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ABSTRACT

A marine hydrokinetic turbine (MHKT) operating in its natural environment is
subjected to dynamic effects due to variations in its operating conditions. Though the flow
velocity and direction are predictable and do not undergo drastic variations as in wind
turbines (wind gusts and changes in wind direction), a denser working medium due to
placement in water imposes higher structural loading on turbine blades. Furthermore, a
variation in water depth alters the turbine depth of immersion during operation. These
dynamic conditions change the ratio between the turbine rotation disc (area) and channel
area that affects blockage and hence the performance characteristics. Furthermore,
variations in blade tip clearance from free surface is hypothesized to affect flow-field and
performance characteristics of a marine hydrokinetic turbine, especially those operating in
a shallow channel. Significant flow acceleration occurs in and around the turbine rotation
plane; the magnitude of which depends on size of the turbine relative to the channel cross-
section and is commonly referred to as solid blockage. In addition, the wake behind the
turbine creates a restriction to the flow called wake blockage. Understanding the effects of
solid and wake blockages in presence of free surface proximity on performance of MHKT
is crucial for deployment and efficient operation of individual turbines. In addition, since
the free surface is deformable, it is expected to modify both near and far-wake
characteristics behind a turbine which must be accounted for in order to develop efficient
models of MHKT farms where an array of such devices are deployed in the river bed.

In this dissertation, the dynamic interaction of a stall regulated, fixed pitch,
horizontal axis MHKT with its environment is addressed through closely coupled

experimental, computational and analytical studies. The analytical model was developed



based on blade element momentum theory to investigate effect of rotational speed, flow
speed, blade pitch, chord length, twist angle on hydrodynamic and structural performance
of turbine. The model was further extended to perform one way fluid-structure interaction
analysis and a multi-objective optimization (with Genetic Algorithm) study for improving
hydrodynamic and structural performance of river-turbine-prototype. To validate the
results of analytical model, a three dimensional coupled- computational fluid dynamics-
finite element analysis scheme was developed in ANSYS Workbench. In addition, a
coupled experimental and computational study was carried out with the objective of
unraveling the influence of boundary proximity and blockage effects on the turbine
performance. Experimental efforts consisted of performance measurements with a lab-
scale prototype in a water channel at various flow velocities, rotational speeds, and depths
of immersions to understand effects of free surface proximity, Reynolds number, and
Froude number on power and thrust developed by the turbine. The experimental
measurements were complimented by a steady state and transient CFD analysis for flow-
field characterization behind the turbine. Further, to quantify the influence of free surface
proximity on blockage effects, two different models were developed: first for a closed-top
channel, and second an open surface water channel (free surface proximity environment).
The blockage effects were quantified in terms of percentage change in flow velocity, power
coefficient, and thrust coefficient compared to an unblocked, non-free surface
environment. In addition, to understand the mechanism responsible for variation of power
coefficient with rotational speed and free surface proximity, stereoscopic particle image
velocimetry measurements were carried out in the near-wake region of turbine at various

rotational speeds and blade tip-free surface clearances. Time averaged measurements were



carried out to determine the ensemble-averaged statistics of flow quantities such as mean
velocity, strain rates, Reynolds stresses, and turbulence parameters at various turbine
operating conditions. In addition to free-run PIV, a phase locked PIV measurements were
carried out in the wake region to study transient phenomena like wake development and
propagation process, tip and hub vortices formation and propagation.

A reduction in tip-depth of immersion was observed to improve the turbine
performance until it reached an optimum depth beyond which a reduction in performance
was observed due to free surface interaction with wake and bypass region. For low tip
clearance ratios, a significant drop (up to 5 to 10% of channel depth) in free surface was
observed (from both experimental investigations and transient CFD analysis) behind the
turbine with complex three dimensional flow structures that lead to a skewed wake
affecting its expansion and restoration process. The percent change in power coefficient
(with respect to unblocked, non-free surface environment) was found to be dependent on
flow velocity, rotation speed and free surface to blade tip clearance. Flow field
visualization, based on SPIV, showed presence of slower wake at higher rotational
velocities and increased asymmetry in wake at high free surface proximity. In addition,
significant difference in flow structures was observed between upper and lower bypass

regions.



CHAPTER 1

INTRODUCTION AND OVERVIEW



1.1 BACKGROUND

Marine hydrokinetic and tidal turbines (MHKT) are a class of low head energy
conversion devices which convert kinetic energy of flowing water in rivers, tides and ocean
waves into mechanical work that is then converted to electrical power by suitable power-
take off devices [1, 2]. The operating principle of MHKT is similar to wind turbines which
are lift/drag devices as compared to conventional hydro-turbines which operate under large
heads (>10 m) [3, 4]. Traditionally, hydropower has accounted for the bulk of the
renewable energy production in the United States. The total electricity use in the U.S. in
2011 was 3856 TWh/yr with ~9% of that output coming from renewables; traditional
hydroelectric or micro-hydro facilities contributing ~35% of the total renewable energy
production [5]. However, growth of conventional hydropower plants is constrained by the
number of available natural sites, large capital (initial) investment, extensive pay-back time
and environmental concerns [6, 7]. In lieu of this, marine and hydrokinetic systems offer
many advantages as these are portable systems with small initial set-up costs that do not
require large infrastructure and can be quickly deployed [1, 2, 6, 8, 9]. A study conducted
by Electric Power Research Institute (EPRI) for U.S. rivers estimated the total technically
recoverable hydrokinetic power at 120 TWh/yr (~ 3% of the total electricity use) with the
Lower Mississippi region contributing nearly 48% and Alaska region constituting ~17%
of the total resource estimate [10]. Another study conducted by EPRI evaluated many, but
not all tidal energy sites in U.S. and estimated 250 TWh/yr of tidal energy ( ~ 6% of the
total electricity use) with 94% of the available energy in Alaska and the remaining 6% in

continental United states (mostly in Washington and Maine) [11].



MHKTs are lift/drag devices similar to wind turbines, and their performance is

: . . . . : RQ
governed by several non-dimensional quantities: (i) the tip-speed ratio (TSR : 4 = U—)

which is defined as ratio of blade tip speed to fluid speed (U) (where R is turbine radius)

NgC
27z R

and Q is the rpm); (i1) solidity (o = ) that is defined as the ratio of the product of the

blade chord length (c) and the number of blades (Ng) to the turbine circumference; and,
(iii) the chord Reynolds number (Re = pUc/u), where pand u are the density and

viscosity of the fluid medium.

Unlike wind turbines, marine hydrokinetic turbines (MHKT) operate in a bounded
flow environment where the flow is constrained between the free surface and the channel
(river/sea) bed. In many cases, the channel depth for commercial scale MHKT installation
is between 1.5D to 3D (where D is the turbine diameter) which leads to a blockage ratio
(B=ratio of turbine area to channel area) greater than 0.1 [12]. Under such circumstances,
the turbine is subjected to effects of solid blockage that modifies the flow-field around the
turbine and hence affects its performance [13-15]. In addition, the rotational motion of the
blades creates a low pressure, low velocity wake region behind the turbine; the rotating
wake presents an additional restriction to the flow called wake blockage. Collectively,
these two blockage effects result in accelerated flow near the rotor plane which in turn
yields a higher performance compared to a turbine operating in an unblocked environment
[16-18]. Though the solid blockage is constant for a given turbine in a given channel, the
extent of wake blockage (that affects total blockage) varies with flow speed and turbine
rotation speed. Quantifying the wake recovery distance behind a MHKT is thus important

for designing optimum locations for multiple devices in a farm environment. Although the



problem appears to be similar to wind-farm design, important differences exist primarily
due to the bounded flow environment which alters the mechanism of wake recovery. This
invalidates usage of wind-farm models in which wake restoration takes place by absorbing
energy from the atmospheric boundary layer which can be treated as an infinite ambient
reservoir [19]. For MHKT, where a limited water depth is available, the wake is tightly
restricted between channel bottom wall and free surface that limits free expansion in
directions perpendicular to the bounding surfaces. Installation also plays a pivotal role;
MHKT can either be bottom mounted on a pier anchored to the channel bed or can be
supported from a floating platform moored to the channel bed [20]. In both cases, they are
subjected to effects of boundary proximity of either the deformable free surface or the
channel bed. Proximity of a turbine to the free surface presents additional complexity to
flow structures and hence affects the turbine performance. The deformable free surface
allows the water level to drop behind the turbine rotational plane [21]. Though the solid
blockage is constant, the drop in free surface height and its deformation behind the turbine
with the associated wake modifications are expected to influence the flow-field and hence
turbine performance. The effects may vary significantly due to changes in effective flow
conditions, operating TSR, Reynolds number (Re=ratio of inertial forces to viscous forces)
and Froude number (Fr=ratio of characteristic flow velocity to gravitational wave
velocity). The severity of this effect is expected to be function of various parameters
including but not limited to blade shape (airfoil shape, chord and twist distribution), blade
pitch angle, TSR, free surface proximity, channel wall proximity, and solid blockage itself.

Further, MHKT operate in an environment where the water velocity and water level

above the turbine rotation disc undergo cyclic variations. For marine current turbines, the



period of this cycle is of the order of a day, while for hydrokinetic turbines fluctuations are
seasonal and occur over entire year [22]. Therefore, for an efficient operation of MHKT it
is crucial to understand effect of these fluctuations on its performance characteristics.
Turbine blades are made from airfoil sections and any change in flow velocity modifies its
lift/drag characteristics affecting turbine performance. If TSR is to be held constant at the
design TSR value, an increase in flow velocity implies increased rotational speed. Thus, for
a similar TSR value, turbine performance is different at different flow speed and rotation
speed combinations. The higher the turbine rotation speed, the stronger the wake and higher
the wake blockage that improves turbine performance. The variation in performance with
flow speed (and rotational speed) may be due to variation in Reynolds number or in wake
blockage or both.

Thus, when MHKT operates in its natural environment, it is subjected to dynamic
effects of its interaction with surrounding environment. Denser incoming flow causes
higher structural stresses in turbine blades. In addition, presence of MHKT in flow channel
modifies the flow around it affecting not only the performance of MHKT behind it but its
own performance as well. The incoming flow, deformable free surface and blockage
effects, along with turbine geometry (chord, twist, pitch), and operating conditions (TSR,
proximity to free surface and sea/river bed) affect the flow-field behind MHKT (wake and
bypass — region outside wake) affecting its performance. Very little is known about this
dynamic interaction between wake, bypass flow and free surface, and its effect on turbine
performance. It was the principle goal of current research to address these issues which led
to the following twofold objectives: first to understand and improve component level

(turbine blades) performance of MHKT through fluid-structure interaction analysis, and



multi-objective optimization study. And second, to understand the dynamic effect of
working environment (blockage and free surface proximity) on performance and flow-field
of MHKT systems. The following sections (81.2-1.5) summarize current state of art in
MHKT performance and flow-field characterization, thereby identifying unresolved issues
that motivate current work. The unresolved problems and approaches used in this study to

address them are discussed briefly in §1.5.

