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Abstract: When a hydrokinetic turbine operates in a confined flow, blockage effects are introduced,
altering the flow at and downstream of the rotor. Blockage effects have a significant effect on the
loading and performance of turbines. As a result, understanding them is critical for hydrokinetic
turbine design and performance prediction. The current study examines the main and interaction
effects of solidity (¢), tip speed ratio (TSR), blockage ratio (¢), and pitch angle (6) on how the blockage
influences the performance (Cp) of a three-bladed, untwisted, untapered horizontal axis hydrokinetic
turbine. The investigation is based on validated 3D computational fluid dynamics (CFD), design of
experiments (DOE), and the analysis of variance (ANOVA) approaches. A total number of 36 CFD
models were developed and meshed. A total of 108 CFD cases were performed as part of the analysis.
Results indicated that the effect of varying 8 was only noticeable at the high TSR. Additionally, the
rate of increment of Cp with respect to € was found proportional to both TSR and ¢. The power and
thrust coefficients were affected the most by ¢, followed by ¢, TSR, and then 6.

Keywords: hydrokinetic turbine; computational fluid dynamics; solidity; blockage; particle image
velocimetry

1. Introduction

Hydrokinetic energy conversion systems (HECSs) are an appealing alternative to other
renewable energies because of their high energy density, enormous reserves, and ease of
construction. HECSs are easily deployed and do not need expensive infrastructure such as
conventional hydropower turbines. Horizontal axis hydrokinetic turbines (HAHKkTs) are a
type of HECS with their axes parallel to the flow. HAHKTs share several structural elements
and operational principles with the well-known horizontal axis wind turbines (HAWTs) [1].
They both generate electricity from a flowing medium utilizing mainly a rotor, a generator,
and a control system. Because of the parallels between the two technologies, a great
quantity of knowledge has been transferred between them. When constructing a HAHKT,
however, some key differences between the technologies should be taken into account. Stall
mechanism, Reynolds number (Re variation effect [2], the free surface effect [3-5], blockage
ratio (g) effects [6-8], and cavitation effect [8-10] are some of these differences. HAHKkTs
can also create more energy per unit swept area since water is roughly 830 times denser
than air, but they require stronger blades to handle the high loading exerted by the massive
water flux.

1.1. Hydrodynamic Parameters

Numerous factors impact the design and performance of HAHKTs, including tip
speed ratio (TSR), solidity (¢), pitch angle (6), angle of attack («), flow velocity (U), blade
number (N), and rotor swept area (A). The TSR is directly related to the a. Increasing TSR
decreases a along the blade span. It is used in stall-regulated turbines to control the turbine
loading (i.e., thrust) and performance when flow speed is high. The pitch angle is also
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used to control turbine loading and performance [11,12] but for pitch-regulated turbines.
Increasing 6 reduces « along the blade span and alters the thrust on and performance of
these turbines. The solidity is altered by adjusting the blade count or the chord length of
the blades, although changing the number of blades does have its own effects regardless
of the solidity level [13,14]. In this study, ¢ was varied by changing the chord length. In
most cases, increasing ¢ increases the turbine’s thrust and efficiency. The thrust on the
turbine continues to increase as the solidity of the turbine increases [15,16], but due to the
high flow impediment, the turbine efficiency begins to decline [12-14,17,18]. The kinetic
flux increases with increasing flow velocity, and a turbine is designed based on the range
of flow velocity at a given location. The thrust force and generated power both rise as U
increases [11,19].

1.2. Blockage Effects

When a hydrokinetic turbine operates in a confined flow, obstruction effects occur,
causing the flow around, behind, and through the rotor to change. The wake behind
the confined turbine is restrained, and the surrounding effects limit its expansion. These
surrounding effects are common in hydrokinetic turbines. In a farm environment, they
could be a riverbed /seabed, channel walls, free surface (surface between water and air), or
turbulence generated by adjacent turbines [4,5]. In general, blockage effects are caused by
either the turbine (solid blockage) or the wake (wake blockage), resulting in an increase in
dynamic pressure in the rotor region. In comparison to unconfined turbines, this increase
in dynamic pressure increases both the flow through the rotor and the exerted pressure on
blades, leading to increased loading and efficiency [5,7,20,21].

When designing and analyzing wind /hydrokinetic turbines that operate in arrays or
channels, it is critical to account for the impacts of blockage. The blockage effects should
be considered to maximize the turbine performance and reliability of both structural and
aero/hydrodynamic designs. To account for blockage effects, blockage correction models
are usually used for their simplicity. These models are commonly developed based on the
actuator disk model (ADM) [7,21-26]. The blockage correction ADM takes the blockage
ratio and thrust coefficient as inputs in order to adjust the power and thrust coefficients
of a confined rotor. While these blockage correction models do not explicitly consider
the parameters mentioned above in Section 1.1 into account, the implemented thrust
coefficient does, as these parameters have an effect on the thrust. Therefore, investigating
the main and interaction effects of these parameters is essential for a better understanding
of blockage behavior.

