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Abstract: Horizontal axis turbines are commonly used for harnessing renewable hydrokinetic
energy, contained in marine and river currents. In order to encourage the expansion of electricity
generation using micro-hydrokinetic turbines, several design improvements are investigated. Firstly,
optimization-based design of rotor blade is used to get as close as possible to the efficiency limit of
59.3% (known as Betz limit), that counts for bare turbine rotors, placed in the free flow. Additional
diffuser elements are further added to examine the potential to overcome the theoretical efficiency
limit by accelerating water at the axial direction. Various diffuser geometrical configurations are
investigated using the computational fluid dynamics (CFD) to obtain insight into hydrodynamics
of augmented micro-hydrokinetic turbines. Moreover, the turbines are compared from the energy
conversion efficiency point of view. The highest maximum power coefficient increase of 81% is
obtained with brimmed (flanged) diffuser. Diffusers with foil-shaped cross-sections have also been
analyzed but power augmentation is not significantly greater than in the case of simple cross-section
designs of the same dimensions. The power coefficients’ comparison indicate that considerable
power augmentation is achievable using brimmed diffuser with higher value of length-to-diameter
ratio. However, the impact of diffuser length increase on the power coefficient enhancement becomes
weaker as the length-to-diameter ratio reaches a value of 1.

Keywords: hydropower; hydrokinetic turbine; shrouded turbine; diffuser augmented turbine;
optimization based design; power augmentation

1. Introduction

Hydrokinetic technology has gained increased attention as an alternative for renewable energy
production, especially at locations where conventional hydropower technology cannot provide a feasible
solution. The main compelling aspect of the technology is generation predictability, which means
that unlike many other renewable sources, data on the expected generation in the next few days or
even weeks, are quite accurate and reliable. However, the main barrier to wider commercialization is
relatively low efficiency, limited by so-called Betz limit, which indicates that hydrokinetic turbines
cannot capture more than 59.3% of energy in open flow, regardless of the turbine design. In addition,
water depth at location also limits generated power that is usually rather small. That is particularly
true for the small hydrokinetic turbines for river application. To approach the problem of relatively
low efficiency, the concept of ducted or diffuser-augmented turbines can be used. These elements
serve as turbine casing that causes pressure drop behind the turbine and accelerate the water in axial
direction. As a consequence, more power can be extracted by the turbine. Most of the available
literature on diffuser-augmented turbine is related to the wind turbine rotors. Flow field analysis
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using two-dimensional CFD (computational fluid dynamics) was performed in [1] to investigate the
influence of diffuser flange’s angle on velocity at wind turbine diffuser entrance. Flow simulations of
urban wind turbine system presented in [2] show that power-augmented shroud can improve the low
efficiency problem of vertical axis turbine. A considerable increase in the generated power of horizontal
axis wind turbines were obtained with different shroud geometries in [3]. Experimental investigations
of wind turbine systems presented in [4] also show that shrouding turbine can remarkably increase
power coefficient. In addition, the obtained results indicate the potential in using twin rotor (which are
usually Counter-Rotating Open Rotor devices) at small separation distances between rotor rotation
planes. Mathematical modeling of shroud wind turbine is proposed in [5], together with new equations
to predict the power coefficient and speed-up ratio effects. Computational fluid dynamics analysis
of shrouded wind turbine, presented in [6], show a considerable increase of the power coefficient
compared to unshrouded turbine. According to [7], the use of semi-opened duct in higher ranges
of wind speed can exceed the conventional shrouds in power and rotor speeds. The optimization
procedure, based on classical blade element theory, for design of the blades of a diffuser-augmented
wind turbine is presented in [8]. A mathematical model describing the internal velocity for three conical
diffusers is presented in [9]. The comparison of results of numerical and experimental investigations of
three different horizontal axis turbines, presented in [10], strongly suggest that accurate predictions of
horizontal axis turbine blade performance at full-scale conditions are possible using the CFD method.

