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Abstract

Cross-flow turbines (CFT) harvest energy from wind or water currents via rotation about an
axis perpendicular to the flow, and are a complementary technology to the more common
axial-flow turbine. During the 360 degree rotation, the CFT blades experience a cyclical
variation in the angle of attack and velocity relative to the oncoming flow, leading to
flow separation and reattachment, otherwise known as dynamic stall. This causes an
instantaneous loss in torque generation and unsteady force fluctuations which pose a
challenge to accurate models and predictions of both the performance and the flow field.

This work first examines the dynamic stall process and resulting wake features of CFTs
under confined configurations applicable to river and tidal currents. High fidelity large-
eddy simulations (LES) of a straight-bladed two-blade cross-flow turbine operating at a
moderate Reynolds number are compared to unsteady Reynolds-averaged Navier-Stokes
(RANS) simulations. The RANS model is shown to be sensitive to confinement at the
simulated tip speed ratio as it over-predicts power generation due to suppression of flow
separation. Results are compared with an unconfined configuration for which the RANS
model successfully predicts a power curve, however displays significant differences in the
evolution of flow structures.

Next, the stall development is investigated via proper orthogonal decomposition (POD)
of the velocity fields from LES. The POD modes’ time development coefficients capture the
trend of aerodynamic loads on the blade, along with critical events such as vortex formation
and detachment. Flow curvature, history effects, and flow induction are identified as
significant factors changing the blade aerodynamic loads as compared to pitching or
plunging foils.

Lastly, a previously optimized intracycle control of angular velocity that enhances power
generation by 40% is compared to constant velocity control. This is enabled by a delay in

the blade stall and an alignment of peak torque with the peak of blade angular velocity.
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Nomenclature

projected area of the turbine normal to the flow

amplitude of sinsusoidal variation of w

time development coefficient for mode m

chord length of the turbine blade

coefficient of pitching moment about the quarter-chord location from leading edge
coefficient of normal force on the blade

power coefficient or conversion efficiency of the turbine

average power coefficient

normalized value of torque or torque coefficient

normal force on the blade

turbulent kinetic energy or sub-grid scale (SGS) kinetic energy
pitching moment on the blade about the quarter-chord location from leading edge
mean component of pressure

spatially filtered pressure

torque applied to the turbine by the fluid

outermost radius of the turbine

Reynolds number based on blade chord length and freestream velocity
planform area of the blade

freestream velocity

relative flow velocity (in the reference frame of the blade)
non-dimensional magnitude of the relative flow velocity

mean component of velocity vector

fluctuating component of velocity vector about the time-averaged mean

spatially filtered flow velocity



linear velocity of the blade

dimensionless wall distance

apparent angle of attack of the flow (in the reference frame of the blade)

preset pitch angle of the blade relative to the tangential direction of its motion

wall-normal distance

azimuthal angular position of the blade
tip speed ratio

swirl strength

kinematic viscosity of the fluid

density of the fluid

Reynolds or SGS stress tensor

phase shift between ¢ and sinusoidal variation of w
spatial velocity distribution for mode m
vorticity

angular velocity of the blade

mean of sinusoidal variation of w



1 Introduction

1.1 Motivation

Increasing the proportion of power generation from renewable energy requires exploring
multiple sources in addition to wind and solar energy, such as water currents. According
to a recent report on marine energy in the U.S. [1], there is a technical power potential of
220 TWh /year to be harvested from tidal currents, 99 TWh /year from river currents, and
49 TWh/year from ocean currents, which is largely unexploited. These sources have a
potential of generating power for remote communities in proximity to the site of power
generation where wind or solar energy generation is not feasible and the larger power grids
have not reached. As is also the case for wind energy, decentralized power generation in
urban areas or remote communities reduces transmission losses and removes dependency
on the grid [2].

The most common wind and water turbine design is the axial-flow turbine (AFT), whose
axis of rotation is aligned with the flow as shown in figure 1.1a. AFTs have undergone
significant technological development and have a large presence in wind energy. An

alternative to AFTs are cross-flow turbines (CFT), shown in figure 1.1b and figure 1.3. CFTs

(a) An axial-flow tidal turbine [3]. (b) An illustration of cross-flow tidal turbine de-
sign [4].

Figure 1.1: Tidal turbines with differing axes of rotations.
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Figure 1.2: Equivalent cross-sectional areas for an AFT (left) and CFT (right) with the
tlow going into the figure plane demonstrates how CFTs can have a smaller transverse
dimension due to their rectangular profile.

rotate on an axis that is perpendicular to the oncoming flow, and are now being explored
for harvesting hydrokinetic as well as wind energy. The lift-based CFT is also known as a
Darrieus turbine based on its inventor [5].

As demonstrated in figure 1.2, when operating in tidal flows or rivers, CFTs can extract
energy from a larger cross-section of the flow in shallow currents as compared to an AFT
by orienting horizontally, while maintaining lower blade tip speeds and hence posing less
risk to aquatic life. In this configuration, multiple turbine units can be operated on the
same axis of rotation as illustrated in figure 1.1b, driving a single generator, hence reducing
the associated costs. The Ocean Renewable Power Company is successfully operating
such cross-flow turbine prototypes in a tidal channel in Maine [4] and in a remote river in
Alaska.

For harvesting wind energy, CFTs are installed vertically, also referred to as vertical axis
wind turbines (VAWT), which allows the electrical equipment to be housed on the ground
and provides ease of maintenance. CFTs when oriented vertically have the advantage
of not requiring yaw control to align the axis of rotation with the horizontal flow like in
AFTs. It has also been argued that they can provide a higher wind farm power density
based on land use due to the rectangular cross-section mentioned above and constructive
interference between the individual turbines [8].

An efficient design process for CFTs requires low-order models to predict their perfor-
mance with a low computational cost. Such design tools are prevalent for AFTs since they

have had a longer development period and are actively in production worldwide, however



(a) An "egg-beater" type CFT (b) A Gorlov type CFT that (c) A straight-bladed CFT by
[6]. has helical blades [7]. Ropatec srl.

Figure 1.3: Different shapes of a cross-flow wind turbine.

they do not easily translate to CFT designs. Analytical techniques such as streamtube
models [9] and vortex models [10,11], or numerical models based on tabulated airfoil
data [12,13] have been implemented for CFTs. However low-order techniques which
predict performance based on prior aerodynamic data for a non-rotating blade, even when
collected under dynamic pitching/surging conditions similar to those experienced by a CFT
blade, are not adequate. These do not account for detailed yet important flow phenomena
such as the curvilinear nature of relative flow on the blade, the Coriolis force on the flow
and the resulting vortex trapping at the blade [14], or the induced flow encountered on the
downstream side including the blade-vortex interactions. Full Navier-Stokes simulations of
a rotating CFT, that is, without using prior tabulated or time-averaged blade forces, provide
high resolution data that can be used to identify the dominant flow features affecting

turbine performance and hence aid in creating effective low-order models.

1.2 Operating principle

While curved or helical blades as seen in figures 1.1b, 1.3a, and 1.3b are also used for

CFTs, this research is focused on a two-blade straight-bladed design. The straight-bladed
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(a) A straight-bladed CFT. (b) Nomenclature of turbine geometry and blade kine-
matics.

Figure 1.4: Schematic and nomenclature of a turbine blade cross-section as indicated by
the red arrow in (a) is shown in (b).

design illustrated in figure 1.4a, also known as H-Darrieus, has benefits such as ease of
manufacturing, and thus lower costs, and also ease of modeling. This particular turbine is
designed for hydrokinetic energy extraction, and matches the experimental set-up at the
Pacific Marine Energy Center at University of Washington. Figure 1.4b demonstrates the
geometry and kinematics of a cross-flow turbine blade through a portion of its cycle. As
the blade rotates in the freestream with an angular velocity, w, the instantaneous velocity
of the blade is shown as V,,. Lift is generated through the apparent angle of attack, a,,,
which is the angle the blade encounters with respect to the relative flow velocity, U,,. The
component of this lift force that is tangential to the blade motion drives the turbine. Turbine
performance is characterized as a function of tip speed ratio, defined as the ratio of turbine

tip speed to the flow freestream velocity,

A(0) = . (1.1)



where R is the distance from center of the turbine to the outermost edge of the blade as
shown in figure 1.4b. In this manuscript, § = 0° represents the foil position when the
velocity vector of the foil is directly opposing the freestream velocity vector. Neglecting
induced flow effects and the curvature of relative flow along blade chord, variation in

and U} throughout the rotation of a blade is given by

) = ™ (0] eyl (12)
and
Ur = |U50(f)‘ = \/A(6)? +2X(6) cos 6 + 1. (1.3)

where the sign of «, is positive when the relative flow velocity is directed outwards from
the axis of rotation and negative when it is directed inwards as in figure 1.4b. The torque
applied to the turbine by the fluid and the resultant power generated are normalized

respectively as the torque coefficient and power coefficient,

Co(6) = lp(q](f)m (14)
and
cr(o) = 5000, (15)

The power coefficient, C'p, is the conversion efficiency of the turbine defined by the ratio of

the power generated to the power available in the projected area.

1.3 Turbine geometry and flow conditions

The turbine geometry in this computational investigation is designed to mimic a previous

setup from experiments by Strom et al. [15] and Snortland et al. [ 16] with the exception that



it has no support structures such as the center drive shaft and the connecting struts. It is
comprised of two NACAOQ018 foils with ¢/R = 0.47, mounted at the quarter chord location
from the leading edge, and «a,, = 6° (leading edge angled outward). The Reynolds number
based on blade chord length and freestream flow velocity is Re = cUs /v = 4.5 x 10%
However, the local Re would depend on A and varies throughout the rotation of the blade
due to the variation in relative flow and flow induction.

As described above, some of the important non-dimensional parameters that govern
the cross-flow turbine are its geometry (blade shape and pitch, number of blades, ¢/ R), its
kinematics (), and its configuration, or proximity to other surfaces such as walls, the free
surface, or other turbines. The ratio of projected turbine area normal to the flow, A, to the
total cross-sectional area of the flow is defined as the blockage ratio. It is well established
that increasing the blockage ratio to an extent enhances power generation [17,18]. In the
prior experiments [15,16], the turbine is oriented vertically, as shown in figure 1.4a, in a
water channel that is enclosed by walls on three sides with a free surface on the top and a
high blockage ratio of approximately 11%. While wind turbines are usually unconfined
in actual deployment, hydrokinetic turbines may be placed in naturally confined flow,
such as in shallow or narrow water channels. In this work, both a high blockage ratio of
10.6% (confined configuration) and zero or very low blockage (unconfined configuration) are
simulated for a single turbine. This enables an analysis of the effect of confinement on
the flow dynamics and consequently the turbine performance. Additionally, a turbine
pair under very high confinement (up to 83%) is simulated as part of a co-design cycle
estimating the cost of extracting energy from river or tidal channels using multiple turbines.

Within the scope of this work, only a two-dimensional or infinite-span blade is modeled.
This prohibits exploring a three-dimensional confinement, and also the effects of the free
surface or non-uniform velocity profiles [19,20], and thus the confinement estimates do
not precisely match experiments. Another parameter of interest in turbine design is the

aspect ratio, that is, the ratio of turbine span to diameter. This has been found to not affect



the efficiency of a CFT with other non-dimensional parameters held constant [21], and its

effect cannot been examined in this work as the full blade span is not modeled.