1.2 PERFORMANCE CHARACTERIZATION OF MHKT

Hydrodynamic performance of a MHKT is governed by various operating conditions
and blade profile geometry that includes parameters like TSR, U, Q, o, B and Re. Over the
last decade, the flow-dynamics of wind turbines and MHKT have been investigated using
computational fluid dynamics (CFD) [4, 23, 24] and laboratory scale experiments [25-29].
Blade-element-momentum (BEM) analysis which forms the backbone of wind turbine
rotor design can also be used for MHKT design [30]. Apart from BEM, low-order CFD
tools like vortex and panel methods can be used for hydrodynamic analysis of these devices
[31-34]. In addition, computationally expensive higher-order techniques that involve
solving Reynolds-averaged-Navier-Stokes equations (RANS) and large eddy simulations
(LES) with turbulence models have been successfully used for hydrodynamic analysis of
MHKT [4, 24, 28, 35-39]. Consul et al. [4] performed a two dimensional CFD analysis to
understand the influence of number of blades on performance of cross flow turbines and
found improved performance with a higher number of blades. Hwang et al. [40]
investigated the effect of variation of TSR, chord length, number of blades and the shape
of hydrofoil on performance of a variable pitch vertical axis water turbine using both

experiments and numerical calculations. Duquette and co-workers [23, 24] performed
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experiments and 2-D numerical analysis to study the effect of number of blades and solidity
on the performance of a horizontal axis wind turbine. Their analysis concluded that the
range of TSR for maximum power coefficient (henceforth referred to as Cp = ratio of turbine
power to water power) depends strongly on solidity and weakly on the number of blades.
This indicates that, the chord length plays an important role in defining the optimum TSR
range that leads to maximizing the turbine performance. Mukherji et al. [35] performed
three-dimensional steady-state CFD to understand the effects of TSR, solidity, blade pitch
and number of blades on the performance of MHKT and reported a strong influence of TSR
on performance coefficient for various turbine geometries. Further, increase in turbine
solidity and blade numbers were reported to maximize the Cp that was observed at lower
TSR. Batten et al. [39] used a coupled actuator disc-RANS based model to predict the
performance and loads on a tidal turbine and obtained up to 94% agreement between
numerical and experimental velocity variation measured along the centerline of the wake.
LES simulations performed by Churchfield et al. [38] reported presence of lateral
asymmetric wake behind turbine which was a result of interaction between inlet shear flow
and wake rotation. Myers and Bahaj [25-27] experimentally investigated the flow field and
wake recovery behind marine current turbines using mesh disk simulators and found that
recovery depends on proximity to water surface, sea bed roughness (which governs vertical
velocity profile and turbulent kinetic energy of flow) and to a lesser extent on rotor thrust.
An experimental study by Neary et al. [29] on an axial flow hydrokinetic turbine in a large
open channel reported velocity and turbulence quantities behind the turbine using an
acoustic Doppler velocimeter and a pulse coherent acoustic Doppler profiler technique. A

flow recovery of 80% was reported at ten diameters downstream the rotor plane.
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1.3 OPTIMIZATION STUDIES FOR MHKT PERFORMANCE
IMPROVEMENT

A large majority of the available literature on MHKT focuses on the hydrodynamics
and blade optimization for improving the hydrodynamic performance and does not
consider fluid structure interaction analysis. The interaction of fluid flow with the turbine
structure is an important aspect of design for MHKT due to a denser working medium. This
coupled fluid structure interaction (FSI) problem can be solved traditionally by two
different approaches: (a) a monolithic approach in which governing equations for the
structure and flow field are solved simultaneously using a single solver; and, (b) a
partitioned approach in which two distinct solvers are used to independently solve two sets
of governing equations described in 82 [33, 41, 42]. Young [43] performed FSI analysis
on carbon fiber composite blades for a marine propeller by combining boundary element
and finite element methods and validated his computational results with experimental
studies. Young et al.[33] performed a coupled boundary element- finite element (FE)
hydro-elastic transient analysis of tidal/ marine current turbines and compared results with
tow- tank experiments. He et al. [44] performed a hydro-elastic optimization of a composite
marine propeller in a non-uniform wake using CFD-FEM coupled analysis. Compared to
the initial blade design, the final design with optimized ply angle and stacking sequence
was reported to have 70.6% reduction in vibratory loads. Selig and Coverstone-Carroll [45]
used a genetic algorithm (GA) for optimizing annual energy production (AEP) and cost of
energy of low-lift airfoils for stall regulated wind turbines and found that AEP is more
sensitive to rotor radius than the peak power. Belesis [46] presented GA for constrained
optimization of stall regulated wind turbine and found it to be superior to classical

optimization methods. GA implementation was reported to have a 10% gain in the energy
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production for different sized stall regulated wind turbines. Fuglsang and Madsen [47]
performed multi-disciplinary optimization on stall regulated horizontal axis wind turbine
considering fatigue, maximum load and AEP. They used sequential linear programming
and method of feasible directions for optimizations. Operating parameters like TSR, blade
pitch, as well as blade geometry were found to have a significant effect on performance as

well as structural strength of the turbines.

1.4 EFFECT OF BLOCKAGE ON TURBINE PERFORMANCE
CHARACTERISTICS

An extensive literature review on wind-turbines was undertaken due to similarity
in the working principle with MHKT. Several experimental studies have been carried out
for wind turbines in both unblocked and blocked flow environments to investigate the
effects of tip speed ratio, Reynolds number, blade profile, and velocity gradient that may
exist across the rotor plane and turbulent wind characteristics [5, 19, 48-50]. However, the
results are not directly applicable as MHKT operate in a flow medium which is
fundamentally different from wind turbines; denser working fluid leads to higher structural
stresses on turbine blades [33, 51]. Several experimental studies have also been performed
to quantify blockage effects on turbine performance. Majority of the early experimental
work was done either in wind-tunnels or water channels with the aim of validation and
verification of simple physics based models of such flows [5, 13, 48]. Chen and Liou [5]
experimentally investigated effects of tunnel blockage on turbine performance. Blockage
effect was quantified in terms of blockage factor by measuring tunnel flow velocity with
and without turbine. The blockage factor was found to be strongly related to solid blockage,

TSR, and blade pitch angle. Higher blockage effects were observed at higher solid blockage
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and higher TSR values. McTavish et al. [14] studied effect of blockage on initial wake
expansion for different sized rotors in water channel using dye visualization technique.
Higher blockage was found to narrow down the wake expansion and modify the vortex
pairing behind the turbine. The presence of turbine in a tidal channel not only affects the
downstream flow but also the flow upstream of the turbine. Experimental and
computational investigations of Medici et al. [48] show influence of blockage on flow up
to three turbine diameters upstream of the rotor plane. Near upstream flow showed three
dimensional flow structures indicating effect of turbine geometry on incoming flow,
similar to near wake flow. Lartiga and Crawford [52] used actuator disc modelling with
blockage corrections to predict the performance of tidal turbine in blocked environment.
Flow field data from PIV measurements and CFD simulations were used to account for
blockage effect. Analytical predictions were in good agreement at lower blockage ratio but
showed significant deviations at higher blockage ratios. Computational study by Sun [53]
with porous discs reported localized flow acceleration in region between wake and channel
bottom. Free surface drop behind the mesh disc was observed to affect wake characteristics

and turbine performance as well.

1.5 EFFECT OF FREE SURFACE PROXIMITY ON TURBINE
PERFORMANCE AND FLOW-FIELD

In addition to wake blockage, when MHKT is installed in a near-free surface
environment to take advantage of higher flux near free surface, they may be subjected to
additional blockage due to free surface deformation [54]. The proximity of turbine to the
free surface provides additional restriction to flow by compressing the wake flow in radial

direction. Several studies have also been performed to analyze effect of free surface
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proximity on turbine performance using porous discs to replicate the turbine rotors [13, 54-
57]. Myers & Bahaj [55] carried out experiments with mesh discs to study effect of disc
proximity to sea bed/water surface on wake structures behind porous discs. Varying the
disc proximity to sea/bed and water surface was found to affect wake structure and its
recovery duration. Bahaj et al. [56] performed analytical and experimental study to
investigate the effect of surface proximity on turbine performance. Their experiments in a
cavitation tunnel and tow tank showed reduction in turbine power with decreasing blade
tip-free surface clearance. Experimental investigations by Birjandi et al. [57] with a vertical
axis hydrokinetic turbine reported improved performance with increasing free surface
proximity.

Flow visualization techniques based on dye and particle image velocimetry (PIV)
have been used by many researchers to identify the flow features in the wake of wind
turbines and marine hydrokinetic turbines. Chamorro et al. [58] performed a three
dimensional PIV study in the wake of a miniature axial-flow hydrokinetic turbine and
reported wake expansion proportional to one-third power of the stream-wise distance.
Wake rotation was observed up to three rotor diameters with higher tangential velocities
near the wake core and higher radial velocities near the turbine tip. Experimental
investigations by Whale [59] on a lab-scale wind turbine reported high blockage at large
TSR values due to obstruction offered by slow moving (stream-wise) wake to free stream
flow. A vortex merging and reduced vortex pitch was reported at higher TSR values with a
plausible occurrence of wake acceleration. Flow visualization was carried out with PIV
technique and a comparison was presented with rotor Vortex Lattice method which showed

good qualitative agreement for wake shape, expansion and tip vortex pitch. Experimental
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analysis by Manar et al. [60] through experimental study on rotating wing in a confined
space concluded that the magnitude of measured blade forces was dependent on Reynolds
number and blade-to wall tip clearance. The measured lift coefficients were highest for the
tip clearance of 0.5¢ (c=chord length = 0.2R, R=rotor radius). An increase in tip clearance
to 3c and 5c did not show any effect on force measurements at the low Reynolds number.
The case with 3c clearance performed similar to 5c case at low Reynolds number and
similar to 0.5c case at elevated the Reynolds numbers. A stronger wall to tip vortex
interaction was observed for 0.5c case that entrained dye off the wall into the tip vortex
path. A slight upward movement of the dye streak (originating from near-wall region) was
observed for 3c clearance without any entrainment. For a marine hydrokinetic turbine
operating in near free surface environment similar phenomena are expected leading to
increased thrust and torque. However, flow entrainment in this case is expected to result in
free surface deformation modifying the near-wake field and its propagation downstream
the turbine which is one of the primary focus of current work.