There are also some published numerical and experimental studies on the flow characteristic
of hydrokinetic turbines. Design method of horizontal axis hydrokinetic river turbine without
diffuser is proposed in [11], while hydrodynamic performance prediction of bare rotor marine current
turbines using Blade Element Momentum (BEM) method is performed in [12]. Blade design method
presented in [13] can be used to enhance blade reliability with relatively high efficiency for energy
generation. Tidal stream turbine performances are investigated numerically and experimentally in [14].
The investigation presented in [15] indicate that there is a limit to available tidal current power output
(TCP) due to significant reduction in tidal currents. It is founded that the installation of turbines not
only slowed down tidal currents but also affected a certain area near the TCP extraction site. The results
of a study of large-scale tidal current power array and ocean response, presented in [16], show that
currents are decelerated significantly downstream of the array.

To approach the problem of low-efficiency, Savonius turbine with a variable geometry of blades
is proposed in [17]. A methodology for modeling shrouded horizontal axis hydrokinetic turbine,
based on the classical design method for the Kaplan turbine concept, with some additional parameters
to take into account the zero-head conditions, is presented in [18]. The analytical model for ducted
turbines coupled with numerical methods is presented in [19]. The ducted Blade Element Momentum
Theory model is applied to a bi-directional ducted tidal turbine in [20] to benefit from significantly
lower computational requirements when compared to the RANS-BEM approach. The BEM model is
adopted for the design of diffuser-augmented hydro turbines in [21] by inserting the effect of diffuser
efficiency into the BEM model. The empirical model for ducted tidal turbine performance presented
in [22] is based on CFD results, but applicable to simple turbine concepts. CFD method has also been
used in [23] to understand interaction between rotor and diffuser for the efficient design of augmented
hydrokinetic turbine. It is observed that the interaction term has significant effect on the system
performances, but the authors stated that further study is required for better understanding of this
aspect. Numerical calculation based on the CFD method is used in [24] for calculation of hydrodynamic
loads of a horizontal turbine under wave-flow condition.

The results of numerical and experimental analysis, presented in [25], show strong impact of
diffuser shape design and its interaction with the rotor on the hydrodynamic performances. In order to
avoid cavitation inception on diffuser-augmented hydrokinetic blades, the design method proposed
in [26] extends optimization of the augmented wind turbine blades, presented in [8], to hydrokinetic
case. The experimental investigation of wake recovery characteristics of diffuser- augmented tidal
stream turbine question their applicability for array deployment due to relatively low wake recovery
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rate, as stated in [27]. The wake interaction of bare marine hydrokinetic turbines was studied
in [28]. Investigation results indicate power coefficient decrease for downstream turbine due to high
turbulent intensity caused by the upstream turbine. The relationship between power extraction
and the layout of tidal current turbine arrays was investigated in [29]. A RANS-implemented BEM
code has been applied in [30] to analyze the performances of bare, ducted and open-center turbines.
The numerical algorithm for performances calculation of ducted axial-flow hydrokinetic turbines,
based on the vortex-lattice method is compared with experimental measurements in [31]. Quite large
discrepancies were observed for extreme tip to speed ratio values. The results of both numerical and
experimental investigations of small-scale hydrokinetic turbine presented in [32], show hydrokinetic
turbine performance degradation at low inlet velocities. This indicates that turbine design with diffuser
is even more favorable at relatively low velocities, where viscous and dissipative effects are significant.
Performed numerical investigations of diffuser-augmented hydrokinetic turbine, presented in [33],
indicate the necessity of diffuser shape optimization. According to [34] optimization strategies are
used in turbomachinery design to accomplish several requirements that assume more efficient, quieter
and more environmentally friendly technology designed at low cost and short time scales.

Following on the research review above, there is no comprehensive comparison of different
diffuser configurations of small-scaled horizontal axis turbines for river and marine current applications.
Moreover, most of the available studies deal with large-scale turbines, and small or micro-scaled
technologies, especially those for the river application, have rarely been reported so far. Computational
fluid dynamic methods were employed to obtain an insight into hydrodynamics of hydrokinetic
turbines with different diffuser configurations. The results of this work can be used in pre-design phase
allowing the designer to select the most effective diffuser configuration for the specific case. The results
of a series of three-dimensional CFD simulations of bare turbine design gives relatively high power
coefficient even without diffuser augmentation, which confirms the effectiveness of optimization-based
rotor design method presented in this work. The research results presented in this paper can be used for
hydrodynamic design of highly efficient horizontal axis turbines for river or marine current applications.
In addition, the results can be used as input for further research on performance improvements of
diffuser-augmented micro-hydrokinetic turbines.

