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Computational study of transient flow around Darsie
type Cross Flow Water Turbines
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Abstract: This study presents full transient numerical $atians of a cross-flow vertical-
axis marine current turbine (straight-bladed Dasigype) with particular emphasis on the
analysis of hydrodynamic characteristics. Turbiesigh and performance is studied using
a time-accurate Reynolds-averaged Navier—StokeN@&Aommercial solver. A physical
transient rotor-stator model with a sliding mesbhteque is used to capture changes in
flow field at a particular time step. A shear strésansport ko turbulence model was
initially employed to model turbulent features bétflow. Two dimensional simulations are
used to parametrically study the influence of deldgeometrical parameters of the airfoll
(camber, thickness and symmetry-asymmetry) on #réopnance prediction (torque and
force coefficients) of the turbine. As a resultguee increases with blade thickness-to-chord
ratio up to 15% and camber reduces the averageinoide turbine shaft. Additionally, the
influence of blockage ratio, profile trailing edgeometry and selected turbulence models
on the turbine performance prediction is invesgdat

Key words: Cross flow water turbine, unsteady CFD flow sintiola, turbulence model.

1 Introduction

Exhaustion of fossil fuels resources combined witbenhouse gas negative impact has
raised the interest for renewable energies sincteva decades ago. Among them,
hydropower takes a particular place because diute potential. In the last years, tidal
power based on tidal currents has become verycattesbecause of its high energy density,
high predictability and low environmental impacthe estimated tidal energy potential
worldwide reaches around 600 TWh/yr [1] (cited BY),[ from which around 120 could be
harvested, and it is being largely underused. Alisilowing the International Renewable
Energy Agency in its report of 2014 [3], the tedally harvestable tidal energy resource
from those areas close to the coast, is estimatedesawatt (TW).

Tidal current turbines shapes are inspired fromdwtirbine shapes and they can be
classified depending on the direction of the rotai axis relative to the water flow
direction. Axial flow water turbines (AFWT) havedin axis of rotation parallel to water
stream direction. Other turbines, cross flow wabebines (CFWT) or Darrieus type water
turbines, have rotational axis perpendicular taenirdirection. A vertical-axis turbine has
smaller efficiency than AFWT but is able to extracwer from any direction of the main
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stream without adjustment. A Darrieus turbine f&xad pitch CFWT with straight blades,
directly connected to the shaft by struts, andsitaplicity lies in the absence of the
orientation and yawing mechanisms. This type dfihe is particularly promising for being
used to extract energy from tidal currents duadadlatively simple design and easiness of
manufacturing which are translated in lower proaurctosts. Additionally, recent studies
[4-5] show that CFWT can be installed much clobantAFWT, so that the power density
per square meter can be considerably high. NeJves$ethe aerodynamics of the Darrieus
turbine is far from being simple since it involvégghly unsteady flow fields. This
unsteadiness is due to large variations in theeanglattack on the blades during their
rotation.

Design, development and optimization of tidal tods require accurate and time-
efficient mathematical models. Based on the contjmial tools available, different
models with different computational costs were dimyed and applied for optimization and
analysis purposes. These models range from momemoaels, vortex models, to three-
dimensional computational fluid dynamics (CFD) misdef turbine with all the physical
details taken into account. Momentum models suctirege or multiple stream tube model
are computationally inexpensive but cannot prethe structure of the wake. Vortex
models based on potential flow have better premhstiof the power output but are
computationally more expensive than momentum maoaetssome details of the structure
of the wake are missed if flow separation at tlaelileg edge of the blades is not included in
the model. On the other hand, vortex methods needctude lift and drag experimental
information for computing forces and torques on bledes; moreover, the effects of shaft
and supporting arms must be obtained by experirhield data. With the use of powerful
computers and parallel processing technology, ChBulations are becoming more
popular in industrial and academic sectors [6 -C&Jntrary to potential flow codes, CFD
simulations do not need any external data (expetiahdift and drag) and can include
separation from foils and drag induced vorticesnfitoirbine’s shaft. Also, they are able to
simulate dynamic stall phenomenon (although it a$ perfect due to the limitations of
turbulence models). CFD modelling is also a powedal for complex geometries.

The main advantage of CFD is that it allows reponoly physical unsteady flow around
turbine using the so-called sliding mesh methodglagherein relative motion between
steady domain and rotor (unsteady domain) is cagtlny coupling them through an
interface, which is updated at each time step #lod/s conservative interchange of fluxes
between both domains. The rotor grid turns at ¢imeh step an angle relative to the steady
domain. At each time step a new solution is catedlaTransient behavior is built by
adding solutions at each time step. In this metlogyo integral values (torque) must be
averaged in a complete revolution. The main disathge of CFD simulations for tidal
turbines, regarding potential flow methods (momentand vortex models), is its higher
computational cost (CPU time and memory). Thishis teason why there are not many
publications applying this methodology to CFWT.

Compared with horizontal axis turbines, there arermany previous studies approaching
the simulation of vertical axis machines, consmgriwater as fluid, from the same
perspective as suggested here. Ferreira [10], singlair as fluid, presented a detailed
state of art of different strategies for predictagrodynamic characteristics of a VAWT.
This author performs an exhaustive study aboutathikty of different turbulence models
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(Spalart-Allmaras, le; Detached Eddy Simulation, DES, and Large Eddyu&ition, LES)
to reproduce the dynamics of the detached vorfites a single airfoil in two dimensions
during its trajectory in the half cycle upstreamaoVAWT. The best comparisons with
experiments are obtained for LES, but the companaticost is prohibitive to think about
useful design and evaluations from a practical fpofrview. This fact is common when
LES is applied to industrial relevant flows.

Also using air as fluid, Maitret al[11] applied the sliding mesh strategy to a twaded
VAWT using Fluent v. 6.0 software combined with tbee equation turbulence model
Spalart-Allmaras. These authors defined two zoarsyuter fixed zone and another inner
rotating zone containing the blades. The resultsevo®mpared with experimental data
[12], obtaining an overprediction for the measusmtodynamic forces on the airfoils.
However, in this paper no geometric details ofdbiesidered turbine were given.