Analytical models for characterizing the turbine performance are based on
application of linear momentum theory. Garrett and Cummins [61] applied linear
momentum theory for flow constrained between two rigid surfaces and found increase in
turbine power with increasing blockage ratio. Houlsby et al. [21] used linear momentum
theory to analyze a pressure constrained, parallel-sided tube scenario with an extension to
open channel flow. A quartic equation was presented relating the flow Froude number,
blockage ratio, and flow speeds in wake and bypass region behind turbine. A similar
analysis was presented by Whelan et al. [21] yielding a quartic equation relating above

quantities. Analytical predictions were comparable with experimental data for mesh disc
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simulator and two bladed rotor in wind tunnel and water channel for different blockage
conditions. Consul et al. [15] investigated effect of blockage and free surface deformation
on performance of a marine cross-flow turbine for different blockages and free surface
boundary conditions using two-dimensional CFD modelling. The deformable free surface
boundary condition lead to 6.7% performance improvement compared to closed top
condition due to higher effective blockage caused by free surface deformation. Froude
number (over the range studied: 0.08 to 0.13) was reported to have very small effect on
power coefficient (henceforth referred to as C, = ratio of turbine power to water power) but
significantly affected the free surface drop. Recently Bai et al. [62] performed numerical
simulations using immersed boundary method to predict marine current turbine
performance under free surface flow conditions and validated it with experimental data.
No significant free surface deformation was reported with turbine operating with blade tip
immersed ~1x R below the free surface, where R denotes the turbine radius.
Computational study by Zhou and Wang [63] investigated the effect of Froude number,
turbine diameter and depth of immersion on free surface wave induced by tidal turbine and
its effect on turbine performance. But the computational study was not able to conclude on
the effect of depth of immersion on turbine performance. Though there is an increasing
body of work focusing on experiments, computations and analytical models to quantify
blockage and free-surface effects on performance, the majority of the experimental and
computational studies model turbine as a porous mesh disc and analytical models are

limited to actuator disc modelling [27, 53, 55, 56].
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1.6 THE UNRESOLVED ISSUES: MOTIVATION AND APPROACH

1.6.1 Performance Characterization and Improvement — Fluid-Structure

Interaction and Optimization

Higher power to weight ratio of MHKT (compared to wind turbines) necessitates a
structurally stronger design. Majority of the optimization studies for MHKT performance
improvement are directed to maximizing its hydrodynamic performance. However, an
improvement in hydrodynamic performance may be accompanied by an increased
structural loading on turbine blades. Hence for an efficient design of MHKT, both
hydrodynamic and structural aspects of design need to be considered and coupled together.

Current work accomplishes this objective through development of a coupled hydro-
structural analysis and optimization tool based of BEM and simple bending theory. The
optimization scheme was validated with a detailed three dimensional CFD-FEA coupled
fluid-structure interaction study. The analysis is performed for two different blades: a
constant chord, zero twist design; and a variable chord, twisted design. Figure 1.1 shows a
flow chart for the design approach that has been adopted in this paper. As a starting point,
a hydrodynamic analysis was carried out using BEM theory to study the effect of various
operating parameters on the forces and torque developed on turbine blades for a constant
chord turbine. During the preliminary design process when a detailed flow field solution is
not available, stresses in the turbine blade are computed based on forces obtained from
BEM. The turbine blade was modeled as a cantilever beam fixed at the hub; stresses were
calculated based on blade section area. The hydro-structural optimization was carried out

for a constant chord blade turbine using GA in MATLAB optimization toolbox.
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Figure 1.1: Hydro-structural optimization and design method for HKTSs.
A Pareto optimal solution set obtained from GA was used as an input to the coupled FSI
analysis. To check the fidelity of BEM and the optimized design, the results of lower order
BEM model for a constant chord blade design are compared with a detailed three-
dimensional coupled CFD-FEA analysis. The CFD domain is coupled with the structural
domain using an arbitrary Lagrangian-Eulerian (ALE) scheme and FEA is performed to
find deflection and stresses in the turbine components. The results of structural analysis are
then used to modify the turbine geometry and design space for hydro-structural
optimization, imposing limits on operating parameters and size. Further, to improve the
structural strength of the turbine blade, chord and twist distributions are added to the
turbine blade. A multi-objective (hydro-structural) optimization was performed for this
variable chord twisted blade geometry to maximize hydrodynamic performance and

minimize structural stresses in turbine blade.
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1.6.2 Experimental Investigations for Performance Characterization in Free

Surface Environment - Performance Measurements and CFD Study

MHKT operates in an environment where flow is bounded between free surface and
channel bed (Figure 1.2). A close proximity to free surface is expected to affect wake
recovery and flow structures in a near-wake region that might affect turbine performance.
To the knowledge of authors, there is no quantitative computational or experimental study
exploring the effect of blockage and wake-bypass flow interaction aiming to determine

optimum depth of immersion for MHKT installations.

B yy Free Surface ___________"__i_éf_,_
M —
—> U hy Upper Bypass region
L (R . Turbine
— > U Wake
—> U N
v o LX Lower Bypass region

River/Sea bed

Figure 1.2: Schematic of flow around MHKT in a shallow channel showing wake,
upper bypass and lower bypass regions

During current study, we report results of computational and experimental
investigations to quantify the effect of blockage and boundary proximity on the
performance of a three bladed MHKT. Experimental investigation are augmented by a flow
field characterization with steady and transient computational fluid dynamics study. Three
dimensional CFD with rotating reference frame technique was used to quantify the effect
of Reynolds number and blockage ratio on turbine performance characteristics. Transient

CFD calculations for wake and free surface flow characterization take into account
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buoyancy effects and free surface effects using a volume of fluid (VOF) approach [64].
Experiments were carried out in an open surface water channel with a constant chord, zero
twist hydrokinetic turbine under various operating conditions. Flow speed, rotational speed
and turbine submerged depth were varied during the experiment to study their effects on
turbine performance. Flow speed was varied from 0.5m/s to 0.73m/s to achieve different
Froude numbers [0.20, 0.27, 0.3]. Further, to investigate the effect of surface proximity,

turbine submerged depth was varied so that blade tip to free surface clearance (h, ) is
between 0.01m - 0.22m. This lead to turbine tip clearance ratios (sh, ) of 0.03 to 0.73 (see
Figure 1.2), which represents the ratio of water height above turbine rotation disc (h, ) up

to free surface to the turbine diameter (D). Current experimental and computational
investigations will enhance our limited understanding of the flow-field around MHKT in
its natural environment. Further, experimental investigations will provide useful means to
quantify the effect of boundary proximity on MHKT performance thereby facilitating

MHKT site selection and deployment process.

1.6.3 Experimental Investigations to Quantify Blockage Effects for Turbine
Operating in Free Surface Environment- Performance Measurement

and Stereoscopic PIV Study

The majority of the earlier reported experimental investigations attempting to
quantify effect of blockage on turbine performance are limited to a turbine operating at
single flow speed and/or single depth of immersion and very little is known about effect of
free surface proximity on performance and flow dynamics of MHKT. To the authors

knowledge, current work is the first to report experimental findings of force measurements

20



(thrust and torque) and flow-field visualization for MHKT operating over a range of flow

velocities in near free surface environment.

The current work is aimed to contribute towards understanding the influence of
flow velocity and free surface proximity on blockage effects thereby identifying the
governing flow physics through an experimental study. The blockage effects are quantified
in terms of increase in flow velocity, increase in power and thrust coefficient. The
experimental investigations are supported by stereoscopic particle image velocimetry
(SP1V) based flow-field visualization to identify the governing mechanisms responsible
for performance variation. Experimental investigations are conducted on a three bladed,
constant chord, zero twist hydrokinetic turbine in a 0.61mx 0.61m cross section water
channel. The turbine was subjected to various flow speeds, rotational speeds and depth of
immersions. The torque and thrust data was obtained from a submerged torque-thrust
sensor connected in-line with the turbine axis. Experimental data was corrected to account
for the effect of blockage on turbine performance, to arrive at unblocked dataset. Two
different formulations were developed; first for a closed-top water channel and second, for
an open surface water channel that incorporated presence of free surface. A comparison is
presented between unblocked data and blocked experimental data at various flow
velocities, rotational speeds and depths of immersion. Further, to identify the flow
structures associated with wake blockage and free surface deformation, a quantitative flow
visualization was carried out with SPIV technique (both time averaged and phase averaged)

in the near-wake region of MHKT.
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1.7 Outline of Dissertation:

This dissertation is organized as follows: Chapter 1 presents the introduction and
overview of marine hydrokinetic turbines-design, analysis, and working environment. A
review of recent analytical, computational and experimental work is presented that
motivated the current research. In chapter 2, various methods that were developed/used
during current work are discussed. Chapter 3 demonstrates the use of analytical and
computational models to perform multi-objective optimization study for MHKT. In chapter
4, a coupled computational and experimental investigation is presented to understand effect
of boundary proximity and blockage on turbine performance and flow-field. Finally
chapter 5 presents the results of flow visualization (SPIV) study for near-wake field of
MHKT with the aim of identifying the variation of the flow structures behind turbine (in
the upper-bypass, lower-bypass and wake region) and relate them to the variation in turbine

performance characteristics.
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CHAPTER 2

ANALYTIC, COMPUTATIONAL
FRAMEWORKS AND
EXPERIMENTAL SETUP

23



During current work analytical, computational and experimental techniques were
developed to investigate effect of operating conditions on flow-field and performance of
MHKT. The analytical model was developed based on blade element momentum theory
that was used for design and analysis of MHKT prototype. The computational study
consisted of computational fluid dynamics investigations using steady state and transient
techniques. The experimental setup was developed which comprises a lab-scale MHKT
prototype loaded by a stepper motor that was submerged inside a water channel for
performance and flow-field investigations. This chapter describes theory and development

of these techniques which were used during current work.

2.1 ANALYTICAL AND COMPUTATIONAL MODELING FOR
PERFORMANCE CHARACTERIZATION OF RIVER TURBINE
PROTOTYPE*

2.1.1 BEM Theory

The analytical model was derived based on blade element momentum theory,
originally attributed to Betz [65-67] and Glauert [30] which is a combination of blade
element theory and momentum theory. According to the blade element theory, forces on a
turbine blade can be obtained by dividing the blade into a number of hydrodynamically
independent elements [68]. Hydrodynamic forces on these elements are calculated based
on local flow conditions using two dimensional lift-drag data. The forces on these elements
are then summed together to find the total force on the turbine blade. Aerodynamic data:
lift coefficients (Cr) and drag coefficients (Cq) for the SG6043 hydrofoil that were adopted

for our MHKT blades are obtained from Xfoil [69]. Preliminary structural analysis is based
* Please refer to Chapter 3 for detailed description of analytical and computational models.
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on an assumption that the turbine blade can be modeled as a cantilever beam supported at
the blade root and flap-wise bending moment can be found from thrust forces acting on the

blade.