2. Methods

2.1. Rotor Design

Rotor design of lift-based axial-flow turbines is usually based on the Blade Element Momentum
(BEM) theory that combines the momentum theory and the blade element theory to relate blade
shape and rotor ability to extract power from the fluid [35]. The same theory is commonly used in
the wind turbine blade design. When the mentioned theory is combined with advanced computing
algorithms, design can be accelerated and improved [34]. An additional phenomenon that should be
taken into account when designing hydrokinetic turbine rotor is a possible occurrence of cavitation.
When cavitation inception is avoided, a mathematical model based on BEM theory can be used for
prediction of hydrokinetic turbine performance as well as for the determination of optimal chord
length and pitch angle. In this paper, an integrated, optimization-based design method is proposed.
The flow chart of integrated approach presented in Figure 1 is relatively fast and applicable to a
comprehensive range of hydrokinetic turbines, with minimal modification in the model, as will be
described below. The output of the optimization model is a hydro-dynamically-shaped turbine blade
that can be converted into a series of splines, which is beneficial for later CFD analysis or Computer
Numerical Control (CNC) manufacturing.
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The initial step, when designing hydrokinetic turbine blades, is determination of parameters that
primarily depend on the chosen location for the installation. In this work, location at the Croatian river,
Drava, is considered for the micro-hydrokinetic turbine installation. Due to water depth limitation at
the chosen location, the rotor diameter is selected to be 2 m. Hub diameter equals 20% of the turbine
diameter, as recommended in [36]. Another very important parameter that should be pre-defined is tip
to speed ratio (TSR), which is defined as follows:

TSR =
ω×R

v∞
=

u
v∞

(1)

The lower tip to speed ratio requires higher chord lengths and thus, more material. In addition,
a quite variable chord distribution is required for lower TSR which is not preferable from the
manufacturing point of view. On the other hand, lower TSR and higher blade pitch are desirable for
structural stability of turbine. The operational TSR is chosen as 4 in order to meet structural criteria and
ensure ease of fabrication [36]. To find optimal chord distribution and blade pitch angle distribution
along the blade span, an integrated design optimization approach is used and hydrofoil geometry
optimization is incorporated in the algorithm as shown in Figure 1.

To perform the optimization, BEM model is reformulated in the form of the objective function
and nonlinear constraint. Maximum power coefficient is obtained by searching for the optimal values
of sectional induction factors a and a′ using genetic algorithm. The Equation (2) represents objective
function while Equation (3) shows nonlinear constraint:

min f = −Cp = −
8
λ2

∫ TSR

λh

Fλr
3a′(1− a)[1− (CD/CL) cotϕdλr] (2)

a′(a′ + 1)λr
2 = a(1− a)F (3)

The original BEM theory of Betz and Glauert is extended with additional correction factor in order
to take into account the effects of tip and hub losses. The fluid flow around the tip, from lower to
upper surface, caused by the lower pressure on suction side than on the pressure side of blade, reduces
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lift and causes decreased power production near the blade tip. This effect is taken into account by
Prandtl’s tip loss correction factor, which affects the forces derived from momentum theory, as follows:

Ft =
( 2
π

)
cos−1

[
exp

(
−

{
(B/2[1− (r/R)])

(r/R) sinϕ

})]
(4)

The swirling flow due to presence of hub also causes losses, which are taken into consideration as
well by including the hub loss correction factor, given by Equation (5):

Fh =
( 2
π

)
cos−1

[
exp

(
(B/2(rh − r))

r sinϕ

)]
(5)

F = FtFh (6)

The overall correction factor is calculated by using Equation (6) and introduced in the expressions
given by Equation (2). Power coefficient, Cp given by Equation (7) is one of the main parameters for the
fluid-dynamic evaluation of rotors [23], together with thrust coefficient CT which is given by Equation (8).