Howell et al. (2010) [13] developed a combined expental and computational study
of the aerodynamics and performance of a smalle@smatio of 4) vertical axis wind
turbine straight-bladed Darrieus type with threadels. Two- as well as three-dimensional
numerical simulations were performed using the cencmal code Fluent in connection
with the k€ RNG turbulence model. Authors found that the poeafficient of the two-
dimensional computations was significantly highkart that of the three-dimensional
calculations and the experimental measurementghwhias attributed to the presence of
the over tip vortices in the three-dimensionalatiton.

Using water as fluid, Nabavi [14] performed a tdioiensional very detailed numerical
study about hydrodynamic performance of a thredddaCFWT introduced in a duct, to
accelerate flow upstream the turbine. The authompayed the two dimensional
computational results obtained with Fluent in ffieev conditions with own experimental
measurements, resulting in an overprediction ofpihwer coefficient. This result is in line
with that obtained by Maitret al [11] because both used the Spalart-Allmaras terimd
model. Additionally, Nabavi (2008) [14] tried othRANS models (k&, k-w and Reynolds
Stress model) obtaining similar qualitative resuitewever, based on the results discussed
in section 8, the present authors believe thatute of the Spalart-Allmaras turbulence
model in these specific simulations cannot be renended in general because of its poor
performance, even with the curvature correctiouched, and its computational cost which
is as high as a two-equation turbulence model.

Dai & Lam [15] also performed a two-dimensional reroal study of three-bladed
CFWT using the software ANSYS CFX v. 11, which istemsively employed for
numerical simulation of hydraulic turbomachinesthrs case, the turbulence model chosen
was the two equation model SST (Shear Stress Toasps in [14], they validate their
numerical results versus own experimental measurenperformed in a towing tank. The
quantitative results of the validation are, howewenly provided in a point, comparing
them with the experiments and also with the resalitained by the double multiple
streamtube model. As in the former studies, theamesl values of the torque provided by
CFD are above the experimental values. In thisystedough information was provided
about geometric parameters of turbine, so thisigardtion has been chosen in the present
work.
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Amet et al. (2009) [16] performed a very detailddl &mulation of two-bladed CFWT
and compared with experimental data of severalaasitfi2,17,18] for two tip speed ratios
(TSR) of 2 and 7. In this paper a very refineddtrced grid is used around the airfoils with
a value of y around 1. The authors also comment that “Due meespumerical instabilities
at the trailing edge, the sharp edge was transfbrm&eo a round edge with a ratio
radius/chord of 0.1%. The results are not affedbgdthis tiny transformation”. An
extensive discussion about the blade-vortex intenacis developed in this paper
concluding that the flow in the case of the smadiierspeed ratio was characterized by a
deep stall regime with several large vortices detddrom the blades while for the higher
TSR the flow is characterized by a weak sheddingltrnated vortices in the upstream
half disk and by an attached flow in the downstrdeaif disk.

Li and Calisal (2010) [19] studied the three-dimenal effects in a vertical axis tidal
turbine with a vortex model especially developedtto$ purpose. Computational results
that were corrected for arm effects, show very gageeement with experimental results
obtained in a towing tank. It was concluded thaeehdimensional effects are significant
when the turbine height is less than two timesttinkine radius. If the turbine height is at
least six times the turbine radius then the thiesedsional effects are negligible.

Coiro et al. [6,20] implemented the Double Multipietreamtube model for the
simulation of two models of straight-bladed turlinencluding one called the “Kobold”
prototype which is actually installed in the Str@fitMessina, Italy. Numerical results of the
evolution of the power output of the turbine isviery good agreement with experimental
data measured in both wind-tunnel and field datasueed for the Kobold prototype.
Dynamic effects had to be included in the modebider to correctly predict the power
output of the Kobold prototype.

Maitre et al. (2013) [21] simulated in two dimseons with great detail the three bladed
model CFWT LEGI available in their laboratory. Thaper discusses the dependence of
the results on the grid refinement close to theldlsurface, focusing in the mean power
extracted. The main conclusions obtained by theastwere: 1. The obtained mean power
decreases fast when the grid coarsens in the prtgxahthe profiles surface, 2. A coarse
mesh induces an early and severe loss of lift dube formation of a back flow bubble,
which generates unrealistic pressure drag. Moreamethe same line as found by other
authors, the predicted power coefficient is notahigher than the experimental values,
except for very low tip speed ratios where compaoitat are below the measurements. This
work also cites the three-dimensional simulatioh&met (2009) [22] on the same water
turbine performed for just one tip speed ratio emplg a grid with 8 million nodes. In
such a case the computed power coefficient was eclese to the measured value in best
efficiency point. In this last study also it is niemed that the influence of the detached tip
blade trailing vortices on the turbine performatuss is around 22%.

Very recently, Jin et al [23] review the differembethods (both numerical and
experimental) currently used to study Darrieus typeical axis wind turbines (VAWT'S).
Regarding the CFD models, these authors stresswibatlimensional simulations are still
widely used to improve efficiency, to evaluate #féects of meshing on computational
results and to evaluate the effect of turbulencalefimg on computational results. In
comparison with 3D CFD models, 2D CFD models amesmtered simpler to implement
and faster to compute but 3D models provide highemerical precision. However, the
CPU cost of the 3D computations is much higheruagdol00 times more than the 2D. In
this respect, Song et al. [24] performed 2D simaoihest to investigate the influence of
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various meshing strategies and turbulence modelshenprediction of performance of
VAWT's.

Lanzafame et al [25] performed 2D simulations o8-bladed Darriues type turbine,
using ANSYS-Fluent. The main objective of this stwdas to demonstrate the capabilities
of transitional turbulence models in the predictadrihe turbine performance. It was found
that using fully turbulent RANS model in generakosstimated of the power coefficient,
but transitional models showed better agreemertt exiperimental data. 3D simulations
are considered for future research using trangtiturbulence model due to computational
cost. Chen and Lian [26] performed 2D simulatiam®ANSYS-Fluent to study the vortex
dynamics of a Darrieus wind turbine using the kilepsmodel and meshes witH greater
than 15. It was found that the vortex-blade inteoacdepends on the solidity and the tip
speed ratio. The influence of the thickness of swynia airfoils on the torque coefficient
was also studied. Trivellato and Castelli [27] gi&sformed 2D simulations of a Darrieus
type turbine in order to study the Courant-Fridasit.ewy criterion when using sliding
mesh technique in ANSYS-Fluent. It was concluded thCFL criterion smaller than 0.15
appears to be adequate but this implies a dranratiease in CPU time. Guidance to
correctly choose meaningful angular marching stdp®tating grids is provided. Paillard
et al [28] performed 2D CFD simulations of a crélesv tidal turbine with ANSYS-CFX
including sinusoidal pitch control. It was foundatta 52% improvement in the tangential
force could be achieved when the second harmoni@s wsed in the pitch control.
Simulations were run fully turbulent but the authbelieved that a transitional turbulence
model is necessary in this type of simulations.

