. From these values, the turbine power output and power
coefficient 𝐶𝑃 = 𝑃∕(0.5 ⋅ 𝜌 ⋅ 𝐴 ⋅ 𝑈3) are calculated in function of the
tip speed ratio 𝜆 = 𝛺 ⋅ 𝑅∕𝑈 (ratio between the tangential velocity
of the blade tip and the upstream flow velocity). Three flow rates are
used in the experiments: 𝑄1 = 0.05 m3/s, 𝑄2 = 0.06 m3/s and 𝑄3 =
0.065 m3/s. For each flow rate, different flow conditions are obtained
using the control gate, ranging from the lowest applicable velocity up
to the maximum possible velocity (critical flow condition at channel
outlet). From these values, five upstream flow velocities are selected
for each flow rate within the range from 0.33 m/s to 0.69 m/s.

3.2. Numerical methodology

3.2.1. The model
A three-dimensional multiphase analysis – considering the water

free-surface – has been performed using ANSYS FLUENT software
to simulate the turbine model. From the experimental results, three
different cases have been selected for the simulation. The first case
(𝐶1) in which the channel is fully-filled with water and the control
gate is slightly opened, with an upstream velocity value of 0.43 m/s;
the second case (𝐶2) with an intermediate opening and an upstream
velocity value of 0.57 m/s; finally, the third case (𝐶3), where the
control gate is fully opened and the upstream velocity value reaches
0.69 m/s. In addition, for the first case configuration, a single-phase
three-dimensional simulation, without considering the free-surface, has
also been carried out for comparison with the multiphase results, to
examine the effect of the free-surface on the turbine output.
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The volume of fluid (VOF) method developed by Hirt and Nichols
[49] is applied in the present simulation to model the free-surface
(air/water interface). It has been selected for its capability of repro-
ducing and capturing the free-surface deformation accurately under
different flow conditions. For this method, the water volume fraction
is defined as 𝛼 = 𝑉𝑤∕𝑉 , where 𝑉𝑤 is the water volume in the cell and
𝑉 is the total volume of the mixture. The physical properties of the
air–water multiphase fluid can be calculated as:

𝜌 = 𝛼 ⋅ 𝜌𝑤 + (1 − 𝛼)𝜌𝑎 (1)

𝜇 = 𝛼 ⋅ 𝜇𝑤 + (1 − 𝛼)𝜇𝑎 (2)

where 𝜌 and 𝜇 are the mixture density and dynamic viscosity respec-
tively. A value of 𝛼 = 0.5 represents the free-surface location. The VOF
governing equations are the mass, momentum and volume conservation
equations. The VOF model assumes that the pressure and velocity fields
are the same for both phases and solves a single momentum equation
[Eq. (3)].

𝜌 𝜕𝑢
𝜕𝑡

+ 𝜌 ⋅ ∇(𝑢 ⋅ 𝑢) = −∇𝑝 + 𝜇 ⋅ ∇2𝑢 + 𝜌 ⋅ 𝑔 + 𝛤𝜎 (3)

where 𝑢 and 𝑝 are velocity and pressure field respectively, 𝑔 is the
gravitational acceleration vector and 𝛤𝜎 is the surface tension term.
In this approach, the tracking of the interface between the fluids is
accomplished by solving the volume fraction continuity equation for
each of the phases excluding the reference one [Eq. (4)].

𝜕
𝜕𝑡
(𝛼𝜌𝑤) + ∇(𝛼𝜌𝑤𝑣) =

𝑘−1
∑

𝑤=1
𝛾𝑤→𝑎 (4)

where 𝑎 and 𝑤 refer to the reference phase (air) and the secondary
phases (in this case is only one, water), 𝑘 is the total number of phases,
and 𝛾𝑤→𝑎 is the mass flow rate per unit volume from each secondary
phase to the reference one.

3.2.2. Computational domain
The computational domain is divided into two main regions: the

inner domain, which includes the turbine model and corresponds to
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Fig. 4. Computational domain.

the rotating region, and an outer domain for the rest of the channel
corresponding to the stationary region. A sketch of the computational
domain including the boundary conditions is shown in Fig. 4.