Cp =
P

1
2 × ρ×A× v∞3

(7)

CT =
T

1
2 × ρ×A× v∞2

(8)

The inputs required for the initial BEM iteration (lift and drag coefficients of the initial foil) are
obtained from Xfoil [37]. After determination of the axial and angular induction factors, optimal
relative angle is obtained by using Equation (9):

ϕ(r) = tan−1
[

1− a
(1 + a′)λr

]
(9)

Finally, chord and twist angle are calculated by using Equations (10) and (11), respectively:

θp(r) = ϕ(r) − α (10)

c(r) =
8πaFr(1− aF) sin2 ϕ(r)

B(1− a)2(CL cosϕ(r) + CD sinϕ(r))
(11)

Hydrodynamic performances are highly influenced by the characteristics of the selected hydrofoil.
Rather than using hydrofoils from the small set of ones that are designed especially for the hydrokinetic
turbines, a new hydrofoil with high lift-to-drag ratio and delayed cavitation inception was designed
by using genetic algorithm.

The possibility of cavitation occurrence is a very important factor that should be taken into
account when designing hydrofoils for hydrokinetic turbines. In addition, when compared to wind
turbine, hydrokinetic turbine blades experience larger thrust forces due to the fact that water is more
than 800 times denser than air. Using optimization techniques in the hydrofoil design procedure can
remarkably enhance lift-to-drag ratio. Preliminary results presented in [38] show that increase in the
lift-to-drag ratio of foil can be up to 30%. In general, the optimization process requires mathematical
description of the hydrofoil shape. Most commonly, hydrofoils are represented by a quite large
number of coordinate points. Using such a representation can be beneficial in terms of a wide variety
of different geometries that can be obtained. However, the problem is high computation cost in
consequence of the large number of design (control) variables included in the optimization process.
Computational efficiency can be increased by using parametrization methods such as polynomial or
spline representation of hydrofoils that substantially reduces the number of points needed to easily



Energies 2020, 13, 4560 6 of 20

reshape hydrofoil geometry. The non-uniform rational B-splines (NURBS) representation is used in this
work as it can effectively represent a wide variety of different shapes with a relatively small number of
parameters which makes the optimization computationally effective. More detailed explanation on
hydrofoil creation using two different NURBS curves is presented in [39]. Hydrofoil is finally generated
by using a total of 12 control points which are fixed in x-direction but free to move in y-direction as can
be seen in Figure 2.
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To avoid cavitation inception, minimum coefficient of pressure has to be greater than the cavitation
number. As the design requirements include multiple objectives, weighting factors are used to
formulate the single objective function for optimization.

The objective function, given by Equation (12), is formulated to find a hydrofoil with high lift
coefficient (higher than the reference one), low coefficient of drag, and delayed cavitation inception
at angles of attack close to the design one. Minimum pressure coefficient, Kp,min in Equation (12) is
minimum of pressure coefficient Kp that is defined by Equation (13):

min f =
12∑

i=2

w1,α=i ×
1

CL,α=i
+

12∑
i=3

w2,α=i ×CD,α=i +
12∑

i=7

w3,α=i ×
∣∣∣Kp,min,α=i

∣∣∣ (12)

Kp =
p− patm

0.5× ρ×w2 (13)

In order to avoid cavitation inception, negative minimum pressure coefficient, Kp,min should be
less than or equal to cavitation number [40], σ, defined as follows:

σ =
patm + ρ× g×H − pv

0.5× ρ×w2 (14)

The weighting factors w1,α=i = 10, w2,α=i = 20 and w3,α=i = 5 were utilized to formulate multiple
objective optimization problem by using single objective function. Weighting factors can be changed
depending on the importance of individual design parameter in objective function. After obtaining
optimized foil design, new chord and blade twist distributions were calculated using updated data on
lift-and-drag coefficient and results are shown in Figure 3.
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Figure 3. (a) Chord and (b) twist angle distribution.

2.2. Diffuser Design

Various turbine designs with diffusers were considered to investigate the potential of overcoming
the theoretical efficiency limit that equals 59.3% and counts for bare turbine rotors in open flow.
In order to get insight into hydrodynamic characteristics and conclude on the optimal configuration
for the specific application, different geometries and types of diffusers were taken into consideration.
The remarkable output power increase can be attained, even with slight increase in the water velocity
at rotor plane, as power is proportional to the cube of the water velocity.