1.4 Dynamic stall on blades

Figure 1.5 shows the variation of «,, and U;; during a rotation cycle for two tip speed
ratios, computed with equations 1.2 and 1.3. Torque generation on a single blade (from
a two-bladed turbine), obtained through large-eddy simulation (LES), is also included
as an example. The apparent angle of attack undergoes very high variation during the
cycle, reaching —25° to +35° for A = 1.9 and approximately +/- 60° for A = 1.1, which
is much higher than the critical angle of attack for flow separation on a stationary foil
(=~ 12°) [22]. Although the computed angle of attack in figure 1.5 does not account for the
effect of induction, the high variation creates flow transitions from attached flow to highly
separated flow and vice versa, a phenomenon known as dynamic stall.

This is observed in the vorticity field in figure 1.5 from LES at A = 1.9. While the flow
is attached at the inward side of the upstream blade at § = 64°, a significant separation
can be seen at § = 129°. The flow reattaches to the blade at the end of its upstream motion
as the angle of attack switches signs and the outward side of the blade becomes prone to
separation during the downstream motion. Uncontrolled dynamic stall produces a drop in
the lift-to-drag ratio, decreasing the torque generated. For the turbine shown in figure 1.5,
the torque for A = 1.9 starts to peak at = 90° due to the dynamic stall on the blade along
with the decreasing U;;. Although not shown in figure 1.5, these dynamic stall events can
cause undesirable load oscillations, which contribute to fatigue or structural failure and
makes self-starting difficult [23,24], especially at low Reynolds number.

Due to the challenges posed by dynamic stall in CFTs, it has been studied through
laboratory experiments such as in [25] where generation of two pairs of stall vortices at the

blade has been observed during rotation, and in [26] where the circulation of the leading



0 = 64°,244° 0 =129°,309°

/- \

Figure 1.5: The top two frames show the variation of relative flow on the blade for a
tull rotation, computed with equations 1.2 and 1.3. The bottom frame shows the torque
coefficient for a single blade from LES of a two-blade turbine. Vorticity fields demonstrate
flow separation on the upstream blade from LES of a two-blade turbine with A = 1.9.

edge vortex (LEV) is analyzed along with the roll up and formation of a trailing edge
vortex (TEV). Using computations in [14], the Coriolis effect has been shown to result in
the turbine blade capturing a vortex pair at low tip speed ratios after the angle of attack
starts decreasing. This negatively affects torque generation and cannot be reproduced by
a non-rotational pitching-surging blade with an equivalent angle of attack and relative
velocity variation. Wang et al. also observed how vortex dynamics plays a role in reduction
of power conversion at both low and high tip speed ratios [27].

Due to these non-linear vortex dynamics and blade-vortex interactions in CFTs, a generic
dynamic stall model based on blade forces for similar pitching/surging rates is not adequate
to predict turbine performance, much less the flow field around and in the wake of the
turbine. While experiments are used for collecting performance data and flow visualization,

exploring multiple geometric configurations of a turbine can be a tedious process, and it is



challenging to visualize the flow field near to the blades at an adequate resolution. Hence
experiments need to be complemented with CFD to understand the basic flow dynamics
and obtain highly resolved flow field data to create lower order design tools for CFTs.
Turbulence modeling in computations involving dynamic stall pose a challenge of their

own, which is explored throughout this thesis.

1.5 Research goals and thesis outline

Computational methods (chapter 2)

The turbulence model, mesh, and validation with experiments are presented for the un-

steady Reynolds-averaged Navier-Stokes (RANS) and large-eddy simulations (LES).

Comparison of LES with RANS under varying confinement (chapter 3)

Whereas RANS computations have the advantage of a quick turn-around time in providing
an estimate of turbine performance, especially for a two-dimensional simulation, they
are unable to accurately predict characteristics of dynamic stall in some instances. Hence
higher fidelity large-eddy simulations (LES) are often performed for accurately simulating
the occurrence of stall, the resulting vortex dynamics and flow field in the wake. Past
literature when comparing RANS and LES modeling for a CFT, has not examined the effect
of confinement. Thus wall-resolved LES of the current CFT is performed, particularly
investigating the interaction of confinement with the modeling technique, and evaluating
the strengths and limitations of 2D RANS in modeling the dynamic stall process and the
turbine wake.

This work also contributes to a multi-disciplinary project investigating the reduction
of levelized cost of energy (LCOE) for CFTs to 0.1%/kWh by using multiple turbines to

increase the overall confinement in river or tidal channels. A turbine pair with cumulative
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blockage up to 83% is simulated as part of the co-design cycle using the RANS model,

while comparing with LES at specific parameters to verify the accuracy of the flow physics.

Analysis of dynamic stall development using modal decomposition (chapter 4)

For an efficient design process for CFTs, low-order models are required, which can predict
their performance while considering the complex dynamic stall phenomenon, the resulting
flow structures, and interactions with the blades. Theoretical models or numerical ones
based on tabulated aerodynamic forces for the blade are not able to account for these
non-linear effects. Modal decomposition of flow fields has been previously used to dissect
the dynamic stall [28,29], but seldom for a rotating blade. Based on high resolution flow
tield data obtained from LES, the dominant flow features at the blade through its rotation
are identified through proper orthogonal decomposition. Their time evolution is correlated
with the blade aerodynamic loads and critical events in the stall cycle, with potential

application to separation control.

Intracycle control of angular velocity (chapter 5)

The dynamic stall behavior of a CFT can be altered by modifying the «,, and U profiles
experienced by the blade. One method of effecting this change is the variation of w, and
hence ), throughout the rotation of a CFT rather than keeping it constant. Such an intracycle
variation of w, when optimized in a previous experiment, increased the mean power
coefficient of a CFT in confined flow by up to 57% [15]. However, no flow visualization was
performed to determine the mechanisms causing this enhancement while it is hypothesized
that the nonlinear dynamic stall process was impacted. LES is performed to investigate this
by visualizing the changes in flow at the blade while extracting a common basis of modes
with the constant rotation simulation and hence directly comparing the spatio-temporal

flow evolution.
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1.6 Research products

Completed and anticipated journal articles

1. Dave, M., Spaulding, A., & Franck, ]. A. (2020). Variable thrust and high efficiency propul-
sion with oscillating foils at high Reynolds numbers. Ocean Engineering, 214, 107833.
https:/ /doi.org/10.1016/j.oceaneng.2020.107833

The article is not represented in this thesis. RANS computations are performed for
a heaving-pitching foil with a large heave amplitude and at a fully turbulent Re.
Results illustrate the kinematics required to transition between the high-efficiency
and high-thrust regimes and are classified into flow regimes based on performance

and vortex structure in the wake.

2. Calvet, A. G., Dave, M., & Franck, ]. A. (2021). Unsupervised clustering and performance
prediction of vortex wakes from bio-inspired propulsors. Bioinspiration & Biomimetics, 16,

046015. https://doi.org/10.1088/1748-3190/ac011f

The article is not represented in this thesis. An unsupervised machine learning
strategy is developed to automatically cluster the wakes of bio-inspired propulsors
into groups of similar propulsive thrust and efficiency metrics based on vorticity
images from CFD simulations. Contribution: performing RANS computations and

preparing the manuscript.

3. Dave, M., Strom, B., Snortland, A., Williams, O., Polagye, B., & Franck, ]. A. (2021).
Simulations of intracycle angular velocity control for a crossflow turbine. AIAA Journal,

59(3), 812824. https://doi.org/10.2514/1.J059797

The article is partly represented in chapter 2.

4. Dave, M., & Franck, . A. (2021). Comparison of RANS and LES for a cross-flow turbine in
confined and unconfined flow. Journal of Renewable and Sustainable Energy, 13(6), 064503.
https:/ /doi.org/10.1063/5.0066392


https://doi.org/10.1016/j.oceaneng.2020.107833
https://doi.org/10.1088/1748-3190/ac011f
https://doi.org/10.2514/1.J059797
https://doi.org/10.1063/5.0066392

5.

12

The article is presented here as chapter 3.
Dave, M., & Franck, |. A. (2021). Development and control of dynamic stall on a cross-flow
turbine blade.

The manuscript is under preparation for submission to the Physical Review Fluids

journal, and is presented in this thesis as chapters 4 and 5.

Conference and invited presentations

1.

Dave, M., Spaulding, A., & Franck, J. A. (Nov 2018). RANS Simulations of Oscillating
Foils for High-Thrust Marine Propulsion. APS Division of Fluid Dynamics, Atlanta,
GA.

Dave, M., Calvet, A. G., & Franck, J. A. (Nov 2019). Clustering of Vortex Wakes for
Heaving-Pitching Foils Using Machine Learning. APS Division of Fluid Dynamics,
Seattle, WA.

Dave, M., Strom, B., & Franck, J. A. (Jan 2020). Vortex Dynamics of Darrieus Turbines
with Intracycle Angular Velocity Control. AIAA Scitech Forum, Orlando, FL.

. Dave, M., Strom, B., Snortland, A., Williams, O., Polagye, B., & Franck, J. A. (Sep

2020). Simulations of Intracycle Angular Velocity Control for a Cross-Flow Turbine.

Pacific Marine Energy Center (PMEC) All-Center Meeting (virtual).

. Dave, M., & Franck, J. A. (Nov 2020). Large-eddy Simulations of a Cross-Flow Turbine.

APS Division of Fluid Dynamics (virtual).

. Dave, M., & Franck, J. A. (Mar 2021). Computations of Dynamic Stall in a Cross-Flow

Turbine. Fluid Talks webinar series by the Fluids Early Career Researcher Forum

(virtual), Leeds Institute for Fluid Dynamics, University of Leeds, United Kingdom.
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11.

12.
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Dave, M. (Jul 2021). Simulations of Unsteady Flow Phenomena in a Cross-Flow
Turbine. Department Student Research Committee seminar (virtual), Indian Institute

of Science, Bengaluru, India.

. Dave, M. (Jul 2021). Simulations of Dynamic Stall in Cross-Flow Turbines. Sabarmati

Young Researcher Seminar (virtual), Indian Institute of Technology, Gandhinagar,

India.

. Dave, M., & Franck, J. A. (Aug 2021). Investigation of Dynamic Stall within a Cross-

Flow Turbine via Large-eddy Simulation. AIAA Aviation Forum (virtual).

Dave, M., & Franck, J. A. (Nov 2021). Modal Analysis of Dynamic Stall on a Cross-
Flow Turbine Blade . APS Division of Fluid Dynamics, Phoenix, AZ.

Dave, M., & Franck, J. A. (May 2022). Dominant Flow Features on a Cross-Flow
Turbine Blade with Constant and Intracycle Angular Velocity. Direct In-person Collo-

quium on Vortex Dominated Flows (DisCoVor), Villars-sur-Ollon, Switzerland.

Dave, M., & Franck, J. A. (Nov 2022). Investigation of Dynamic Stall on a Cross-
Flow Turbine Blade using Modal Decomposition. APS Division of Fluid Dynamics,

Indianapolis, IN.
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2 Computational methods

2.1 Reynolds-averaged Navier Stokes (RANS) simulation

Numerical model

The governing equations for the incompressible unsteady RANS computations are
V-u=0 (2.1)

pu.
8—1: +@ -Va=-Vp+vVu—V-r. (2.2)

These equations are solved using a second-order accurate finite volume, pressure-implicit
split-operator (PISO) method [30] implemented in OpenFOAM [31]. The Reynolds stress
tensor, 7, in equation 2.2 is modeled with the k-w SST equations [32]. The k-w SST model
has been used extensively in RANS simulations of cross-flow turbines [33-39] and is
found to be a desirable closure model due to its documented ability of handling separated
flows [40]. It was able to predict the Cp vs A curve most accurately as compared to other
RANS models when validated with multiple experiments and factoring in corrections for

losses from the support structure [41].