1.3. Previous Work

Several studies have addressed the blockage effects on wind and hydrokinetic tur-
bines, but few of them examined the interaction between the blockage and hydrodynamic
parameters rather than the thrust. Sarlak et al. [15] investigated the effects of blockage on
the wake and efficiency of HAWTs using large eddy simulation (LES). They found that
the blockage effect is proportional to the TSR. This observation agrees with the current
study. Additionally, they examined the tangential and normal forces acting on the blades
and found that these forces were influenced by the increase in blockage ratio above 5%.
Kinsey et al. [8] investigated the effects of blockage on both axial and cross-flow hydroki-
netic turbines using 3D computational fluid dynamics (CFD) simulations at high Re. They
conducted an analysis of the influence of confinement asymmetry (CA) (i.e., lateral and
vertical confinements). They found the cross-flow hydrokinetic turbines more sensitive to
CA compared to HAHkKTs. However, the power coefficient (Cp) and thrust coefficient (C)
of both technologies were deemed negligibly affected by altering CA compared to altering
the €. They also found that the Cp and Cr increased linearly with increasing the blockage
ratio when both turbines operate at a specific TSR. Additionally, they indicated that ADM
was effective in correcting the Cp and Cr of both axial and low-solidity cross-flow turbines,
but that ADM slightly underestimated the correction factor for high-solidity cross-flow
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turbines, particularly for Cr. They also stated that the performance of both types of turbines
was insensitive to the blockage when the dynamic stall is presented (i.e., at low TSR). The
same was observed in our previous study [16]; the performance was insensitive to blockage
at low TSR, but this was only for the low-solidity (¢ < 0.111) small scale HAHKTs. The
blockage effects were slightly more noticeable for the higher-solidity HAHKTs at low TSR.
According to our earlier work [16], the ADM marginally underestimated the performance
of all small-scale HAHKTSs across all solidity levels at high TSRs. This overestimation was
attributed to the high rotational speeds used by the small-scale rotors to obtain these high
TSR values, which caused them to enter the braking state [27,28]. At this brake state, the
correction model derivation may not be accurate. Madrigal et al. [17] utilized a shear-stress
transport (SST) k-w turbulence model to examine the effects of the solidity on an off-design
performance of an axial water turbine. The solidity was controlled by altering the num-
ber of blades; however, blade number alteration has its individual effects regardless of
solidity level [13,14]. They claimed that Cp at the peak increased by 2% for each added
blade, but the effect of increasing the blade number above a specific reference number
was insignificant. The range of operational TSR shrunk, and the peak shifted to lower
rotational speed as the number of blades increased. Kolekar and Banerjee [5] investigated
the influence of boundary proximity and blockage on the performance of HAHKTs using
experimental and computational techniques. They found that the effective blockage ratio
started at 10%. Additionally, the TSR range was extended as the blockage ratio increased
from 10% to 42%. Additionally, they observed that the blockage effects increased when the
TSR was increased, owing to the increased wake strength and bypass flow. The current
study exhibited a similar pattern of behavior. Increased flow velocity increased perfor-
mance slightly, but only to 0.7 m/s. The Cp vs. TSR curve was shown to be insensitive to
flow speeds greater than 0.7 m/s [5] (the speed employed in this study was U = 1.5 m/s).
Kolekar and Banerjee [5] investigated the influence of boundary proximity and blockage
on the performance of HAHKkTs using experimental and computational techniques. They
found that the effective blockage ratio started at 10%. Additionally, the TSR range was
increased as the blockage ratio rose from 10% to 42%. Additionally, they observed that the
blockage effects increased when the TSR was higher, owing to the increased wake strength
and bypass flow. The current study showed a similar pattern of behavior. Increased flow
velocity increased performance slightly, but only to 0.7 m/s. The Cp vs. TSR curve was
shown to be insensitive to flow speeds greater than 0.7 m/s [5] (the speed employed
in this study was U = 1.5 m/s). As with [8], Badshah et al. [29] utilized validated CFD
simulation to demonstrate that altering the blockage ratios had a negligible effect on the
HAHKTs performance when operating at low TSR. Similar to [5,15], they discovered that
the effect of adjusting the blockage ratio increased as the TSR rose. Additionally, they
discovered that blockage ratios less than 10% are regarded as ineffective for modifying the
HAHKTs performance. Schluntz and Willden [30] optimized the design of closely spaced
tidal turbines operating in arrays using a coupled blade element momentum (BEM) ap-
proach embedded in a Reynolds averaged Navier-Stokes (RANS) model. The optimization
technique took into account the blockage ratio effects, which were controlled by varying
the lateral tip to tip distance. The improved rotors performed optimally at the maximum
blockage ratio (i.e., at smallest lateral spacing). The optimal solidity of optimized rotors
was determined to be inversely proportional to their spacing. Local blade twisting was
found to be less responsive to changes in local blockage, albeit it did decrease slightly as
the space between rotors was decreased (i.e., increasing the blockage). In the current work,
validated CFD simulation and design of experiments (DOE) approaches were utilized to
comprehensively investigate the effects of different parameters on blockage behavior. The
independent parameters considered in the current blockage investigation are the blockage
ratio (g), solidity (c, varied by changing chord length), tip speed ratio (TSR), and the pitch
angle (6). These parameters affect the blades’ loading and turbines’ performance and will
likely affect how the blockage behaves. The objective of this study was to fill a gap in the
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literature by providing a comprehensive insight into the main and interaction effects of
these independent parameters on the thrust and power coefficients of the HAHKkTs

2. Hydrokinetic Turbine Principle Definitions

The efficiency of a hydrokinetic conversion device is characterized by its power or
power coefficient. HAHKTS, in particular, fundamentally have a low efficiency, which is a
major barrier to commercialization [31]. Improving the performance of a HAHKT necessi-
tates an understanding of several interacting design parameters, such as those mentioned
earlier. In addition, the efficiency of HAHKT is influenced by the blockage intensity and
flow characteristics (e.g., free-stream velocity average and free-stream turbulence). This
section serves to define some of these important parameters.

The power (P) a turbine generates is the product of rotor moment and the rotor

angular velocity
P = MO 1)

where M is the moment of the turbine (N-m), and () is the turbine angular velocity (rad/s).

The power coefficient (Cp) is a dimensionless parameter that measures the turbine’s
performance. Itis calculated by dividing the harnessed power by the kinetic energy crossing
perpendicularly the rotating rotor

P

Cp=q—"
ZolB
2pllA

@

where p is the water density (kg/m?), U is the flow speed (m/s), and A is the rotor swept
area (m?).

The thrust coefficient (Cr) is also an important dimensionless factor in turbine design.
It is calculated by dividing the thrust force exerted on the rotor (T) by the dynamic pressure
force acting perpendicularly on the rotor’s plane of rotation

T
Cr=y ®)
2O
5 elU*A
The rotor moment coefficient (Cp) is defined as follows
M
Cm=1—— 4)

where R is the rotor radius.
The tip speed ratio (TSR) is used to control stall-regulated hydrokinetic turbines. TSR
is calculated by dividing tangential speed at the blade tip (2 R) by the flow speed, and is

calculated as QR
TSR = —
- ©)

Another important factor to consider when designing an axial turbine is turbine
solidity. Solidity is a measure of the working surface of the turbine blades. Increasing the
solidity can increase the turbine’s moment up to a limit where the flow impedance through
the rotor becomes high and the moment starts to decline again. Therefore, a turbine should
be designed to have an optimal solidity to improve its efficiency. Solidity is calculated as

Nc
r=5= 6)
where N is the number of blades and c is the chord length.
The sectional pitch angle (6,) is the angle formed between the sectional chord of the
blade and the rotational plane. Pitch angle is another approach to alter generated power in
pitch-regulated turbines. Pitch angle is also utilized in adjusting twists along the span of

optimized blades.
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The sectional angle between the local relative flow velocity (U, ,;) and the sectional
chord (c;) of the blade is termed the local angle of attack (Ua,) and is given as
o = O, — 0, 7)

where the subscript r denotes the radial location and ; is the angle between U, ,,; and the
rotational plane. This local angle, &, is calculated as follows.