The present study performs full transient simulaiof flow around a straight bladed
CFWT using CFD tools, including underlying turbutenof fluid flow and also viscous
effects, without employing tabulated lift and drdgta. This reason has motivated the
choice of the sliding mesh method, which is theyame that allows describing the real
unsteady behaviour of the CFWT blades in the fllodhain. After introduction, section 2
resumes the vertical axis turbine operation parareetSections 3, 4 and 5 describe the
geometry and meshing procedure of the turbinentimeerical simulation methodology and
the results of the verification and validation studespectively. Section 6 presents the
sensitivity of results to the employed turbulencedei. In section 7, two dimensional
simulations are used to study the influence ofcéetegeometrical parameters of the airfoll
on the performance prediction (torque, tangentatéd and normal force coefficients) of
the turbine. The airfoil thickness and symmetry evére selected factors for the present
parametric study. The vortex-blade interaction glam complete revolution is also
discussed. Additionally, the influence of blockaggo and the shape of the profiles trailing
edge on the turbine performance prediction is lyridiscussed in sections 8 and 9. Section
10 compares the two-dimensional torque coefficigmdictions with preliminary three-
dimensional results; moreover, the 3D simulatidaved visualising the tip blade trailing
vortices as well as the shape of the bound voRaally, conclusions are drawn in the last
section.

2 Vertical axisturbine operation

Hydraulic operation of a cross flow water turbirede characterized by rotor torque M,
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rotor drag D, rotor angular velocity and power output P & M. The main dimensionless
parameters are the following:

=aR/V,

Tip speed ratio (TSRf (1)

Cm =M /(%p\/OZRSefj

Torque coefficient, (2)

Power coefficient or efficiencyC, = P/(%pvossrefj 3)
. 1,2

Drag coefficient,C, = D/ > OV, S (4)

Here, R represents the radius of rotdry the incident current velocityy the water
density andS¢s the cross sectiorSgs = 2RH for CFWT). Solidity is defined as= NC/R
with N the number of blades a@ithe chord length. Finally is the blade span.

Turbine blades rotate around vertical axis wittational velocity« . In 2D cylindrical

coordinatesr{ 6), the blade local relative velocity/ corresponding to an incident flow
velocity \70 , IS given as:

W =V, - @xR 5)

When a blade rotates, its angle of attackhe angle between local relative velocity and
chord) changes leading to variable hydrodynamiceemas (see Fig. 1):

a= tan‘l[—smg j
A +cosf (6)

where@is the counterclockwise rotation angle of thedlilong the circumferencél = 0°
is taken from the upper point of the circumferemdeere the profile is aligned with the
incoming flow.

Resultant hydrodynamic force acting on the bladgedacomposed in two components
(normalF,, perpendicular to chord; and tangenkglparallel to chord). Forces values can
be inferred from classical computations over afo&im an unbounded domain or from
available experiments in wind tunnel tests at fixednd Reynolds number. The tangential
force coefficient is the dimensionless form Efand it is directly related to the turbine
torque. Negative tangential component is respoadinl turbine rotation. In the upstream
semicircle, with @ increasing from 0° position, tangential force bwes negative and
reaches a minimum ned# = 90° before increasing unt? = 180°. The same behaviour
occurs in downstream semicircle betwegn 180° and 360° positions. In vicinity 8= 0°
and 180° positions, the blade has a positive tarejezcomponent forcd=;, opposed to
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rotational motion. In this configuration of bladesmall tip speed ratios lead to large
incidence variations during a revolution. In partar, a becomes very large and overtakes
the static stall angle of airfoils, about 12-15%eTnormal force coefficient is the
dimensionless form of,, so is related to cycle loading and fatigue onttiteine shatft.
Since the simulations are performed iX a Y reference frame, forces coefficien@ @nd
Cy) are numerically obtained in this system (see EjgA simple transformation (rotation)
is needed between thé-Y coordinate system and the tangential — notrrat system of
the airfoil (see Eq. 7).

C; =Cy +C =C, cosp) +C, sin(6)
Cy = Cpy ~Cpe = C, COSE) ~C, Sin(@) (7)

Fig. 1. Coordinate system defining the force coefficiasftthe profile.

Nevertheless, real flows around blades in CFWTediffom above conclusions because of
two reasons: i) Relative flow passing through a QFWAde is unsteady; and ii) Oncoming
far field seen by a blade is ng§, but some unspecified velocity. Moreover, the flfoad
around a Darrieus type CFWT is inherently unsteadg three-dimensional due to the
dynamic stall phenomenon experienced by a rotdilage and also to the interference of
detached vortices from moving blades [12, 17]. Swoltices tend to stay near the
generating blade. As a result of the strong cogptieatween them and the flow around the
blade lift increases, improving turbine efficiendyowever, although the presence of
dynamic stall at low tip speed ratios can have sitpe impact on the power generation of
the turbine, the formation of vortices can geneadbter problems such as vibrations, noise
and reduction of fatigue life of the blades duaitsteady forces. Larsen et al. (2007) [29]
show that dynamic stall is mainly characterizedflow separations at the suction side of
the airfoil. This can be summarized in four crustEges: 1) Leading edge separation starts,
2) Vortex build-up at the leading edge, 3) Detachihté the vortex from leading edge and
build-up of trailing edge vortex, 4) Detachmentti&iling edge vortex and breakdown of
leading edge vortex. The sequence of these fow #wents will generate unsteady lift,
drag and pitching moment coefficients with a largege of flow hysteresis dependent on
the angle of attack [30].
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3 Geometrical configuration and mesh generation

