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ARTICLE INFO ABSTRACT
Keywords: The design of a horizontal-axis propeller hydrokinetic turbine (HPHT) depends on several geometric parameters
Computational simulation affecting its hydrodynamic efficiency which is measured through the power coefficient (Cp). In this study, a 1 kW

Experimental scaled model test
Optimization procedure
Prototype extrapolation
Renewable energy system
Water energy harvesting

turbine with 1.6 m of rotor diameter (D) was used as the prototype to know the relationship between the Cp and
the turbine design parameters, such as the skew (¢) and rake (y) angles. A full-factorial design of experiments, as
a response surface methodology technique, and computational fluid dynamics simulation were used to determine
the significance of the factors considered and their interaction in the maximization of the response variable (Cp).
A 3D computational domain in ANSYS Fluent software and the k- SST turbulence model were utilized, for the
unsteady flow simulations. Under optimal design conditions, i.e., when ¢ and y were equal to 13.30° and -18.06°,
respectively, the highest C, was 0.4571. For these optimal values, a scaled model with 0.24 m of diameter was
numerical and experimentally studied and the findings were compared. A good agreement was found between
the numerical results regarding the lab-scale turbine and the experimental data for the C, values obtained as a
function of the tip speed ratio.

1. Introduction The use of the kinetic energy of river or marine currents involves two
processes. The former implies the transformation of the kinetic energy
from the water flow energy to rotational energy in the turbine rotor.
The latter refers to the conversion from rotational mechanical energy
to electricity, which occurs in an electric power generator [50]. Most

The United Nations (UN) has defined a list of purposes for hu-
mankind development having as its main objective the construction

of a more just and equitable world [25]. Among these, guaranteeing X o X
environmental sustainability is highlighted, considering this goal as a of the researches concerning the development of hydrokinetic turbines

transversal objective to the others. For this purpose, it is important to ~ have been focused on the first process due to a general agreement about
develop technologies that allow the use of clean, affordable, and safe the optimal design of the blades is still absent [16]. Up to date, these

energetic sources to supply the world’s growing demand for energy and elements have been designed considering procedures used to design
limit the increase in the average temperature of the planet below 1.5°C wind generators as a reference [22], instead of having design methods
[18,51]. The harnessing of hydrokinetic energy, as well as the develop- properly developed for marine devices to act as a propeller, which had
ment of hydrokinetic turbines, is a topic in which a lot of researchers been traditionally used to give propulsion to water vehicles and whose
are making contributions, mainly because the hydrokinetic systems do principle is the same as a turbine but in a reverse way. Innumerable in-
not require the construction of expensive civil works unlike the conven- vestigations with a significant contribution to the hydrokinetic turbine
tional hydropower plants [19]. This is an advantage both in economic technology development were carried out [47,26,43,41,52,1,6]. The re-
and ecological terms and makes the preservation of the fauna and flora searchers focus on improving the design to achieve a better conversion
nearby for the hydrokinetic power plant installation to be possible. of the water kinetic energy to electric energy when the turbine shaft
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is coupled to the generator. In the case of horizontal-axis propeller hy-
drokinetic turbines (HPHT), the number of researches reported in the
literature is more limited [26]. In turn, in the field of the propeller
optimization, from the authors’ knowledge, several studies have been
highlighted. Brizzolara et al. performed a multi-objective optimization
using a genetic algorithm for two propeller models, one of them with
a duct. The referred authors developed a panel method for the pre-
diction of the hydrodynamic propeller applicable to open or ducted
propellers, that are also subjected to cavitation [9]. In turn, Mirjalili and
co-workers carried out the multi-objective optimization of a propeller
using a particle swarm optimization aiming to minimize and maximize
the cavitation and the efficiency, respectively. They evaluated the influ-
ence of the number of blades and the rotational velocity in the propeller
optimization process. The results showed that the best performance and
the lowest cavitation were achieved for a 5-6 bladed propeller in a
regimen of rotational velocity between 170 and 180 RPM [31]. Fur-
thermore, Nouri et al. performed the multi-objective optimization of a
dual propeller counterrotating, using the Kriging method, as a substi-
tute model, and the genetic algorithm. The objectives of the process
consisted of achieving the best propeller hydrodynamic performance,
minimizing the torque, and thrusting the difference between both an-
alyzed models [35]. In turn, Ebrahimi and collaborators conducted a
multi-objective optimization of a propeller DTMB 4119 through the
application of the genetic algorithm and its implementation with the
limit element method [21]. The modifications for the propeller under
study included the variations of the skew angle (¢), the rake angle (y),
the radius, the pitch-diameter and the chord-diameter distribution. The
proposed optimization objectives were the hydro-acoustic and hydrody-
namic propeller performance, with the purpose of finding the optimal
combination of factors that would allow a greater operating efficiency
of the propeller with the lowest level of noise caused. The authors de-
veloped a numerical code to evaluate the propeller performance and
the noise level by applying the panel method, in which they included
the solution of the equation of Ffowcks, Williams & Hawkings (FW-H)
to predict the noise level. For the experimental runs, ten parameters be-
longing to four variables (¢ and y, and the chord- and pitch-diameter
relationships) were considered. For the optimization process, they used
the commercial genetic algorithm package included in Matlab software
and the Pareto front was built, which in this case it was made up of
eleven geometric models that met the process restrictions. After evalu-
ating the geometries, the authors concluded that the considerable noise
level reduction produced by the propeller is ascribed to y values ranging
from 8.14° to 12.05°, and ¢ between 31.52° and 39.74°. According to
the authors’ best knowledge, and their experience in the process of op-
timizing propellers for hydrokinetic application, it is required to study
the effect of ¢ and y, whose influence is unknown considering the in-
formation reported in the literature.