The first considered configuration, DF, shown in Figure 4a, is a simple diffuser. The rotor is
placed close to the diffuser entrance to avoid the flow caused by boundary layer separation on the
inner surface. To examine the influence of the brim on the velocity profiles, a diffuser named DFB
shown in Figure 4b, has been considered. The brim produces a low-pressure region behind the rotor
and causes vortex generation which is expected to increase mass flow rate through diffuser. Diffuser
with cross-section shaped as inverted foil (NACA 4412) is presented in Figure 4c and named DFN.
The influence of the main design parameters on the energy conversion efficiency have been examined
by varying diffuser length, L and open (expansion) angle, β as presented in Table 1.
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Table 1. Design parameters of diffusers.

Type L (m) β (◦) H/D

DF-1 0.75D 5 -
DF-2 0.75D 10 -
DF-3 0.75D 15 -
DF-4 1D 15 -
DF-5 1.25D 15 -

DFB-1 0.75D 15 0.25
DFB-2 1D 15 0.25
DFB-3 1.25D 15 0.25
DFN-1 1D 7 -
DFN-2 1D 10 -
DFN-3 1D 13 -

2.3. Numerical Methods

Decomposing incompressible and isothermal Navier-Stokes equations given by (15) and (16) into
Reynolds-Averaged Navier-Stokes (RANS) equations make it possible to simulate turbulent flows with
decreasing computational power:

ρ
∂ui
∂t

+ ρu j
∂ui
∂x j

= −
∂p
∂xi

+ µ
∂2ui
∂xix j

(15)

∂ui
∂xi

= 0 (16)

For the RANS equations, given by (17) and (18), time-dependent turbulent velocity fluctuation
is separated from the mean flow velocity. Other than the velocity, other flow properties can also be
decomposed into its mean and fluctuating parts. A more detailed explanation of RANS equations for
turbulence modeling can be found in [41].

∂ui
∂t

+ u j
∂ui
∂x j

= −
∂p
∂xi

+ µ
∂2ui
∂xix j

−
∂u′iu′ j
∂x j

(17)

∂ui
∂xi

= 0 (18)

The chosen turbulence model is k −ω SST, which is one of the most commonly used models.
This model include two equations, and variable k determines the energy in turbulence while ω

determines the scale of turbulence. The k−ω SST uses blending function to gradually transition from
the standard k−ω model near the wall to a high Reynolds-number version of the k− ε model in the
outer portion of the boundary layer.

2.4. Computational Setup

Computations were performed using ANSYS FLUENT 18.2 software [42]. The computational
domain consists of two domains, one for rotating zone and another for stationary region. The rotating
periodic boundary conditions are applied, and thus, the whole domain is one-third of a cylinder with
only one blade, as shown in Figure 5.
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The Multiple Reference Frame Model (MRF), which is also known as frozen rotor approach,
is used to model rotating part. The rotating zone diameter is 5% larger than the rotor diameter while
the rotating zone length equals 25% of the rotor diameter. The rotating zone dependence is examined
by increasing upstream length, downstream length and domain diameter to ensure that the rotating
domain size negligibly affects the results. Computational domain upstream and downstream length
are determined according to computational domain independence tests available in the literature [25],
but the wake zone is also considered, and thus, downstream length is slightly greater than usual.
At the inlet, which is located 3D upstream, velocity inlet boundary condition is applied. The symmetry
boundary condition is imposed for the outer domain diameter of 6D, while pressure outlet boundary
is applied for the outlet, which is located 15D downstream. The turbine and diffusers were configured
as non-slip walls. ANSYS Fluent Meshing is used after, to create volume polyhedral mesh.