(1-a)u
Or = arctan(W ’ (8)
where « and «’ are, respectively, the axial and tangential induction factors. Figure 1 is a
schematic demonstration of all the sectional angles discussed above.

Rotational Plane

Figure 1. Pitch angle, angle of attack, and incoming flow angle at a section located at r radial distance
from the rotor center.

The blockage in turbines occurs when turbines operate in confined flows. Blockage
increases the flow speed through the turbine and alters its efficiency [7,20]. The blockage
intensity is designated by the blockage ratio (¢) which is calculated as follows

A
e = —— x100% )
Af
where is A turbine’s swept area and Ay is the cross-sectional area of the flow domain the
turbine operates in.

3. Computational Fluid Dynamics

The turbine operating under various configurations was numerically analyzed using
the Reynolds-averaged Navier—Stokes (RANS) turbulence model in conjunction with the
moving reference frame technique to conduct the parametric assessment of blockage effects
on turbine performance. The simulated turbine geometry, mesh, and used turbulence
model are discussed in this section.

3.1. Geometry and Meshing

The rotor used had three blades. The selected hydrofoils for the blades were Eppler 395.
The Eppler 395 hydrofoil was chosen due to its high lift (C;) to drag (Cj) ratio [32]. The
blades were untwisted and untapered. The untwisted, untapered blades were used to
reduce the number of factors altering the turbine performance and consider only those that
may affect the blockage behavior. The rotor radius was 15.557 cm (6.125 in.), blade length
was 13.970 cm (5.5 in.), and the hub radius was 1.587 cm (0.625 in.). This work considered
different chord lengths to study o effects on the blockage behavior and eliminate the effects
introduced if the solidity was varied by altering the number of blades.

The computational domain had an inner rotor domain and an outer flow domain. The
outer flow domain cross-sectional dimensions were varied to alter ¢ for the parametric study
of the blockage effects. Within the outer flow domain, a cylindrical block corresponding to
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the inner rotor domain (colored green in Figure 2a) was removed to provide room for the
inner rotor domain to be added later. This cylindrical block and the outer flow domain were
concentric for all cases except for the validation case where this block was positioned at the
same depth as the actual tested turbine. The outer flow domain has a streamwise length of
approximately 35 rotor diameters (35 Dia.). The distance between the flow domain entrance
and the rotor domain cylindrical block was a 10 Dia. Length.

Figure 2. Structured mesh of (a) outer flow domain near the rotor location and (b) one-third of the
rotor domain (blue planes were established to show the mesh characteristics).

Only one-third of the rotor was constructed each time utilizing both MATLAB and
ANSYS 19.1/ICEM. MATLAB was used to ease altering the geometrical data of blade pitch
angle and chord length. The blocking technique in ICEM can provide an easy way of
building structured hexahedral meshes. Therefore, it was employed to construct the inner
rotor domains and the outer flow domain volumes. The grids were assigned to the edges
of the blocks of the two domains, with denser grids set near the rotor surfaces. Finally, the
hexahedral mesh was generated and inspected for its quality. Figure 2a,b show a meshed
outer flow domain and meshed one-third inner rotor domain, respectively.

All the meshed domains (the three domains of the inner rotor and the domain of
the outer flow) were combined in ANSYS 19.1/Fluent for solving. Because the entire
computational domain comprised both stationary (Q2 = 0) and moving fluid regions, non-
conformal interfaces were created to divide them. The non-conformal interface allowed for
an efficient linking between neighboring blocks by transferring flow properties between
non-matched nodes when the moving reference frame (MRF) approach was implemented.
The flow properties could be determined because the interfaces allowed for the passing of
the velocity and velocity gradient. Table 1 below lists all specifications of the hydrodynamic
and design parameters that were considered in this work.

Table 1. Geometrical dimensions and operational specifications.

Geometry/Operation Type Specification
Hydrofoil Eppler 395
Number of blades (N) 3 blades
Rotor radius (R) 15.557 cm (6.125 in.)
Chord length (c) 1.676, 3.81, 6.35 cm (0.66, 1.5, 2.5 in.)
Rotor solidity (o) 0.0504, 0.115, 0.191
Pitch angle (6) 5°,10°, 15°,
0.197, 0.241, 0.341, 0.762 m (7.746, 9.487,

Flow domain circular cross-section radius 13.416, 30 in.)

Flow velocity (U) 1.5m/s
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3.2. Turbulence Modeling
3.2.1. SST k-w Model

The SST k-w turbulence model, developed by Menter [33], was used to solve the
RANS equations for evaluating the turbine’s performance. The SST k-w model can manage
the adverse pressure gradient and stalled flow; therefore, it is widely used for simulating
wind and water turbines [14,34-37]. This enables the model to reliably estimate the stalling
characteristics that dominate the suction side of the blades when the rotor is operating
at optimum conditions [35]. The degree of eddy viscosity in the wake determines the
ability of turbulence models that employ the eddy viscosity technique to anticipate the flow
separation generated by a strong adverse pressure gradient [33]. Controlling the eddy vis-
cosity within the wake region of the boundary layer (BL) in unfavorable pressure gradient
regions requires preserving the proportionality between the principal turbulent shear stress
and turbulent kinetic energy. [33,38]. To overcome the shortage of two-equation models
calculating the separation caused by the adverse pressure gradient, the eddy viscosity
formulation in the SST k-w model was adjusted to account for the principal turbulent shear
stress transport effects. The shear-stress transport k-w model incorporates the k-w model
at wall vicinity BL and switches to a modified k-¢ model at far-field regions [14,33]. The
SST k-w model governing equations are given by

a — — "
g(pk) + V- <pkll> =7;VU — B pwk + V-[(p + oppt) VK], (10)

— —
9 (pw) + V- <pwu> = L5, VU - Boaw? + V - [(pt + owpt) V]
+2(1 = F)pow2 £ VkVw,
where Fj is blending function used to switch between the two models, i is the dynamic
viscosity, y; is the turbulent eddy viscosity, k is the turbulence kinetic energy, w is the

specific dissipation rate, and B*, 0}, 0w, and -y are the model’s constants. Tjj is Reynolds-
stress tensor and is calculated as

2 du 2
Tij = pt <25ij e 5ij) — 70k (12)

(11)

3 0x; 3
where J;; is the mean strain-rate tensor. The definitions of the other variables and constants
presented in the model’s equations can be found in the original work [33].