2.1.2 Fluid-structure interaction analysis

The FSI problem involves a fluid domain and a structural domain interacting with
each other at a fluid-structure interface. During current study, FSI analysis was carried out
in ANSY S Workbench by coupling CFD and FEA solvers. The load transfer at the interface
is done using arbitrary Lagrangian-Eulerian (ALE) formulation [33, 41, 42, 70]. The fluid-
structure interface is the common boundary between the two domains where data transfer
takes place. The CFD analysis was performed using a steady state approach (rotating
reference frame) to take into account the effect of turbine rotation by transforming an
unsteady flow in an inertial (stationary) frame to a steady flow in a non-inertial (moving)
frame. The fluid forces from CFD analysis were then mapped onto the FEA model to find
stress field in turbine blades. The details of CFD and FEA methodologies used during

current work are presented in § 3.2.

2.1.3 Multi-objective optimization

To maximize the hydrodynamic and structural performance of turbine blades, the
analytical model described in § 2.1.1 was incorporated in a multi-objective optimization
scheme that was developed in MATLAB using Genetic Algorithm (GA). The problem
consists of finding a set of decision variables: blade pitch, TSR and chord length which
optimizes Cp, and thrust forces. The objective function F(x) is defined as:

F(x)=[f,(x), f,(x)], where f (x)=-Cp(fpo, TSR, C), f,(x)=+T (6po, TSR, C) (2.1)
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GA algorithm is designed to minimize both fi(x) and f2(x); the negative sign on C, and
positive sign on T ensure that both hydrodynamic and structural performances are

maximized.

2.2 COMPUTATIONAL FLUID DYNAMICS FOR LAB-SCALE TURBINE
MODEL: STEADY AND TRANSIENT ANALYSIS FOR LAB PROTOTYPE
IN FREE SURFACE ENVIRONMENT

To understand the flow-field around a marine hydrokinetic turbine operating under
various Reynolds number and boundary proximity conditions, a three dimensional CFD
analysis was carried out using both steady state and transient solver schemes. Steady state
analysis was carried out using multiple reference frame approach in CFX as described in
earlier section. A moving mesh technique was adapted for transient simulations for which
inner domain containing turbine rotates at specified angular velocity during each time step
until convergence for continuity and momentum equations is reached. The flow domain
consisted of 3.5 million hybrid cells with prism layers on the turbine surface for boundary
layer resolution (Figure 2.1). A grid convergence study was carried out by varying the mesh
size from 1.5x 108 cells to 4 x 10° cells and a mesh with 3.5 million cells was found to be
optimum from computational and accuracy standpoint which resulted in less than 5%
variation in torque compared to a finer mesh of 4x 10° cells. The mesh used for fluid
domain is such that average y* (which defines distance of first mesh node from the wall) is
2.2 with y* ranging between (0.1 <y* <9) for the highest flow speed and RPM case, i.e. U
= 0.9m/s, TSR = 8 that corresponds to tip speed velocity of 7.26m/s. Reynolds averaged
Navier-Stokes (RANS) equations were solved using k- SST turbulence model for which

y* <10 is acceptable for predicting boundary layer separation effects [71, 72].
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Channel top surface Inner domain (rotating)
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Channel bottom Quter domain (stationary)

Figure 2.1: Computational mesh used for CFD study

The simulation domain for current study was modeled to an actual water channel test
section of size 0.61m x 0.61m and 1.98m long. A uniform velocity of 0.5m/s was specified
at the inlet. The channel outlet was specified as an outlet boundary condition with relative
pressure of zero. The reference pressure for simulations was set to atmospheric pressure.
The channel walls were modeled as no-slip walls and channel top is modeled as
entrainment with zero relative opening pressure. With entrainment option at channel top
surface, the flow direction is not specified but the flow solver locally calculates the flow
direction based on flow velocity field. Buoyancy effects were modeled during transient
simulations but were neglected for steady state analysis. The tunnel bottom was specified
as a reference for gravity and hydrostatic pressure calculations along the channel depth.
Transient simulations were carried out for flow velocity of 0.5m/s and rotational speed of
200RPM which corresponds to TSR (ratio of blade tip speed to flow speed) of 5.85. Time
step was selected such that turbine rotated 2° during each time step which lead to average
CFL (Courant—Friedrichs—Lewy condition) number of less than 5. CFL number defines a

necessary condition for numerical stability of a hyperbolic partial equation. The restriction
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on CFL number depends on the type of solver (discretization scheme) used for CFD
analysis. For explicit solver, CFL<1 provides good convergence, while for implicit solver
higher values of CFL are acceptable. Current CFD analysis was performed with an implicit
solver within CFX for which CFL<5 was acceptable from numerical stability and expense
standpoint [73].

Further, to ascertain the convergence with respect to time step size, an independence
study was performed by varying time step size such that the turbine blade rotated 5°, 3°,
2° and 1° per time step. The difference between calculated power coefficients with respect
to 2° case was 11%, 7%, 0% and 1.5% respectively. Thus, a time step that corresponds to
2° rotation was chosen for current analysis considering numerical stability, accuracy and
computational expenses. The fluid domain was initialized with a flow velocity of 0.5m/s
and turbulence intensity of 5% throughout the domain. In addition, the hydrostatic pressure
at every point (and time step) in the domain was determined from density, volume fraction
and hydrostatic head at that instant of time using a user defined function. The turbulence
boundary conditions at inlet and outlet were specified as turbulence intensity of 5% and
turbulent viscosity ratio of 10%. The convergence criteria for r.m.s. residuals of continuity,
momentum, and turbulence quantities were set to 10°. During transient simulation, initial
free surface height at the channel outlet is specified as 95% of the inlet height (5% free
surface drop). This assumption was based on the blade element momentum calculations
incorporating a quartic equation relating blockage ratio, Froude number, bypass flow and
wake flow for current turbine prototype and operating conditions [21, 50]. In addition,
during experimentation, the free surface height at the channel exit was found to be

dependent on flow speed, rotational speed and depth of immersion that varied from 1% to
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5% of channel depth. Since the value of the free-surface drop is not known a priori, a value
of 5% obtained from BEM predictions which also corresponds to the maximum drop
measured during experimentation was used in all simulations. The dynamic variation of
free surface height along the channel length (and width) is determined during transient
simulations using VOF formulations. Free surface simulations were carried out in ANSYS
CFX 15.0 using multiphase modeling with a homogeneous model which uses the VOF
approach and is based on the concept of fluid volume fraction. A common flow field,
temperature and turbulence field is shared by all fluids and for a given transport process,
transported properties (except volume fraction) are assumed to be same for all phases [35].
The VOF model as developed by Hirt and Nichols [64] is based on the Eulerian approach
(volume-tracking) where fluid flows through a fixed mesh. The VOF method assumes that
each control volume contains only one phase (water, air or interface between the two, in

this case) and solves only one set of momentum equation for all phases (Equation 2.2):

o o op o [ou oup)
Zou s o) B L BB g E
ot X, ox; 0x; | ox; 0X

where, u represents fluid velocity components, P is fluid pressure, u represents effective
fluid viscosity, p is fluid density, g isacceleration due to gravity, and F represents body
forces. In this approach, actual interface is not tracked but, is reconstructed from other flow
field properties like volume fraction. A step function (« ) is used to define presence or
absence of water within the computational domain. A value of 1 defines presence of water
and value of zero defines presence of air within the control volume. The control volumes

for which a are neither zero nor one, represent the interface region between water and air.
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The tracking of the interface between the fluids is accomplished by solving the volume

fraction continuity equation for one of the phases (q™ phase in Equation 2.3).

[ - no ]
piqi_%(aqpq)+v.(aqpqvq):pz:lmpq—mqu| (2.3)

where, m__ is the mass transfer from phase g to phase p and m , is mass transfer from

phase p to phase g. It was assumed that the interface between the two phases remain distinct

and well defined so that air does not get entrained into water.

2.3 FACILITY, EXPERIMENTAL SET-UP AND MODEL PROTOTYPE

All experiments were carried out in an open surface recirculating water channel at
Lehigh University with a test cross-section size of 0.61mx0.61m and length of 1.98m
(Engineering Laboratory Design, USA). This facility is equipped with a 25HP single stage
axial flow propeller pump with maximum discharge of 5590 gallons per minute. The
propeller pump RPM and hence the test section flow velocity is controlled and regulated
through a transistor inverter type variable frequency controller (Toshiba Model VFAS1-
2185PM-HN). The flow velocity can be varied from 0.03m/s to 0.94m/s and can be
measured within an accuracy of £ 2%. The flow quality is such that the turbulence intensity

is maintained to a value of less than 1%.

2.3.1 Turbine prototype

The model prototype used for current study is a three bladed, 0.14m radius (R), zero
twist, constant chord (0.01676m) blade turbine made from corrosion resistant aluminum
alloy (Figure 2.2). Turbine blades are formed from SG6043 airfoil on a five-axis CNC

machine. Turbine blades are held together inside a two-part hub and their orientation can
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be changed to adjust blade pitch angle to the desired value. To limit the number of
independent variables to a minimum, all experimental runs were performed with turbine
blades oriented at 10° blade pitch. The turbine prototype when operated in our facility leads

to an area based blockage ratio of 16.5%.

Figure 2.2: CAD model and photograph of turbine prototype used for current study
[R=0.14m]

2.3.2 Experimental setup

Designing an experimental set-up that can operate in water and cover full operating
TSR range was a challenge. Our initial attempts consisted of measuring the turbine torque
using strain gauges attached to a vertical shaft (outside the water channel) which was
connected to the turbine shaft through a pair of bevel gears. The turbine was loaded through
a magnetic particle clutch to control its RPM at various flow speeds. But the torque
measurements in this case were flawed as the vertical shaft was subjected to both thrust
and torque forces transferred from the turbine. Thus, the vertical shaft was acting as a beam
under combined bending and torsional loading, and hence, the strain measured on it was a
combined effect of thrust and torque and not the pure torque. To address this issue, a

submerged watertight enclosure was designed in which magnetic particle clutch was
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placed. Though this scheme was able to take accurate measurements of torque, it was not
able to capture full TSR range. In this configuration, the turbine had a tendency to stall with
increasing loading. To overcome this problem, finally a magnetic particle clutch was
replaced by a stepper motor that maintained a precise rotational velocity in addition to
providing a constant loading on the turbine.