The literature review underscores the innovative approach taken in
optimizing horizontal-axis propeller hydrokinetic turbines (HPHT). Tra-
ditionally, much of the work in this field relied on one-factor-at-a-time
(OFAT) techniques, which have limitations. In contrast, this research
advances turbine rotor optimization by utilizing design of experiments
(DoE) integrated with a response surface methodology (RSM). This ap-
proach investigates the relationship between skew (¢) and rake (y)
angles and the resulting power coefficient (C,). The advantages of
employing DoE over OFAT are manifold. Firstly, it allows for the si-
multaneous evaluation of multiple factors and their interactions in
a single experiment, significantly expediting results compared to the
time-consuming nature of OFAT, which necessitates a series of indepen-
dent experiments for each factor. Secondly, DoE examines various levels
of each factor concurrently, facilitating a more thorough exploration of
the design space and the discovery of optimal factor combinations that
might be overlooked with OFAT. Thirdly, it minimizes experimental
errors by conducting multiple experiments in parallel, reducing result
variability and leading to more robust conclusions. Furthermore, DoE
is adept at identifying interactions between factors, a crucial aspect of-
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Fig. 1. Propeller hydrokinetic turbine. L.E is the foil leading edge. T.E is the
foil trailing edge. r;, is the radius at the i-th blade section. R;,,, and R stand for
the hub and the turbine radius, respectively. y; is the blade angle between the
rotor plane and the local flow direction.

ten neglected in OFAT. Lastly, employing DoE conserves both time and
resources, as it requires fewer experiments to achieve optimal results
in comparison to the OFAT approach. This research marks a substan-
tial advancement in the hydrokinetic turbine field, introducing a more
efficient and comprehensive optimization method. It underscores the
importance of considering multiple factors and their interactions, as
well as the benefits of using DoE to thoroughly and effectively explore
the design space. Furthermore, a laboratory-scale model of the opti-
mized turbine prototype was manufactured in order to experimentally
validate the behavior of the turbine in a hydraulic channel.

The paper comprehensively covers four main aspects in the following
sections: (1) the design and calculation processes for turbine blades, (2)
the careful selection of numerical simulation parameters, boundary con-
ditions, and turbulence models, (3) the development of a mathematical
model, and subsequent statistical analysis to comprehend the variation
of Cp in relation to skew and rake angles, and (4) the crucial phase
of experimental validation, coupled with the extrapolation of results to
anticipate prototype performance

2. Methods and materials
2.1. Response surface methodology analysis

The complex geometry of the propeller is mainly characterized by
several parameters, including the hub diameter (d), propeller diameter
(D), number of blades (N), and the pitch angle (y), among others. A
distinctive feature of the propellers is that the sections of the profiles
of the blades are defined on the surface of concentric cylindrical shells.
Therefore, when the sections are projected on the surface, they acquire
an oblique shape, as observed in Fig. 1. The propeller blades are defined
with respect to a line perpendicular to the axis of rotation, commonly
called the reference line or directrix. This line serves as a point to es-
tablish relationships, measurements and to locate characteristic points
on the propeller blades [10]. For analysis purposes, the propeller is as-
sumed to be a helicoidal surface, for which it is necessary to define
three factors that determine the characteristic shape of the blades and
their orientation. These parameters are y, the skew or ¢, and the rake
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Fig. 2. Skew (¢) and rake (y) in propeller blades. a) Balanced skew. b) Fully skewed skew. c) Angle section of the propeller blade rake. d) rake components.

or y. The term y is the orientation angle and refers to the helical ad-
vancement of the blades along a cylindrical surface [5]. ¢ is the angle
formed between the directrix and the midpoint of the chord at a stan-
dardized non-dimensional distance x (r;/R) [8]. There are two forms of
obliquity known as balanced or biased. A balanced skew (Fig. 2a) where
the position of the midpoints of the chords initially forwards from the
guideline in the areas close to the hub, to later returns to be aligned
with the guideline in areas close to the blade tip. In turn, the biased
skew (Fig. 2b) occurs when the midpoint of the chord tends predomi-
nantly to be moved away from the guideline along the path of the blade
[5]. y is the angle that defines the inclination of the blade with respect
to the axis line. Usually, this tilt is backwards (opposite direction to for-
ward) to avoid contact between the propeller and the support elements.
y is divided into two components: the rake with respect to the directrix
and the rake induced by the obliquity [10]. The latter is measured on a
shear plane located at the center of the cube and is determined from the
design stage, as illustrated in Fig. 2c. The rake induced by obliquity is
the angle measured between the midpoints that are located between the
chord of the first section and the chord of the tip section [5]. To better
understand this difference, Fig. 2d explains graphically the composition
of the total rake on the blades of a propeller.