The domain dimensions are based on the hydrodynamic channel
size used in the experimental tests, which covers 10 times the turbine
diameter in length and a double diameter in width. A mass-flow inlet
boundary condition has been applied to the upstream side of the
channel domain, while a zero pressure-outlet boundary condition has
been selected for the downstream exit. The interface region includes the
simulated turbine which is located at the center of the channel region.
A sliding-mesh technique has been used between these two zones,
keeping the meshes connected during the different angular positions
for each time-step. The turbine blade surfaces and the channel walls
have no-slip wall boundary conditions. The upper surface has a pressure
outlet boundary condition in the multiphase simulation cases and a
zero-shear stress boundary condition in the single-phase simulation.
Also, the control gate in the multiphase simulations has no-slip wall
boundary and its position is changed for each simulated case.

The whole domain has been discretized using a fully structured
mesh with hexahedral shaped cells. Fig. 5 illustrates the details of
the computational grid for both of the turbine rotor and the channel.
Three mesh sizes (L, XL and XXL) have been used to check the mesh
quality as listed in Table 2. A refinement factor (𝑅𝐹 ) has been applied
around the turbine blades, keeping the first layer height around the
blades constant at 1.2 × 10−5 m from the wall surface, resulting in
a maximum non-dimensional wall distance (𝑦+) of 0.7. This value
is acceptable to resolve the viscus sub-layer as recommended by the
transition turbulence models.

3.2.3. Grid quality evaluation
The Grid Conversion Index (𝐺𝐶𝐼) method developed by Roache

[50] has been applied to test the mesh refinement. It is based on the
generalized Richardson extrapolation, involving comparison of discrete
solutions in two different spacing meshes. In the current study, the 𝐺𝐶𝐼
method has been performed for the three meshes in Table 2, using the
torque coefficient as the reference value, with a recommended safety
factor of 1.25 [50], and a calculated order of convergence value of
3.0. The results of the static torque coefficients and the convergence
rates for the three simulated meshes are also presented in the table.
The 𝐺𝐶𝐼12 has been found to be 0.172%, while the 𝐺𝐶𝐼23 has a
value of 0.018% with the asymptotic convergence value of 0.935. This
792
Table 2
Mesh quality analysis.

Size Rotor volumes Total volumes 𝐶𝑇 Error % 𝐺𝐶𝐼 % 𝑅𝐹

Coarse, L 503,622 1,005,3727 0.247 – – 0.5
Baseline, XL 889,800 1,391,550 0.2581 0.1719% 4.2% 1
Fine, XXL 1,720,200 2,221,950 0.2593 0.0187% 0.4% 2

corresponds to 0.4% change in the torque coefficient value when the
mesh is refined from XL to XXL, indicating that further refinement of
the baseline mesh has small influence on the output results.

The Reynolds Averaged Navier–Stokes equations (RANS) is solved
using the shear stress transport (k-𝜔 SST) turbulence model developed
by Menter [51]. This model combines a robust formulations of the near-
wall taken from the k-𝜔 Wilcox model [52] with the far-wall k-𝜀 model,
through a blending function that ensures a smooth transition between
both.

To initiate the simulation, a steady flow calculation is performed to
fill the water channel using the same parameters corresponding to the
experimental test case (mass flow inlet and control gate height). After
the steady simulation process stabilizes and converges, the reference
water height obtained from this preliminary simulation is verified with
the experimental one. Subsequently, a transient simulation is carried
out, in which the time step size corresponds to the time required to
move the rotor one small fraction of a turn. Fig. 6, compares results
obtained with different degrees/time-step values. It has been found
that decreasing the degrees/time-step below 1◦/step has a negligible
influence, (only 0.38% for 0.5◦/step). Thus, that value has been applied
as a good trade-off between accuracy and computational cost.