The final experimental setup (see Figure 2.3) consisted of a lab scale model
hydrokinetic turbine attached to a horizontal shaft, driven by a stepper motor which
maintained a precise rotational velocity through a micro-stepping driver and controller
mechanism. The stepper motor used for current study was NEMAZ23 series, 24VDC motor
with resolution of 1600 micro-steps per revolutions. The stepper motor was connected to
the turbine shaft through a flexible coupling. The motor and flexible coupling were
enclosed inside a watertight acrylic cylinder, which was then connected to a thrust torque
sensor (Model # TFF400, Futek Inc.). The acrylic cylinder was continuously pressured and

purged to avoid water leakage into the system.
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Figure 2.3: Schematic of experimental set-up [R=0.14m]
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Finally, the reaction torque-thrust sensor was fixed to a vertical post, which was connected
to a horizontal frame supported at channel top. The vertical post can be raised or lowered
inside the water channel to vary the free surface proximity of turbine. During experimental
run, data from torque-thrust sensor was continuously monitored and acquired on a desktop

computer at high sampling rate of 500 samples/second for further analysis.

24 STEREOSCOPIC PARTICLE IMAGE VELOCIMETRY:

During present study, a high resolution two dimensional three component digital
stereo-PIV [74-76] system was used for flow-field investigations to characterize wake
structures, vortex structures, and flow in upper and lower bypass regions. Figure 2.4 shows
a schematic of PIV system (TSI Inc.) used in the present study. The PIV system consists
of three main components: (1) imaging subsystem which comprises laser, beam delivery
system and light optics, (2) image capture subsystem which comprises of CCD camera,
camera interface, and a synchronizer-master control unit, and (3) Analysis and Display
subsystem. For PIV measurements, the flow medium (water) was seeded with 13um
diameter hollow glass spheres (Potter Industries-SH400S20) that were illuminated with a
100mJ pulse, 100Hz, 532nm wavelength dual Nd:YAG laser. The light sheet optics consist
of a cylindrical lens which diverges the light in one direction and a spherical lens which
waists the laser light into a thin sheet with ~2mm thickness at the waist. The image capture
subsystem consisted of two high-resolution digital cameras in an angular displacement
configuration as shown in Figure 2.4. The Scheimpflug condition is satisfied with
Scheimpflug tilt-axis mounts by adjusting lenses and camera bodies. A synchronizer unit
communicating with the host computer through INSIGHT4G software, controls the

timings of laser pulses for illumination and camera triggers for image captures.
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Figure 2.4: Three dimensional model of experimental set up for stereo-PIV measurements

An in-situ calibration was performed with a dual plane target to determine the mapping
functions between the image planes and actual measurement plane in the flow. The
mapping function used is taken to be a multidimensional polynomial, which is third order
for the X- and Y-directions parallel to the laser sheet plane, and first order for the Z-
direction normal to the laser sheet plane. A multi-pass frame-to-frame cross-correlation
technique was employed to obtain 2D displacements in each image plane of the two
cameras. A recursive Niquist grid involving initial spot dimensions of 64 pixelsx 64 pixels
and final spot dimensions of 32 pixelsx 32 pixels was employed for this purpose leading to
4.5 x 4.5 mm? interrogation region size. An effective overlap of 50% of the interrogation
windows is employed in the P1V image processing. The 3D flow velocity vectors were then
reconstructed by using the mapping functions obtained by the in-situ calibration procedure
and the 2D displacements from each camera. Free-run PIV measurements were performed

where a series of 2000 images were taken to determine the ensemble-averaged statistics of
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flow quantities such as mean velocity, Reynolds stress, and turbulent kinetic energy at
various turbine operating conditions. In addition to free-run PIV, a phase locked PIV
measurements were carried out to study transient phenomena like wake development and
propagation, tip and hub vortices formation, and propagation and, to understand the
dynamic interaction of wake with bypass flow regions. A Hall Effect sensor is connected
to the turbine shaft to detect blade location during its rotation cycle. A trigger signal is sent
to the synchronizer unit when a preselected turbine blade reaches horizontal position during
its rotation cycle. This initiates the PIV process of laser illumination and camera captures.
A total of 500 frames of instantaneous measurements were carried out to determine phase-
averaged flow statistics in the wake and bypass regions of the turbine. Data from SPIV
flow visualization was then used to identify the flow structures in the near-wake region of

MHKT to understand the mechanism governing the performance variation.

2.5 BLOCKAGE CORRECTIONS FOR EXPERIMENTAL DATA

Measured experimental data was corrected to take into account the effect of flow
acceleration around the turbine due to restriction offered by turbine to the channel flow
(blockage). The blockage correction methodology used during current work is derived
based on application of linear momentum theory. Two different blockage corrections
schemes were developed: first for a constant volume boundary domain which is
representative of a closed wind tunnel or closed-top water channel. The second blockage
correction scheme is for flow in an open surface water channel which takes into account

the effect of free surface. A concise formulation of both these methods is presented below.
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2.5.1 Blockage Correction Technique for Closed-Top Water Channel

This method models the flow domain (two dimensional) as a parallel sided tube (confined
flow) — representative of a turbine operating in a wind tunnel or a water channel with a

closed top or in a water channel but away from free surface (Figure 2.5).

Figure 2.5: Blockage correction formulations with actuator disc theory for MHKT
operating in a bounded (closed-top water channel) environment

The model is based on a linear momentum actuator disc theory and uses conservation of
mass and momentum to arrive at flow velocities in various regions of tunnel. Flow domain
consists of a stream tube that passes through the edge of an actuator disc (representing
turbine) and expands behind the turbine rotation plane forming a wake region. The rest of
the flow is called as bypass flow, in which flow acceleration takes place. Consider an

actuator disc of an area A; in a channel of cross-sectional area A, as shown in Figure 2.5.

Blockage ratio is then defined as: B = A, /A, = 1/RB' Consider five sections along the

length of channel: 1-1 far upstream the turbine, 2-2 and 3-3 immediately before and after
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the turbine, 4-4 in the far wake and 5-5 far downstream the turbine, where mixing has
already occurred and velocity is uniform across the depth of channel. Section 4-4 is
characterized by a uniform pressure, but varying velocity. Let T be the thrust force from
the actuator disc on the fluid and X be a reaction between turbine flow and bypass flow.
Subscripts t and b denotes turbine flow and bypass flow. Let @« and S denote flow
coefficient in turbine flow region and bypass flow region respectively, i.e. ratio of local
flow velocity to tunnel flow velocity. Applying conservation of momentum between

sections 1-1 and 4-4:

Faear =T = PU U4 = P0G Uy + 24U, — pAUy, (2.4)
[ (R, —« 1
PAR, - p,AR, -T = pAU’a, (a, -1)+ pAU* (R, - a,)| M—u (2.5)
|Rg—a,la,

Now making use of Bernoulli’s principle in bypass region and across the turbine,

P p=—pU” (1 .7) (2.6)

1 2( 502 2
:E'DAU (ﬂ4 -a, ) (2.7)

The thrust coefficient can be defined as the ratio of thrust force to dynamic force imparted

by fluid on the turbine.

CT=1—2=(ﬂ42—a42) (28)

Using equations (2.6) and (2.7) in (2.4) and after simplification, the following relation can

be obtained between turbine flows at section 2-2 and 4-4.
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The flow velocity in the bypass flow can be related to the turbine flow velocities by:

—ug, (2.10)

Equations (2.8), (2.9) and (2.10) can be solved simultaneously to find a,, @, and B, for a
given value of C;. The equivalent open water velocity (U, , in absence of blockage) can
then be obtained by relating thrust coefficient and turbine flow coefficient at section 2-2

as:

Lo %o (2.11)

Equation (2.11) assumes that the turbine in open water and lab tunnel operates under
identical conditions of (i) turbine disc flow velocity (U,), (ii) rotation speed (RPM), (iii)
and thrust force (T). Equations (2.8) through (2.10) are then used to modify blocked

condition quantities C and TSR, casureq 10 Obtain unblocked metrics

Pmeasured’ CTmeasured

namely C and TSR orrectea FeSPectively using Equations (2.12)
p

corrected’ CTcorrected

through (2.14).

c, _ -c, {“J (2.12)
Corrected Measured U Y
2
Cro = Crucs [:’J (2.13)
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TSRCorrenled = TSRMeasured L Ul (2'14)
u
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Equations 2.12-28 were used to quantify increase in flow velocity and power coefficient
due to blockage that varied with flow velocity, RPM and tip clearance distance as

illustrated in subsequent sections.

2.5.2 Blockage Correction Technique for Open Surface Channel

The blockage correction methodology developed in the earlier section is applicable to
closed-top channel or for the turbine operating away from a free surface. For a turbine
operating in the vicinity of a free surface (Figure 2.6), wake re-energization and expansion
process is affected by free surface drop behind the turbine [25, 56, 57]. Hence it is
necessary to incorporate the effect of free surface in the blockage correction methodology

discussed in section 2.6.1.

Figure 2.6: Blockage correction formulations with actuator disc theory for MHKT
operating in an open surface water channel environment
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This was achieved by modeling the Froude number in the blockage correction formulation.

Froude number (Fr) defines the relation between characteristics flow velocity, and

gravitational flow velocity (Fr =U /\/ﬁ) where g is gravitational acceleration (m/s?),
U is channel velocity (m/s), and h is water channel depth (m) upstream the turbine. The
pressure head at various channel sections can be expressed in terms of hydrostatic pressure.
Applying the Bernoulli’s equation to bypass flow, between sections 1-1 and 2-2 and

sections 3-3 and 4-4 we get:

2
u ) ) T
_h =Y (g2_ - 2.15
Zg(ﬂ4 s ) LA ( )

Where h,, and hs, are water heights at sections 2-2 and 3-3. And momentum conservation

across the turbine gives:

Fshear -T= quU 4 pqltU ™t qubU 4 pqlbU 1b (2-16)
l 2
So(n’-n7)-Bb ;—g(ﬂf ~a,’)=U " hBa, (a, ~1)+U h(1- Ba,) (B, - 1) (2.17)

where, b is the channel width. The water height at section 4-4 can be determined by

applying continuity equations to bypass and turbine flow:

A A 1-B
" =TI4+%= Bha2+h( a,) (2.18)

4
a, ﬂ4

Applying the Bernoulli’s equation to bypass flow and after some manipulations, h, and £3,

can be eliminated from (2.17), (2.18) and following relation between turbine flow
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coefficients and bypass flow coefficient can be derived:

2(ﬁ4+a4)_8(ﬁ4_1)
a, = f“(ﬁ“_““) (2.19)
-1
4+(ﬂ4 )
0(4ﬂ4

Equation (2.17) can be rewritten using (2.19) and definition of the Froude number as

follows:

Frp,* ( Fr?
i+2a4Fr2ﬂ43—(—2—28+Frz)ﬁ42—(4a4+2a4Fr2—4),6’4+L .

. )
+4a,-2Ba, —ZJ:O

(2.20)
The thrust coefficient is then related to flow velocities as:
T 2 2
CT = 1 = (ﬂ4 -a, ) (221)
EpAu2

Equations (2.18), (2.19), and (2.20) can be simultaneously solved for known values of

B, Fr and C; to calculate equivalent free-stream velocity using equation (2.11).