During the design of a horizontal-axis propeller hydrokinetic tur-
bine (HPHT), it is important to evaluate the effect of multiple factors
and their simultaneous interactions on the studied variable to define the
optimal treatment to minimize or maximize the desired response. For
the case of the HPHT considered here, the selected factors were ¢ and y.
Concerning the response variable, the power coefficient (Cp) was con-
sidered. For defining the optimal value of ¢ and y that maximize the
turbine power generation, RSM and CFD approaches were used. The
influence of several factors on the studied variable can be evaluated
by using several designs of experiments (DoE). In this work, a full-
factorial DoE was chosen to determine the combination of geometric
factors aiming to maximize the Cp of the target HPHT. ¢ and y were as-
sessed as independent parameters for the DoE selected. The values of Cp
were numerically calculated using the CFD of ANSYS Fluent software,

which focused on URANS (incompressible unsteady Reynolds averaged
Navier-Stokes) equations. The curve defined by representing Cp vs. TSR
(tip speed ratio) values was constructed for the set of treatments. The
Cp and TSR values are given by Egs. (1) and (2), respectively.

P
I S 1
P 054013 M
TSR=4=2R )
1%

where p is the water density; P stands for the turbine power output;
A is the turbine cross-flow area, which can be calculated as the rotor
swept area (zD?/4); V is the water free stream velocity;  stands for
the turbine angular velocity; and R is the turbine radius. The value of
P obtained from the CFD simulations can be written as expressed in
Eq. (3)). In this equation, T represents the turbine total torsion.

P=Tw 3

The horizontal-axis propeller hydrokinetic turbine (HPHT) proto-
type was designed to produce a P of 1 kW at 1.5 ms~'. N and R were
3 and 0.82 m, respectively. The initial model of the HPHT is illustrated
in Fig. 3. This model was designed by using the approach of the blade
element momentum theory (BEMT). The referred theory is widely em-
ployed for the design of turbines and propellers [44,49,4,2,52].

In the combined momentum-blade element theory (CMBET), the
propeller blade is divided into a finite number of sections along the
blade span in a radial direction. In each one of these sections, a 2D force
balance that involves lift and drag forces is applied. A set of equations is
obtained, which can be solved iteratively for each blade cross-section,
giving as results the values of the local chord (C(r)) and y. The detail of
the method is explained in depth by Schubel & Crossley [42] and Benini
[4]. For the cross-section chord calculation, the Prandtl tip and the hub
losses model corrections were used [7,43,49]. On the other hand, the
distance of the section L.E to the directrix (d,) was calculated to give
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Fig. 3. Model of horizontal-axis propeller hydrokinetic turbine. (a) Twist angle and chord length distribution along the propeller blade obtained by the moment
theory on the blade element and the foil used for the blade section. (b) CAD model of the blade designed initially. The blade cross-sections are displayed and the

shape of the cylindrical surface that characterizes the propellers is showed.

the turbine blade the characteristic shape of a propeller using a curve
fitting that determines this parameter as a function of the local chord
value and the standardized distance x. The non-linear equation system
to be solved in each section is described by Egs. (4) - (10).

The propeller hub, can significantly impact the performance of a
propeller due to its influence on the distribution of water flow around
the blades. The design and dimensions of the hub can alter the way
water flows to and from the propeller blades. This, in turn, can af-
fect the efficiency of the propeller in generating thrust. For instance,
a well-designed hub can reduce resistance and turbulence, resulting in
smoother water flow over the blades and, therefore, higher thrust gen-
eration efficiency. In contrast, a poorly designed or inadequate hub can
cause increased resistance and energy loss, ultimately decreasing the
overall performance of the propeller. Therefore, investigating the ef-
fect of the hub on propeller performance is essential for optimizing its
design and maximizing efficiency across various applications [17].

8zVr2d' (1 —a)F

Cr)= 4
) NW?2[Cy(a)sin y — Cp(a)cos y] @

W= \/V2(1 —a + (1 +d)? (5)
R L= 2, DNem
F = FypFrup: Fp=—cos™ exp 2t s Fy,, = —cos™ exp s
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r; r;
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t = = 9
M= A" dhor,  (L—d)4, ©

d,(x) = [-4.42x7 +10.36x* = 9.42x> +3.79x% — 0.75x + 0.67]C(r) (10)

where « refers to the blade angle of attack; C and C; are the drag and
lift coefficients of the foil, respectively. The values of these coefficients
are a function of the @, which in turn is a function of the foil shape
and performance. In this case, a group of 15 hydrofoils was compared
using the XFLR5 software, which facilitates the analysis of hydrofoils
with a standardized unit chord length, allowing for meaningful com-
parisons [20]. The foils were compared in terms of the lift to drag ratio
(Cr(a)/Cp(a)) in an « interval from 0° to 25°. Among the group of
foils, the SG6043 foil was chosen due to the better performance exhib-
ited (Cp(a)/Cp(a) =169.81 at a a value of 2°). Likewise, W refers to
the fluid relative velocity at the leading edge; F is the tip - hub losses

Table 1

Geometric factors and levels involved in the opti-
mization procedure of the horizontal-axis propeller
hydrokinetic turbine.

Geometric factor Values

-1 0 1
Skew angle (°), ¢ 0 15 30
Rake angle (%), y -20 0 20

1), (0) and (-1) refer to the high, central and low
level, respectively.

factor; a and o’ are the axial and radial induction factors, respectively;
and 4, is the local tip speed ratio (TSR). Additionally, the values of the
chord length obtained with Eq. (4) were multiplied for a size correction
factor (F,) of 1.6, with the objective of improving the structural re-
sistance of the blades considering the stresses on the blades during the
operation [15]. Finally, for the blade shape definition and the geometric
modifications introduced for ¢ and y, the spatial coordinates of every
superficial point of the blade were defined for Egs. (11) — (13), accord-
ing to the studies carried out by Klein and Morgan & Silovic [24,33].