Computational domain and boundary conditions

The simulation domain contains an inner mesh of radius 4c with a sliding interface between
this rotating inner region and the intermediate wake-region mesh that remains station-
ary (figure 2.1). The wake region extends 27c downstream of the turbine center, while
the outermost region of the domain extends 250c downstream and 200c upstream of the

turbine center. For the confined configuration, the domain width along y-direction is 40c,
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Figure 2.1: Schematic representation of the computational domain.

and the resulting blockage is 10.6%. The performance is also tested with an unconfined
configuration that has a width of 250c corresponding to a blockage ratio of 1.7%. A constant
inlet flow velocity along x is prescribed on the left boundary while a constant pressure
value is prescribed at the outlet boundary. A symmetry boundary condition is prescribed
at the top and bottom that enforces zero normal flow velocity through the boundaries. A
zero-gradient boundary condition is applied to the turbulent kinetic energy at the foil. A
wall function is utilized to calculate the specific dissipation for the first layer of mesh cells
at the foil, that implements a blending function of its viscous sub-layer and log-law region
variations based on distance from the wall [42].

For conditions where the flow separates from the blade, such as for the unconfined
configuration, the results are particularly sensitive to the prescribed value of the far-field
turbulent kinetic energy, k, which is used as a tuning parameter when benchmarking against
experimental results. There is no data readily available for unconfined configurations of
this particular turbine. Barnsley and Wellicome’s blockage correction [43] has been found
to yield good predictions of power generation in unconfined flow from experimental results
for confined flow [18]. This correction is applied to the experimental data, and prescribing
a far-field value of £ = 1 x 107 yields a power coefficient within 6.6% of the predicted

blockage-corrected value for A = 1.9.
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Figure 2.2: Evolution of C'p over six rotations and twelve phase cycles from RANS compu-
tations with confined flow at A = 1.9. The grey background indicates the developing flow
state, and the white background indicates developed flow or steady state over which the
power coefficient is averaged.

Mesh sensitivity and validation

Simulations with a constant w corresponding to A = 1.9 are performed for the mesh-
sensitivity analysis. Figure 1.5 shows the variation of «,, and U} during a rotation cycle.
Before rotation, a fully-developed state is achieved by running the simulation with station-
ary blades. The rotating simulation is then run for six blade revolutions. Figure 2.2 shows
the variation of power coefficient for the confined flow within these six complete revolu-
tions. The force and moment values are phase-averaged over the last four half-revolutions
to get the mean values once a fully developed state is reached (one phase cycle equals a
half-revolution due to the symmetry of a two-blade turbine).

Simulations are performed with various mesh configurations and the results are di-
rectly compared with experimental data to determine an appropriate computational setup.
Results for six mesh configurations are presented in table 2.1. Mesh A is shown at different
levels of resolution in figure 2.3. The boundary layer region around the foil is resolved with
layers of body-fitted structured mesh elements (figure 2.3d) which transition to unstruc-
tured elements with gradually decreasing levels of refinement. For all mesh configurations,

the number of mesh points along the foil boundary is 523, the wall-normal distance of the
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Ay/c No. of No. of

for first body- cells in
mesh fitted theinner Totalno. Reynolds

layer layers mesh of cells number Cp
mesh A 0.001 60 178,077 272,892 4.5x10*  0.454
confined meshB  0.001 60 318,837 400,646  4.5x10* 0437
mesh C  0.0005 60 316,017 420,352  4.5x10*  0.441
Experimental data 45%x10*  0.377
meshD  0.001 60 223,357 307,300 4.5x10*  0.228
meshE  0.001 60 318,837 427,870  4.5x10*  0.324
unconfined mesh E 1x10° 0430
meshF  0.001 60 370,409 535,720  4.5x10*  0.346
Experimental data with blockage correction 45x10*  0.305

Table 2.1: Details of different mesh configurations demonstrating mesh sensitivity for
the RANS simulations. The highlighted meshes are selected for the simulations. (A =
1.9, Re = 4.5 x 10%)

Figure 2.3: Layers of computational mesh with increasing level of resolution: (a) Immediate
surrounding of the inner mesh (wake region). (b) Rotating inner mesh. (c) Mesh around
the foil. (d) Body-fitted structured mesh to resolve the boundary layer.

tirst mesh layer, Ay/c, is given in table 2.1, and the mesh points within the boundary layer
increase by a growth factor < 1.1.
Table 2.1 tabulates the mean power coefficient for each of these meshes over the last four

phase periods. The power coefficient and normalized forces vary minimally between the
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data (blockage ratio = 11.6%) for A = 1.9, Re = 4.5 x 10*. Mesh A is selected for the final
analysis with confined flow.
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meshes A, B, and C, hence mesh A is chosen for performing the confined flow simulations.
Mesh E is chosen for the unconfined simulations as the power and forces computed don’t
vary significantly between mesh E and mesh F. For mesh A and mesh E, the maximum
value of y* for the first mesh layer at the foil, for a stationary foil with 6° angle of attack is
1.76 and 1.61 respectively.

The computed power coefficient and force coefficients for the confined flow are shown
in figure 2.4 and directly compared with experiments by Snortland et al. [16], which are
conducted at similar blockage ratio and Reynolds number to the computations. Streamwise
and cross-stream forces are not reported in [16], but acquired simultaneously by the 6-
axis load cells mounted at either end of the turbine rotor and included here to augment
validation. As the simulations do not include support structures, the torques and forces
on the blades were estimated from the experimental data by subtracting the torques and
forces arising from rotating only the center shaft and struts at the same inflow velocity
from those for the full turbine. The confined flow simulations show good agreement
with experiments while over-predicting the peak power coefficient. There are fluctuations
present in the experimentally measured forces which are likely associated with mechanical
and hydrodynamic resonance of the experimental setup, however the values about which
they fluctuate match with the computations.

Results are also compared to experiments at a lower tip speed ratio. At A\ = 1.1, the
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(a) Power coefficient and force coefficients from RANS simulations (blockage ratio = 10.6%), and
from experimental data (blockage ratio = 11.6%) for A = 1.1, Re = 4.5 x 10%.
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Figure 2.5: (b)(c) Instantaneous flow velocity (vectors) and swirl strength (contours) from
experimental data and RANS simulations show the generation of an LEV between ¢ = 90°
to § = 180° for A = 1.1, Re = 4.5 x 10%,

blades experience higher angles of attack as seen in figure 1.5, and hence experience a

deeper dynamic stall with separated flow over majority of the upstream sweep of the blade,

which results in poor power generation. Figure 2.5a compares the torque and forces for the

confined flow computations with the experiments by Snortland et al. [16]. The peak power

is over-predicted, along with discrepancies between 6 = 120° to # = 180°. Figures 2.5b and
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2.5¢ directly compare the velocity and swirl strength from the computations with the phase-
averaged particle image velocimetry (PIV) data from the experiments. The swirl strength
is obtained by an eigenvalue analysis of the velocity gradient tensor [44,45]. It denotes
the amount of local swirling motion of the flow and hence can be used to differentiate
vortices from shear layers. The flow field shows the generation of an LEV between 6 = 90° to
6 = 180° due to flow separation on the upstream foil. The apparent angle of attack increases
to its maximum value and then rapidly drops to zero during this part of the rotation (figure
1.5) which generates an LEV that is shed from the foil. This process corresponds to a drop
in torque generation. The computed and experimental flow fields match well in terms of
location and strength of the LEV, and the surrounding velocity field.

The discrepancy in Cp observed at A = 1.1 may be due to the difficulty of simulating
highly separated flow using a RANS model. The two-dimensional approximation of the
tflow field cannot capture the three-dimensional instabilities inherent to high Reynolds
number flows, including those within the boundary layer that affect transition and flow
separation phenomena. Results also indicate high sensitivity to the Reynolds number in
the regime explored, especially for the unconfined flow. The intrinsic transitional nature
of the flow physics, and the varying of relative flow velocity throughout the cycle make
this regime computationally challenging. Increasing Re from 4.5 x 10* to 1 x 10° for the
unconfined configuration at A = 1.9 increases the mean C'p from 0.324 to 0.430, as shown in
table 2.1. Due to the experimental conditions, the moderate Reynolds number of 4.5 x 10*

remains the focus of this study.
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2.2 Large-eddy simulation (LES)

Numerical model

LES solves the spatially filtered incompressible Navier-Stokes equations,

ou;
5 =" (2.3)
and
aaj 8@112] 1 (‘3ﬁ 8222]- aTij
S — 24

where 7;; represents the sub-grid scale (SGS) stress tensor,
Ty = ity — Gl (25)

For the local dynamic k-equation SGS model [46], 7;; is modeled as,

~ 2

where S; represents the filtered rate of strain,

-1 (06 0
Si=5 ( 7+ ax) . (2.7)

In equation 2.6, A is a measure of the size of the mesh cell, computed as cube-root of
the cell volume, that acts as the implicit filter size. A smoothing restriction is also imposed
which prevents large changes in A between neighboring mesh cells. The SGS kinetic energy,
k, is computed by its transport equation. The coefficient Cj, in equation 2.6 and a coefficient
of dissipation in the transport equation of £ are computed dynamically from local flow
properties utilizing the concept of similarity at two different length scales, that is, when

a larger test filter is applied over an already filtered flow field, the SGS stress and the
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Figure 2.6: Schematic representation of the confined computational domain.

dissipation of & at the two different filter levels are similar [46]. The filtered Navier-Stokes
equations along with the transport equation for £ are solved using a second-order accurate

finite volume solver from the OpenFOAM package [31].

Computational domain and boundary conditions

A representation of the computational domain for the turbine simulations is shown in figure
2.6. An inner mesh region, that includes the two blades of the turbine, rotates while the
surrounding mesh remains stationary, with a sliding interface between the two. Support
structure such as the center rod and the connecting struts are not simulated. The freestream
flow is along z-direction with inlet boundary conditions specified at the left boundary and
outflow conditions at the right boundary. Only a small span of the blades (0.2¢) along
the z-direction is simulated with periodic boundary conditions between the front and
back planes. Two different configurations are investigated in terms of the blockage across
the y-direction. The first is a confined configuration that has a domain width of 40c along
y-direction with no flow being allowed to cross the top and bottom walls, resulting in a
high blockage ratio of 10.6%. The second is an unconfined configuration that has a domain
width of 200c along y-direction with outflow conditions at the top and bottom boundaries,

allowing for a flow unconfined by walls. SGS kinetic energy for the incoming flow is
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Figure 2.7: Snapshots of the mesh (confined), zooming out from left to right.

prescribed as k/U% =1 x 107, while it was observed that the results were not sensitive to
changes in this value due to the energy dissipation between the inlet and the turbine. At

the blade, a zero normal gradient is imposed for p and k.

Mesh and model sensitivity

The mesh for the confined configuration in the z-y plane is shown in figure 2.7. At each
blade, 50 layers of quadrilateral mesh cells are used for resolving the boundary layer such
that the maximum dimensionless wall distance, y, at the first mesh layer is less than 1.
The structured mesh layers transition to an unstructured mesh that becomes coarser, with
an intermediate relatively refined wake region between the far-field mesh and the inner
rotating region. A single x-y mesh plane is extruded along the blade span of 0.2c in the
z-direction to construct 48 mesh planes.

Six rotations of the turbine are simulated and the last two rotations are considered
for analysis since the power generation stops changing significantly from one rotation to
another. For a two-blade turbine, a repeated cycle of total power generation from both
blades spans 180°, a half rotation. Forces on the blades, the power generated, and often the
flow variables are averaged over the four phase cycles to remove cycle-to-cycle variations,
which is referred to as a “phase-averaged" quantity in this manuscript. However forces
and power presented for a single blade are averaged over two of their individual phase
cycles spanning 360° and also averaged over the two blades.