3.2.2. Moving Reference Frame

The flow around any rotary machine becomes unsteady when observed from a station-
ary reference frame. Additionally, centrifugal forces in the rotating turbines accelerate the
radial flow along the blade’s span. Similarly, the Coriolis forces accelerate the flow along
the blade’s chord. This change in the flow behavior affects the stall mechanism [39,40].
The numerical modeling of HAHKTs becomes challenging when these rotating effects are
combined with the turbulent flow, and solving the turbulent model’s governing equations
in a stationary frame of motion necessitates a great computational effort [14,41]. To mitigate
these rotational effects, the turbulence model incorporated the MRF approach, so flow
around the operating rotor is steady with respect to this moving frame. The MRF equa-
tion (Equation (14)) is formulated to have additional terms that account for the rotational
forces [42].

When a turbine operates at a constant rotational speed, (2, and with a zero yawing
angle with respect to a steady incoming stream, then MRF equations using relative velocity
formulation are as follows [14,43,44]

_>
V- U, =0 (13)

9 — - = - = — -
at(puml>+v'(purelurel>+P<2ﬂxurel+QX Qx 7’>:—VP+V'TW (14)
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- =
where U, is the relative velocity defined as U,,; = U — ) X 7. The centrifugal forces and

= = - =
Coriolis forces in Equation (14) are accounted for by p <2 Q x Ur) andp( Ox Qxr >
terms, respectively. The term V p represents the pressure gradient, and the term 7, describes
the viscous stress tensor, which is calculated as
— —T 2 —
Tr:(y-l-yt)KVll—i-VU >—§v-u1], (15)
where [ is the identity tensor.

3.2.3. Model Setup

The CFD simulation was performed using ANSYS 19.1/Fluent commercial software.
The flow was considered steady and incompressible. Figure 3 illustrates the boundary
conditions of a hydrokinetic turbine operating in an outer cylindrical confined flow. Part of
the outer flow walls and some of the interfaces around the rotor were hidden to provide a
better illustration.

Noving walls (no-skp BC g Uniform inlet velocity
'and zerorelative velocgt)y) - ..
Interface of the moving

domam [ Stationary wals (no-sip BC)

jj Pressure cutiet (2ro gage pressure)

Figure 3. CFD computational domains with assigned boundary conditions.

The water tunnel inlet was positioned about 10 rotor diameter (dia.) upstream the
rotor and was given a uniform velocity of 1.5 m/s. This velocity was within the practical
range of typical sites for the deployment of hydrokinetic turbines [45]. The inlet’s turbulent
intensity (I;;,) was set to 1%. The inlet’s turbulence length scale (I;;;,) was set such that
l;; = 0.07 x c, where c is the chord length. The outlet was located 25 dia. downstream of
the rotor. The outlet turbulence length scale (/,,:) was given a value similar to I;;,. For the
implementation of the MRF method, the inner flow domains neighboring the blades were
adjusted to a rotational frame of motion and given a rotational speed similar to the rotating
rotor. Other BCs are defined in Figure 3.

The flow governing equations were solved using second-order upwinding discretiza-
tion schemes. The resolving for velocity and pressure was achieved in a coupled manner
using the coupled scheme. The convergence for all solution variables was reached when
residuals were less than 5 x 1072 and when the moment, thrust, and mass flow were settled.

3.3. Grid Independent Investigation

The effects of mesh size on the final solution were investigated. The goal was to locate
the optimum mesh resolution that yields less change in the solution while reducing the
computational effort studied. The size of the mesh of the rotor with the largest chord length,
¢=6.35cm (2.5in.), and a pitch angle of § = 10° was altered, and its moment coefficient (Cys)
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was documented. The rotor was operated at a flow speed of 1.5 m/s and a rotational speed
of 376 RPM. The residuals were decreased below 5 x 10~ if the moment and thrust did not
converge. The initial wall spacing of the blade surfaces (Ay,) was maintained at Ay, =~ 1
to resolve the boundary layer (BL). The optimum rotor mesh size was approved at around
4.06 million elements (The total model element number, including outer domain, was about
6.171 million). At this mesh size, the resulting change in Cp; was about 0.019% when the
rotor domain grid was uniformly increased from 4.06 million to 7.322 million elements.
Increasing the mesh size larger than 4.06 million elements did not yield a noticeable change
in Cy;. For this optimum mesh size, the number of grids along the hydrofoil was 110.

3.4. Experimental Validation

Three blades with a chord length of 1.676 cm (0.66 in.) were manufactured of composite;
then, the rotor was assembled and operated in the water tunnel to validate the power and
thrust coefficients predicted using CFD with the k-w SST turbulence model. The details of
the experimental setup for measuring power and thrust coefficients are discussed in [16].
The pitch angle was set to 20°, and the flow speed was set to 0.91135 m/s. This pitch angle
of 20° was selected to decrease the blades bending under the flow forces. The rotor radius
was 15.557 cm (6.125 in.), and the blockage resulting from placing this rotor in the water
tunnel was around & = 41.35%.

In Figure 4a, due to the stall delay, the Cp versus TSR curve did not experience a
decline in its magnitude as TSR decreased. The stall delay caused a longer span of the
blade to operate at angles of attack below the stall angle [46]. Consequently, as the applied
load on the turbine increased and reached a value more significant than the turbine’s
generated torque, the rotor came to a halt. The validation results in Figure 4a show that
the Cp satisfactorily agreed with the water tunnel measurements. The Ct was slightly
underestimated and then likely overestimated as TSR decreased from 4.54 to values less
than 3.75 (Figure 4b). The close match of the steady RANS results to the experimental
measurements provided confidence in the steady approach. Therefore, it was used in the
study of the blockage effects on the turbine performance.

0.3f ‘ ' : | ‘ —
(@) ¢ C_ (Experiment) 05"t (b) ¢ C. (Experiment)||
0.25| —@-C,, (CFD) ] —@-C, (CFD)
04r 1
0.2 ]
o \) — 03] W o
O 015} | g
011+ 0.2
0.05 + 017 1
0 ‘ ‘ ‘ 0 ‘ ' ‘ '
2.5 3.5 4 4.5 5 25 3 3.5 4 4.5 5
TSR TSR

Figure 4. Validation of the (a) power and (b) thrust coefficients predicted using k-aw SST model.