X,(r)={(x—d,)cos y — ysin y }

<0.32+@>_ <0~32+@> ~(r;,-02)" |R

by 2 by 2
an
Y,(r)={(x~d,)siny +ycosz} = {rr} (12
2, =\~ {[(x~d,) cos z] - ysin 1)’ a3

where ¢;;, is the skew angle value at the blade tip; x and y correspond
to the coordinates of the unit chord foil multiplied by the local chord
length.

The initial geometry of the turbine was optimized considering ¢ and
y factors, as mentioned above. The effect of these factors was studied at
+1, 0 and —1 that correspond to the high, medium and the low level,
respectively, as listed in Table 1. The matrix domain was composed of 9
tests, which were randomly run. Finally, considering the data obtained
from the simulation, regression models were developed. Eq. (14) de-
scribes the general expression representing the regression model built.
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Cp=Po+ B+ boy + Prady + b1y + Boor” (14)

where, f, is a constant value; §; and f, correspond to the main effects
of the geometric factors considered; f;; and f,, refer to the quadratic
effect of the selected factors; and f|, stands for the interaction effects
of the factors of interest on the response. Finally, Cp is the response
variable.

ANOVA (analysis of variance) was utilized for the analysis of the
numerical data found from the simulations. The application of this tech-
nique allows discerning the contribution of the studied parameters to
the regression model [14]. To consider the possible errors, which are
mainly due to the uncertainty conditions as the computer number rep-
resentations, a significance level of 5% (0.05) was assumed. Therefore,
to know the significance of an effect on the studied response, p-values
are calculated.

On other hand, with the objective of evaluating the capability of
the constructed model to explain the data that are not specified in
the design space, a LoF (lack-of-fit) test was executed. The validation
and adequacy of the model was calculated using R? and Rz 40 Tep-
resenting the correlation coefficient and the determination coefficient
adjusted by the degrees of freedom) [48,30]. Finally, 3D plots based
on the behavior of the design factors in the experimental space and the
Cp variation of the turbine as a function of the TSR were built. In the
plots, the interactions between the response variable and the factors
were investigated to obtain the combination of the factor levels that
maximizes the response; i.e., the optimal treatment. For the data treat-
ment and the statistical analysis, R Project for Statistical Computing
software was used. The flowchart depicted in Fig. 4 provides a visual
representation that clearly delineates the step-by-step optimization pro-
cedure explained in this section. In the presented flowchart, the first
stage (P1) encompasses a comprehensive definition of the design re-
quirements for a horizontal-axis propeller hydrokinetic turbine (HPHT),
along with the identification of input parameters. The subsequent step
(P2) involves intricate calculations for the propeller’s geometry, includ-
ing the chord length for each cross-sectional blade segment. Moving to
the third phase (P3), the process delves into numerical simulation using
CFD software to validate whether the rotor design aligns with the stipu-
lated requirements, with a particular emphasis on spatial and temporal
solution convergence analyses. In the fourth step (P4), the flowchart
transitions to the geometric optimization process of the rotor, employ-
ing a response surface methodology and full factorial design. It’s crucial
to note that this phase includes a validation of assumptions to ensure
the acceptability of the model representing the response variable in con-
junction with the factors. This flowchart addresses the incidence of skew
(¢p) and rake (y) angles on the performance of the horizontal-axis pro-
peller hydrokinetic turbine (HPHT) within the scope of the study.

2.2. Numerical simulation

The influence of ¢ and y on the horizontal-axis propeller hydroki-
netic turbine efficiency was studied. For this purpose, CFD results were
obtained using ANSYS Fluent software. Therefore, a computational do-
main, which consists of an internal and an external sub-domain, was
required. A cylindrical shape was used for both sub-domains. The ex-
ternal sub-domain was a fixed cylinder with a length and a diameter of
9.375 D and 5 D, respectively. In turn, the turbine rotates in the inter-
nal domain, which has a length and a diameter equal to 0.625 D and
1.5 D, respectively. The rotor of the propeller was co-axially located
to the cylinder axis and at 2.5 D from the inlet boundary conditions.
5a shows the main dimensions and the boundary conditions assigned.
Uniform velocity, symmetry, no slip and pressure outlet were set as the
inlet, external cylindrical surface, walls and outlet boundary conditions,
respectively. 1.5 ms~! was set as the uniform velocity inlet in the left
boundary. In the y-axis direction, the gravitational acceleration and the
outlet pressure were respectively set at 9.81 ms~2 and 0 Pa. The inter-
faces between the external and the internal domains were set by using
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the sliding mesh. The rotational velocity of the rotor was defined in
the range from 0 RPM to 125 RPM, which is equivalent to a TSR range
between 0 and 6.98. The mesh was generated using the ANSYS Fluent
meshing module and a poly-hexcore mesh was built, mainly due to the
advantages of using this mesh type, such as the computational time and
the convergence improvement [46,45]. In Fig. 5, the computational do-
main and the meshed rotor 3D model are represented. Fig. 5b shows
the polyhexcore mesh of the external domain. A refinement of the mesh
downstream of the rotor was done to capture the vorticities caused on
the flow. In Figs. 5c and 5d, the mesh of the internal domain and the
mesh around the rotor, respectively, were illustrated. For the numeri-
cal analysis of the hydrokinetic turbine, the k-w SST turbulence model
was utilized. The referred model is preferably used because of its abil-
ity of predicting adverse pressure gradients in areas close to the wall
and modeling properly the trail in areas far from it; thus, being able to
predict an accurate turbine performance and a wake behavior [29,38].
The simulation was configured as a transient one.