To assess the sensitivity of the mesh resolution and the SGS turbulence model, fig-

ure 2.8 compares the phase-averaged power coefficients for three different confined mesh
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No. of cells No. of mesh

in each z-y planes along Total no.
Mesh plane span (z) of cells  SGS models tested
1 94,566 48 4.54M dyn-k, const-k, Smag, WALE
2 94,566 32 3.03M dyn-k
3 86,886 48 417M dyn-k

Table 2.2: Details of the mesh and models tested for a sensitivity analysis.

configurations as listed in table 2.2 for a tip speed ratio of A = 1.9. Four different SGS
models are tested for mesh 1 - the local dynamic k-equation model [46] (dyn-k), the
constant coefficient k-equation model [47] (const-k), the constant coefficient Smagorinsky
model [48] (Smag), and the wall-adapted local eddy-viscosity model [49] (WALE). The
model coefficients for the latter three models have to be specified as they are not computed
dynamically. The van Driest function [50] is used for the const-k and Smag models to
damp the value of eddy-viscosity at the wall. Experimental data with a blockage ratio
of 11.6% [16] is included for validation. The excellent agreement in figure 2.8 between
the three mesh configurations with the dynamic coefficient k-equation model implies that
mesh 1 is adequately well resolved and robust to small changes in the mesh.

Simulations for flow past a cylinder implemented in OpenFOAM have shown the local
dynamic k-equation model to be the closest to experiments among the four models explored
here [51,52]. Owing to this, and the closeness to previous experiment in figure 2.8, it is the
chosen SGS model for this research. The constant coefficient k-equation and Smagorinsky
models deviate drastically from the dynamic k-equation model. Designed for isotropic
turbulence, they are known to over-predict dissipation [53], hence resisting the transition
to turbulence at a wall and not able to accurately model separating flow at a moderate
Re. However the wall-adapted LES model which is a constant coefficient model based on
the square of the velocity gradient tensor, in contrast to the other three models that are
based on the rate of strain tensor, overcomes the above-mentioned limitation near walls
and exactly matches the dyn-k model predictions.

Figure 2.9 shows the instantaneous span-averaged vorticity fields around the blades.
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Figure 2.8: Power coefficient for the different mesh and model configurations. Blockage

ratio = 10.6%, A = 1.9, Re = 4.5 x 10*.
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Figure 2.9: Normalized span-averaged vorticity fields for the different meshes and models.
Blockage ratio = 10.6%, A = 1.9, Re = 4.5 x 10*%.

There are small differences between mesh 1, 2, and 3 in the formation and shedding of

the LEV. Mesh 3 also results in a faster dissipation of the shed LEV presumably due to

numerical dissipation from the coarser mesh. The constant coefficient k-equation model

shows a larger flow separation due to its tendency to over-predict dissipation as mentioned

above hence explaining the lower power generation observed in figure 2.8. The vorticity

tield for the Smagorinsky model, not shown here, is also qualitatively similar to the const-k

model. The vorticity for the WALE model matches quite well to the dyn-k model and hence
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it seems to successfully overcome the limitations of the Smag and const-k models in terms

of the qualitative nature of the flow too.
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3 Comparison of LES with RANS under

varying confinement

3.1 Literature review: RANS and LES modeling of
cross-flow turbines

Many researchers, including the current authors, have utilized two-dimensional unsteady
Reynolds-averaged Navier-Stokes (RANS) models to efficiently model the performance
and dynamics within each stroke [33,34,36,39,41,54-56]. Although many have compared
tavorably with experiments, there is evidence that the dynamic stall process may not be
accurately captured [57-59]. Three-dimensional RANS has also been performed with
modest success [33, 60-63] but still suffers from inaccurate time evolution of unsteady
phenomena. As an example, when RANS computations are compared to large-eddy
simulations (LES) it is shown that the RANS delayed the occurrence of dynamic stall
compared to the LES [64,65], and results from LES are more comparable to the wind tunnel
data in terms of forces and power generation.

Similarly, fully 3D LES [65] or hybrid RANS-LES models [66,67] that include the full
span of the turbine blades also show better match with experiments and more realistic
vortex formations as compared to fully 3D RANS. In Ref. [68], LES has been able to
accurately predict the mean performance curve of a CFT as a function of its tip speed
ratio when validated with experiments, and is further utilized to analyze the complex
blade-vortex interactions.

Although it has been shown as an accurate modeling tool for the dynamic separation
and reattachment on the blade, LES requires a three-dimensional computational domain

for a physically consistent solution of the governing equations. In addition, it demands
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high mesh resolution at the blade when fully resolving the boundary layer without the use
of wall functions, known as wall-resolved LES or WRLES, hence significantly driving up
the computational cost.

Another challenge in computational models of CFTs is the prediction of array interac-
tions among individual turbines which requires accurate resolution of the unsteady flow
physics and vortex dynamics. Velocity fields in the wake of a CFT have been examined in
multiple experiments, along with the role of vortex structures from dynamic stall in re-
energizing the wake. In Ref. [69], the wake recovery lengths for counter-rotating CFT pairs
in a wind farm have been found to be around six times the diameter, significantly lower
than those typical for AFTs. Using velocimetry data, multiple researchers have highlighted
the asymmetry of the wake in the cross-section perpendicular to the blade span [70-73],
and the significance of blade tip vortices in wake recovery [71,72,74-76]. Computations
with RANS [62] and LES [75,77] modeling have also corroborated these observations.
In Ref. [75], higher turbulence intensities have been found to enhance entrainment and
recovery by distorting and breaking down the three-dimensional vortex structures in the
wake. Ref. [78] examines the distinct streamwise velocity profiles in the wake for different
tip speed ratios. LES is the more popular choice of modeling to investigate CFT wakes,
often combined with low-order models for computing forces on the fluid from the turbine
blades [79-83]. To the author’s knowledge, a direct comparison of the wake flow field
between RANS and LES has not been investigated. Considering the ubiquitous nature
of 2D RANS modeling in simulation of CFTs due to its low computational cost, a direct
comparison with LES will help to elucidate the role of RANS models in terms of strengths
and limitations in predicting performance and the unsteady flow physics.

The turbine geometry and Reynolds number in this paper match previous experiments
performed in a water flume with highly confined flow involving walls on three sides and a
free surface [16]. It is well established that CFTs experience enhanced power generation in

confined flow [17,18], and to take advantage of this, they may be deployed in areas with
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natural flow constrictions such as in shallow or narrow channels. When comparing LES
to RANS modeling for a CFT [57,64], the effect of confinement has not been examined in
past literature. Thus, the goal of the present paper is to perform high-fidelity wall-resolved
LES of a CFT with geometry and flow conditions matching previously reported RANS
and experiments, while particularly investigating the interaction of confinement with the
modeling technique. The strengths and limitations of LES and 2D RANS in modeling the
dynamic stall process and the turbine wake in confined flow are examined, and compared

to results in unconfined flows.

3.2 Confined configuration

The confined configuration simulates a blockage ratio of 10.6%, similar to the prior exper-
iments by Snortland et al. [16] with a matching turbine geometry and a blockage ratio
of 11.6%. The angle of attack and relative velocity variation for A = 1.9, calculated with
equation (1.2) and equation (1.3), is presented in figure 3.1a. The phase-averaged power
and forces from LES are compared with RANS computations [84] in figure 3.1b for a single
blade of the turbine, and also with the experiments [16] in figure 3.1c for a total of both
blades. The mean power coefficient from LES is 0.309, from the RANS computation is 0.454,
and from the experiment is 0.377.

The Cp for RANS reaches its peak around 5° later than that for LES. While the peak for
the experiment lies in between them, around 6 = 105°, considering the relatively lower time
resolution of the experimental data, it seems to be more in phase with the LES. The power
coefficient for LES is significantly lower compared to RANS after § = 90° as the upstream
power-generating blade starts experiencing angles of attack higher than 20° and decreasing
relative flow speeds. This offset between RANS and LES remains almost constant while

there is no difference between the two in the power loss on the downstream blade during
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Figure 3.1: Comparison of power coefficient and force coefficients from experimental
data (blockage ratio = 11.6%), and from RANS and LES (blockage ratio = 10.6%) for
A =19, Re =45 x 104,

this period (after # = 270°). The offset starts reducing and ultimately disappears only after
the blade stops generating power.

The LES under-predicts C'p as compared to the experimental data, but the offset between
the two curves starts reducing after around 6 = 135°. While single blade data from this
experiment is not available, data from a similar experimental setup [15] with a single blade
turbine suggests that this reduction in the gap may be due to an increasing power loss from

the downstream blade after § = 315° in the experiment. It is relevant to note that while
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the cross-sectional blockage ratio in the experiment is 11.6%, this considers both the width
and span of the flume in the y-z plane. The computations impose a blockage of 10.6% only
across the width (y-direction). The equivalent blockage in the experiment, that is the ratio
of turbine diameter to flume width, is 23%, which is a probable reason for the difference in
the peaks between LES and experiment.

In addition to the torque/power generated, the streamwise and cross-stream forces
on the blades are also presented as they affect fatigue in turbines. In the experimental
data reported, there exist large fluctuations in the forces. Since the simulation has no
support structure, the forces on the blade are calculated from the experimental force
measurements by subtracting out the forces on the support structure rotating without a
blade. The fluctuations are likely due to a mechanical-hydrodynamic resonance of the
experimental setup. Nonetheless, the values within the simulation compare well to the
mean values of the experiment. However forces on a single blade from the computations
demonstrate how periods of small differences in the forces can have large differences in
the torque generation, such as from 6 = 90° to 180°, and that periods with no difference in
the torque on the blade may have differences in the forces, such as after § = 225°. Hence
subtle differences in the pressure distribution on the blade cannot be extrapolated from
observing the magnitude of forces on the blade.

Figure 2.5 shows a comparison of phase-averaged particle image velocimetry (PIV)
data from the experiment [16] and the phase-averaged flow field from LES and RANS. At
6 = 102°, the angle of attack is approximately 24° (figure 3.1a) which is higher than the
stall angle for a stationary NACAO0018 blade. However, no flow separation is observed,
presumably due to a combination of the dynamically increasing angle of attack which
tends to delay the occurrence of stall, and the effect of confinement. As observed in figure
3.1c, the power generation is at its peak for LES and experimental data, but premature for
RANS. While the angle of attack increases by a small magnitude to its maximum of 26° at

¢ = 120°, the relative flow speed is rapidly decreasing. Whereas this causes flow separation
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Figure 3.2: Phase-averaged flow velocity (vectors) and vorticity (contours) from experi-

mental data and computations for the confined configuration. A = 1.9, Re = 4.5 x 10™.

observed in the PIV and LES flow field at § = 138°, the RANS computations suppress flow

separation, explaining the delayed peak of C'r and consequently the constant positive offset

relative to LES. The separation region near the trailing edge in PIV and LES skews the force

vector on the blade towards it, reducing power generation. However, the flow fields do not

adequately explain the gap between the C'p from experiment and LES which gets smaller

as the blade is completing its motion on the upstream side.

As the upstream blade moves further, a leading edge vortex (LEV) is created and shed

as seen at # = 165° and 6 = 220° in the PIV and LES fields, but no LEV is observed in

the RANS field indicating complete suppression of flow separation. Figure 3.3 demon-

strates the instantaneous vorticity field for LES and RANS at four different positions of
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Figure 3.3: Instantaneous vorticity fields from LES (span-averaged) and RANS for the
confined configuration. A = 1.9, Re = 4.5 x 10*.

the turbine with both blades in the frame. A distinct separation region having small scale
flow structures is observed at the blade for LES compared to a smooth boundary layer
for RANS, demonstrating its limitations in modeling separating flow as noted in past
research [57-59,64,65]. While a relatively weak trailing edge vortex (TEV) is created in
RANS far after the blade has completed its upstream motion, the LES field shows a stronger

LEV created on the blade due to flow separation.