The CFWT studied in Dai & Lam (2009) [15] has bedmsen in this work due to
availability of all geometric data (Diamet®r= 900 mmH = 700 mm; reference ar&a; =
0.63 nf) of the turbine. The straight blades are basethersymmetric NACA0025 airfoil.
The considered case has been 3SPRI (profile chord,C = 132.75 mm), resulting in a
solidity o= 0.89. The turbine rotates with a constant armgrgbocity of 6.28 rad/s

As it was mentioned in the introduction, the geasnemployed in the simulation was a
two-dimensional version of the real three-dimenaloturbine. Moreover, neither the
supporting arms of the blades nor the shaft haen lrecluded as in reference [15]. The
dimensions of the two-dimensional simulation domaere eight rotor diameters in length
and five rotor diameters in width, resulting inladkage ratio of 20% [14].

The boundary conditions employed in the two-dimenal computations consist of a
velocity inlet on the left side, a pressure oudletthe right side and two moving walls on
top and bottom with the same fluid velocity as itilet. Moreover, the profiles representing
the blades are in the inner part of a rotating,riwgich is separated from two steady
domains, inner and outer, by two sliding interfaspecified as a boundary condition of
type sliding mesh. Finally, as the inflow turbulermnditions are not known, a turbulence
intensity of 10% has been assumed at the inlekeAch of the computational domain and
boundary conditions is shown in Fig. 2.

Slip wall

Rotating domain

Non-slip walls

Steady outer domain

Velocity inlet
19]1N0 aInssald

Steady inner domain Sliding interfaces

Slip wall

Fig. 2. Geometry and boundary conditions employed foisthulated three-bladed
CFWT described in [15].
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Fig. 3. Details of the generated grid. Right: detail & grid in the rotating ring
containing the profiles.

Fig. 4. Detail of the grid near the profile surface shagvihe prisms layer.

In the case of the CFWT, the computational domaimsists of a rotating zone (the rotor
in a ring-like domain) and a steady zone. The tast includes the water environment
outside and inside of the ring-like domain (see Big

The computational domain was meshed using a naoctated grid generated with the
software GAMBIT (Fig. 3). The mesh closest to thmefiles must be refined enough to be
able to describe with sufficient precision the badany layer flow. To this end, the created
mesh had an O-grid topology based on quads arglshown in Fig. 4. Outside of this
prisms layer, a non-structured grid based on ttesg/as chosen, keeping an aspect ratio
similar to that of the quads [7].

The steady domain was also discretized with a maetsired grid based on triangles
(Fig. 3). As it can be observed, the grid node tens higher near the blades than in the
rest of the domain. Moreover, due to the compleaityhe flow in the turbine wake, also
the grid node density is higher downstream thaitregs the CFWT.

Obviously, the most interesting zone for the sirhafais the ring-like domain, because
is here where the flow interacts with the bladesjciv is responsible for the turbine
performance. Again, in this region the grid nodensily is higher than in the steady
domain.

4 Numerical simulation methodology

Numerical simulations of the straight-bladed CFW@erevcarried out using the software
ANSYS-CFD, based on the finite volume method. Theesent two-dimensional

simulations were carried out with Fluent due itexibility to deal with complex

geometries.



346 In the unsteady simulation a transient rotor statodel was employed to capture the
347 change of the flow field at a particular time. Avir@ mesh technique was applied in order
348 to rotate the turbine blades at a constant rotatispeed and, at first instance, the Shear
349  Stress Transport (SST)d&-turbulence model was used to model the turbuleatufes of
350 the flow. This method is a combination of the khd ke models (Menter, 1994) [31]: it
351 uses the k» model near the wall and switches to a functiothefk€ model when moving
352 away from the wall closer to the upper limit of theundary layer. The SSTd-model has
353 been shown to perform better for flows with str@uyerse pressure gradients such as those
354 appearing in the CFWT flow configuration, beingeatd describe the generation of specific
355 vortices at the leading and trailing edges respelsgti The governing equations of the SST
356 k-w turbulence model are given in Menter [31] and witlt be repeated here. In a later
357 section, the influence of the turbulence modeltenpgredicted turbine performance will be
358 addressed.

359 The effectiveness of physical transport within tha@ver depends not only on the
360 turbulence model but also on the discretizatioreswh The diffusive term in the equations
361 is discretized using second order centered diffaeras usual. However, for the advection
362 term a second order upwind scheme is utilized. gifessure-velocity coupling algorithm
363 chosen has been the transient Semi-Implicit Metlimd Pressure-Linked Equations
364 (SIMPLE). Finally, the time integration is perforchby a second order implicit scheme to
365 obtain a good resolution in time.

366 Typically, the simulation starts with the compuatiof the steady flow around a fixed
367 position of the turbine blades. From this initi@ndition, the transient simulation begins,
368 firstly with first order schemes to ease convergeronce that the total torque on the
369 turbine has reached a quasi-periodic regime, #itee or four complete rotor revolutions,
370 the discretization schemes are switched to secaohet.d=inally, the simulation runs during
371  a sufficient number or rotor revolutions (usualily) 3n the quasi-periodic regime to extract
372 an average value for the torque, which is usedtinate the turbine performance.