In numerical studies, the estimation of the discretization error of the
size mesh and the time step (Af) is a transcendental part since they
determine the adjustment and the concordance of the results; i.e., the
numerical and experimental data fitting [11]. CFD software allows to
solve a set of integral or differential equations describing the physical
phenomenon governing the analyzed situation. However, the accuracy
and precision of the results are linked to the size of the elements and
the value of Ar used to describe the medium and time on which these
equations will be solved [12]. A method widely used by several authors
[41,11,38,39,36] for At and the mesh size convergence analyses of the
solution is the use of the convergence index meshing (GCI) developed
by Roache [40] and based on the Richardson extrapolation method. For
the independence studies, three different time-steps and mesh densi-
ties were used. The solution estimation when the size of the elements
approaches 0 is one of the advantages of this method. In addition, it al-
lows to quantify the difference between the calculated asymptotic value
and the numerical results [3]. The error estimation process using this
method requires three successive refinements of the computational do-
main mesh (coarse (3), medium (2) and fine (1)) with a refinement
factor (r) of at least 1.3 times the size of the previous mesh [12]. That
is, the mean mesh must have at least 1.3 times the number of ele-
ments of the coarse mesh. Similarly, this relationship applies between
the medium and the fine mesh. r can be determined as the ration be-
tween the medium mesh size and the characteristic size of the coarse
mesh. This parameter can also be calculated by the ration between the
size of the fine mesh and the characteristic size of the medium mesh.
In turn, the GCI between meshes can be obtained by means of Eq. (15)
when the fine and medium mesh solutions are used, or by means of
Eq. (16) when the coarse and medium mesh solutions are used.

Fle|
rP—1
Fle,|

oarse = rp _ l

GCI,,=GCl = (15)

GCI,3=GCl, (16)

where p is the convergence order, which is determined as expressed
in Eq. (17). ¢, is the estimated solution relative error of f (a control
variable). f can be calculated as the difference between the fine (f)
and the medium (f,) solution divided by f;. In turn, the difference
between f, and the coarse solution (f3) divided by f, allows to obtain
e,. F is a safety factor, which is set at a value of 1.25 [11,12,28,27].
Nonetheless, other authors suggest that F must be defined according to
the value obtained for p. For values contained in the interval 1.8 < p
< 2.2, a F value of 1.25 should be used. Therefore, for values located
outside this interval, F will be 3 [36]. Accordingly, in this work, a F
value of 1.25 was used. p was determined as expressed in Eq. (17).
n(f7)
p= “ho) a7)
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Fig. 4. Optimization methodology flowchart.

By knowing the value of p, it is possible to determine the analytical
result of the asymptotic solution for a spacing value approx. 0 (Ah = 0).
This solution will be given by Eq. (18) [11].

fi—1h

rP—1 (18)

So=/f1+

Finally, the convergence index asymptotic range (/) must be as-
sessed to ensure that the mesh sizes and the time-steps selected are
within the convergence asymptotic range. This variable is expressed
by Eq. (19). Moreover, for the numerical simulation to be within the
asymptotic range, I should approach 1.

GCI,

coarse _, 1

I=——x 19
rPGCIf,-,,e (19)

The mesh size and At convergence analysis results for F equal to
1.25 are compiled in Table 2. To verify the mesh and time step inde-
pendence, T was monitored. The independence tests were developed
for a rotor rotational velocity of 107 RPM. As observed, the numerical
results are independent on the mesh sizes and the time steps. In this re-
gard, the medium time step and the medium mesh were selected to be
used for the subsequent simulations. This decision was supported by the
good compromise in terms of computational time and results achieved.
In Fig. 6, the results from Richardson extrapolation for the mesh and
time-step independence studies are shown. The values compiled in Ta-
ble 1 correspond to the levels of the experimental treatments, on which
further numerical simulation would be carried out to analyze the effect
of factors on the hydrokinetic turbine. Fig. 7 shows some of the models
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(d)

Fig. 5. Domain and mesh. a) Boundary condition setup and computational domain dimensions for ANSYS simulation. b) External domain mesh. c) Internal domain
mesh. d) Mesh around the rotor. As it can be seen in the mesh, there are 4 boundary layers to capture the turbulent phenomena at the blade walls.

Table 2
Results from convergence analysis. The mesh and time independence results are
listed at right and left, respectively.

f =Torque [Nm]

Number of elements Time step (Ar)

Fine (1) 5304055  f, 86.21 0.0125  f 85.55

Medium (2) 2927011  f, 85.65 0.025 fs 85.75

Coarse (3) 1146692  f, 76.32 0.05 f3 86.21
GCL;  0.8695% TCL;  0.4470%
GCl,,  0.0518% TCI,,  0.0973%
S o 86.35 Samo 85.52
I 1.0065 I 0.9983

used to assess the incidence of the factor different levels on the turbine
CP .