The time step convergence criterion has been set for all parameters
at 10-6. The overall convergence criterion is based on the variation
of the averaged torque coefficient value over a complete revolution
between two successive cycles. At the beginning of the solution, starting
instabilities have been observed followed by a transient phase (Fig. 7).
To achieve a periodical solution with a variation of less than 1%
between two subsequent cycles, 28 numerical revolutions have been
calculated, even if the solution usually stabilizes earlier.

4. Results and discussion

In this section, the results from the experimental testing and mul-
tiphase numerical simulations are used to assess the performance of a
small vertical-axis hydrokinetic turbine in an open water channel. The
parameters analyzed include the upstream velocity, the Froude number
and the free-surface variations.

4.1. Experimental performance characteristics

Experimental tests have been carried out for three flow rates, with
several flow conditions (upstream velocities) for each one. The power
produced by the turbine has been plotted in Fig. 8. At the top, the
power is presented as a function of the rotational speed, while the
bottom shows the dimensionless power coefficient as a function of
the tip speed ratio. Results have been obtained corresponding to five
upstream velocities per flow rate.

For each upstream velocity, the maximum rotational speed corre-
sponds to the zero-load condition. By increasing the turbine load, the
rotational speed decreases until it reaches the maximum power point
(MPP). From that point on wards, the power output from the turbine
decreases with the decline of the rotational speed, which makes this
part of the curve unstable. It can also be observed that, by increasing
the upstream velocity values, the power output increases and the
rotational speeds are shifted to higher values. Similarly, the same trend
has been obtained for all upstream velocities, except for the flow rate
𝑄1 at a velocity of 0.61 m/s. For this flow condition, the water level
at the upstream side is nearly at the same elevation as the turbine top
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Fig. 5. Computational grid.
Fig. 6. Torque coefficient for different time-step values at 𝜆= 2.6.

Fig. 7. Numerical calculations of the torque coefficient of a single blade over 28 cycles.

plate and, due to the water surface drop in the downstream side, the
backside of the rotor is exposed to the air.

The characteristics of the vertical-axis turbine are traditionally ex-
pressed in terms of the non-dimensional parameters tip speed ratio 𝜆
and power coefficient 𝐶𝑝, to better compare the performance at differ-
ent flow rates and upstream velocities. For an ideal turbine operating
in an open field (with no blockage effect), those curves should be
identical, but for a non-ideal turbine operating in a confined channel,
793
the characteristic curves have significant differences (Fig. 8). For each
flow rate, the peak power coefficient increases with the upstream
velocity. This effect is related to the blockage ratio. When the channel
is fully filled with the flow, the turbine model occupies 15% of the
channel cross-section. This condition is achieved at the smallest practi-
cal velocity for all flow rates. To increase the upstream water velocity,
for a fixed flow rate, the water height has to go down, increasing the
blockage ratio up to a maximum value of 23.8%.

In fact, the Froude number (ratio between characteristic flow ve-
locity to gravitational wave velocity) plays an important role on the
power obtained because it combines the effect of upstream velocity
and blockage. It is calculated from 𝐹𝑟 = 𝑈∕(𝑔ℎ)0.5 where 𝑔 is the
gravitational acceleration and ℎ is the water height. The effect of the
upstream Froude number on the maximum power output MPP for dif-
ferent flow rates is shown in Fig. 9. The Froude number has been varied
over a subcritical range of [0.15–0.38] by changing the gate height
for different flow rates, giving the aforementioned blockage ratio range
of [15%–23.8%]. By increasing the Froude number, which implies an
increase in the upstream velocity and a decrease in the upstream water
height, the maximum power output from the turbine rotor increases.
In the figure it can be seen that, for the higher flow rates (𝑄2 and 𝑄3),
the influence of the Froude number on the power is practically linear.
However, the lower flow rate 𝑄1 shows a quite different behavior even
with a drop of the maximum value. As mentioned above, this is mainly
due to the interference of the free-surface with the turbine.