4. Evaluating the Operational Rotational Speed

Before the start of running the 3D CFD cases for the blockage effect investigation, it
is essential to define the range of the operational rotational speed (Q2) or tip speed ratio
(TSR) within which the selected rotors with different solidities (different chord lengths)
operate. These ranges of () or TSR for the selected rotors were evaluated using a modified
blade element momentum (BEM) model [47]. The BEM theory is a very common tool used
in predicting the performance of unconfined HAWTs due to its relative simplicity and
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minimal computational efforts compared to the higher fidelity CFD methods. BEM theory
can only be used to evaluate the turbine performance in open flows; therefore, it was not
considered any further in the blockage effects study. Several textbooks and papers report a
detailed discussion of the BEM theory derivation and employed corrections [1,48-52].

The hydrodynamic characteristics (C; and C;) for all used chord lengths required
by the BEM model were obtained from 2D CFD models utilizing the SST k-w turbulence
model. The angle of attack, o« (o« = 6 in 2D flow), was altered by rotating the meshes of the
hydrofoil and the surrounded flow domain from —10° to 30° with an increment step of
1°. The boundary conditions for this 2D CFD model are illustrated in Figure 5. The flow
speed at the inlet was set at 1.5 m/s, which was the same flow speed considered in the
blockage investigation. To account for the rotational and 3D effects, the C; and C; were
modified using models from [53] and [54], respectively. These rotational and 3D effects
were made based on a hydrofoil located at 80% of the considered blades spans as this was
the recommended design span [41]. The modified C; and C; were then extrapolated over a
broad range of o (£180°) using the Viterna model [55]. This broad range of o is needed by
the BEM model while searching for the solution parameters iteratively.

. Hydrofoil rotary wall

Velocity-inlet

B Pressure-outlet

Flow domain

B Rotary flow domain
(rotating mesh)

Figure 5. Two-dimensional CFD model mesh and boundary conditions.

The BEM prediction of Cp for the different considered rotors is shown in Figure 6a.
The BEM prediction of a rotor with a blade chord length of 6.35 cm (2.5 in.) was verified
against 3D CFD unconfined model (¢ = 4.168%), and the results are shown in Figure 6b.
The blockage ratio of ¢ < 5% is considered effectively unblocked [21]. The BEM slightly
underestimated the Cp peak and then started to overestimate Cp as TSR increased. This
was likely attributed to the used 3D effects correction models, which were considered
at one representative radial location (radial location(r) /rotor radius (R) = 0.8) and using
one representative rotational speed (( = 200 RPM). Additionally, the 3D correction model
is designed for larger blades where the aspect ratio (r/c) is less than one over most of the
blade span.

Because the range 0 < TSR < 6 encompasses the operational TSR range of all the
turbines when operated in an unconfined flow (Figure 6a), the values of TSR selected for
this study were 1.563, 2.865, and 4.167. These operational TSRs will not be significantly
altered by the blockage increase [5,16].
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Figure 6. (a) BEM results show the range of operational TSR in an unconfined flow and (b) BEM
prediction of the rotor with a chord length of 6.35 cm verified against 3D CFD unconfined model.

5. Experimental Design

The effects of several hydrodynamic and geometric parameters and their interactions
on the blockage behavior and, consequently, on the turbine performance were quantitatively
evaluated using a validated 3D CFD model and design of experiments (DOE) approach.
The change in Cp and Cr (i.e., ACp and ACr) as a result of the blockage effects were the
response variables of the DOE and are defined in Equation (16).

Acx = Cxconfined - Cxuncunfined’ (16)

where x stands for either power or thrust, AC, is the response variable, Cy_ fined and

Xunconfined AT€ the coefficients when a turbine operates in confined and unconfined flows,
respectively. The independent parameters (factors) considered in the DOE study are
blockage ratio (¢), solidity (o, varied by changing chord length), tip speed ratio (T'SR),
and the pitch angle (9). These parameters affect the Cp and Ct and are likely to affect the
blockage behavior. A full factorial DOE investigation was considered with four parameters
and three levels per each. This required 81 3D CFD runs (3* = 81). The considered
parameters and their levels are listed in Table 2.

Table 2. Independent variables with their magnitudes.

Parameters
Levels
£ (%) s 6(°) TSR
Low 20.842 0.0504 5 1.563
Medium 41.684 0.115 10 2.865
High 62.533 0.191 15 4.167

The same levels of ¢, 8, and TSR are considered for the unconfined rotor case with
€ =4.168% (¢ < 5% is considered effectively unblocked [21]). This increased the number of
3D CFD runs to 108. Additionally, the total number of meshed models for all cases was 36.
These unconfined cases served as a baseline to calculate the response variables (ACp and
ACT) due to blockage effects.
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6. Results and Discussion
6.1. Influence of the DOE Parameters on the Blockage Behavior

The influences of the blockage ratio, solidity, pitch angle, and tip speed ratio on how
the blockage affects the turbine performance are studied in this section. Based on the BEM
results in Figure 6, the operational TSR (TSR at the Cp peak) for the rotors with ¢ = 6.35 cm
(0 =0.191) and ¢ = 3.81 (0 = 0.115) was insensitive to the alteration of 6. Thus, for these
rotors, when comparing performances within the selected range of TSR, the possibility of
the change in performance due to the shifting of the Cp vs. TSR curve is eliminated. For
this reason, this work started the analyses of the DOE parameters using the rotor with the
highest solidity (c = 0.191).

Response surfaces that represent the change in performance, Cp, of the highest solidity
rotor with varying tip speed ratio, TSR, and blockage ratio, ¢, are represented in Figure 7.
Each response surface was generated at a fixed pitch angle, 6. Different edge colors
were used to differentiate between the surfaces. The intersections between surfaces were
indicated by parallel curves that were given the same colors as the edges of the intersecting
surfaces. This was also illustrated in the legend of Figure 7. This figure shows that the
blockage effects on the turbine performance increase with increasing TSR for all pitch
angles. Figure 7 also shows that the surface that represents 6 = 5° was the most affected by
the blockage as indicated by the surface with the red edges. This surface changed from the
lowest Cp to the highest Cp as the TSR and ¢ increased. Additionally, the performance of
this high solidity rotor when 6 = 5° and 10° was larger than unity (i.e., Cp > 1) at the extreme
level of confinement and highest rotational speed. This was caused by the large increase
in the kinetic flux passed through and around the highly confined rotor. Meanwhile, the
power coefficient was calculated via normalizing the extracted power from the augmented
confined kinetic flux by the kinetic flux at the upstream undistorted region (i.e., unconfined
environment).