373

374 5Grid verification and validation

375 The verification process of the CFD simulation iraplto perform calculations in different
376 grids varying the number of elements, for evaluatoonvergence of most relevant
377 variables. In this case the non-dimensional tortgaresferred from fluid to blade§,, has
378 been chosen. The number of grid nodes were: coaessh, 60,558; medium mesh,
379 157,130; and fine mesh, 297,302. Results of vatidan three different grids for average
380 torque coefficient were: coarse, 0.1200; mediurh399; and fine, 0.14352. Fig. 5 presents
381 the mean value of power coefficient (equal to thedpct of torque coefficient,, and tip
382 speed ratiol) along a complete revolution, at TSR = 1.745,tfa three grids as function
383 of the mesh relative size. It is definedAagAXsne (AX is the characteristic size of the cell in
384 the considered mesh), where value 1 correspontigetfinest mesh considered. In Fig. 5,
385 also the Richardson extrapolation, representingaymptotic value of average power
386 coefficient in the limit of number of nodes tenditwginfinity, is shown. According to the
387 standard analysis of mesh independence verificd8a8h the intermediate size mesh was
388 selected, as the grid density is already in themasgtic range of convergence, as a
389 compromise between precision and computational cost

10



390

03 T T T T T T T T
502 N
2
Sy
g L j
S
o 02+ _
L
B
o L i
(oW
QL
20 0.15 _
p ]
b
> L j
<
0 1 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 0.5 1 1.5_ 2. _ 25 3 3.5 4
Relative grid size [ - ]
301
392 Fig. 5. Power coefficient ak = 1.745 in the grid convergence study
393 Moreover, a temporal verification study was perfedior the medium grid. As a result,

394 atime step oAt = 5 ms was adopted, which is the same employ§thin Fig. 6 shows the
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After a time of around 6 <, reached a quasi-periodic regime after initial $rant.
Both maxima and minima o, for each blade have higher absolute value thal @y
due to existence of cancellations and compensatibttwque among blades, resulting in a
total maximumC,, lower than that experienced by a single blade.fldve field around the
turbine is quite complex because, as the bladase;dtigh and low velocity zones appear,
leading to a detachment of the boundary layer ntageangular positions. Moreover, the
flow behind the CFWT is characterized by low veles which imply a smaller
contribution to the total torque than in the upstneregion. As a result, in a turn, each blade
produces a positiv€, in about a third of revolution, whereas in othwo tthirds, Cy, is
slightly negative. After averaging the three caméfints generated by blades, a nearly
sinusoidal curve is obtained with three positiveximma at each turn (Fig. 7) and three
negative minima, meaning that during a revolutioeré are periods of time where turbine
produces torque on fluid. The number of maximaaaheturn equals number of blades of
turbine.

The plot of average power coefficient versus tipezpratioA (Fig. 8) shows positive
values up ta\ close to 2.1, meaning that the fluid is providiaggue to the turbine. Beyond
A = 2.1 the power coefficient is negative which cades that the turbine, rotating at
constant angular speed, delivers energy to thd.fllinis situation appears because a high
tip speed ratio implies a high turbine angular gpaed, in such case, the kinetic energy
contained in the flow is not enough to deliver te¥go the CFWT and to make it rotate
with the same angular velocity. On the other hdhd,curve G(A) presents a maximum
aroundA = 1.55 and decreases for lower values of thepged ratio. This behavior is due
to the fact that, for low values af the flow around the blades is separated implyavg
lift and high drag. As a result the transferredrgpdrom the fluid to the turbine decreases.
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It can be observed in Fig. 8 that the maximum powgesfficient predicted by CFD is
around 36% ak = 1.55. Similar G curves are found in other CFWT [6, 14]. Unfortuatgat
Dai and Lam (2009) [15] only provide data for agsnpoint withA = 1.745, instead of the
full Cy(A) curve, which is also shown in Fig. 8.
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Fig. 8. Average power coefficient versus tip speed ratio

Finally, as a comment, the present computed povesfficient is higher than the
experimental value, a fact already found in other-tlimensional simulations [13,16].

6 Sensitivity of resultsto turbulence model

To study the sensitivity of results regarding thgptoyed turbulence model, four additional
turbulence models have been tested: Reynolds Stleslel (RSM) [33], realizable k-
[34], SST laminar-turbulent Transition and Spaksdfimaras with curvature correction (SA-
RC) [35].

The Spalart-Allmaras (SA) is a one equation tunbcée model extensively used in
aerodynamic applications involving flow over aitfilts improvement involving curvature
correction (SA-RC) allows the application of tharstard SA to situations with strong
curvature of the streamlines, and allows the coatmrt on non-inertial rotating reference
frames, such as the case considered in the pretahy. The realizable &-turbulence
model, on the other hand, extends the applicatidheostandard k-to flows with rotation,
boundary layers with strong adverse pressure grtgjiseparation and recirculation. The
laminar-turbulent transition SST is applicable teolgems where upstream laminar
boundary layers experience transition into a twbulflow further downstream such as
those that very likely develop in the CFWT blades.

In contrast to the two-equation eddy viscosity nigdine Reynolds Stress Model solves
independent transport equations for each compooénhe Reynolds Stress Tensor,
avoiding the Boussinesq approximation for closifggnm. It is preferred when the
underlying turbulence of the flow field is anisqiro, there is strong curvature of the
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streamlines and/or the flow is characterized byrgjrswirl and adverse pressure gradients.
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Fig. 9. Torque coefficient obtained for the different tuldnce models. Left: evolution
along a turn. Right: mean values obtained. Theeathhe shows the expected value.

-0.2

The summary of results obtained with the diffetanbulence models can be appreciated
in Fig. 9. The left side shows the evolution of tbeque coefficient along a turn for all the
turbulence models tested, including the standamthdiation of the SST model. In order to
present the results in a more clear way, the cuimethe standard SST and RSM models
have been displaced towards the right, so all tirees can be appreciated in the same plot.
The right side of Fig. 9, compiles the averageuergoefficient values for each turbulence
model, where the dotted line shows the experimestpkected value. From that figure, it
can be seen that the closest values to the expeaheel are provided by the SST and RSM
models, providing the Transition SST the betterultes The keo SST model good
prediction of the expected value can be explainethb fact that it is a low-Re turbulence
model that does not rely on empirical damping fiomg (as typical two-equation models
such as the realizableskmodel). It is well-known the advantages of thisdeloin the
prediction of boundary layers with adverse presgueglient and separation. On the other
hand, the RSM model can provide a better performahan two equation turbulence
models especially in flows with sudden changesh@dtrain rate and with high swirl and
rotation, which is the case of the simulation aftical axis turbines. The fact that the airfoll
Reynolds number is changing in time can explaindbgervation that the transition SST
model provided the numerical result that is closestthe expected value. Several
phenomena that are actually happening in the boyndger such as laminar boundary
layer, transition to turbulence, laminar separatidlow reattachment and turbulent
separation can be captured by the transition mobgsically, a fully turbulent model
cannot predict or capture these phenomena, eveglhhibe production of turbulent kinetic
energy can be controlled with a damping functionthle case of the SST transition model,
two extra equations control the laminar-turbuletreasition: one for the intermittency and
the other for the transition momentum thicknessri®és number. Figure 10 shows the
intermittency contour close to a blade locatedat 0°, it is observed that for this specific
position of the blade the boundary layer in botbper and lower sides of the blade have a
significant portion of laminar boundary layer (imtettency lower than 1Figure 11 shows
the skin friction coefficient (§ distribution along the airfoil surface for thensa position
(6 = 0°), it is clear that in the case of the SS® kiodel the prediction of (Gs higher than
for the SST transition model. It is also appredathat for the transition model the
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boundary layer has a laminar, transition and tubuiegions so that the predicted force is
different for the two models, it is actually 3N lewfor the SST transition model in
comparison to a fully turbulent model as SSd.k-