4.2. Numerical model validation

In the present study, the numerical model has been validated with
the experimental data in two steps; the first one is by comparing the
turbine characteristic curve, that is obtained experimentally, with the
multiphase and single-phase simulations for the first case (𝐶1) as shown
in Fig. 10. The second validation method compares the free-surface
from the experimental tests with those obtained from the multiphase
simulation of the three cases 𝐶1, 𝐶2 and 𝐶3 as illustrated in Fig. 11 and
in Fig. 12.

With respect to the turbine characteristic curve, the comparison case
𝐶1 corresponds to the maximum flow rate 𝑄3 and an upstream velocity
of 0.43 m/s, with the channel nearly overflowing. A reasonably good
match has been found between the experimental and the numerical
results for the whole range of tip speed ratios (Fig. 10). Single-phase
and multiphase simulations show the same tendencies as the experi-
ments, confirming that the main flow physics are correct in both of
them. However, the single-phase model values are somewhat higher
than the experimental ones. Most likely because this numerical model
does not consider the free-surface deformations found in actual reality,
specifically the change in the free-surface level around the rotor when
the power is extracted from the turbine. In fact, the difference between
the single-phase model and the experiments tends to increase with the
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Fig. 8. Power and characteristic curves for different upstream velocities.
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Fig. 9. Variation of MPP with the upstream Froude number for different flow rates.

power extracted (as the tip speed ratio decreases). By considering the
free-surface variations, the VOF model obtains power coefficients much
closer to the experimental measured ones for the whole range of the tip
speed ratios.

Regarding the free-surface comparison between the experiments
and the VOF model, three cases have been selected, corresponding to
the highest flow rate 𝑄3 and the tip speed ratio of 𝜆 = 2.3, but with
different upstream velocities. Fig. 11 shows the comparison of the free-
surface levels at the middle of the channel for the three cases 𝐶1, 𝐶2
and 𝐶3. The results are quite consistent in all of them, following the
free-surface variations even when the flow becomes supercritical as in
the 𝐶3 case.

Although in a more qualitative mode, Fig. 12 shows the three-
dimensional shape adopted by the free-surfaces, comparing the results
of the VOF model with the experiments. The VOF model is able to
simulate not only the longitudinal variations, but also the interactions
with the channel wall boundaries. In 𝐶 case, it can be observed that
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Fig. 10. Characteristic curve validation for (𝐶1).

there is a slight decrease of the free-surface just after the turbine,
which recovers quickly. In the 𝐶2 case, the drop after the turbine is
deeper, corresponding to a higher energy extraction. The subsequent
recovery is also more abrupt and turbulent, although the original level
is also recovered. In both cases, the free-surface drop is quite smooth
covering the whole width of the channel, while the recovery shows
more disturbances and wave reflections from the channel walls. In
the 𝐶3 case, corresponding to the maximum inlet velocity, the energy
xtraction is also the highest, which requires the flow to go from a
ubcritical regimen before the turbine to a supercritical one after the
urbine.

.3. Performance and flow field analysis

The torque produced by the turbine is the sum of each blade contri-
ution. The numerical model enables to easily visualize the variations
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Fig. 11. Free-surface validation with the experimental normalized heights (𝑍∗ = ℎ∕𝐿)
at 𝜆 = 2.3.

produced during each revolution of the rotor and even the effect
corresponding to each blade. For instance, Fig. 13 shows the polar
distributions of the instantaneous torque coefficient 𝐶𝑇 as a three lobed
rosette, corresponding to the current three-blades turbine model. The
figure compares the results for the case 𝐶1 with the single phase model
against the VOF model, for two different tip speed ratios. It also shows
the results for the cases 𝐶2 and 𝐶3 with the VOF model.

The three lobes are very clearly defined, which implicitly means that
the positive effect of each blade is limited to a relatively small angular
range. The peaks coincide in all cases indicating that the angular zone
of maximum effect does not change with the upstream flow velocity
nor the tip speed ratio, but is geometrically defined. Similar polar
trend for a Darrieus horizontal axis water turbine has been reported
by Le Hocine et al. [43]. The comparison between the single-phase and
VOF simulation shows that the variations are more pronounced in the
former, especially when increasing the tip speed ratio. For the cases of
the VOF model, the three lobes are also more defined at the higher tip
speed ratio, although not as much as in the single phase model.