2.6 ERROR AND UNCERTAINTY ANALYSIS
2.6.1 Uncertainty Analysis for Experimental data

Errors in the calculations of torque and thrust coefficients were due to errors associated
with measurements of: flow velocity, rotational velocity, thrust forces, and torque. For the
water channel used for current experimental investigations, according to manufactures
specifications (Engineering Laboratory Design, USA), the flow velocity can be can be
controlled within an accuracy of + 2%. The accuracy of stepper motor for RPM

specification was within + 1% of input value which was confirmed with Hall Effect sensor
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measurements. Further, the torque/thrust sensor was accurate to within + 1% for current
measurement range (torque < 0.4N.m, thrust < 35N). A single sample uncertainty analysis
for U, RPM, thrust and torque based on Kline and McClintock [77], showed maximum

uncertainty of 1% on TSR and <3% on Ct and C; calculations.

2.6.2 Uncertainty Analysis for stereoscopic PIV measurements

Uncertainties in the measurement of velocity field from SPIV visualization technique
are mainly due to random errors caused by cross-correlation uncertainty and systematic
errors caused by peak locking and spatial resolution [78-81]. The procedure for
determination of these errors and its application to current experimental investigations is

discussed next.

2.6.3 Random Errors:

Instantaneous velocity field obtained from PIV measurements is affected by random
errors which are mainly related to uncertainty in identifying particle position and
determining its displacement. This can depend on light sheet intensity, particle size and
density, algorithm used for particle identification and displacement calculation, and
velocity gradients in flow. During PIV analysis, the particle position is identified by its
centroid location. Inaccuracies in locating the particle centroid lead to errors in velocity
vector magnitude and direction. If d, is particle image diameter, the r.m.s. error (o,x)
associated with locating the particle center is given by d.c, , where ¢, is a centroid constant
(~0.05-0.07) whose value depends on type of interrogation method, peak location

technique and irregularities of particle images [80, 81]. The particle image diameter can be
1
determined as: d, = [M,[1.56,4, + d,,’] /2, where, §, is depth of field = 4(1 +
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2
1/1\/10) f#z/'lz. d,, is particle diameter (~12um), and Mo is image magnification. The r.m.s.
error in velocity can then be determined as o, = GAX/(M AD) which defines the minimum
0

resolvable velocity fluctuation. For current study, the random error in velocity was found
to be less than 1% for effective blade tip velocity (at channel velocity at 0.8m/s and

rotational speed of 180RPM).

2.6.4 Systematic Errors:

Systematic errors are the errors due to limitations on the measurement system and can
be related to calibration, optical distortion, particle slip, and size of particle relative to pixel.
Errors associated with calibration can be minimized by a careful calibration procedure
using appropriate tools. Current study uses a dual plane target which aids in precise
positioning of laser sheet. The error due to relative sizes of particle image and pixel is
called pixel locking or peak locking error and becomes important when the particle image
is smaller compared to the pixel size. This error is quantified in terms of ratio of size of
particle (d,) to pixel pitch (d,). To reduce the total error (random and bias errors) particle
to pixel size ratio d,/d, = 2 is recommended [80]. The total error is dominated by random
error below d, /d, value of 1 and by bias error above d,/d, value of 1. For the experiments
presented in this study, the computed d,/d, was approximately 1.2. The other cause of
systematic error is due to spatial resolution which depends on size of interrogation area for
PIV study. The smaller the interrogation window size, the higher the resolution. During
current PIV study a multi-pass algorithm was used with initial spot size of 64x64 and final

spot size of 32x32 pixles that lead to interrogation window size of 4.8mm (30% of blade
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chord-length). The computed systematic error for current PIV measurements is ~2% for

effective blade tip velocity (at channel velocity at 0.8m/s and rotational speed of 180RPM).

2.6.5 Out of plane velocity errors

In addition to in-plane random and systematic errors discussed in earlier sections, the
stereoscopic measurements are also subjected to out-of-plane errors due to stereoscopic-
angular arrangement of cameras. The magnitude of this error is inversely proportional to
the tangent of half-stereo angle (a) and is given by: a,,/0,, = (tan(a))~1, where, g,
and a,, are out-of-plane and in-plane r.m.s. displacement errors respectively [82]. During
present study, the stereo-cameras were arranged such that stereo-half-angle a=~12°, which

lead to out of plane ratio of 4.5.

2.7 Convergence Study
2.7.1 Convergence study for performance measurements

During experimental study for performance characterization of MHKT, torque and
thrust data was obtained from a submerged thrust-torque sensor mounted in-line with the
turbine. Data was acquired and averaged over a total duration of 60 seconds for each run
at a sampling rate of 500 samples per second. To check the convergence of data, averaged
thrust and torque are plotted against cumulative time in Figure 2.7. Averaged values of

thrust and torque start converging at approximately 40 seconds as depicted in Figure 2.7.
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The uncertainty of random errors decrease with increasing number of realizations due

to statistical convergence. The random error in displacement measurement is inversely

proportional to square-root of number realizations [78]. During current study, time

averaging is performed over 2000 realizations (>80 turbine rotations). Table#2.1 shows the

effect of a number of realizations on the convergence of standard deviations of stream-wise

(U), span-wise (W), and vertical velocities (V) and shows statistical convergence around

1500 realizations.

Table 2.1: Convergence study for ensemble averaged SPIV measurements

o Mean Standard deviation
Number of Realizations
U V W U V W
500 0.716 | 0.001 | 0.010 | 0.096 | 0.032 | 0.090
1000 0.713 | 0.001 | 0.010 | 0.097 | 0.031 | 0.090
1500 0.713 | 0.001 | 0.010 | 0.098 | 0.031 | 0.090
2000 0.713 | 0.001 | 0.010 | 0.098 | 0.031 | 0.090
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Figure 2.8 plots convergence of phase averaged data — standard deviation of flow
velocities with number of PIV realizations, where accumulated averages are plotted against

the number of realizations which shows convergence around 250 realizations.
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CHAPTER 3*

A COUPLED HYDRO-STRUCTURAL
DESIGN OPTIMIZATION FOR
HYDROKINETIC TURBINES

*The contents of this chapter are based on following AIP published article:
Kolekar, N. and Banerjee, A., A Coupled Hydro-Structural Design Optimization for

Hydrokinetic Turbines. Journal of Renewable and Sustainable Energy, 2013. 5: p.
053146.
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3.1 BACKGROUND

Hydrokinetic turbines (HKTSs) are a class of low head energy conversion devices
which convert kinetic energy of flowing water in rivers, tides and ocean waves into
mechanical work that is then converted to electrical power by suitable power-take off
devices [1, 2]. The operating principle of HKTs are similar to wind turbines which are
lift/drag devices as compared to conventional hydro-turbines which operate under large
heads (>10 m) [3, 4]. Traditionally, hydropower has accounted for the bulk of the
renewable energy production in the United States. The total electricity use in the U.S. in
2011 was 3856 TWh/yr with ~9% of that output coming from renewables; traditional
hydroelectric or micro-hydro facilities contributing ~35% of the total renewable energy
production [5]. However, growth of conventional hydropower plants is constrained by the
number of available natural sites, large capital (initial) investment, extensive pay-back time
and environmental concerns [6, 7]. In lieu of this, marine and hydrokinetic systems offer
many advantages as these are portable systems with small initial set-up costs that do not
require large infrastructure and can be quickly deployed [1, 2, 6, 8, 9]. A study conducted
by Electric Power Research Institute (EPRI) for U.S. rivers, estimated the total technically
recoverable hydrokinetic power at 120 TWh/yr (~ 3% of the total electricity use) with the
Lower Mississippi region contributing nearly 48% and Alaska region constituting ~17%
of the total resource estimate [10]. Another study conducted by EPRI evaluated many, but
not all tidal energy sites in U.S. and estimated 250 TWh/yr of tidal energy ( ~ 6% of the
total electricity use) with 94% of the available energy in Alaska and the remaining 6% in

continental United states (mostly in Washington and Maine) [11].
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HKTs are lift/drag devices similar to wind turbines, and their performance is

governed by several non-dimensional quantities: (i) the tip-speed ratio (TSR : 4 = E)
u

which is defined as ratio of blade tip speed to fluid speed (U) (where R is turbine radius)

N,c
27R

and Q is the rpm); (ii) solidity (o = ) that is defined as the ratio of the product of the

blade chord length (c) and the number of blades (Ng) to the turbine circumference; and,

(i) the chord Reynolds number (Re = puc /. ), where p and w are the density and viscosity

of the fluid medium. Over the last decade, the flow-dynamics of wind turbines and HKTs
have been investigated using computational fluid dynamics (CFD) [4, 23, 24] and
laboratory scale experiments [25-29]. Blade-element-momentum (BEM) analysis which
forms the backbone of wind turbine rotor design can also be used for HKTs design [30].
Apart from BEM, low-order CFD tools like vortex and panel methods can be used for
hydrodynamic analysis of these devices [31-34]. In addition, computationally expensive
higher-order techniques that involve solving Reynolds-averaged-Navier-Stokes equations
(RANS) and large eddy simulations (LES) with turbulence models have been successfully
used for hydrodynamic analysis of HKTs [4, 24, 28, 35-39]. Consul et al. [4] performed a
two dimensional CFD analysis to understand the influence of number of blades on
performance of cross flow turbines and found improved performance with a higher number
of blades. Hwang et al. [40] investigated the effect of variation of TSR , chord length,
number of blades and the shape of hydrofoil on performance of a variable pitch vertical
axis water turbine using both experiments and numerical calculations.. Duquette and co-
workers [23, 24] performed experiments and 2-D numerical analysis to study the effect of

number of blades and solidity on the performance of a horizontal axis wind turbine. Their
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analysis concluded that the range of TSR for maximum C, depends strongly on solidity and
weakly on the number of blades. This indicates the chord length plays an important role in
defining the optimum TSR range which leads to maximizing the turbine performance.
Mukherji et al. [35] performed three-dimensional steady-state CFD to understand the effect
of TSR, solidity, blade pitch and number of blades on performance of HKTs and reported
a strong influence of TSR on performance coefficient for various turbine geometries.
Further, increase in turbine solidity and blade numbers were reported to maximize the Cp
that was observed at lower TSR. Batten et al. [39] used a coupled actuator disc-RANS
based model to predict the performance and loads on a tidal turbine and obtained up to 94%
agreement between numerical and experimental velocity variation measured along the
centerline of the wake. LES simulations performed by Churchfield et al. [38] reported
presence of lateral asymmetric wake behind the turbine which was a result of interaction
between inlet shear flow and wake rotation. Myers and Bahaj [25-27] experimentally
investigated the flow field and wake recovery behind marine current turbines using mesh
disk simulators and found that recovery depends on proximity to water surface, sea bed
roughness (which governs vertical velocity profile and turbulent kinetic energy of flow)
and to a lesser extent on rotor thrust. Neary et al.[29] performed experiments on an axial
flow hydrokinetic turbine in a large open channel to measure velocity and turbulence
quantities behind the turbine using an acoustic Doppler velocimeter and a pulse coherent
acoustic Doppler profiler techniques. A flow recovery of 80% was reported at ten diameters
downstream the rotor plane. Stallard [83] performed experiments with an array of turbines
to investigate turbine interactions and the influence of bounding surfaces (free surface and

bed) on wake structure behind tidal turbines.