0.4 0.6 0.8 1 1.2

1.5 1
1_
28
®)
0.5 1

s 0=5° surface edges
s  O=]0° surface edges
s 0=]5° surface edges

B 6-5° &10° surfaces
intersection

B 0=10° &15° surfaces
intersection

B 0-5° &15° surfaces
intersection

Figure 7. Response surfaces show the effect of € and TSR on the performance of the highest solidity
rotor (¢ = 0.191) configured with different pitch angles.

For simplified illustration, the change in Cp with TSR and 6 is presented for each
blockage ratio separately in Figure 8. The increase and then decrease in Cp as TSR increase
in Figure 8a,b indicates that the Cp peak was located within this range of TSR. On the
other hand, this pattern of increase and decrease in the Cp curve is not observed or less
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pronounced in Figure 8c,d, which indicates that the Cp peak was not within this range of
TSR at these relatively high levels of e. The increase in the blockage caused a slight shift
in the Cp peak to higher TSRs. This was attributed to the fact that increasing the blockage
(i.e., decreasing the tunnel’s cross-sectional area) augmented the flow around the rotor.
Because the TSR range was fixed, the angle of attack increased (see Equations (7) and (8)),
and thus larger portions of the blades’ spans were stalled. The rotors need to rotate faster to
bring the angles of attack along the blades at or below the stall angle. This means the rotors
need to operate at higher TSR to reach the Cp peak. Additionally, in Figure 8a—d, it is clear
that at the highest TSR, the smaller the 6, the faster the Cp increased with increasing the .

£=4.168% € =20.842%

05 1 075" : ‘ —
~4-9=5° (a) ~4-9=5° (b)
~0-9=10° ~0-9=10°

. 6=15° NI
O 025 [ 'O '/
0.25 ]
0 0 ‘
0 1 2 3 4 0 1 2 3 4
TSR TSR
€ = 41.684% £=62.526%
1.25¢ : —

—-p=5° 1.75 | |~9—p=5° (d)
1T-e-p=10° 1.5 H-8-p=10°

(c)
o 075 L 0=150 / | o 125 9=150 / ]
O / 8 1 1
3 4

05 075 y
u/ 0.5 /

257
0-25 0.25

0 1 2
TSR TSR

Figure 8. Change in Cp with varying the TSR and 6 plotted at different ¢ of (a) 4.168%, (b) 20.842%,
(c) 41.684%, and (d) 62.526% for rotor with the highest solidity (o = 0.191).

To further understand how varying 6 influences the blockage effects on Cp, the re-
lationship between Cp vs. & was plotted for all pitch angles at fixed TSRs. The results
are shown in Figure 9. The ACp in the legend represents the change in performance due
to changing the blockage from & = 4.168 % to & = 62.533%. The similar curves slope in
Figure 9a,b indicates that varying 6 has insignificant effects on how the blockage alters the
turbine performance at this relatively low range of TSRs. When TSR = 1.563, the change
in ACp as a result of varying 6 was 0.08 (e.g., ACp(y_15°) — ACp(y_5) = 0.08) as seen in
Figure 9a. The change in ACp caused by changing 6 was 0.07 when TSR = 2.865 (Figure 9b).

Referring to Figure 6b, which shows the performance of the unconfined high solidity
rotor, The TSR of 1.563 is located at the stalled region. At this stalled region, any increase in
flow speed as a result of increasing the blockage will make the flow separation at the suction
side of the blade worse. In Figure 9a, the increase in 6 at this TSR was not large enough
to bring the range of angles of attack along the extremely stall-dominated blade to values
close to or below the optimum angle of attack (stall angle). Therefore, the performance was
unresponsive to 6 variation as the blockage increased.
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Figure 9. Effect of 6 on how ¢ alters Cp of the highest solidity rotor (o = 0.191) operating at different
TSRs of (a) 1.563, (b) 2.865, and (c) 4.167.

The TSR = 2.865 was located slightly at the right of the Cp peak (Figure 6b). The
separation also existed at this TSR but with less intensity and covered a relatively smaller
portion of the blade span for this unconfined rotor [46]. To examine the effects of the
blockage ratio and angle of attack on flow separation and thus analyze the results in
Figure 9b, Figure 10 was generated. Figure 10 utilizes surface streamlines to detect the
flow behavior. The fully attached flow at the blade outboard is denoted by a red dot at
the leading edge (LE) and an orange dot at the trailing edge (TE). Only Figure 10c does
not have the red dot because the flow is not fully attached to all LE span. The percentage
numbers represent the ratio of the radial distance to the rotor diameter (r/R). Increasing
the pitch angle resulted in expanding the area of the fully attached flow, as observed when
comparing Figure 10a to Figure 10b or Figure 10c to Figure 10d. However, the Cp was still
insensitive to 0 alteration (Figure 9b), which is similar to the previous lower TSR. This was
likely due to the insignificant effect of the change in lift and drag coefficients at the regions
of fully and partially attached flows. However, ACp at this TSR was more significant than
in the previous case (TSR = 1.563). The increase in blockage augmented both the flow and
the angle of attack (see Equations (7) and (8)). Therefore, as ¢ increased, the fully attached
flow covered a smaller outboard region of the blade; this can be observed when comparing
Figure 10a to Figure 10c or Figure 10b to Figure 10d. However, the rise in the lift due to the
increase in blockage and thus flow speed (e.g., increase in Reynolds number) outperformed
the decrease in the lift due to the increase in flow separation. Therefore, the ACp when
TSR =2.865 (Figure 9b) improved compared to that when TSR = 1.563. The increase in lift
coefficients along the blade due to the increase in blockage when TSR = 2.865 and 6 = 10°
was verified by monitoring the change in moment coefficient (Cys). The Cp; increased from
0.111 to 0.31 as ¢ increased from 4.168% to 62.533%.

The improvement in ACp was more pronounced when TSR was 4.167, as indicated by
the slopes of the lines and the legend in Figure 9c. This TSR is located at the right side of
the Cp peak (see Figure 6b), where the fully attached flow covered a larger portion of the
blade than the previous TSRs. Therefore, the increase in blockage augmented the angles of
attack along the blade to levels close to the optimum value, and thus the ACp was larger
compared to the lower TSRs. It was also observed that varying the pitch angle affects
the blockage behavior at this TSR of 4.167. The pitch angle of 15° had the lowest ACp as
blockage increased. That was because ¢ = 15° caused the angles of attack along most of the
blade span to decrease to values below the optimum angle of attack, which lowered the lift
and, thus, the moment.
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Figure 10. Surface streamlines on the suction side of the highest solidity rotor (c = 0.191) operating
at TSR = 2.865: (a) € = 20.842% & 6 = 5°, (b) € = 20.842% & 6 = 15°, (c) € = 62.533% & 6 = 5°, and
(d) e =62.533 & 6 = 15°.