In this kind of polar figure, the total torque coefficient of the turbine
is equivalent to the area enclosed by each curve. The variation in the
total torque coefficient between the two tip speed ratios is clearly seen,
for instance, the total torque coefficient for the 𝐶1 case is 0.225 for
𝜆 = 2.3 and 0.083 for 𝜆 = 2.7. The average difference between both tip
speed ratios is about 52%, as the lower tip speed ratio (𝜆 = 2.3) always
producing more power. The difference in area is also evident between
the three cases for each tip speed ratio (𝐶3 > 𝐶2 > 𝐶1). For instance,
at 𝜆 = 2.3, the torque coefficient of 𝐶2 case is 38% higher than 𝐶1 one,
while the 𝐶3 case is 49% higher. Also the lobes are less defined as the
power increases, denoting an increase in the positive angular range.

The change in the turbine output and its performance is directly
related to the flow around the turbine rotor and its blades, also with
the deviation caused by the deformation of the free-surface. To further
explore the phenomena, the velocity vectors at the middle of two
different planes for the three VOF simulated cases are shown in Fig. 14.
An horizontal plane passing through the mid-height of the turbine on
the left (Fig. 14a) and a vertical longitudinal plane passing through the
axis of the turbine on the right (Fig. 14b).

In this figure, the wake is clearly visualized. It has different exten-
sions in each case and it is slightly deviated towards the rotational
direction of the turbine (upward in Fig. 14a). There are also zones of
low velocity in front of the turbine and in the center of the rotor, where
the flow slows down. Around the turbine –laterals, top and bottom– the
velocities increase, more so the higher blockage (for 𝐶1, 𝐶2 and 𝐶3 cases
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the blockage ratios are 15%, 19% and 24% respectively). Inside the
turbine and specifically in the influence zone of the blades, the velocity
has also an important circumferential component due to the drag of the
blades. The low velocity field around the turbine shaft is most likely
due to this circumferential flow. The increase in the velocity around
the turbine as a consequence of the blockage is much higher when
the turbine is in a channel than in an open field condition. Moreover,
the blockage and corresponding velocities increase as the height of the
upstream free-surface decreases from 𝐶1 to 𝐶3 case. However, a feature
that contrasts with the situation in the open field is the reduction of the
flow cross-section downstream of the rotor. In the open field condition,
the turbine blockage forces the flow around the turbine to expand until
the wake is absorbed. But, as the turbine is inside a channel condition,
the free-surface area in the wake zone decreases in elevation.

This has been explained, for instance, by the analytical model
offered by Houlsby et al. [21], which is an extension of the Linear
Momentum Actuator Disc Theory (LMDAT). In this model, the flow is
decomposed into two main streams; the first one passes through the
turbine rotor, loses a part of the energy, and expands behind the turbine
in the wake region. The second one is the bypass zone which is formed
around the turbine rotor, where no energy is extracted and a higher
velocity field is developed due to the turbine blockage. The flow is
accelerated in the bypass zone to conserve the mass flux in the wake
region causing a reduction in the static head and consequently reducing
the free-surface level. Usually, the free-surface elevation is partially
recovered when the bypass zone is mixed with the wake and the
velocity is equalized. However, in certain cases (if the Froude number is
sufficiently high) the flow become supercritical as in 𝐶3. Paradoxically,
the wake extension is reduced as the blockage increases. The drop of
the free surface is responsible for this faster wake recovery, because it
can be regarded as a contraction of the flow in a nozzle. The difference
in levels or more correctly in total head between the upstream and
downstream zones is the energy extracted from the flow, although the
energy obtained by the turbine is somewhat lower because of the losses
produced in the wake. This energy extraction is directly linked to the
magnitude of the velocity in the turbine, specifically around the blades.
Therefore, the greater the blockage –and the deeper the free surface
drop– the more power is obtained.