3.3 Unconfined configuration

The unconfined configuration allows free outflow from all boundaries except the inlet,
simulating conditions with no walls or free surfaces at a distance close enough to affect
the flow around the CFT blades. Such conditions may be found while harvesting wind

energy or in sufficiently wide and deep water channels and is analyzed here as a reference
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Figure 3.4: Power coefficient and force coefficients from RANS simulation (blockage ratio
=1.7%) and LES (unconfined) for A = 1.9, Re = 4.5 x 10".

for comparing the results from the confined configuration. figure 3.4 shows a comparison
between the LES and RANS computations for power and forces on a single blade with
an unconfined configuration. The mean power coefficient from LES is 0.264 and from the
RANS computation is 0.324. The power coefficient for the experiment, when corrected
for the blockage using Barnsley and Wellicome’s method [18,43], reduces to 0.305. The
power generation from LES is reduced by 14.6% as compared to the confined configuration
whereas that for RANS is reduced by 28.6%. Comparing with figure 3.1b, the power
coefficient curve from LES undergoes a subtle drop in the peak while the RANS curve sees
a more significant reduction. The RANS curve also undergoes a shift in its peak and is
more in phase with LES for the unconfined configuration rather than being delayed. As
the blade advances there is a small offset between the two curves throughout its upstream
motion. However a more notable difference can be observed between 6 = 180° and 220°.

Figure 3.5 compares the vorticity for the unconfined RANS and LES computations.
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Figure 3.5: Instantaneous vorticity fields from RANS and LES (also span-averaged). Block-
age ratio = 10.6%, A = 1.9, Re = 4.5 x 10

Unlike the confined flow, the RANS does have flow separation at § = 129° but no distinct
LEV formation and roll-up like the LES. This observation is a probable reason for the
small offset between the two curves from 6 = 100° to § = 180°, as the force vector on the
blade is turned towards the trailing edge due to the more pronounced separation in LES.
A significant difference can be seen as the LEV is forming and leaving the blade at the
end of its upstream motion from the vorticity fields at § = 195° and 6 = 225°. The RANS
computation shows a dynamic stall vortex leaving the blade surface while a shear layer is
still rolling up, along with the formation of a trailing edge vortex. The LES however shows
a single coherent vortex forming at the blade and leaving it at a later azimuthal position
compared to RANS, and as a consequence reducing the power generation from 6 = 180° to

220° as observed in figure 3.4.
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Figure 3.7: Instantaneous and span-averaged streamwise velocity and spanwise vorticity
fields from RANS and LES (unconfined) for A = 1.9, Re = 4.5 x 10%.

3.4 Wake dynamics

The differences in near-blade vortex dynamics will also affect the wake of the turbine and
hence the performance and tuning of downstream turbines in array configurations. Figure
3.6 presents the streamwise (along z) velocity and the spanwise (along z) vorticity in the
wake for the confined configuration. The stronger counter-clockwise LEVs produced in

LES around ¢ = 180° (leeward side of the turbine) as explained in section 3.2, convect
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along the edge of the wake. Additionally, a stronger clockwise vorticity is also shed by
the blades in the LES around 6 = 0° (windward side) that travels along the wake. The
direction of vorticity on both the windward and leeward sides and their mutual induction
tends to reduce the z-velocity in the core of the wake. This self-induction of the wake and the
resulting higher velocity deficit in the core causes the counter-clockwise LEV at the leeward
side to get entrained into the core resulting in an asymmetric wake. The RANS model
on the other hand, shows a more symmetric wake structure due to the absence of strong
LEVs from the blades, with a lower local velocity deficit distributed over a larger width.
Multiple research works have highlighted asymmetry of the wake through velocimetry
data [70-72] and computations [62,75,78] while proposing varying explanations [73]. The
self-induction of the wake has also been cited as a reason for increase in the asymmetry as
the wake advances downstream [72].

The wake flow fields for LES with the unconfined configuration in figure 3.7 show a
similar profile as the confined configuration in figure 3.6, apart from a larger numerical
dissipation due to a coarser mesh. For RANS, stronger vortices are created at the leeward
side leading to an unsteady wake in contrast to the symmetric, steady wake in figure 3.6.
A notable contrast observed between the LES and RANS fields is that while the vortices
traveling at the leeward side of the turbine in LES get entrained into the wake due to
self-induction, the vortices in RANS continue traveling further downstream with a smaller
deviation from their prior path. Comparing the vorticity and velocity images, it appears
that these vortices do not significantly affect the velocities in the core of the wake, away
from their immediate area of influence.

While additional numerical dissipation occurs in the wake due to a coarser mesh
resolution compared to the interior of the turbine, a wall-resolved computation at the blades
allows tracking the differing evolution of vortices and consequently the wake structure.
The distinct separation region, the premature shedding of the LEV, and the lack of mutual

induction or diffusion of vorticity in the wake may be attributed to the two-dimensional
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nature of the RANS modeling that does not account for the three-dimensional dynamics of
turbulence and vorticity. However, previous research has also highlighted the inaccuracies
of three-dimensional RANS models in realistically describing the separation and vortex

structures on CFT blades, as compared to higher-fidelity models [64-67].

3.5 Turbine pair under high confinement

Natural confinement in river or tidal flow can be exploited to increase power generation by
employing multiple CFTs. A project is underway to investigate the feasibility of reducing
the levelized cost of energy for deploying this technology in the field, which involves a
multi-disciplinary co-design cycle involving experiments, simulations, structural analysis,
electrical design, environmental and market analysis. Unsteady RANS computations are
employed to estimate performance and forces for a turbine pair with a low turn-around
time.

Two CFTs with a center to center distance of 1.2D, where D = 2R, are simulated rotating
in opposite directions such that the blades travel downstream along the center line between
the turbines. The turbines have identical tip speed ratios and blade azimuthal positions
with respect to the oncoming flow. This configuration helps cancel the cross-stream forces
acting on the mounting structure hence reducing the material usage and cost.

The turbine in experiments presents a blockage on a two-dimensional cross-section
along both the width and span of the turbine. The computations however present a one-
dimensional blockage only across the width. Kinsey & Dumas [17] explore the effect of
asymmetry in blockage along the two directions using 3D simulations along with comparing
the limiting case of 2D simulations. An asymmetry ratio of 4 between the blockages along
width and span is found to have an effect of up to 7% on power at a total blockage of 26%.
This project however simulates higher confinement.

The initial design cycle includes turbine pair experiments in the above configuration
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Figure 3.8: Time-averaged power and streamwise force coefficients from unsteady RANS
simulations of the turbine pair system. Each of the two marker shapes represent the total
force on each of the two turbines.

with a width-based confinement of 83% and span-based confinement of 72% resulting
in a cumulative blockage of 60%. Hence a sweep of unsteady RANS simulations over
a range of tip speed ratios is run with blockage ratios of 60% and 83% to test whether
the experimental outcome can be reproduced better using merely the width-based or the
cumulative blockage. Figure 3.8 compares the time-averaged power and streamwise force
coefficients. In the optimal range of rotation rates, the power and force are over-predicted
with 83% blockage and under-predicted with 60%. Based on a linear interpolation of the
power at A = 3.7, a third confinement of 76% is simulated which successfully predicts
the time-averaged performance on the lower end of the rotation rates. However beyond
A = 4.2, all three confinements under-predict the power while the streamwise force is
represented accurately, demonstrating the volatility of RANS modeling.

Figure 3.9 shows the phase- and blade-averaged power generation for one of the turbines,
representing the per-blade performance at two rotation rates in the sub-optimal and optimal
range. Whereas the time-averaged power matches for all three confinements at A = 2.5,
the peak power in the cycles in lower for 60% blockage which is compensated for in the
downstream part of the cycle. The A = 3.7 power cycles clearly show the increasing power

generation with confinement.
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Figure 3.10: Time-averaged streamwise velocity at the streamwise position of Az/D = 0.59
from the turbine centers for A = 2.5 (left) and A = 3.7 (right). y/D = 0 represents the
cross-stream position of the top turbine.

An effective method of comparing the response of the turbines under varying confine-
ment between simulation and experiment is to analyze the near-wake velocity, especially
the bypass velocities between the two turbines and between the turbine and wall. The
time-averaged values are displayed in figure 3.10, where the increasing turbine-wall bypass
velocity demonstrates the trend of increasing confinement. The 76% blockage simulation
matches this bypass velocity to the experiment.

While the performance metrics are of interest to the co-design cycle, the flow field pre-
diction is presented in figure 3.11 to observe the capability of the RANS model. The rotation

rate of A = 2.5 is used since the blades are expected to experience flow separation due to
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Figure 3.11: Phase-averaged vorticity fields at two azimuthal positions from experiment
(left) and the RANS simulation with 76% blockage (right) for A = 2.5.

higher angles of attack. The LEV formation on the blade is represented accurately in the
simulation. However after detachment, the phase-averaged vorticity from the simulation
does not show a fully coherent vortex due to cycle-to-cycle variations in its position and
only three averaging cycles as compared to tens of cycles for the experiment.

To further assess the instantaneous flow prediction by RANS, it is compared to LES
computations and the experiment in figure 3.12 for 60% blockage at A = 3.7. The LES shows

a delay in the peak power by about 5° as compared to both the RANS and experiment.
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Figure 3.12: Comparison of loads and flow fields from RANS and LES at 60% blockage
and A = 3.7.

However, both LES and RANS yield a lower power until the peak as compared to the
experiment. The mean power coefficient is 1.1 from RANS, 1.3 from LES, and 1.43 for the
experiment. In contrast, both RANS with a mean Cp of 1.66 and LES with 2.23 overestimate
the power as seen in figure 3.13. The instantaneous vorticity fields in figures 3.12 and 3.13
shows spurious vortex shedding from the RANS computation as compared to a single
vortex shed for the LES at the end of the power generating phase. Since the RANS model
was tuned for a lower confinement and a lower range of tip speed ratios, higher local

Reynolds numbers may partly explain this outcome.
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Figure 3.13: Comparison of loads and flow fields from RANS and LES at 83% blockage
and A = 3.7.

3.6 Conclusions

Large-eddy simulations are performed for a straight-bladed cross-flow turbine operating
in confined and unconfined flow at a moderate Reynolds number. The flow fields are
compared with two-dimensional RANS simulations and velocimetry data from experiment
to examine the complex dynamic stall process and evolution of the resulting flow structures,
while investigating the interaction of confinement with the modeling technique.

RANS computations exhibit flow separation for the unconfined configuration but

completely suppress it for the confined configuration leading to a significant over-prediction
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of power generation. LES shows a more subtle rise in power generation for the confined
configuration while exhibiting flow separation for both, albeit to a slightly larger extent for
the unconfined configuration.

The moderate Reynolds number range, where the modeling of transition from laminar
to turbulent flow plays an important role, is not ideal for the RANS model as they are
designed for a fully turbulent flow which is insensitive to Re. As presented in chapter 2, in
the RANS computations for the unconfined configuration, a significant increase in power
is observed with an increase in Re due to the potential suppression of flow separation.
While the effects of higher confinement and a higher Re are not perfectly equivalent, they
demonstrate the high sensitivity of the RANS model to flow conditions.