The other blades with smaller chords showed similar behaviors as in Figure 9a—c but
with smaller ACp as solidity decreased.

The individual effect of TSR on blockage behavior was also investigated, and results
are shown in Figure 11. For all considered pitch angles, the rate of increment of Cp
with respect to € increased with increasing the TSR (i.e., ACp is proportional to TSR).
The proportionality between blockage effects and TSR (i.e., rotational speed) was partly
attributed to the augmented wake turbulence and elevated bypass flow [5]. The blockage
that influences the performance of a confined turbine comprises both the rotor blockage
and wake blockage [56], where the latter is mainly affected by rotor rotational speed.
The increase in rotational speed results in a stronger wake boundary and stronger wake
blockage [5], which further enhances the kinetic flux and thus the turbine performance.
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Figure 11. Effect of TSR on how ¢ alters Cp of the highest solidity rotor (o = 0.191) that pitched to
different 0 values of (a) 5°, (b) 10°, and (c) 15°.

The lowest TSR of 1.563 showed minor Cp enhancement (i.e., ACp was very small)
as the blockage increased. As the flow speed increased with increasing the blockage and
as the turbine started to decrease its rotational speed under loading, the stall started at
the inboard region of the untwisted blades and then propagated towards the tip under
Coriolis and centrifugal force effects [40,57]. The large stall-dominated portion of the blade
span at this low TSR caused a drop in the lift, which unfavorably affected the turbine
performance. As rotational speed increased, the range of angles of attack along the blade
span was lowered, where angles of attack were smaller towards the tip. That means as TSR
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increased, the separation became less intense and covered a smaller portion of the blade,
mostly at the inboard segment. Thus, at the elevated TSRs, as the flow speed increased
due to increased blockage, an increasing portion of the outboard of the blade had angles
of attack that increased to levels below or near the optimum angle, which enhanced the
performance (i.e., ACp increased).

It was also observed that as pitch angle increased, the deviation between the TSR lines
representing the Cp vs. € decreased. Because a larger portion of the blade span was stalled
at TSR = 2.865, the line slope was affected less by increasing the § compared to TSR = 4.167
(this was explained in Figure 9 discussion). The slope of the TSR = 4.167 line was decreased
the most and approached the slope of the TSR = 2.865 line as the pitch angle increased to
15°. This was again due to the decrease in the angles of attacks below the optimum value.

The other blades showed similar behaviors; the larger TSR, the higher the performance,
though the slopes of TSRs lines tended to decrease with decreasing the solidity. Addition-
ally, the plots are not included as solidity effects are discussed in the following figure.

The effect of solidity on turbine performance operated at different levels of confinement
was also investigated and presented in Figure 12. Because the blockage has insignificant
effects at a TSR of 1.563, this low TSR was not included in Figure 12. It was observed that
the blockage effects increased with increasing solidity. The ACp was proportional to ¢, and
this proportionality increased with increasing TSR. For TSR of 2.865 (Figure 12a—c), the
highest solidity rotor (o = 0.191) showed the highest values of ACp for all pitch angles while
the lower solidities (¢ = 0.0504 and 0.115) showed minimal values of ACp at all pitch angles.
The ACp with a negative sign in Figure 12a indicates a slight decrease in performance due
to increasing the blockage for this lowest solidity rotor with a pitch angle of 5°. This was
due to the increase in stall effects as a result of increasing the U/wr ratio.
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Figure 12. Effect of o on how ¢ alters Cp at: (a) TSR = 2.865 & 6 = 5°, (b) TSR = 2.865 & 6 = 10°,
(c) TSR =2.865 & 0 =15°, (d) TSR = 4.167 & 0 =5°, (e) TSR = 4.167 & 6 = 10°, and (f) TSR =4.167 &
0 =15°.
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The increase of blockage effects with increasing solidity was more pronounced at a
TSR of 4.167 (Figure 12d—f). Additionally, the performance of the highest solidity rotor
(0 =0.191) changed from the poorest to the highest as ¢ increased from 4.168% to 62.533%
for all tested pitch angles. A rotor with higher solidity (larger chord length) has a larger
lift surface yet experiences a higher flow impedance through its swept area. Therefore, the
kinetic energy passing the unconfined highest solidity rotor was the lowest, which was
reflected in the poor performance. As the flow increased due to the increase in the blockage,
the passing kinetic flux increased, and the performance of the highest solidity rotor with
the largest lift surface improved the most for all tried pitch angles (Figure 12d-f).

6.2. Analysis of Variance of the DOE Parameters

The effects of the hydrodynamic and geometric parameters on the blockage behavior
were quantitatively evaluated using analysis of variance (ANOVA). The null hypothesis
considered in this study assumes that the change in factors’ levels (i.e., levels of ¢, €, 6, and
TSR) does not have a significant effect on the response variables (i.e., ACp and ACr). If
ANOVA output, p-value, is less than a predetermined significance level (0.05 used in the
current study), the null hypothesis is rejected, concluding that: a change in at least one of
the treatment combinations (i.e., a set of factors’ levels) results in a statistically significant
change in ACp or ACt. This helps to identify which of the selected factors and factors’
interactions affect the blockage behavior.

The p-value of the model in Table 3 is smaller than 0.05, indicating that the model is
significant, and the null hypothesis can be rejected. Moreover, the statistical significance
of the effect of the four factors and their interactions on ACp were tested, and results are
also listed in Table 3. The p-values for all linear terms are less than 0.05, indicating that
their effects on ACp are statistically significant. For the 2-way interactions, only the p-value
from the interaction between blockage and pitch angle (¢*6) is greater than 0.05; therefore,
this interaction does not significantly affect the response variable, ACp. All other 2-way
interactions have p-values less than 0.05; therefore, their effects on ACp are statistically
significant. For the 3-way interactions, both o*¢*0 and €*0*TSR interactions do not have a
significant effect on the response variable, ACp, while c*e*TSR and c*6*TSR interactions do.

Analysis of variance for the effects of the design parameters on the other response
variable (ACt) was conducted and presented in Table 4. The p-values for all model, linear,
and 2-way interactions terms are less than 0.05, indicating their statistically significant
effects on ACt. The 3-way interactions terms also have p-values less than 0.05, and their
effects are statistically significant, except the term e*6*TSR, which has p-values of 0.143.