The wake recovery process can be analyzed in more detail as shown
in Fig. 15, which presents the velocity vectors with the normalized
vorticity contours (normalized with the upstream velocity and blade
chord ratio 𝜁∗ = ∇𝑢∕[𝑢⋅𝑐]) in two sectional plane views: one in the mix-
ing zone, about one diameter behind the turbine rotor (Fig. 15a), and
another one in the far-wake region, about two diameters downstream
(Fig. 15b). For the three cases, in the mixing zone a low velocity wake
region can be appreciated and how the flow in the bypasses around
the rotor shifts to fill this area, developing two distinctive main vortices
located in the wake of the turbine plates. With the wake evolution from
the mixing zone to the far-wake region, these vortices coalesce in one
main vortex, leaving a wake which is swirling in a clockwise direction.
With the colors of the vorticity contours, it can be noticed that in the
mixing zone the vortices have a high intensity and a reduced extension,
while in the far-wake the main vortex has a much larger distribution
but it is somewhat mitigated.

To further explore the effect of the free-surface on the blade hydro-
dynamics, the relative streamlines around the turbine blade at various
azimuth angular positions from 𝜃 = 60◦ to 𝜃 = 300◦ are illustrated
in Fig. 16. The angles of 60◦ and 120◦ correspond to the zone where
positive torque is obtained, while those of 240◦ and 300◦ are in the
resistance zone. The incidence angle of the relative streamline velocity
at the leading edge increases from 𝐶1 to 𝐶3, especially in the positive
production zone, where the lift force direction increases the torque
values and the hydrodynamic efficiency. In the 𝐶1 case, the incidence
angles are the lowest –very close to zero but still enough to obtain
a positive torque at 60 degrees– and there is no separation at any
point. This is favorable in the positive production zone but not in the

rest where a noticeable resistant torque is attained. In the cases of
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Fig. 12. Free-surface shape around the turbine rotor (isosurface water fraction of 0.5) at 𝜆 = 2.3.
Fig. 13. The polar distributions of the instantaneous torque coefficient (single phase and VOF model cases).
𝐶2 and 𝐶3, the free-surface is nearer to the turbine and the relative
flow angles have a larger variation range which even leads to the flow
separation. Specifically, for the 𝐶3 case, it can be seen how the sep-
aration is quite strong with clear separation bubbles. The detachment
of the flow at the angle range between 240◦ and 300◦, reduces the
forces that generate the rotation resistance, so that the torque does
not even become negative in spite of the increased drag. This type of
hydrodynamic stall is very specific for these cross-flow turbines but
does not exist in axial ones. In the latter it has been found that the
primary mechanism of the performance change is linked to the free
surface deformation [34]. However, for the model in the current study,
the 𝐶 case has extreme free-surface deformation, but the separation
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is already detected in the 𝐶2 case where the shape change of the free
surface is not so pronounced. Although further study is needed, it seems
that the increase of the incidence angle that generates the positive
torque is quite gradual, but the separation of the flow in the resistance
zone produces a sudden increase of the power obtained. This indicates
that the change in performance is more related to the depth of the free
surface than the change in shape.

Fig. 17 shows the pressure coefficient distribution on a single blade
for different angular positions and corresponding to the three cases
analyzed. A detail of the position and the pressure distribution contours
for the 𝐶2 case has been superimposed as a reference at the lower right
corner. In these figures, the area between the pressure and suction sides
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Fig. 14. Velocity vectors with Iso-surface shape (𝛼 = 0.5) at two different planes: (a) 𝑍∕𝐻 = 0.5 and (b) 𝑌 ∕𝐷 = 0, at 𝜆 = 2.3.
is proportional to the lift. Normally, this area is desired to be as large
as possible, but in cross-flow turbines, the scenario is complicated: the
direction of the relative velocity changes substantially around the rotor,
so that the velocity component contributing to the driving torque can
become even negative for certain angles and flow rates.