A notable difference is observed in the evolution of the separation region at the blade
during dynamic stall and a premature shedding of the leading edge vortex is observed in
RANS relative to LES. Furthermore the vortices in LES cause self-induction of the wake,
increasing the velocity deficit in the core, and consequently getting entrained into the wake.
Such self-induction is not observed in the RANS computations for unconfined configuration
where vortices in the wake do not appear to impact flow outside their immediate area of
influence, showing the differences in vorticity diffusion from LES. Despite these differences,
the RANS model provides a good estimate of turbine performance for the unconfined
configuration.

The RANS model is also employed to simulate a turbine pair under high confinement
over a range of rotation rates. To resolve the discrepancy between the 2D and 3D blockages
in simulation and experiments respectively, an adjusted blockage ratio of 76% is determined
that matches the experiments with a cumulative 3D blockage of 60% and a width-based
blockage of 83%. While the performance and flow physics are well predicted for lower
rotation rates up to the optimal range, the power generation is significantly under-predicted
at higher tip speed ratios, reinforcing the sensitivity to the local Reynolds number through

a comparison of the instantaneous flow with LES of a similar configuration.
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4 Modal analysis of dynamic stall

development

4.1 Literature review: dynamic stall and modal analysis

Past research has characterized the phases of dynamic stall on the basis of force and
moment acting on an airfoil in correlation with temporal evolution of the velocity field and
corresponding flow structures. Carr [85] reviews research on dynamic stall and the effect
of different kinematic or flow parameters while providing a general chronology for the
separation process and the aerodynamic load evolution. The onset of stall is traditionally
determined by deviations in the force, suction pressure, or moment coefficients as reviewed
by Sheng et al. [86]. In contrast to the explicit use of aerodynamic loads, Mulleners &
Raffel [28] define the instance when the primary stall vortex detaches from the leading edge
as an onset of its stalled phase. Proper orthogonal decomposition (POD) of the velocity
field data from experiment is used to identify the stall onset angle as the instance when the
mode coefficient representing the dynamic stall vortex reaches a local maximum. Light
and deep stall are defined based on whether the foil starts pitching down before or after
the stall onset. Modal analysis of surface pressure distribution from a pitching foil has
also been employed to compare the flow trajectories across a parameter space [87] or to
examine a bimodal distribution in cycle-to-cycle variations [88].

A foil that is only pitching is inadequate to understand stall on the CFT blade which
experiences unsteady relative velocity magnitudes in addition to the varying angle of
attack. A pitching foil that is simultaneously plunging, surging, or experiencing unsteady
freestream flow is explored in literature for applications to helicopter blades [89], gusts [90],
energy harvesting or propulsion [91-94], and cross-flow turbines [95]. The plunging

motion for a range of kinematics delays the detachment or convection of the LEV and
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enhances lift [89,92]. Gharali & Johnson [96] explore the effects of amplitude and phase
difference of an unsteady freestream flow on a pitching foil. Relevant to the cross-flow
turbine, it is shown that a freestream varying out-of-phase to the pitching motion can
result in loads lower than from a static stall. It is also established by Wong et al. [90] that a
moving foil experiences a different force history from an unsteady inlet flow with identical
relative velocity variation due to fluid acceleration and the distribution of vorticity at the
trailing edge. Dunne & McKeon [95] extrapolate a low-order model using the first five
dynamic mode decomposition (DMD) modes from a pitching-surging foil to estimate the
flow around a rotating CFT blade.

A CFT blade rotating on an axis perpendicular to the flow experiences distinct conditions
in the form of flow curvature along blade chord and undefined oncoming flow direction
due to induced flow. Research on a pitching, plunging, or surging foil generally investigates
one side of the blade due to a non-zero mean angle of attack or a symmetry between two
halves of the stall cycle. In contrast, for a CFT blade, the suction side switches during the
downstream half of its rotation, and encounters low velocity flow due to energy extraction
that alters the stall cycle and presumably influences the upstream half due to history effects.
In addition, Coriolis forces on the flow play a crucial role, particularly in determining the
position of the stall vortex which is not adequately modeled by a pitching-surging blade
with identical relative flow [14].

For estimating the aerodynamic loads and turbine performance using low-fidelity
models, the effects of flow curvature have been studied [97-101]. A symmetric CFT
blade with high chord-to-radius ratio behaves like a cambered foil in aligned flow with an
incidence angle shift that effectively modifies the angle of attack computed geometrically
at a single point. Horst et al. [102] compare different airfoil transformation methods from
literature which theoretically calculate this virtual camber and incidence angle, finding
that all methods produce similar results up to a chord-to-radius ratio of 0.4.

Analyzing aerodynamic loads at the blade level allow a comparison with dynamic stall
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research on non-rotating foils. Bianchini et al. [103] show that the CFT blade pitching
moment causes an asymmetry in the starting torque between the upstream and downstream
side, and explore the ideal location for blade-spoke connection based on the moment
variation. Le Fouest et al. [29] develop a methodology to automatically characterize the
stall cycle across multiple rotation rates based on POD modes of vorticity and aerodynamic
loads from experiments of a one-blade CFT. The on-blade flow physics have also been
investigated with a frequent emphasis on the formation and evolution of the stall vortex
[25,26]. However, a direct association of force or pitching moment with the stall vortex
dynamics in perspective of the above-mentioned factors that distinguish a CFT blade from
non-rotating ones is missing in literature.

Modal analysis techniques such as POD or DMD that project the unsteady flow field
onto a linear subspace are commonly used for analysis [104, 105] or control strategies
[106-108] for dynamic stall due to their simplicity of implementation. With application
to CFT, while modal analysis has been used to examine the wake topology [73,109], it
has not been implemented at the blade level except in [29]. This is presumably due to the
difficulty of acquiring a full circumferential field of view around the blade throughout
the rotation in experiments and the challenge posed by a moving reference frame to the
pre-processing of flow data. This research uses POD to investigate the temporal evolution
of the most energetic modes while associating it with the stall process and to compare
distinct kinematics through a common set of modes.

Much of the literature on CFT focuses on performance optimization over geometry or
control parameters [15,110,111] and system level analysis of the flow such as the wake
topology [61, 62,73,76,78,80,81] or turbine array performance [20,69,112-114]. The
aim of this work is to analyze stall development and onset at the blade with potential
application to flow control strategies and highlight analogous or contrasting phenomenon
with past research on a non-rotating pitching or plunging foil. Two distinct stall regimes

are investigated: a constant angular velocity rotation that represents the optimal tip speed
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Figure 4.1: Kinematics and aerodynamic loads for the CFT blade.

ratio and experiences moderate angles of attack, and a low angular velocity rotation that
causes nominal angles of attack up to 60°. The dominant spatial modes and their time
development coefficients are analyzed in reference to the force or pitching moment on the

foil and the evolution of surface pressure and vortices at the blade.

4,2 Methods

Blade aerodynamic loads

The blade loads that are analyzed for characterizing stall are the normal force, F},, and
the pitching moment about the quarter-chord location from leading edge, /M, as shown in
Figure 4.1. The loads are normalized using the blade velocity, wR, as the pitching moment

coefficient and the normal force coefficient given by

Con(0) = and C,(0) = (4.1)

where S is planform area of the blade. The moment, )/, is positive in the counter-clockwise
(CCW) direction and Fj, is positive when acting outward from the turbine as demonstrated

in Figure 4.1.
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Proper orthogonal decomposition

Ten rotations of the turbine are simulated for A = 1.9 and nine for A = 1.1 using the
wall-resolved LES model described in chapter 2. The first four are eliminated and the last
six/five are considered for modal analysis as the flow physics stop changing significantly
from one rotation to the next. Flow data at 70 azimuthal positions per rotation for A = 1.9
and 121 for A = 1.1 provide a total of 840 and 1210 snapshots respectively from the two
blades with uniform time intervals.

A low-dimensional basis is constructed for the full circumferential flow field around
the rotating CFT blade through proper orthogonal decomposition (POD) implemented
on flow data from LES. Span-averaged velocity, normalized by the freestream velocity, is
extracted on a grid of resolution 0.01c from a region of size 1.5¢ x 1c centered at the blade
for A = 1.9. For A = 1.1, the field of view is expanded to 2c x 1.5¢ to include more area on
the inside of the blade containing the large stall vortex. To provide a uniform reference
frame across time, a velocity field relative to the blade, w, is calculated by subtracting
the instantaneous blade velocity and the blade position is fixed horizontally (Figure 4.2).
Next, the time-averaged mean velocity field is subtracted from all snapshots to obtain the
fluctuating component, u’ = u — u. Velocities along z-direction (along the blade) and
y-direction (lateral to the blade) on the two-dimensional grid from each time snapshot are
then stacked as a one-dimensional column vector, with time advancement along rows of the
matrix, known as the method of snapshots [115]. Finally, a singular value decomposition
of this matrix provides the spatial modes, ¢,,,(x, y), and their time development coefficients,
am(t;), such that the flow can be reconstructed as w'(z,y,t;) = SN _, ap(t;)m(z, y), where
m is the mode index in decreasing order of their singular values or significance, and j is
the time snapshot index. The mode coefficients are however presented in terms of the

azimuthal position, 0;.
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Figure 4.2: Pre-processing of velocity data for POD.

4.3 Results

Modal analysis of optimal TSR, A = 1.9

For the geometric configuration and Reynolds number regime in this research, A = 1.9
represents the optimal constant rotation rate. Whereas the torque generation and flow field
were previously analyzed qualitatively in chapter 3, this research focuses on a blade level
analysis of the stall cycle by associating the flow physics with surface pressure, normal
force, pitching moment, and POD modes.

Figure 4.3 presents the first four modes from POD as x-velocity fields where the x-
direction is along the blade chord, and the bottom of the foil corresponds to inside of the
rotating blade that is facing the turbine center. The respective time development coefficients
are displayed in the bottom frame of Figure 4.4. The nominal relative flow metrics «,, and
U, the instantaneous aerodynamic loads C,, and C,,, and the torque C, are also plotted
from the last rotation of one of the two blades.

Mode 1 represents flow along the blade chord with some differences between the
outside and inside of the blade as well as closer to the blade due to the lift generation.
Hence its temporal coefficient closely imitates the relative velocity magnitude U;; on the

upstream side from 6 = 0° to 180° as seen in Figure 4.4 . It also shows an asymmetry
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between the upstream and downstream side most clearly observed after § = 240° with the
lower magnitudes representing the low velocity of oncoming flow. Mode 2 shows the flow
sharply bending around the leading edge hence indicating lift generation and its coefficient
matches the torque generation by the blade shown in the top frame in Figure 4.4 in terms
of the peak occurring around 6 = 95° and the negative peak around 6 = 215°. Modes 3 and
4 prominently include regions of reverse flow at the blade surface along with rotational
flow as observed by neighboring regions of opposite signed velocities. Analyzing their
time coefficients, the positive and negative peaks show the leading edge vortex formation
and shedding.

In Figure 4.4, the pitching moment is negative in the clockwise direction, implying
a “pitch-down" moment relative to the angle of attack during the upstream rotation of
the turbine, and a “pitch-up"” moment relative to the nominal angle of attack during
the downstream rotation. Critical points in the cycle are marked by letters a-g and the
corresponding instantaneous surface pressure and vorticity fields are presented on the
right in Figure 4.4. The pressure is normalized in reference to the pressure at an upstream
distance of 12R from the turbine center. It is shown as a series of vectors acting along the
blade surface normals where a vector acting outward from the blade implies a pressure
suction on the surface. The spanwise variation in the pressure field is also observed from
the distribution of different lengths at a specific location.