To perform numerical uncertainty assessment, the forces and momentum generated with three
different mesh configurations were calculated at TSR = 6 for turbine DFB-3. The Grid Convergence
Index (GCI) calculation was performed using recommended procedure for estimation of discretization
error presented in [43,44]. Representative mesh size, h was calculated as follows:

h =


 1

N

N∑
i=1

(∆Vi)


1/3 (19)

The refinement factors, ri j were calculated based on the representative mesh size.

r21 = h2/h1;r32 = h3/h2 (20)

Based on practical experience, it is desirable that the grid refinement ratio is greater than 1.3 [45].
The apparent order, p of the method was calculated using the following expressions:

p =
1

ln r21

∣∣∣ln|ε32/ε21|+ q(p)
∣∣∣ (21)

q(p) = ln

 rp
21 − 1

rp
32 − 1

 (22)

s = 1× sgn(ε32/ε21) (23)
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In Equations (20) and (22) ε32 = φ3 −φ2 ε21 = φ2 −φ1 where φ1, φ2 and φ3 are the CP solutions.

e21
a =

∣∣∣∣∣∣φ1 −φ2

φ1

∣∣∣∣∣∣ (24)

GCI21 =

∣∣∣∣∣∣∣1.25e21
a

rp
21 − 1

∣∣∣∣∣∣∣ (25)

The results of above procedure of GCI calculation are reported in in Table 2.

Table 2. Numerical uncertainty assessment and GCI (Grid Convergence Index) calculation.

Mesh N φ rij ε ε21/ε32 p e21
a GCI21

1 2.5 Million 0.8024 1.56 −0.034 0.2764
monotonic
convergence

1.48 0.4% 0.63%2 1.6 Million 0.8147 2.03 −0.0123
3 0.8 Million 0.8181 - -

The GCI shows an error band on how far the solution is from the asymptotic value. It also
indicates how much the solution would change with further refinement [46]. The solution shows good
mesh convergence with GCI value of 0.63%.

The refinement zones were used to reduce the overall number of cells as large computational
domain is required to capture wake, as shown in Figure 6. The near wake refinement zone, with an
average cell size of 100 mm, ranges from the rotor plane to 3D downstream, where relative pressure is
expected to become near zero. Inside near wake refinement zone, there was one additional refinement
level close to turbine with 2D in length and 1.5D in diameter. The far wake zone length was set to 12D
as this is expected length required for the free stream velocity recovery. The refinement zones with
different cell sizes were merged in ANSYS Fluent using feature combine. The face-fusing feature was
used to eliminate overlapping and duplicate faces.
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Figure 6. Mesh: Wake refinement.

The average cell size of far wake zone was set at 200 mm. In addition, mesh was refined close
to the walls, with great influence on the results, such as blade, hub and diffuser wall, as can be seen
in Figure 7. The surface was configured to have 15 inflation layers with an average y+ value of 70.
For the studies of turbine designs with diffuser elements, gap between the blade and diffuser wall is
10% of the rotor radius (Figure 8).
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2.5. Numerical Model Validation

To assure reliable results, the present numerical method and computational procedure were
validated by comparison with the experimental data reported in [10,14]. The wind turbine with 720 mm
diameter that has three tapered and twisted blades composed of NACA4418 airfoils, was tested in
1440-mm long, 1200-mm wide and 920-mm high wind tunnel. The blade geometry data given in [10]
were used to create blade computer-aided design (CAD) model, shown in Figure 9a. The experimental
investigations on the performance of 100 kW tidal current turbines, presented in [14], were carried out
in 100-m long, 8-m wide and 3.5-m (with 5-m pit) deep towing tank. The turbine diameter is 700 mm
and each blade consists of 17 sections with NACA 63-418 foil along the whole blade span (Figure 9b).
In order to perform CFD simulations, the computational domains were designed using detailed blade
geometry data given in [10,14]. The power coefficients’ comparison was made over a wide range of
TSR and results are presented in Figure 10b.
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Figure 9. Designed blade geometries for CFD validation: (a) OPT blade from [10]; (b) Tidal current
turbine blade from [14].

Energies 2020, 13, x FOR PEER REVIEW 11 of 19 

 

Figure 8. Mesh cut at turbine plane. 

2.5. Numerical Model Validation 

To assure reliable results, the present numerical method and computational procedure were 
validated by comparison with the experimental data reported in [10,14]. The wind turbine with 720 
mm diameter that has three tapered and twisted blades composed of NACA4418 airfoils, was tested 
in 1440-mm long, 1200-mm wide and 920-mm high wind tunnel. The blade geometry data given in 
[10] were used to create blade computer-aided design (CAD) model, shown in Figure 9a. The 
experimental investigations on the performance of 100 kW tidal current turbines, presented in [14], 
were carried out in 100-m long, 8-m wide and 3.5-m (with 5-m pit) deep towing tank. The turbine 
diameter is 700 mm and each blade consists of 17 sections with NACA 63-418 foil along the whole 
blade span (Figure 9b). In order to perform CFD simulations, the computational domains were 
designed using detailed blade geometry data given in [10,14]. The power coefficients’ comparison 
was made over a wide range of TSR and results are presented in Figure 10b. 