In fact, of the angles shown in the figure, only the 60◦ and 120◦

ones are in the positive torque zone for this turbine, while the rest are
in –what can be called– the resistance zone. For the former ones, the
behavior is typical of an airfoil, with over-pressure on one side and
under-pressure on the other. The area (lift) grows with the upstream
velocity, from the 𝐶1 to the 𝐶3 case. For the 60◦, the distribution is
very smooth in all three cases as it corresponds to a smooth flow along
the profile. For the 120◦, in the 𝐶2 and the 𝐶3 cases, a separation bubble
is observed near the leading edge although the flow reattaches and
there is no stall. This partial separation is due to the increase of the
blockage and the lowering of the free-surface from the 𝐶1 to the 𝐶3 case.
These effects not only raise the velocity magnitude but also increase
the angle of attack, which becomes very close to the limit for the 120◦

angle.
For the 180◦, the pressure coefficient on both sides of the profile

practically coincides, thanks to the similarity in the direction between
the tangential velocity of the blade and the flow velocity at this
position. For the rest of the angles (0◦, 240◦ and 300◦), located in the
resistance zone, the pressure coefficient behavior is very different from
a typical aerodynamic profile. On the face that would correspond to the
pressure side, the coefficient begins with an over-pressure peak –which
is expected– but then the pressure drops even below the value on the
suction side. The same happens, inverted, on the other face: it starts
with an under-pressure peak but then rises to even positive values.
This line crossover causes a positive lift near the leading edge and a
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negative one in the middle and the rear part of the blade. This abnormal
behavior is due to the high blade solidity which causes a significant
low pressure at the inner zone of the turbine. This effect, along with
the blockage discussed above, results in a large change in the direction
of the relative velocity. So large that there are areas where the torque
force is effectively opposite to the motion, reducing power generation.
The 𝐶2 and 𝐶3 cases are further complicated by the separation that
causes a second crossing of the pressure coefficient lines. Normally this
separation is undesirable because it decreases lift and torque but, in this
case, since the torque is negative, the separation is favorable because
it minimizes this negative effect.

The normalized vorticity fields around the turbine rotor are shown
in (Fig. 18), at a longitudinal vertical plane on the left side (a), and at
an horizontal plane passing through the mid-height of the turbine on
the right side (b). In both cases, the value represented is the vorticity
component perpendicular to each plane, normalized with the upstream
velocity and blade chord ratio.

In the vertical plane, the vortices generated by the lower and upper
turbine plates can be observed, straddling the wake behind the turbine.
The intensity of these vortices and their downstream extension increase
with the free-surface lowering (from 𝐶1 to 𝐶2), consistent with the in-
crease in the longitudinal velocity generated by the blockage. However,
in the 𝐶3 case, the free-surface drop and the flow convergence behind
the turbine produce a much faster mixing of the vortices with the
central part of the wake. In the horizontal plane (Fig. 18b), the velocity
component corresponds to the blades circulation and has higher values
than the transverse directions. It can be clearly visualized the opposing
vortices generated on the suction and the pressure sides of the profiles.
In the absence of separation, these vortices extend far behind the
blade in a smooth and continuous manner, until they interact with
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Fig. 15. Velocity vectors with normalized vorticity contours (𝜁∗ = ∇𝑢∕[𝑢 ⋅ 𝑐]) at two
downstream planes: (a) 𝑋∕𝐷 = 1 and (b) 𝑋∕𝐷 = 2, at 𝜆 = 2.3.

Fig. 16. Instantaneous streamlines around the blade profile at various azimuth angular
positions.

the following blades. These vortices separate on each side of the wake,
forming a kind of von-Karman street. In the 𝐶 case, these vortex zones
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are smooth lines that take time to disappear. As the upstream velocity
increases (𝐶2), discrete separations of the vortices begin to develop
while still maintaining a certain order. For the extreme case (𝐶3),
these separations are much more chaotic, with interaction between the
vortices rotating in opposite directions.