intermittency: 0 0.102030405060.70.80.9 1

Fig. 10. Intermittency function contour values for a bladgositiond = 0°. Dark colors
indicate laminar boundary layer development fromldading edge.

A point to be marked is that all the two-equationd®ls provide values for the torque
coefficient above the expected one, but the RSMiges in this situation a lower value. In
that case, two different inlet conditions wereeaddior the Reynolds Stress components: the
first one considered isotropic normal stressesjenini the second the streamwise normal
stressest’u’ were higher than the transversal normal stresgsaviurbulence intensity of
10% in the flow direction. Although not shown, tfieal results did not reflect any
significant influence of this inlet boundary conalit.

Moreover, Fig. 9 (right) clearly shows that the st performance is that of the SA-RC
model, even when this model includes the curvatemeection. Therefore, this model is
unable to describe correctly the turbine perforneaite realizable k-model is also not
able to provide close enough results for the aweragque coefficient, in spite that it
includes specific terms to handle flows with cuwat and significant adverse pressure
gradients.

Table 1 presents the computational cost (in minutegeded by the turbine to perform
one turn when the flow is already established. Qaatpns were performed on a
workstation Dell Precision T5500 with a quadcorelixXeon 5600 processor. At each time
step a maximum of 40 iterations is allowed. As expe the RSM is the most expensive,
needing approximately 30% more iterations thanathers due to the need of solving five
extra differential equations. Unexpectedly, apaont the loss of precision, the SA-RC
model is as expensive as a two-equation model. fitldéng discourages its use as one of
the main advantages of the SA model is its low assamponal cost. The production term in
the SA equation (normally treated as a sourceeas®s in the SA-RC model so that the
convergence of the SA equation takes more timég@etion that the SA model.
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Fig. 11. Skin friction coefficient variation along the pilefchord for the SST turbulence
models considered.

Table 1. Computation time for the different turbulence madel

Turbulencemodel |Iterations1turn| Time[min]
RSM 8000 33
SST Standard 6436 21
k-¢ Realizable 6500 20
SST Transition 6231 26
SA-RC 6299 24

7 Two-dimensional optimization parametric studies

For the parametric two-dimensional study, the sahmracteristics of the case 3S2R1 of
referencd15] were used and kept constant except for tHeiageometry which changes
between computational experiments. In this case,cimmercial software Gridgen was
used to generate the mesh and to ensure thateakkdimputational grids had the same
topological details. The experimental design (atdaal 3) for the parametric study
consists in developing a series of tests in whiwh geometry of the airfoil is changed to
determine its influence on the performance of thibibe. The airfoils used here are NACA
4-digit series, which are characterized by its camand thickness [36]. These two
geometric variables of the airfoil profile were dsas factors, each one with 3 levels as
shown in Table 2. In total 9 different meshes wgemerated for each computational
experiment proposed for the parametric study.
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Table 2. Factors and levels for the design

Factor L eyel .
L ow Medium High
Thickness (as % of ¢) 6 12 15
Camber 00XX 24 XX 44XX

A Gridgen script written in Glyph language was te€lain order to ensure that the mesh
generated is similar for all the computational ekpents. The mesh generation starts by
defining the airfoil profile with the maximum thiokss (t) as a fraction of the chord, the
maximum camber (m) also as a fraction of the chlard the location of the maximum
camber (p) as a tenth of the chord. With thesenpai@rs the lower and upper surfaces of
the airfoil are created and divided in a fixed ne@mbf elements. Then, a hyperbolic mesh
is generated from the profile in order to define Boundary layer region. The script allows
controlling the size of the first element, growtter, the size of the boundary layer region
and the number of cells on it. The size of the ffement and the growth rate are important
to capture the physics of the flow close to théodifFig. 12 left). Depending on the radius
and the number of blades of the turbine, the adidnd the boundary layer mesh is copied
and pasted in the correct location. Then the mgatiomain and the steady inner domain
are created and meshed with triangular elements. growth rate between the boundary
layer region and the rotating domain is also sp&tifin order to achieve a smooth
transition between the structured and unstructuneshes (Fig. 12 right). Finally, the
steady outer domain is generated and meshed watigtrlar elements. The growth rate in
the free stream direction can be also controlladl gpecified. The different parameters in
the mesh generation were fixed and their valuesvaehieved after a grid convergence
study.

domain (right).

Integral results based on moment, tangential fam@ normal force coefficients were
statistically analyzed using the commercial sofeslinitab. The moment coefficienCg)
was computed in the turbine shaft showing a sinta&ravior and magnitude to Fig. 7. The
influence of thickness and camber on the averagdéo€each airfoil profile is shown in
Fig. 13 (left). It is clear that the thickness & tmost important parameter in the turbine
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performance at this point of operatioh £ 1.745). As the airfoil becomes thicker, better
performance is achieved. However, @oes not improve significantly for airfoils thiake
than 15% of its chord. In order to confirm the oled influence of the thickness an
Analysis Of Variance (ANOVA) [37] was performed, which the p-value found for the
thickness is below 0.05 while for the camber wat98. Camber seems to have an
important influence when thin airfoils are usedt liudoes not make a difference as the
airfoil thickness increases. Fig. 13 (right) shdtes evolution of G for the thicker airfoils
with different camber, in which it is observed thia¢re is no significant difference in the
averaged . Nevertheless, NACA4415 shows a smaller negatiyeré€gjion which is
desirable for smooth turbine operation.
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Fig. 13. Left: Influence of symmetry / asymmetry and thicksen G, Right: G,
comparison for different airfoil camber along a qdete revolution.