50



A large majority of the available literature on HKTs focuses on the hydrodynamics
and blade optimization for improving the hydrodynamic performance and does not
consider fluid structure interaction analysis. The interaction of fluid flow with the turbine
structure is an important aspect of design for HKTs due to a denser working medium. This
coupled fluid structure interaction (FSI) problem can be solved traditionally by two
different approaches: (a) a monolithic approach in which governing equations for the
structure and flow field are solved simultaneously using a single solver; and, (b) a
partitioned approach in which two distinct solvers are used to independently solve two sets
of governing equations described in 82 [33, 41, 42]. Young [43] performed FSI analysis
on carbon fiber composite blades for a marine propeller by combining boundary element
and finite element methods, and validated his computational results with experimental
studies. Young et al.[33] performed a coupled boundary element- finite element (FE)
hydro-elastic transient analysis of tidal/ marine current turbines and compared results with
tow- tank experiments. He et al. [44] performed a hydro-elastic optimization of a composite
marine propeller in a non-uniform wake using CFD-FEM coupled analysis. Compared to
the initial blade design, the final design with optimized ply angle and stacking sequence
was reported to have 70.6% reduction in vibratory loads. Selig and Coverstone-Carroll [45]
used a genetic algorithm (GA) for optimizing annual energy production (AEP) and cost of
energy of low-lift airfoils for stall regulated wind turbines and found that AEP is more
sensitive to rotor radius than the peak power. Belesis [46] presented GA for constrained
optimization of stall regulated wind turbine and found it to be superior to classical
optimization methods. GA implementation was reported to have 10% gain in the energy

production for different sized stall regulated wind turbines. Fuglsang and Madsen [47]
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performed multi-disciplinary optimization on stall regulated horizontal axis wind turbine
considering fatigue, maximum load and AEP. They used sequential linear programming
and method of feasible directions for optimizations. Operating parameters like TSR, blade
pitch as well as blade geometry were found to have a significant effect on performance as
well as structural strength of the turbines.

To the knowledge of the authors, the current work presents the first coupled fluid
structure interaction analysis for a hydrokinetic turbine for maximizing its hydrodynamic
performance and minimizing hydrodynamic stresses on a stall regulated, fixed pitch,
horizontal axis hydrokinetic turbine through a coupled hydro-structural analysis and GA
based optimization technique. The analysis is performed for two different blades: a
constant chord, zero twist design; and, a variable chord, twisted design. Figure 3. 1 shows
a flow chart for the design approach that has been adopted in this paper. As a starting point,
a hydrodynamic analysis was carried out using BEM theory to study the effect of various
operating parameters on the forces and torque developed on turbine blades for a constant
chord turbine. During the preliminary design process when a detailed flow field solution is
not available, stresses in the turbine blade are computed based on forces obtained from
BEM. The turbine blade was modeled as a cantilever beam fixed at the hub; stresses were
calculated based on blade section area. The hydro-structural optimization was carried out
for a constant chord blade turbine using GA in a MATLAB optimization toolbox. A Pareto
optimal solution set obtained from GA was used as an input to the coupled FSI analysis.
To check the fidelity of BEM and the optimized design, the results of lower order BEM
model for a constant chord blade design are compared with a detailed three-dimensional

coupled CFD-FEA analysis. The CFD domain is coupled with the structural domain using
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an arbitrary Lagrangian-Eulerian scheme and FEA is performed to find deflection and
stresses in the turbine components. The results of structural analysis are then used to
modify the turbine geometry and design space for hydro-structural optimization, imposing
limits on operating parameters and size. Further, to improve the structural strength of the
turbine blade a chord and twist distribution is added to the turbine blade. A multi-objective
(hydro-structural) optimization was performed for this variable chord twisted blade
geometry to maximize hydrodynamic performance and minimize structural stresses in
turbine blade. Higher flow velocities (>3.5m/s) and proximity to water surface were found
to cause cavitation on turbine blades [33]. The current analysis assumes a flow speed of
2m/s and that the turbine was submerged sufficiently in water and away from free water
surface to provide a cavitation free environment for turbine operation. The HKT design
presented in this paper has three blades made from a hydrofoil shape and connected at the
turbine hub similar to a typical horizontal axis wind turbine. HKTSs are lift-drag devices
and operate on a similar working principle as the wind turbines; however, a denser working
medium (water which is almost 800 times denser than the air) poses additional challenges
as the flow Reynolds number and the associated hydrodynamics for these turbines are
different than that for conventional wind turbines. A CFD analysis and validation is
performed to address the effect of change of the working fluid (viscosity and density) that
affect flow parameters like flow separation and stall delay, which in turn affect the
performance. A denser working fluid results in higher power density per unit swept area
which induces a higher stress state in the turbine blades. The investigation of this stress

field is one of the primary objectives of the current fluid-structure interaction analysis.
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3.2 THEORY AND MATHEMATICAL MODEL

3.2.1 BEM Theory

BEM theory, originally attributed to Betz [65-67] and Glauert [30] is a combination
of blade element theory and momentum theory. According to the blade element theory,
forces on a turbine blade can be obtained by dividing the blade into a number of
hydrodynamically independent elements [68]. Hydrodynamic forces on these elements are
calculated based on local flow conditions using two dimensional lift-drag data. The forces
on each element are then summed together to find total force on the turbine blade. The
other part of BEM, known as momentum theory, assumes that the work done by the fluid
on the turbine blade creates pressure (or momentum) loss across the rotor plane. Induced

velocities in axial and tangential direction can be calculated from this momentum loss;
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which in turn affects the forces on turbine blade. BEM combines blade element and
momentum theories, and solves coupled equations in an iterative manner to determine fluid
forces (thrust and torque) and induced velocities near the rotor [68]. Aerodynamic data: lift
coefficients (Cr) and drag coefficients (Cq) for the SG6043 hydrofoil that were adopted for
our HKT blades are obtained from Xfoil [69]. These coefficients were then used to
calculate forces on blade element in directions normal and tangential to the rotor plane.
Xfoil calculates lift and drag coefficients for a given hydrofoil by combining a linear-
vorticity stream function panel method [84] and a viscous solution method. A surface
transpiration model is used to couple a viscous solution (for boundary layer and wake) with
an incompressible potential flow solution (for the flow domain away from the turbine

surface). Hydrodynamic data obtained from Xfoil is corrected according to [23, 24] as:

c,-c,. [Read) (3.1)

which suggests that the drag coefficient scales inversely with the Reynolds number. The

drag coefficient, Cq in Equation 3.1, is the actual drag coefficient (based on Re), C, . s

the drag coefficient based on Rerer Which is the reference Reynolds number (2.4x10°) used
during BEM analysis. The lift coefficient is assumed to be unchanged with Reynolds
number [24]. This correction is valid for a Reynolds number range (10°<Re<10’) which
covers the current operating range (1x10°<Re<5x10°). The Reynolds number reported in
the present work is based on the free stream flow speed (U) and the blade mean chord-
length (cm). The Re based on mean chord lengths of 0.05m and 0.25m are ~ 1x10° and

~5x10° respectively.
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For our analysis, the original BEM theory of Betz [65, 66] and Glauert [30] was
modified to take into account the effect of hub, tip and the Reynolds number dependence
for hydrodynamic data correction. Prandtl’s tip loss correction factor (Frip) was
incorporated in the algorithm to account for losses due to fluid flow from pressure side to
suction side at blade tip, while the hub loss (FHub) correction factor was also incorporated

to account for losses caused by swirling flow due to presence of hub as:

Tp = gcos l[exp [B(r — R)D 7 Faw = 3cos 1[exp [B(r“”b L)) H (3-2)
Vi 2rsin( ¢) Vi 2r,, sin( ¢)

where, r is the radius at the blade element [m], rnus is the hub radius [m], and ¢is the angle
of relative flow [radians].
The effects of correction factors for tip and hub losses are combined into single

factor F (=F,, x F,,, ) that is used to determine net thrust (T) and torque (Q) from turbine:

R R
T = jFpu24a(1—a)7zrdr . Q= I4Fa’(1—a)pUﬂr3er (3.3)

Thub Thub

where, p is the water density [kg/m®]. The axial induction factor (a) is defined as a
fractional decrease in water velocity between the free stream and the rotor plane. The

angular induction factor (a") is defined as one half the ratio of the angular velocity of the
wake to the angular velocity of the rotor[a': %J .

Preliminary structural analysis is based on an assumption that the turbine blade can
be modeled as a cantilever beam, supported at blade root, and flap-wise bending moment
can be found from thrust forces acting on blade. Flap-wise bending stresses in the turbine

blade depend on the thrust force, and are determined according to Equation 3.5.
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. 1
M :ijm ; where, dT =|=pzC.U *2rdr
B B g 2

On integration:

M, = —T—R (3.4)

_Mye (3.5)

where, Iy is the area moment of inertia of blade cross-section (airfoil shape) [m*], My is

the flap-wise bending moment [N.m], o the maximum flap-wise stress [N/m?], and,

B .max

Cris the thrust coefficient that was assumed as 8/9 for an ideal rotor [68].

3.2.2 FSI-Governing equations

The FSI problem involves the fluid domain and structural domain interacting with
each other at the fluid-structure interface. The load transfer at the interface is done using
arbitrary Lagrangian-Eulerian (ALE) formulation [33, 41, 42, 70]. This section briefly
summarizes the governing equations for the fluid and structural solvers [70, 85]. The
subscript (f) denotes quantities related to the fluid domain and the subscript (s) denotes
structural domain quantities. The fluid-structure interface is the common boundary

between the two domains where data the transfer takes place.