The two ending plates cause the flow to be more bi-dimensional
between them reducing the vertical drift. In fact, the flow field is quite
similar in any section inside the turbine except near the plates. Fig. 19
shows the normalized vorticity fields –corresponding to the 𝐶1 case–
around the turbine blades at two different horizontal planes; the upper
one at mid-height of the turbine (a), and the lower one near the turbine
plate (b). At mid-height, there is no flow separation as the blades rotate,
the vortices distribution is very smooth and gradual. The clockwise
vortices (negative vorticity values, blue color) separates quite contin-
uously on the left side of the turbine wake (at the top of the figure).
However, the counter-clockwise vortices (positive vorticity values, red
color) have a discrete pattern with larger vortices separating each time
a blade crosses the wake. Close to the plate, the interaction between
the vortices of the blades with the plate boundary layer increases the
instability. In fact, this interaction generates asymmetric horseshoe-
shaped vortices that, on separation, form the main structures of the
wake. This can be visualized more clearly in Fig. 20, in which the value
of the helicity (the vorticity along the velocity vector) is used to create
a three-dimensional image of the horseshoe vortex cloud that forms
in the wake of the turbine plates. Although, the vortices generated
from the two ending plates seem to increase the complexity and the
losses in the wake zone, the plates are very useful from the mechanical
point of view to support the turbine blades, and actually improve the
hydrodynamic performance. Apart from reducing the blade-tip effects,
the plates prevent air from entering the turbine when the surface drops
significantly.

5. Conclusions

The performance and the flow field characteristics of a small vertical
-axis hydrokinetic turbine inside an open channel have been investi-
gated, through a series of experiments and a free-surface flow analysis,
under various operation conditions.

Experimental tests have been carried out for three flow rates with
different upstream velocities. It has been found that the peak power
coefficients increase with the upstream velocity, and the corresponding
tip speed ratios shift to higher values. This effect is directly linked to
the blockage ratio and the Froude number. For the higher flow rates
(without interference of the free-surface with the turbine), the influence
of the Froude number on the power is practically linear.

An intensive three-dimensional multiphase simulation has been car-
ried out to understand the complex free-surface flow around the turbine
and its relevance on the overall performance. A reasonably good match
has been found between the experimental and the numerical results.
The single-phase model values are somewhat higher, as it does not con-
sider the free-surface deformations around the rotor. The VOF model
is able to simulate not only the free-surface longitudinal variations,
but also the interactions with the channel wall boundaries. The power
coefficients obtained are much closer to the experimental ones for the
whole range of tip speed ratios. Polar plot diagrams have been used
to represent and compare the contribution of each blade on the output
torque.

The velocity field around and inside the turbine rotor has been
analyzed and correlated with the free-surface variations from upstream
to downstream of the turbine. The energy extraction is found to be
directly linked to the magnitude of the velocity in the turbine, specifi-
cally around the blades, and increasing with the free-surface drop. The
surface change is also responsible for the wake recovery behavior.

The relative velocity and the pressure coefficient distribution
around the blades have been analyzed with different azimuth angles
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Fig. 17. Pressure coefficient for all cases and pressure contour samples of 𝐶2 on a single blade at 𝜆 = 2.3.
Fig. 18. Normalized vorticity fields (𝐽 −𝐾) at the middle sections for all cases.
and have provided a better insight into the positive torque produc-
tion zones and their relation with the flow separation. An abnormal
behavior of the pressure coefficient -a crossover from the pressure to
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the suction side- have been detected for some cases at specific angular
positions. This has been caused by the low pressure zone inside the
rotor, due to the high solidity of the blades. The vorticity generated
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Fig. 19. Normalized vorticity-𝐾 contours for four angular positions at two different plans at 𝜆 = 2.3.
Fig. 20. Absolute helicity showing the horseshoe cloud.

by the blades and the ending plates has been clearly analyzed. The
interaction between both of them develops horseshoe vortices that
separate from the rotor forming a vortex street.
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