At the start of the upstream motion in Figure 4.4(a), the nominal angle of attack is still

U /U
0% 001 0 oo oo
o o
mode 1 mode 2 mode 3 mode 4

Figure 4.3: Modes as z-velocity fields, for A = 1.9.
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Figure 4.4: Left: (Bottom to top) Time development coefficients, nominal relative flow,
normal force & pitching moment, and torque generation through a blade rotation. Right:
Instantaneous surface pressure and vorticity fields.

positive. A low outward normal force acts on the blade due to the partial flow separation
on its outer surface during its downstream rotation which also causes an atypical CW
or "pitch-up" moment. The angles of attack are lower than the nominal values on the
downstream side due to slower oncoming flow. This prevents fully separated flow but is
adequate to cause separation and hence loss of suction pressure on only the trailing portion
of the outer surface.

During phase (a)-(b), a suction pressure develops on the inside of the blade as observed
in Figure 4.4(b) due to the increasing angle of attack, while the flow reattaches on the

outside and the mode 2 coefficient surpasses mode 1. As the angle of attack reaches around
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12° and the CW pitching moment (pitch-down moment) increases with the lift generation
to reach its peak, the flow separates on a small portion near the trailing edge.

A positive pressure develops on the outside of the blade in Figure 4.4(b) and (c) due to
reattachment of the boundary layer from the downstream motion. This tends to enhance
the inward normal force and the clockwise tendency of the pitching moment. However,
the flow separation on the inside at phase (c) results in loss of suction pressure and a CCW
pitching moment from the suction at the leading edge, reducing the overall CW moment.
The normal force reaches a peak due to the flow separation and the reducing U,,.

During phase (c)-(d), the positive pressure on the outside subsides as the flow is
fully reattached. On the inside, the separation point moves towards the leading edge
and subsequently an LEV forms concentrating the suction pressure (Figure 4.4(d)). This
further reduces the CW moment to its lowest, which coincides with the peak of mode 3
that represents the LEV formation. Beyond (d), the LEV is detached from the leading
edge and moves towards the trailing edge, again increasing the CW pitching moment.
This is conventionally characterized as the onset of stall. Due to the decreasing U,, and flow
separation, the normal force continues decreasing after (c).

After (d), the nominal angle of attack rapidly switches side and the LEV convects along
the blade (Figure 4.4(e)). A transitional peak is experienced in the CW moment and torque
due to the corresponding suction pressure. Notably, apart from mode 3 which accounts for
the LEV at the trailing edge, a peak is also observed in mode 2 since it captures reverse
flow on the outside of the blade due to the LEV.

Position (f) marks the negative peak of mode 4 as seen in Figure 4.4 which is the instance
when the vortex has passed the trailing edge (Figure 4.4(f)). A suction pressure develops
at leading edge on the outside causing the pitching moment to remain in the CW direction
and the normal force now acting outward from the turbine center.

At phase (g), a partial flow separation can be observed on the outside surface with an
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attached flow and suction pressure seen at the leading edge, resulting in a persistent CW

pitching moment and a low outward normal force as mentioned for phase (a).

Modal analysis of low TSR, A = 1.1

The low tip speed ratio is simulated to explore the physics at high angles of attack and the
effectiveness of POD in capturing the dominant features. The first four modes are shown in
Figure 4.5. The blade experiences nominal angles of attack up to 60° and a sharp variation
in relative velocity as shown in Figure 4.6. Hence a large LEV is created which requires a
larger field of view to be included around the blade for the modal decomposition.

Mode 1 represents flow along the blade but involves a rotational flow structure on
the inside as opposed to acceleration near the blade seen for A = 1.9. Mode 2 shows the
flow almost orthogonal to the blade and bending around both the leading and trailing
edges. Modes 3 and 4 account for the LEV and its convection from the blade and show
the complexity of the vortex dynamics in contrast with the light stall seen for A = 1.9. The
mode coefficients, nominal relative flow, aerodynamic loads, and flow fields are shown
in Figure 4.6. The shape of the pitching moment curve appears similar to the higher J,
however the physics are significantly different as elaborated here for the phases a-g.

Separated flow and vortex shedding is seen at phase (a) in contrast with partial flow

separation in A = 1.9, while the effective angle of attack at the leading edge appears lower

Uy [ Uso

Figure 4.5: Modes as z-velocity fields, for A = 1.1.
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Figure 4.6: Left: (Bottom to top) Time development coefficients, nominal relative flow,
normal force & pitching moment, and torque generation through a blade rotation. Right:
Instantaneous surface pressure and vorticity fields.

by observing the point of maximum pressure. A suction pressure is seen developing on
the inside that results in a small CW moment that fluctuates beyond (a) due to vortex
shedding.

A partial separation is observed on the inside of the blade at (b) due to the sharp
increase in angle of attack. Hence the blade does not experience a large CW pitching
moment from high lift generation as seen for A = 1.9. Instead it directly progresses to
an increase in CW moment from flow separation at (c). Due to the high angle of attack,
the large stall vortex is formed near the mid-chord rather than the leading edge as also

represented by the peak of mode 4 and then mode 3. This increases the CW moment about
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the quarter-chord position. As mode 2 surpasses mode 1 at (b), the torque and normal
force have nearly reached their peak. From (b)-(c), the torque drops significantly even as
mode 2 reaches its peak in contrast with A = 1.9 where the peak of mode 2 is correlated
with torque. Another contrast is the significance of modes 3 and 4 even as mode 2 continues
to be dominant.

The LEV is detached at (d) as it moves away from the blade while inducing an opposite
signed trailing edge vortex and the CW moment subsides. As observed at phase (e), the
vortex moves across the leading edge and not towards the trailing edge due to the relative
flow. Since the relative flow velocity is close to zero, the flow is driven by the vortices.
Peculiarly, the leading and trailing edge vortices induce a flow normal into the inside of the
blade creating an outward normal force and a CCW pitching moment. Additionally, two
weaker vortices are formed at the leading and trailing edges on the outside of the blade due
to the complex relative flow induced by the larger vortices on the inside. The complexity
can be gauged from the mode coefficients, all of which have comparable values, indicating
that all four modes are significant in describing the flow.

As the relative velocity increases from (e)-(f) and the vortices are convected away, a
fully separated flow is seen where only mode 2 plays a dominant role. The shear layer from
the separating flow at (g) indicates the reduction in angle of attack along with a periodic
vortex shedding. The flow continues to be separated until the angle of attack switches side

after (a).

4.4 Discussion

Flow curvature effects

The relative flow variation along the chord length of a CFT foil is significant for a high
chord-to-radius ratio of 0.47 simulated in this work and is expected to affect the stall

dynamics. The streamlines of relative flow in the blade reference frame are concentric
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Figure 4.7: Demonstration of virtual camber and incidence due to flow curvature.

(@)
a

(b)

(c) | (9)

(d)
(e)

P

(a) Virtual camber variation correspond-
ing to the positions in Figure 4.4. Chord-
to-radius ratio is not to scale.
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(b) Maximum camber and incidence angle. (c) Shift in angle of attack.

Figure 4.8: Flow curvature effects - virtual transformation of the foil computed as per [97]
for A = 1.9, ¢/R = 0.47, and mounted at the quarter chord location from leading edge.
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circles, where the center revolves around the turbine center as a function of the blade’s
azimuthal position. Migliore et al. [97] perform a conformal mapping of this relative flow
to determine an equivalent virtually cambered blade in rectilinear flow as demonstrated
in Figure 4.7. This transformation also results in a shift in the incidence angle, «;, from
the geometric angle of attack, a,,. The variation in camber and incidence angle shift of the
virtually transformed foil and the resulting virtual angle of attack are shown in Figure
4.8 for A = 1.9. The camber and incidence angle follow the trend of the rate of change
in «,, (not shown here) though it is not directly proportional. The virtually transformed
blade is included in Figure 4.8a at the respective positions from Figure 4.4. The theoretical
foil transformation does not account for the gradient of relative velocity along the turbine
radius or the flow induction that includes altered oncoming flow on the downstream side.
Nevertheless it allows visualizing and predicting the qualitative effect of flow curvature on
the outcome.

This effect is manifested in the non-zero fluctuating pitching moment. During the
upstream sweep of A = 1.9, the virtual camber is positive relative to the angle of attack
which is expected to shift the center of pressure towards the trailing edge and hence partly
explains the increasing clockwise moment with lift generation until flow separation is seen
beyond phase (b). The theoretical camber reaches high values at phase (e) in Figure 4.8b
but its effect is difficult to predict since the blade travels through its own wake. As the
blade proceeds beyond 6 = 225°, the angles of attack are lower than the nominal values
due to slower oncoming flow. The incidence angle shift in Figure 4.8c also contributes
to the discrepancy between geometric and actual angles of attack which prevents fully
separated flow. The relative flow incidence is however adequately high to cause separation
and hence loss of suction pressure on only the trailing portion of the outer surface. It is
hypothesized that the negative virtual camber relative to angle of attack exacerbates this
separation behavior. For A = 1.1, the deep stall and large induction effects dominate the

flow and hence the virtual camber and incidence are expected to have a minimal impact.
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History effects and flow induction

History or dynamic effects refers to the flow state, say boundary layer physics, at a specific
instance being a function of the system trajectory rather than simply the conditions imposed
at that instance. Flow induction here refers to the flow structure and field induced by the
blade itself or another blade affecting the instantaneous state. The interaction between
these two phenomena are highlighted here.

For A = 1.9, the positive pressure during reattachment of the boundary layer on the
outer surface at phases (b) and (c) in Figure 4.4 contributes to the clockwise moment
in addition to the virtual camber. This phenomenon has been observed in literature for
pitching foils too, causing the normal force and pitching moment to cross their static values
for the minimum angle of attack during the pitch-down and reattachment [28,85]. However,
this is in contrast with negligible pressure during reattachment on the inside in Figure
4.4(f) as a consequence of the low relative velocities, and demonstrates the distinct history
effects between the upstream and downstream stroke due to rotation and flow induction.

Phases (e) to (a) in Figure 4.4 reveal that LEV formation or fully separated flow is
prevented on the outside due to lower angles of attack. Notably, a fully attached flow with
considerable lift generation similar to phase (a)-(b) on the upstream side is never seen on
the downstream side. This again is a result of flow induction as the low angle of attack
phase (e) involves the foil traveling through its own wake and hence very low relative flow.
The angle of attack then rapidly increases to induce partial separation as the true relative
flow rises to show an observable effect. Even as the angle of attack tends to reduce again
beyond (g), the flow is not reattached until it switches side after (a) because the foil travels
through the wake of the other foil and due to flow curvature effects.

Flow induction plays a pivotal role for the A = 1.1 rotation as outlined in the previous
section, albeit in a distinct manner from the optimal rotation. The stall vortex is larger and
stronger and detaches early on in the cycle, impacting the blade loads through a longer

span.
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Figure 4.9: Normal force and pitching moment vs nominal angle of attack for A = 1.9.

Comparison with non-rotating foils

The aerodynamic loads are plotted in terms of the instantaneous nominal angle of attack
in Figure 4.9 to produce a conventional stall loop for the optimal rotation rate. The grey
area represents downstream rotation of the turbine where the nominal angle of attack
significantly misrepresents the true relative flow. While the nominal value has inaccuracies
on the upstream side too, it is expected to closely follow the true relative flow and hence
is utilized to compare the dynamic stall loop with prior research. The stall cycle for the
normal force creates the typical eight-figure, though the values are negative-biased due
to the preset pitch angle, and the cycle in the greyed area is not a mirror image of the
upstream cycle despite the nominal relative flow indicating such a profile. In contrast to a
pitching foil, the drop in normal force at phase (c) is disassociated from the onset of stall
at phase (d) due to the varying relative velocity among other factors.