2.3. Experimental setup

The performance characterization of the horizontal-axis propeller
hydrokinetic turbine (HPHT) scaled model was carried out. Fig. 8 shows
the scaled model of the turbine with a rotor diameter (D) of 0.24 m, a ¢
and a y equal to 13.30° and -18.06°, respectively. The model consisted
of three blades, a shaft and a hub. The hub and the blades were eco-
nomical and accurately manufactured by a 3D printing process. For the
processing of polylactic acid (PLA), the fused filament fabrication (FFF)
technology was used. The shaft was manufactured in AISI 304 stainless
steel using conventional machining processes.

The experiments of the HPHT scaled model were carried out in an open
hydraulic channel of 0.31 m width, 0.5 m height and 8 m length. To
measure the water speed inside the channel, a flow-meter (FlowWatch
FW450) was used, which had a velocity accuracy of +0.01 ms~'. An

axial flow pump was used to drive the water that recirculates through
the channel at a velocity of up to 1 ms~!. The value of this velocity re-
sulted to average the measurements of this variable at three different
positions of the rotor upstream within the channel. The pump was con-
trolled by a 14.9 kW electric motor. Fig. 9 presents an overview of the
test facility. T and @ were measured using a sensor of the torque (Futek-
Model TRS605) with encoder (accuracy of 0.000110 Nm and >10,000
C,r, respectively). The sensor has a IHH500 pro intelligent digital dis-
play to monitor its activity, and the data obtained were saved in real
time. For the measurement of the turbine T and w, it was necessary to
immerse the torque sensor and the data acquisition system in the water
current in a submerged water-resistant vessel. In this regard, a water re-
sistant vessel that would protect the sensor from the flow of water was
constructed.

To measure the torque generated by the turbine at different TSR
values, a braking system coupled to one end of the torque sensor was
used. This system employs a direct current motor and a reverse cur-
rent braking technique; i.e., an electric motor is used as a brake in the
turbine model, which allows to keep the turbine model operation at a
constant TSR. The technique consists of energizing the DC motor in the
opposite direction to the turbine rotation, thus generating a torque in
this direction (reactive), which reduces the turbine w. In addition, the
motor acts as an electric generator that is slowed down by the power de-
manded by the system. The braking torque is adjusted according to the
desired turbine angular velocity (@), so that the amount of current flow-
ing to the DC motor is regulated by the pulse width modulation (PWM).
In the developed system, it is achieved using a microcontroller and a
power coupling circuit, which has the function of coupling the signal
provided by the microcontroller with the power supply of the DC mo-
tor. When the turbine w is required to be decreased (or increased), the
microcontroller increases (or decreases) the work cycle of the PWM, and
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Fig. 6. Richardson extrapolation results. a) Mesh independence test results. b) Time independence test results.
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Fig. 7. CAD models of experimental units for the different levels of the factors. a) ¢ =0°, b) ¢=15°, ¢) ¢=30°,d) y =-20°, ) y=0°, f) y =20".
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Fig. 8. Scaled model propeller hydrokinetic turbine. (a) Frontal view printed
scaled model turbine. (b) Perspective view printed scaled model turbine. (c)
Acquisition data assembly used in experimental tests.

subsequently, it increases (or decreases) the energy received by the en-
gine. Consequently, the braking torque also increases (or decreases). To
characterize the turbine model by means of a non-dimensional power
performance curve that relates Cp to TSR, it was subjected to a uniform
steady flow. Therefore, the rotor was perpendicularly aligned to the di-
rection of the flow. The Cp values were calculated using Eq. (1). ~ 0.5
ms~! was used as a fix value for the water free stream velocity and to
achieve different TSR, w was controlled.

3. Results and discussion

The Cp results as a function of TSR of 3 runs and the optimal geo-
metric configuration are represented in Fig. 10. The maximal Cp was
obtained from the treatment 6. The Cp maximal value was 0.4432 at a
TSR equal to 3.6280 (~ 65 RPM) and a water velocity of 1.5 ms~!. From
the numerical results, the maximal Cp value was found for each treat-
ment in order to perform the statistical analysis of the DoE conducted.
The maximal values of Cp are shown in Table 3. The first analysis con-
sidered all factors and their interactions.

The model has a high Ri 4 (98.71%) and a p-value of 0.0049 (<
0.05). Therefore, the quadratic regression model described by Eq. (20)
represents the maximal Cp in a high significant way.

Ain Shams Engineering Journal 15 (2024) 102596

Table 3
Numerical and predicted responses for the full-factorial design matrix.