The tangential force coefficient {Chas also a cyclic behavior related t@. Gince the
behavior of Gis similar for all the blades, only one blade wdasotion starts at = 0° will
be analyzed. Fig. 14 (left) shows the evolutiorCofor one blade with different camber. It
is clear that NACAOQO015 airfoil presents the deepeisimum which is a desired condition
since the performance increases, but it is alsergbd that between 210° and 40° this
airfoil does not produce torque. As the camberdases the contribution of the airfoil in
the total torque improves (between 250° and 3601 observation supports the argument
that camber could improve a smooth turbine oparatsince during one rotation of the
turbine at least one of the blades is always priodunegative tangential force. Average
values of ¢for one blade are computed and compared (Figight)y it is clear that the
thickness is the most important factor that inflees the tangential force. It is also
observed that the camber drives the averaged taalfmce into more negative values, in
particular for thicker airfoils. In order to confirthe observed influence of the thickness an
ANOVA test was performed, in which the p-value fduor the thickness is below 0.05
while for the camber was 0.41.
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Fig. 14. Left: G comparison for one blade for three different camBeht: Influence of
symmetry / asymmetry and thickness qn C

The normal force coefficient (Cpresents a cyclic behavior too. Similar to thalgsis
performed to ¢ only one blade whose motion start® a 0° will be studied. Fig. 15 (left)
shows the evolution of @or one blade with different camber. It is obseieat the curve
is shifted towards zero as the camber increases.ifffltuence of the airfoil thickness and
camber is shown in Fig. 15 (right), in this case ttamber is the factor that primary
influences the normal force. This observation isficmmed with an ANOVA test, in which
the p-value found for the camber is below 0.05 #Hdr the thickness was 0.47. The
average normal force is related to the resultantefoon the turbine shaft. From this
analysis, it is concluded that a cambered profileld improve the resistance of a specific
turbine design to fatigue failure.
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Fig. 15. Left: C, comparison for one blade for three different carsbRight: Influence of

symmetry / asymmetry and thickness gn C

Fig. 16 illustrates the evolution of the vorticfigld (magnitude) during one cycle of the
turbine with the NACA4415 airfoil. In that figuréhe water flow progresses from left to
right and transition from one image to next coroegfs to a change of 1 the airfoil
position. When the cycle start® £ 0°) a vortex is visible in the trailing edgetbg blade.
Also at this position the blade experiences therfatence with the wake of the former
blade as it can be seen in Fig. 16 a). The votyssattached to the trailing edge ute
60°, where a vortex layer starts to grow in thedowsurface of the blade, corresponding to
the wake, consisting of a recirculation bubble, egated on the rear side of the profile
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which starts to be faced to the main flow directighg. 16 €). This observation is
consistent with the increase in €ince the lower surface of the airfoil is expotea very
low pressure while the upper surface of the aifi@ié a high pressure. Such recirculation
bubble grows continously up = 120° (Fig. 16 a) where two vortical regions dan
appreciated, one larger in the upper surface amer amaller near the trailing edge. At
135° (Fig. 16 b) the recirculation bubble is abtmudletach from the airfoil leading edge and
the vortex attached to the trailing edge startset@onvected downstream by the main flow.
At 6 = 135° (Fig. 16 c), the large recirculation bubldedetached from the profile and a
new leading edge vortex starts to be formed. Howdhe detached vortex, convected by
the free stream flow, stays near of the blade, @ébreasing intensity, as it progresses up
to 6 = 180° (Fig. 16 e). Figs. 16 f) to h) show clednyw such vortex interacts with the
blade. Some authors have pointed out that thisexaiyynamics prevents the turbine from
suffering a drop of efficiency at this point asoadl high negative value of tangential force
is attained along this part of the blade path Sge 14 left). At the same time the leading
edge vortex starts to be developed in the uppéasuiof the airfoil forming a recirculation
bubble in this region and the small trailing edgetex is convected by the main flow being
displaced from the lower to the upper surface efahfoil. At6 = 225° the collision of the
formerly detached vortex with the blade is cleaserved (Fig. 16 h). Ab = 255° (Fig.
16 b) the elongated leading and trailing edge westiinteract forming a wide wake in the
upper surface of the blade, creating strong pressliag. Such wake is convected
downstream as the profile progresses (Figs. 16 €) twhile the region of high vorticity
becomes thinner, corresponding to the progresdigamaent of the profile with the main
flow. At the end of the cycle, a strong wake isnfed which is convected downstream.
Moreover, the airfoil interacts with the wake geated by the previous profile (low
pressure region) (Figs. 16 f) to h).
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Fig. 16. Vorticity field (magnitude in 1/s) evolution in ercycle. From one image to the
next, each airfoil experience a change dfihSts angular position.

8 Blockage ratio influence on numerical results

Next the influence of the blockage ratio on thedprd turbine performance is assessed.
Regarding the basic case, described in sectiontB,aveight/length{l) relation of 5:8,
three additional cases where considehdd= 15:64, 5:16, 15:16.

The obtained results for the torque, tangentialraorthal force coefficients are presented
in Figs. 17 and 18. For the analyzkd relations an asymptotic trend is observed as it
increases, i.e. the influence of the blockage dshis, for the three coefficients (torque,
tangential and normal force). Moreover, also theaase of turbine performance can be
noticed as the blockage ratio augments, which igntresting result for ducted turbines
[14]. The strongest impact is on the normal forkere the change among the studiéd
relations is more than 20%. This observation isrggting from the turbine design point of
view, because an increase in the blockage ratmialplies higher loads on the blades and
turbine axis. Also, for a relation bfl > 0.6 (around a blockage ratio of 20%) the resarés
very approximately independent of it, representreg flow conditions.
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9 Sensitivity of resultsto trailing edge geometry

In order to study the influence of the trailing ed¢TE) geometry in the predicted
hydrodynamic performance of the turbine, threeedédht TE geometries were simulated.
The easiest way to model the TE is by truncatimgdinfoil profile using a straight line (see
Fig. 19 left). The other two geometries testedensesharp and a rounded TE, as shown in
Fig. 19, center and right, respectively. These gedes were tested for the NACA4415