  
(a) (b) 

Figure 9. Designed blade geometries for CFD validation: (a) OPT blade from [10]; (b) Tidal current 
turbine blade from [14]. 

 
(a) 

 
(b) 

Figure 10. Comparison between CFD results and experimental data from (a) [10]; (b) [14].
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Although there are some discrepancies, CFD results achieve good agreement with both experiments,
as shown in Figure 10. The comparison with the tidal current turbine experimental data indicate
maximum relative error of 8.33%, while the maximum relative error in the case of wind turbine data is
4.13%.

3. Results

The comparison of normalized velocity between bare rotor and diffuser-augmented turbine,
shown in Figure 11 indicate that maximum axial velocity of the diffuser-augmented turbine is higher
than that of the bare turbine.
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In the wake region, at 3D far from the hub center, velocity decrease occurs due to formation of
recirculation zone, which is even more noticeable in Figure 12. The velocity dissipation and vortex
formation behind rotor is predominant in the case of diffuser augmentation. The velocity contours
for different diffusers of type DF are presented in Figure 13. It is found that velocity increases at
rotor plane with increased open angle and diffuser length. The maximum velocity ratios for the
diffuser-augmented turbines were obtained at TSR values of 5, which indicate that optimal values of
TSR are shifted. Behind turbine, there is recirculation zone, in which velocity decreases substantially.
The wake recovery zone is found to be longer in the case of longer diffusers with higher values of open
angle. The lack of wake recovery can have destructive effect on the back-flow turbines in the case
of array deployment. In order to avoid reduction of energy extraction capabilities, spacing between
diffuser-augmented turbines have to be more than 15D.

Although the highest velocity ratio increase is obtained with brimmed augmentation at TSR value
of 5 (Figure 14)), recirculation zone is even longer and spacing between turbines have to be at least 20D.
The brim generates a local pressure drop behind it, which creates suction zone and causes velocity
increase at rotor plane. There is considerable recirculation zone and vortex formation in the case of
brimmed diffuser that is not as strong in the case of other diffuser configurations, as can be seen in
Figure 15.
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4. Discussion

Different turbine design concepts with diffusers were analyzed using three-dimensional CFD
and compared with bare turbine over a wide range of TSRs (from 2 to 7). To acquire required TSR
number, water velocity was changed from 1.15 m/s to 3.25 m/s while angular velocity was fixed at
77 rpm. The comparison of power coefficients between hydrokinetic turbines with diffusers and the
bare turbine is presented in Figure 16. The highest energy conversion efficiency of bare turbine is
obtained at TSR = 4, which is design TSR for the turbine. It is evident that the diffuser can improve
energy conversion efficiency even with very simple cross-section geometry over a wide range of
operating conditions. However, for more considerable power, augmentation-brimmed diffuser is
preferable. In general, increase in diffuser length causes increase in power coefficient, but the stronger
impact of diffuser length was observed with simple diffuser designs without brim. For brimmed
diffusers, the impact of length increase becomes negligible when diffuser length reaches the value
of rotor diameter. It is also important to emphasize that maximum power coefficients of turbines
with diffusers were obtained at higher TSR values (5 or 6). The highest increase in maximum power
coefficient is achieved with brimmed diffuser, as can be seen in Figure 17.
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Figure 17. Increase in maximum power coefficient compared to the bare turbine.

The highest percentage rise of 81% in maximum power coefficient is obtained at TSR value of 5 for
turbine design denoted by DFB-3. Similar increase in maximum power coefficient was acquired with
turbine DFB-2, which indicates that further increase in diffuser length of brimmed diffuser (above the
rotor diameter) is not as effective. Comparison of power coefficients between simple diffuser designs
(DF-1-5) and designs with NACA profiles (DFN-1-3) pointed out that the use of larger open angles
has far greater impact on power coefficient increase than the use of more sophisticated cross-section
profiles, such as NACA profiles. When compared to simple diffuser designs of same dimensions,
diffusers with inverted foil cross-section profiles are more effective if diffuser expansion angle is below
10◦. In general, water velocity at rotor plane increases as the open angle increases. At higher values of
expansion (open) angles (above 15◦), recirculation or swirl flow is observed at diffuser exit and thus,
change in velocity profiles and flow area with further increase in expansion angle is negligible.