Treatment Geometric factor Power coefficient Cp Error (%)
Skew angle Rake angle y CFD Predicted
¢ () ©) results results

1 0 0 0.4389 0.4393 0.0400

2 15 0 0.4454 0.4477 0.2300

3 30 20 0.4280 0.4299 0.1900

4 0 -20 0.4550 0.4542 0.0800

5 15 20 0.4279 0.4257 0.2200

6 30 -20 0.4432 0.4440 0.0800

7 30 0 0.4470 0.4443 0.2700

8 0 20 0.4094 0.4097 0.0300

9 15 -20 0.4550 0.4570 0.2000

Cp=0.439349.505- 10" — 1.112- 1073y +2.530 - 10 ¢y
—2.610-1079¢% — 1.841 - 1075¢2 (20)

The results obtained from the ANOVA are presented in Table 4. Ac-
cording to these results, for the defined significance level of 0.05, most
of the variables have a significant incidence on the regression model.
However, the quadratic term of ¢ has a p-value slightly higher than
the level of significance. Nonetheless, since it is a main factor, it was
not removed from the model. Additionally, it is observed that y has
the greatest effect on the response variable, as it is the factor with the
lowest p-value associated. These results are in agreement with those re-
ported by Hayati et al. [23] for the thrust coefficient in the propellers.
Based on Eq. (20), the Cp optimal value was determined, resulting to
be 0.4571 when ¢ and y were equal to 13.30° and -18.06°, respectively.
In Fig. 11, the response surface obtained is illustrated.

After determining the most appropriate model to express the behav-
ior of the Cp and having built the mathematical expression that relates
the independent factors and the Cp values, the validation process was
carried out for the regression assumptions. As commonly known, the
regression must satisfy a set of hypotheses to guarantee the correct ap-
plication of this model to the phenomenon studied [34]). In the specific
case of the constructed regression model, the following assumptions
were analyzed: i) correct specification of the model; ii) normality of
residuals; iii) no autocorrelation of residuals (independence); and iv)
constant variance of residuals (homoscedasticity). The tests used to ver-
ify that the assumptions are met do not actually quantify a level or
degree of measurement at which the assumptions are met (since these
are generally accepted). The first assumption (i.e., the correct model
specification) is useful to verify whether during the model construc-
tion the variables that contribute to the variation of the response have
been adequately considered [37]. For this specific case, the test de-
termines if ¢ and y have a contribution to the variation of Cp. To
validate this assumption, Ramsey rest test was applied to the regres-
sion model and the p-value obtained was contrasted with 0.05, which

Fig. 9. Experimental setup of the recirculating water channel. (a) Experimental facility used in tests. (b) Experimental vessel and acquisition system set up. (c)

Assembly torque sensor, DC motor and mechanical couplings.



F. Romero-Menco, J. Betancour, L. Veldsquez et al.

Ain Shams Engineering Journal 15 (2024) 102596

0.80 - (a) (b) (c) * Initial design - Treatment 1 7
Treatment 5

0.70 - A * Treatment 6 B

* Optimized design
---Betz Limit
0.60 =

0.50 -

0.40 -

021

0.1

0.0 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
TSR()\)

9.00

Fig. 10. Cp, vs. 4 for all the treatments and optimal design. The models (a), (b) and (c) correspond to the treatments used to validate the effect of the factors variation

in the turbine performance. (d) Optimized turbine model with ¢=13.30° and y = -18.06".
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Table 4
Analysis of variance (ANOVA) for ¢ and y.
Source of Effect Sum of squares Degree of Mean sum of F-ratio p-value
variation (SS) freedom (df) squares (MS)
Model - 0.0017340 5 0.0003468 45.88 2.24*1077
Skew angle, ¢ 9.51%10~* 0.0000379 1 0.0000379 5.01 0.0388
Rake angle, y 1.11%1073 0.0012884 1 0.0012884 170.43 0.0011
¢y 2.53%107° 0.0002304 1 0.0002304 30.47 0.0117
¢ -2.61%1073 0.0000689 1 0.0000689 9.12 0.0567
72 -1.84*1073 0.0001084 1 0.0001085 14.34 0.0323
Error 0.0000226 3 0.0000076
Total 8 0.0049
0.8 T T
---Betz limit
= Prototype simulation
0.7 * Scaled-model simulation B
* Scaled-model experimental data
0.6 ¢ Prototype experimental data extrapolation |
0.5 b
004+ P :
e b

R

[ 1

0.00

2.00 3.00

4.00

5.00 6.00 7.00 8.00

TSR ()\)

Fig. 12. Numerical and experimental comparison of C, vs. TSR curves for scaled model and prototype.

is the value of the significance level as stated above. Here, the p-value
obtained yielded a result of 0.6881; therefore, it was concluded that the
model is correctly specified. With regard to normality, there are several
tests that allow to verify this hypothesis. In this case, Jarque-Bera test
was used, whose p-value was 0.6803; in this regard, the residuals are
normally distributed. The independence of the residuals assumes that
there is no a trend in their distribution. This assumption is strongly re-
lated to the principle of randomization of the runs [37]. To verify this
hypothesis, Durbin-Watson test was used (p-value= 0.3824); thus the
hypothesis of independence of the residuals of the constructed regres-
sion model was corroborated. Finally, homoscedasticity assumes that
the treatments have the same variance; i.e., the variance is constant
for all the residuals of the model [32]. The hypothesis to evaluate in
this case is whether the variance is homogeneous. To verify it, Breusch-
Pagan test was used. The test resulted in a p-value of 0.2256, so that the
variance is accepted to be constant. According to the results presented,
the regression model represented by Eq. (20) complies with the statis-
tical assumptions, for which it is concluded that this equation can be
used to predict the Cp behavior as a function of ¢ and y.