T

: IH/ﬂmcated; center, sharp; right,

rounded.
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As shown in Fig. 20, the averaged torque coefficinoreases when the trailing edge
geometry has a smooth transition (rounded TE), lwhi&sponds to an increase in the
absolute value of the maximum of the tangentiatdaroefficient. Although not shown, the
normal force coefficient does not present a sigaift dependence on the different tested
trailing edge geometries. Therefore, it can beest#ihat for the design of the profiles used
in studies, it is important to model the trailingge with smooth transition as possible; this
leads to better results in torque coefficient, timatease the efficiency of the turbine. A
rounded TE provides a smoother pressure distributeiween the lower and the upper side
of the blade, which also helps in a smooth evolutimd separation of the wake. It was
observed that a rounded edge gives positive lifthenupper surface near the trailing edge,
while a sharp edge has negative lift, slightly aiag the Kutta condition. It is generally
considered that truncated or rounded TE are etsisranufacture in comparison to sharp
TE; however, they are not commonly use in pure cigramic applications although they
have been investigated for wind turbine applicatif88].
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Fig. 20. Torque coefficient for the different types of Ténsidered.

10 Comparison with preliminary 3D computations

In order to provide an estimation of three dimenal@ffects on the predicted performance
of the CFWT, preliminary results obtained from a &nputation are presented. As in the
two-dimensional case neither the shaft or supppranms have been included in the
simulation. Also, a symmetry plane was employed rattor mid-span to reduce
computational requirements and the sliding meskteggly was used to model the unsteady
flow around the turbine. The chosen turbulence made SST, the same as in the 2D case,
combined with second order discretization schemélea space as well as in time. Finally,
the employed time step was also 5 ms. The fairlgra® employed unstructured grid
comprises around two-million elements.
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Fig. 21. Left: Predicted torque coefficient in the 2D aridl @ases compared with the
experimental value (dashed line). Right: Snapshttetrailing and bound vortices on the
3D configuration

As it can be clearly observed from Fig. 21 (lefft¢ ppredicted average torque coefficient is
lower than the two-dimensional prediction due te #uditional loses promoted by the tip
blade vortices. Such trailing tip vortices are assted with the generation of lift in three-
dimensions and they are unavoidable side-effecit.oSuch trailing vortices induce a
downward component of the fluid velocity in the gildorhood of the blade reducing the
angle of attack and creating a component of thg,dtaown as induced drag. Such drag
component reduces the effective torque that flalivdrs to the turbine rotor and therefore,
also its torque coefficient. Additionally, the preteéd 3D coefficient is even below the
experimental values, represented by the dashedvihieh can be attributed to the fairly
coarse grid employed in the 3D computation [21].

The three-dimensional simulation allows visualisoigarly the shape and topology of
the trailing vortices at certain moment of turbnogation. In Fig. 21 (right), the main flow
is aligned with the positive y-axis and the vorsicare illustrated as an isosurface of
vorticity intensity of 40 8. In such figure, it can be appreciated the geonwtthe trailing
vortices, attached to the blade tip, which are edrin the direction of the main flow and
eventually are convected downstream. Also the blemend vortex shape can be observed
in the same figure; near of the symmetry planevtivéicity isosurface is separated from the
trailing edge but near the tip it is still attacitedhe blade. The vortex bending towards the
inner ring-like domain can also be appreciatediaireddue to the non-linear self-interaction
of the vortex. This fact can be explained as folowhe wake downstream the blade
consists of a finite-thickness vortex sheet thatewrself-induction evolves into a hairpin
vortex (which is a characteristic structure presentirbulent shear flows) with high values
of shear Reynolds stresses [39].

Currently, the authors are performing more refitle@e-dimensional computations of
CFWT, in order to quantitatively investigate thdeefs of tip vortices presence and
detachment on CFWT power coefficient prediction.

Conclusions

A study of the unsteady flow around a CFWT with doenmercial code ANSYS-CFD has
been carried out using a transient rotor-stator@pmation with a sliding mesh technique
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in turbulent flow. Simulation results are in agresm with reported experiments in a
laboratory CFWT [15]. Moreover, the average poweefficient versus tip speed ratio
curve has been constructed for the considerednieirbi

Regarding the sensitivity of results on the turboke model, the present findings
discourage the use of the Spalart-Allmaras modetr(ewith curvature correction) and
favor the use of the SST type of turbulence modglhey represent a compromise between
precision and computational time.

In the optimization study, the factoridl &perimental design performed in the present
analysis demonstrated the influence of the thicknparameter in the moment and
tangential force coefficients. Bothy@nd G asymptotically increase as the thickness of the
airfoil increases. For airfoil profiles with thickas greater than 15% of the chord length,
the increase in & and G is not significant. The results of the paramesiady also
demonstrate the influence of the camber on the abforce coefficient. Even though
performance is the primary consideration for aigakHaxis turbine, the cyclic bending
loads on the turbine shaft are also important &gigh. Based on the numerical results, a
cambered airfoil decreases the average load oshsit and could improve the resistance
of a specific turbine design to fatigue failure.

The numerical results about the influence ofttleekage ratio have demonstrated that the
domain size must be at ledst = 5:8 (or 20% maximum blockage ratio) to simultte
behavior of a turbine in free flow. A higher blogkearatio implies an increase of the
predicted turbine performance, which is the casducted turbines, but also a significant
increase on blade and turbine shaft loads. Additlpnthe predicted turbine performance
improves when smooth trailing edge geometry of éiméoils is employed. Finally, a
comparison of predicted torque coefficient betw2Bnand preliminary 3D simulation was
carried out; as a result, the corresponding valoeshe three-dimensional case are below
the two-dimensional ones due to the generatiomaficged drag by the detached vortices
from the blade tip. The geometry and shape ofitigaidnd bound vortices have also been
illustrated by the results of the three-dimensiamahputation.

All together, the results obtained in this wdemonstrate that CFD can effectively assist
the processes of design, evaluation and optimizatidvydrodynamic performance of cross
flow water turbines.
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