The 4-way interactions were not included initially to prevent the model from being
saturated (i.e., not enough degrees of freedom for error). However, when a 3-way inter-
action term was excluded, the 4-way interactions showed p-values greater than 0.05 for
both ACp and ACr. This means the 4-way interactions do not have significant effects on the
response variable.

Figure 13 shows the main effects plots to inspect differences between levels and means
for every factor. If various levels of a given factor influence a response variable differently,
then the main effect for that factor exists. In other words, if a line in Figure 13 is tilted, then
the main effect exists. The steeper the line, the larger the main effect is. From Figure 13,
solidity, blockage ratio, and tip speed ratio have proportional relationships with ACp and
ACt. However, the pitch angle is inversely proportional to ACp and AC7. The order of the
main effect intensity of the factors on both response variables is such that solidity has the
highest effect, followed by blockage ratio, tip speed ratio, and then pitch angle, which has
the least effect on ACp and ACr.
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Table 3. Analysis of variance table for the effects of selected parameters on the ACp.
Source Degrees of Adjusted Sum of  Adjusted Mean F-Value p-Value
Freedom Squares Squares
Model 64 4.501 0.070 52.55 1.363 x 10~
Linear 8 2.974 0.372 277.74 1.100 x 10~15
o 2 1.454 0.727 543.22 2.000 x 1015
£ (%) 2 0.360 0.180 134.43 9.905 x 10~11
0 (°) 2 0.015 0.007 5.58 0.015
TSR 2 1.145 0.572 427.73 1.290 x 10~14
2-Way Interactions 24 1.253 0.052 39.02 4,059 x 10710
e (%) 4 0.283 0.071 52.95 5.001 x 1079
a0 (°) 4 0.050 0.013 9.40 4.163 x 10704
o*TSR 4 0.593 0.148 110.78 1.898 x 10~ 1
£ (%)*0 (°) 4 0.002 0.000 0.35 0.838 **
£ (%)*TSR 4 0.266 0.067 49.77 7.879 x 1079
6 (°)*TSR 4 0.058 0.015 10.89 1.858 x 10704
3-Way Interactions 32 0.274 0.009 6.40 1.379 x 1079
o*e (%)*0 (°) 8 0.008 0.001 0.79 0.623 **
o*e (%)*TSR 8 0.178 0.022 16.61 2.178 x 109
o*0 (°)*TSR 8 0.074 0.009 6.88 5.595 x 1004
£ (%)*0 (°)*TSR 8 0.014 0.002 1.34 0.295 **
Error 16 0.021 0.001
Total 80 4523
** Statistically insignificant.
Table 4. Analysis of variance table for the effects of selected parameters on the ACr.
Source Degrees of Adjusted Sum of  Adjusted Mean F-Value p-Value
Freedom Squares Squares
Model 64 10.661 0.167 58.46 5.916 x 10712
Linear 8 7.858 0.982 344.72 2.000 x 10~16
o 2 5.230 2.615 917.72 0.000
£ (%) 2 1.158 0.579 203.11 4.253 x 10712
6 (°) 2 0.333 0.167 58.44 4.420 x 10708
TSR 2 1.138 0.569 199.60 4.863 x 10712
2-Way Interactions 24 2.325 0.097 34.00 1.169 x 10~
e (%) 4 0.892 0.223 78.26 2.691 x 1010
0 (°) 4 0.384 0.096 33.72 1.303 x 10~%7
o*TSR 4 0.533 0.133 46.76 1.245 x 1098
€ (%)*0 (°) 4 0.057 0.014 4.96 0.009
£ (%)*TSR 4 0.263 0.066 23.07 1.776 x 109
0 (°)*TSR 4 0.197 0.049 17.24 1.187 x 10~%
3-Way Interactions 32 0.477 0.015 5.23 4933 x 10~%
o*e (%)*0 (°) 8 0.066 0.008 2.87 0.034
o*e (%)*TSR 8 0.174 0.022 7.65 3.065 x 10704
o*6 (°)*TSR 8 0.196 0.024 8.58 1.553 x 10704
e (%)*0 (°)*TSR 8 0.042 0.005 1.84 0.143 **
Error 16 0.046 0.003
Total 80 10.707

** Statistically insignificant.
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Figure 13. The main effects of factors’ levels on the response variables (a) ACp, and (b) ACr.

7. Practical Implications

Practical implications for a turbine operating in confined flow are as the following:

When designing a confined hydrokinetic turbine, designers should be aware of the
sensitivity of the design variables to the confinement effects.

After optimizing the turbine for an open environment, further considerations should
be given toward design parameters. Priority should be given in the following order:
the solidity, blockage ratio, rotational speed, and pitch angle.

Interaction effects should also be considered; for example, the performance of the
highest solidity rotor changed from the lowest in an open flow (due to the increased
flow impedance) to the highest in a confined flow (due to the increased kinetic flux).

8. Conclusions

CFD models were developed to provide a broad insight into the blockage effects on

the turbine’s performance. The following is a summary of the most important findings:

Cp was insensitive to 6 alteration at relatively low TSRs as ¢ increased. The effect of
varying 6 was noticeable at the high TSR. The ACp was inversely proportional to 8 at
the TSR of 4.167. That was due to the decrease in the angle of attack to levels below
the optimum values.

For all pitch angles, the rate of increment of Cp with respect to € was proportional to
the TSR. This proportionality was attributed to the augmented wake turbulence and
the improvement in the angles of attack along the blade span due to the increase in
rotational speed.

The blockage effects were proportional to the solidity level, and this proportionality
increased with increasing TSR. Additionally, the performance of the highest solidity
rotor changed from the poorest to the highest as ¢ increased.

The effects of 7, ¢, 6, and TSR on the blockage behavior were quantitatively evaluated

using the analysis of variance, ANOVA. The ANOVA examined the effects of varying the
DOE parameters on the turbine performance and showed the following:

The £*6, 0*¢*0, and €*6*TSR interactions do not have significant effects on ACp. All
other linear, 2-way, and 3-way interactions are statistically significant in affecting
the ACP

All model, linear, 2-way, and 3-way (excluding e*6*TSR) interactions are statistically
significant in affecting the ACr.

All 4-way interactions do not have significant effects on both response variable

The order of the intensity of the main effect of the factors on both response variables

was also analyzed. The solidity was found to have the highest effect on both ACp and ACr,
followed by blockage ratio, tip speed ratio, and then pitch angle.
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