In Fig. 12, the Cp vs. TSR values achieved from the CFD approach for
the prototype and the HPHT scaled model are illustrated. Additionally,
the experimental data for the scaled model are also presented. There is
a difference between the results obtained from the simulations of the
scaled model and those from the prototype. The difference in the Cp
behavior becomes greater as the TSR value increases, which is due to
the effect of the vorticities that has a higher incidence in smaller di-
ameter models [13]. At a higher rotational velocity, the effect of the
vortices at the tips are more evident (since the linear velocity acquires
a higher value), thus affecting the overall performance of the scaled
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model. Regarding the comparison of the Cp values for the scaled model
in experimental analysis, a displacement of the TSR is presented, at
which the maximal value of Cp is reached. This difference is due to
two fundamental reasons. The first one is the loss associated with the re-
tainer seal used to prevent the water leakage inside the data acquisition
set. The second reason corresponds to the influence of the blade surface
roughness. Despite having obtained a good finish surface in the man-
ufacturing process, the roughness influence on the performance of the
turbine acquires a greater relevance as the size of the blades is smaller;
that is, the relative roughness is greater. In the simulations, the blades
were configured as walls without roughness, which allows for a smooth
sliding of the fluid on the surface, reaching the values of Cp registered
for the rotational velocity set. In the experimental case, the roughness
peaks act as a resistance to the fluid flow on the surface of the blades
due to the fluid viscosity. Therefore, to reach the same value of the rel-
ative velocity on the blade cross-sections, it is necessary to reach the
same values of the forces causing the movement for the rotor to rotate
at a higher velocity. The maximal Cp value of the prototype, the scaled
model by the experimental tests and the scaled model by the numerical
approach was found to be 0.4571, 0.2578 and 0.2871 at a TSR of 3.63,
3.5297 and 3.0159, respectively. In Fig. 12 the error bars are plotted
for the scaled model data. The prototype extrapolated data presents a
similar shape of the experimental scaled model, having a displacement
of TSR.

Moreover, the experimental result extrapolation of the scaled model
to the prototype can be seen in detail in Fig. 12. A Reynolds num-
ber (Re) correction was used to perform the referred transposition [7],
which can be calculated as expressed by Eq. (21).
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Re Prototype 012
Cp =Cp < _— > 21)
Prototype Scaled—model ReScaled—model
Re can be calculated as showed in Eq. (22).
VR
Re= P C (22)
u

where the dynamic viscosity is expressed as u; R is equal to a char-
acteristic chord length determined at a reference radial position (R,, f),
which can be calculated as the average between the radius of the hub
and the radius of the rotor. In the case of a propeller, a characteristic
position that is usually used to describe the blade geometry is the radial
position of 0.7 R, which is utilized to establish comparisons between
different propeller models [10].

The experimental result extrapolation for the prototype and the numeri-
cal results are very close. This guarantees the blade design methodology
achievement. The highest Cp was reached at the maximal value of
0.3693 (8.74% under the design Cp) at a TSR of 3.5297 (~ 60 RPM).

4. Conclusions

In the work, the incidence of the skew (¢) and rake (y) angles in the
performance of a horizontal-axis propeller hydrokinetic turbine (HPHT)
was determined. The optimization process was carried out through the
RSM, which has been proven to be a powerful and practical technique
for evaluating and analyzing the behavior of a system or process at
a certain region of design. Additionally, a regression model was built
to describe with a great precision the behavior of the turbine power
coefficient (Cp) due to ¢ and y variations. The results obtained from
the optimization process showed that y has a strong incidence on Cp.
This is due to the fact that y modifies the flow characteristics, mitigating
the effects of the vortex at the blade tip. In addition, this geometric
variation produces an increase in the pressure coefficient on both faces
of the blade. The optimal value of y was -18.06°. For the specific case of
¢, it was found that the largest Cp was obtained in the range between
3 and 15°. The manufacture and characterization of a scaled model of a
HPHT designed and optimized was carried out. The maximal Cp value
for the scaled model simulations was 0.2871, which is slightly higher
compared to the Cp reached experimentally (0.2878). Nevertheless, the
displacement of the TSR at which the respective maximal values are
reached is evident, being higher for the experimental results (3.5297)
in comparison with the numerical ones (3.0159). The extrapolation of
experimental results of the scaled model to the prototype has a good
agreement with the results obtained in simulations and preserve the
behavior observed in the scaled model.

List of symbols, abbreviations and acronyms

y: Rake angle [°]

u: Dynamic viscosity [kg m/s]

w: Angular velocity [rad/s]

¢: Skew angle [°]

p: Water density [kg/m?]

: Pitch angle [°]

a: Angle of attack [°]

A: Turbine sweep area [m?2]

C: Local chord length [m]

Cp: Drag coefficient [-]

C; : Lift coefficient [-]

CFD: Computational fluid dynamics
Cp: Power Coefficient [-]

D: Rotor diameter [m]

d: Hub diameter [m]

d,: directrix leading edge distance [-]
DC: Direct current

DokE: design of experiments

F: Size correction factor [-]
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GCI: Grid convergence index

HPHT: Horizontal-axis propeller hydrokinetic turbine
N: Blades number [-]

OFAT: One factor at-a-time

P: Turbine power [W]

PWM: Pulse Width Modullation

R,: Characteristic chord length [m]

R?: Coefficient of determination [-]

Ri a4 Coefficient adjusted of determination [-]
Re: Reynolds number [-]

RSM: Response surface method

T: Torque [Nm]

TCI: Time convergence index [-]

TSR: Tip speed ratio [-]

V: Water free stream velocity [m/s]

x: Non - dimensional distance [-]
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