This work is a contribution to the better understanding of diffuser augmentation impact on the
hydrodynamic performances of micro-hydrokinetic turbines. Results presented can be used as input
for further research which should focus on understanding the influence of different brim height and
angles on the potential increase in power coefficient.
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5. Conclusions

The use of optimization technique in the hydrofoil design procedure can enhance lift coefficient,
which leads to higher power coefficient of turbine. The bare rotor turbine which is designed by using
the proposed optimization-based approach has a relatively high maximum power coefficient of 45.7%
at TSR of 4. An additional requirement is delayed cavitation inception which has also been included in
the optimization of the hydrofoil. To avoid quite complex multi-objective optimization techniques
required due to multiple design requirements, the optimization problem was reformulated in the
single objective context by prescribing weighting factors to each design objective.

Different diffusers with various geometrical configurations were designed and analyzed from the
energy conversion efficiency point of view. Three-dimensional computational fluid dynamics results
were obtained using MRF and k-ω SST models.

It is observed that even with simple diffuser designs, certain increase in the water velocity is
obtained. The amount of energy extracted is increased over a wide range of TSR values using diffusers.
Energy extraction performances are directly related to the diffuser’s geometrical configuration and
selected design parameters.

In general, regardless of the turbine configuration, using longer diffusers and higher values of
expansion angles results in increased water velocity at rotor plane. More sophisticated cross-section
profiles, such as NACA 4412, can improve energy conversion efficiency, but mostly designs with lower
expansion angles (below 10◦). At higher values of expansion angles, performance characteristics are
similar to those of designs with simple cross-sections. The results pointed out that configurations
with brimmed diffuser are required (DFB design) for more significant energy conversion efficiency
improvements. The optimal length of brimmed diffuser with higher open angle is around rotor
diameter. Due to separation and recirculation flow, the effect of further increase in diffuser length on
the power coefficient is negligible.

Author Contributions: Conceptualization, Z.G. and M.B.; methodology, M.B.; software, Z.G. and M.B.;
writing—original draft preparation, M.B.; writing—review and editing, Z.G.; visualization, M.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Unit Description
a - axial induction factor
a′ - angular induction factor
B - blade number
CD - drag coefficient
CL - lift coefficient
Cp - power coefficient
Ct - thrust coefficient
D m diffuser diameter
c m blade chord length
h - representative mesh size
g m/s gravitational acceleration
F - overall correction factor
Fh - hub loss correction factor
Ft - tip loss correction factor
Kp - coefficient of pressure
Kp,min - minimum coefficient of pressure
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Unit Description
L m diffuser length
N - total number of mesh cells used for computation
p - order of convergence
patm Pa atmospheric pressure
pv Pa vapor pressure
P W effective power
r m turbine radius
ri j - grid refinement factor
rh m hub radius
v∞ m/s water velocity
w m/s relative velocity
w1,α=i - weighting factors for lift coefficients
w2,α=i - weighting factors for drag coefficients

w3,α=i -
weighting factors for minimum coefficients of
pressure

T N thrust force
∆Vi m3 volume of the ith cell
α ◦ angle of attack
αd

◦ design angle of attack
β ◦ expansion or open angle of diffuser
θp

◦ blade pitch angle
λr - speed ratio at radius r
ϕ ◦ angle of relative flow
ρ kg/m3 water density
σ - cavitation number
ω rad/s turbine rotational speed

Acronyms

BEM Blade Element Momentum Theory
CAD Computer-Aided Design
CFD Computational Fluid Dynamics
CNC Computer Numerical Control
GCI Grid Convergence Index
MRF Multiple Reference Frame
RANS Reynolds-Averaged Navier-Stokes
TCP Tidal Current Power
TSR Tip to Speed Ratio
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