As seen in literature on pitching and plunging foils [28,91,93], the detachment of LEV,
marked by the peak of the LEV mode, causes a “pitch-down" moment onward from phase
(d). However, non-rotating blades experience a near-constant pitching moment before the
detachment of LEV as compared to the fluctuation after detachment. In contrast, the CFT
blade first undergoes an increased pitch-down moment due to the virtual camber effect

during attached flow and a positive pressure associated with reattachment on the outside.



61

This is followed by a reduced CW moment due to flow separation and LEV formation. The
pitching moment remains CW (pitch-up) on the downstream side because a fully attached
flow or fully separated flow is prevented. The effective “pitch-down" motion, that is, the
decrease in nominal angle of attack begins before reaching phase (d) as apparent from
Figure 4.9. Following the definition of light and deep stall based on the instance of stall
onset relative to start of the pitch-down motion [28], this optimal TSR kinematics can be
characterized as experiencing light stall.

For A = 1.1, due to the complex flow physics, the stall events or evolution of loads are
not easily correlated with the modal coefficients. The use of vorticity for performing modal
analysis similar to the research by Le Fouest et al. [29] may be more effective in capturing
the deep stall events. The detachment of the stall vortex occurs much before the start of the
“pitch-down" motion and hence this kinematics can be said to be undergoing a deep stall.
However, unlike a pitching or plunging foil, this stall vortex remains in the vicinity of the

blade and induces other vortices along with transitional peaks in the pitching moment.

4,5 Conclusions

Proper orthogonal decomposition of the velocity field from LES of a cross-flow turbine
reveals a correlation with aerodynamic loads and critical events in the dynamic stall cycle
on the blade. The two most energetic modes and their time development coefficients
primarily represent the relative velocity magnitude and the lift generation. The third and
fourth modes account for the stall vortex formation and shedding.

At the optimal rotation rate, virtual camber due to flow curvature and boundary layer
reattachment from the downstream motion of the blade cause a peak in the “pitch-down"
moment before the formation and detachment of the leading edge vortex. These events
are captured by the relative significance or peaks of the mode coefficients. Flow induction

plays a prominent role during the downstream motion as the blade travels through its own
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wake and then through low velocity oncoming flow, resulting in an asymmetry from the
upstream motion.

For the low rotation rate turbine blade experiencing deep stall, blade-vortex interactions
are dominant and responsible for fluctuations in the pitching moment. The correlation of
velocity-based mode coefficients with the stall cycle and aerodynamic loads is weaker.

Although the specific outcomes are a function of the two-bladed turbine geometry with
a high chord-to-radius ratio of 0.47, they illustrate the complexity of modeling a cross-
flow turbine. The modal decomposition acts as a potential guide to designing active flow
control measures at the blade. The modes representing reverse flow on the suction side
can be used to determine the activation of local boundary layer control mechanisms such
as plasma actuation. Although the full velocity field provides information about reverse
flow, the modal analysis identifies instances when flow separation gains prominence over

lift generation.
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5 Intracycle control of angular velocity

5.1 Literature review: control of dynamic stall

In attempts to mitigate dynamic stall, flow control techniques may be used to subdue flow
separation on the turbine blades. Passive control solutions such as serrations on the leading
edge [116], or a cavity or dimple on the suction surface [117] have been performed, showing
moderate improvement by suppressing or delaying flow separation. Active control such as
oscillating flaps [118], synthetic jets [119,120], plasma actuators [121], and boundary layer
suction [122] have also been investigated, often yielding more enhancement in power than
passive control, but these mechanisms are costly to integrate and maintain.

Careful control of the «,, profile is an approach to control the LEV and other unsteady
flow mechanisms associated with the dynamic stall process. Equation 1.2 demonstrates how
variation of the angle of attack during circular rotation can be controlled through control
of either o, (0) or A\(6). Intracycle variation of the blade pitch angle, «,, has been previously
explored through design and theoretical performance analyses [123-125], experiments
[126,127], and simulation [33,34,56,127]. Most of these investigations indicate a maximum
enhancement in turbine power of at least 25%, especially for low tip speed ratio values.
However, both active and passive pitch control require additional complex mechanisms to
be integrated in the design, which drives up turbine cost.

This work investigates an alternative method proposed by Strom et al. [15] who imple-
mented intracycle variation of the angular velocity, w (and hence, \) to change the angle
of attack and relative flow velocity profiles in equations. 1.2 and 1.3. POD modes that act
as a common basis are computed to directly compare the mode coefficients with constant
velocity control and explain the torque enhancement. In actual deployment, the use of this

method mandates a real-time control of the intracycle variation of w based on the changes
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in oncoming flow speed and direction. However, the advantage of not requiring a yaw

mechanism is maintained.

5.2 Methods

Kinematic parameters

For intracycle variation of angular velocity, w is made to vary sinusoidally with azimuthal

position, given by

w(l) =w+ Aysin(20 + ¢y,). (5.1)

The frequency of w variation is twice the rotation rate for a two-blade turbine. The perfor-
mance results for a cross-flow turbine rotating at constant w with A = 1.9 are used as the
baseline for comparison as the maximum power extraction occurs in this range of tip speed
ratio for the confined flow configuration [16]. Hence for the purpose of this investigation,
w is fixed at a value corresponding to A = 1.9. The amplitude is set as A, = 0.63 @, and
the phase shift as ¢, = 4.0rad, close to the optimal value arrived at by Strom et al. [15].
In practice, power needs to be applied externally to accelerate and decelerate the rotor in
order to generate a sinusoidal variation of w. This input power is not incorporated in the

power coefficient here as it integrates to zero over each phase period [15,128].

Proper orthogonal decomposition

The effectiveness of modal decomposition lies in its representation of the physical system
in terms of a reduced order basis. When comparing separate experiments or simulations,
the use of separate basis vectors negates this feature. Hence, common modes are computed
for the velocities from LES of the A = 1.9 and sinusoidal A kinematics such that the flow
tields are compared directly through line plots of the mode coefficients since they share

a common basis. This is implemented by concatenating the temporal data columns from
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both kinematics along rows of the matrix as if the simulation is continuing in time from
one kinematics to the other. However, the velocity data is normalized using the total
energy of each kinematics before computing the modes to prevent bias from the different
number of snapshots or higher velocities in one of the kinematics. The mode coefficients

are re-balanced using the normalization factors after the modes are computed.

5.3 Results and discussion

Figure 5.1 displays the four most energetic modes computed for the two kinematics. The
resulting first two modes are qualitatively similar to the modes in Figure 4.3 for the velocity
field solely from the A = 1.9 simulation. Modes 3 and 4 now include spatial variation on
the outside of the blade (upper part of the frame in Figure 5.1) in addition to the inside.
Figure 5.2 compares the kinematics, torque and power generation on the left, and the
mode coefficients on the right using dashed lines for constant control and continuous lines
for sinusoidal control. The sinusoidal variation in A (middle left) results in a significant
change of the nominal relative flow (bottom left). While U} is in phase with the angular
velocity variation, the magnitude reaches zero at § = 180°. Notably, mode 1 imitates
Uy along with reduced magnitudes on the downstream side but a phase shift of 45° to
70° is observed between its coefficient and U for sinusoidal control. The other modes,

particularly modes 3 and 4 account for this discrepancy in the mode 1 variation. This phase

Utmy/Uso
HEET 2000 T
0.02  -0.01 0 0.01  0.02
mode 1 mode 2 mode 3 mode 4

Figure 5.1: Common modes for A = 1.9 and sinusoidal X as z-velocity fields
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Figure 5.2: Left: (Bottom to top) Nominal relative flow and performance of sinusoidal A
compared with A = 1.9. Right: Temporal mode coefficients for A = 1.9 (dashed lines) and
sinusoidal A (continuous lines).

shift is also observed in the independent POD modes from sinusoidal control (not shown
here) and emphasizes the need for a careful analysis while drawing physical inferences
from a POD-based reduced order model.

The nominal angle of attack rapidly rises to a value of 18° and remains almost constant
from 0 = 45° to 135° for sinusoidal control, in contrast to the continuous variation for con-
stant control (bottom left frame in Figure 5.2). Figure 5.3 demonstrates the nominal relative
flow variation through the rotation of a CFT blade for both simulations, superimposed with
span-averaged instantaneous vorticity fields from LES. The higher relative flow velocity
and lower angle of attack in this azimuthal range is seen to reduce flow separation and
delay LEV formation. This delays and increases the peak torque generation for sinusoidal
control, plotted in the middle left frame in Figure 5.2. While the mode 2 variation follows
the torque generation trend, it does not reproduce this difference between the peak torque

for the two kinematics. Finally, the power generation peak, as shown in the top left frame
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Figure 5.3: Span-averaged vorticity fields compared between sinusoidal control simulation
(outer images) and constant control (inner images) at azimuthal positions marked in
Figure 5.2. Green vectors and purple angles represent the nominal relative flow velocity.
Torque coefficient, Cy, is reproduced in polar form with the negative values in red color.

in Figure 5.2, is further enhanced as this peak of torque generation aligns with the peak of
angular velocity. The average power generation is increased by 40%.

The distinct flow separation manifests prominently in the coefficient for mode 4. As
mode 4 in Figure 5.1 displays significant reverse flow on the inner surface, its positive
values from ¢ = 120° to 220° represent the flow separation and LEV formation for constant
control. In contrast, the negative values for sinusoidal control indicate the lack of separation
and flow acceleration due to lift generation.

While the distinct LEV on the constant w blade is seen at § = 200° in Figure 5.3, the
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sinusoidal w variation optimizes power generation by delaying stall and produces a trailing
edge vortex that sheds the bound vorticity as the angle of attack switches sign. The
differences in vortex shedding is represented most prominently by mode 3. The nominal
angle of attack for sinusoidal control transitions from one side to another while causing an
inverse relative flow on the outside of the blade as represented by higher positive coefficients
of mode 3 from 6 = 180° to 270°. Minimal regions of vorticity are seen at § = 245° due to
this history of low relative flow and drastic angle of attack transition despite the nominal
relative flow being identical to that of constant control. Further downstream, the outside

surface experiences partial separation similar to that for constant control.



69

6 Concluding remarks

This research explores multiple aspects of the unsteady flow physics involved in the op-
eration of cross-flow turbines. Although there have been multiple studies on comparing
turbulence models, this work compares the high fidelity but expensive LES with low fidelity
RANS simulations having a low turn-around time, specifically investigating the effect of
confinement. A turbine pair with very high confinement is also simulated using the RANS
model. Results show high sensitivity of RANS to the operating conditions, that is, the
confinement and the local Reynolds number. It is however able to predict the performance
and forces successfully in conditions such as the unconfined configuration and the lower
range of tip speed ratios for the turbine pair, indicating its usefulness along with the need
to develop more robust models.

Much of the literature on CFT focuses on performance optimization and system level
analysis of the flow. With a sharper focus on the dynamic stall cycle, this work analyzes
the time evolution of dominant velocity modes around the blade from LES. The modes
are able to capture trends in blade aerodynamic loading along with critical events such as
the stall vortex formation and shedding. The surface pressure and vorticity field on the
blade emphasizes the importance of flow curvature, history effects, and flow induction on
the fluctuations in the pitching moment and force, as compared to a non-rotating pitching
or plunging blade. In addition, a common basis of modes highlights the delayed flow
separation and altered vortex shedding behavior for the sinusoidal intracycle variation of
angular velocity that increases power generation by 40% as compared to constant angular
velocity control. Hence, the modal analysis can be employed for designing or evaluating

separation control mechanisms.
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