3.2.2.1 Computational Fluid Dynamics:
A three-dimensional CFD analysis was performed in ANSYS CFX using a multiple

reference frames technique [86, 87]. A rotating reference frame was incorporated to take
into account the effect of turbine rotation by transforming an unsteady flow in an inertial
(stationary) frame to a steady flow in a non-inertial (moving) frame using equations below

[33, 42, 70, 88]:
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V.U =0 (3.6)

[;(pu)+v-(p6ru)+p(éxdr+§-2><§—2><F)}:—Vp+v-z'f

(3.7)

where U, (=U - Q =7 ) is the relative velocity viewed from a rotating reference frame,
is the rotational speed of the turbine, ,xu,) is the Coriolis force, p@xaxr) is the
centrifugal force, # is viscous stress tensor, and Vp is the pressure gradient across the

turbine. The viscous stress tensor (z) is defined as:

rfzyeﬁ[(vJJerT)— VUI} (3.8)

w [N

where U is the absolute fluid velocity and I is the identity tensor. The effective viscosity
(1eeff) is the sum of the molecular viscosity () and turbulent viscosity (:&);  being
calculated from a representative turbulence model. A k- SST (Shear Stress Transport)
turbulence model was chosen, due to its accuracy, for adverse pressure gradient flows as
the current case [19, 89, 90]. The computational domain consists of an inner rotating sub-
domain of size 1.1Rx0.65, and an outer stationary sub-domain of size 6Rx22. Figure 3.2
shows the location of turbine within the computational domain. The turbine rotational plane
is located 4R away from the inlet, and the fluid domain extends 18R behind the turbine
rotational plane to capture the near wake and far wake effects. The inlet boundary condition
was applied on the east face of the domain with uniform axial (free-stream) velocity (U) of
2m/s with V and W=0, and turbulence intensity of 10%. A high resolution (bounded second-

order upwind biased) discretization scheme was used for advection and turbulence. The
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convergence criteria for RMS residuals were set to 10 for continuity, momentum and

turbulence quantities.
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Figure 3.2 : Computation domain, used for CFD analysis (All dimensions are expressed
in terms of turbine radius, R)

The simulation domain was initialized with the initial velocity of U = 2m/s. The CFD
simulations presented in this paper are steady state calculations performed using a multiple
reference frames technique; details about this technique can be found elsewhere [25].
which was validated and published in [25]. A rotating reference frame was incorporated to
take into account the effect of the turbine rotation by transforming an unsteady flow in an
inertial (stationary) frame, to a steady flow in a non-inertial (moving) frame using
equations 3.6 through 3.8. The CFD study consisted of HKTs rotating at various rotational
speeds 40RPM to 135RPM, which corresponds to the TSR range of 2 to 7. The mesh used
for current CFD study is an unstructured mesh with very fine prism layers near the turbine
wall. A grid independence study was carried out to study the effect of the number of
elements on the CFD analysis. Mesh size was varied from a coarser mesh of 3.5 million to
a finer mesh of 10 million elements and flow variables were monitored. As the mesh size

increases, turbine power increases and stabilizes around 7.8 million elements. The percent
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change in output power from 7.8 million element grid to the next coarser grid (6.6 million
cells) was 1.3%. Hence, a mesh with 7.8 million elements was found optimal from the
accuracy and the computational expense standpoint and used for current CFD study. In
addition to the global mesh size study, a convergence study on the global converged mesh
was performed to understand the effect of y+ value on the turbine power and thrust
prediction. This study consisted of locally refining the near wall prism layers to reduce the
y+ value. For the global converged mesh, the thrust and power values started to converge
around the y+ value of 100. Hence considering the computational expense and accuracy,
the final computational grids used during the current CFD study consisted of the meshes
with y+ value of less than 100 for the converged performance characteristics. The height
of the first prism layer on the turbine wall was set such that the grid elements adjacent to
the turbine wall were within the logarithmic region of boundary layer with a y+ values
between 30 and 100. A y+ value is a non-dimensional parameter related to mesh size which
defines distance of first mesh node from the wall. Lower the y+, better the boundary layer
flow resolved near the wall [71]. Convergence criteria for the continuity and momentum
equations were set to 10 absolute and higher order numerics were used for turbulence

modeling.

3.2.2.2 Structural dynamics equations:

The conservation of momentum equation of a solid continuum in a Lagrangian

framework can be expressed as:

p. % g (3.9)

where p, represents structural density, f; represents body force vector per unit volume on

the structure, 8 represents structural displacement field and 7, is a symmetric Cauchy
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stress tensor. In the present analysis, the fluid flow equations are solved to find the resultant
forces on interface and then stresses are calculated by solving the structural equations.
Thus, the kinematic condition for no slip interface can be rewritten as:

5, =6 (3.10)

where o is the fluid displacement. This forms the displacement boundary condition for
fluid-structure interface. The dynamic condition for the fluid-structure interface requires
that the fluid and structural stresses be in equilibrium:

n,.t,=-n.r (3.11)

where, n is a unit normal vector pointing outward from the respective domains. The
Dirichlet-Neumann formulation of FSI presented in equations 3.10 and 3.11 implies that
the fluid flow equations are solved for the fluid-structure interface velocity, and stresses
are imposed on fluid structure boundary of solid domain [33, 42, 70]. Figure 3.3 shows the

mesh used for FEA which consists of around 1x10° elements.

Figure 3.3: Finite Element mesh used for structural solver.
In an effort to understand the effect of blade root section on the turbine stresses, two
different blade geometries were modeled (Figure 3.4). The main difference in these
geometries is at the root section where the blade mates with turbine hub; this section is

circular for geometry-I (Figure 3.4a) while it is parabolic for geometry-11 (Figure 3.4Db).
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Figure 3.4: Blade shapes used for FSI analysis: (a) circular blade root, (b) parabolic blade
root

3.3 RESULTS
3.3.1 BEM Validation

The BEM code was validated with NREL phase I1l combined experimental rotor
(CER) results [91], primarily due to absence of detailed experimental data for HKTs. The
NREL CER rotor is a 5.03m radius stall regulated downwind turbine with a rated power of
20kW that has varying chord and twisted blades. This turbine uses S809 airfoil from blade
root to tip with a chord and twist distribution along blade span [91]. Experimental data is
available [91] for two and three bladed turbine configurations, at constant rotational speeds
of 72 and 83 RPM at various blade pitch angles. A BEM analysis was carried out for a
rotational speed of 72 RPM for the three bladed turbine over a range of blade pitch angles
(0to 7°) and TSR (0 to 8). Figure 3.5 compares Cp from BEM analysis with the NREL data,
which shows a good match up to TSR of 5. At high TSR values, BEM analysis deviates
from the experimental data which can be attributed to a non-uniform blade loading [92]
and accelerated span-wise flow effects that are not taken into account in one-dimensional
momentum analysis. The BEM analysis does not consider the hydrodynamic interaction
between the adjacent blade elements. Further, a large out of plane deflections at higher TSR
introduces errors in hydrodynamics modelling as BEM, which essentially assumes that the

momentum is balanced in a plane parallel to the rotor.
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Figure 3.5: Validation of BEM with NREL experiments: a) 0° blade pitch, (b) 4° blade
pitch, (c) 7° blade pitch

Figure 3.6a and 3.6b compares the axial induction factors (a) along the blade span
at 6.7m/s and 11.2m/s wind speeds respectively. The BEM analysis results follow a similar
trend as the NREL experimental results, but in general, the axial induction factors
computed from BEM are smaller than those obtained from the experimental data. Figure
3.6¢ plots the thrust forces exerted on a turbine blade as a function of wind speed. The
results of BEM are comparable with the experimental data till wind speed of 14m/s, but at
higher speeds, 1D BEM analysis deviates from the experimental data due to high flap-wise
loading and out of plane deformation which cannot be captured accurately by the

momentum theory of BEM method.
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3.3.2 Analysis for a constant chord zero twist blade turbine

3.3.2.1 BEM parametric study

After validating the mathematical model, a parametric study based on the BEM
theory with the necessary corrections (Prandtl’s tip loss correction, hub loss correction,
corrections for the Reynolds number effect on hydrodynamic data) was performed for a
model three-bladed constant chord turbine (R=1m). A SG6043 profile was chosen from
root to tip as it gives a high C /Cq value over the current operating range of the Reynolds
numbers (1x10°<Re<5x10°). Table 3.1 summarizes various parameters studied during the
current analysis. The BEM analysis is performed to understand the effect of chord length,

blade pitch (6po) and TSR on the performance of the turbine. The turbine blade was divided
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into 20 blade elements and the BEM analysis was performed to find the thrust forces and

the torque developed on the turbine blades according to Equation 3.3.

Table 3.1: Design variables for BEM parametric study of Hydrokinetic Turbines

Design Variable Value/Range
Number of blades (B) 3
Turbine radius (R) 1m
Hub radius (rnub) 0.085 m
Number of blade elements (N) 20
Water velocity (U) 2mls
TSR 2-12
Chord length (c) 0.015-0.18 m
Blade pitch angle (Gp0) 0-18°

The water velocity used for this analysis was 2 m/s which is the upper limit of observed
river water velocity for large sinuous canaliform rivers like the Mississippi and Missouri
rivers [93]. The design TSR is varied from 2 to 12, blade pitch angle from 0° to 18° and
chord length from 0.015 to 0.18m. Figure 3.7 shows the effect of blade pitch, TSR and
chord on the performance coefficient. As the chord length is increased from 0.03 to 0.12m
as plotted in Figures 3.7a-c; the bell shaped curve of C, plotted against TSR moves towards
the origin, which indicates that higher the chord length, the lower the TSR for optimum
performance. Also, for a given chord length, the lower the TSR, the higher the blade pitch
for maximum performance. A higher Gp means higher angle of attack of incoming fluid
which results in higher lift forces (hence torque) on turbine blades. This results in lower

rotational speeds and hence lower TSRs for optimum hydrodynamic performance with
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increasing po values. For higher chord length blades (0.06m and 0.12m), an increase in Gpo
results in higher C, till a critical 6po is reached for corresponding chord lengths. For ¢
=0.06m chord blade, maximum Cy is observed at 6po = 4° (TSR =6.5), and for ¢ =0.12m,
maximum C; is observed at fpo = 8° (TSR =5) (Figure 3.7). This can be attributed to higher
lift forces acting on blade surface with increasing angle of attack till it reaches a stall angle
after which a reduced performance is observed. For the low solidity blade (c=0.03m),
maximum performance was observed at 8y =0°, and TSR =8.7. An increase in Gy resulted
in lowering the TSR for maximum Cp similar to 0.06m and 0.12m chord blades, but this

was accompanied by a reduction in maximum achievable Cp as well. Thus, for a low
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solidity blade, an increase in angle of attack did not produce higher power but only resulted
in lowering the operational TSR range.

Figure 3.8 shows the effect of chord length, TSR and blade pitch on stresses
developed in turbine blades. This analysis assumes blades to be fixed at the rotor hub as
cantilever beams and stresses are computed based on the thrust force exerted on rotating
blades due to flowing fluid. From Figure 3.8, it is evident that the chord length and hence
blade thickness has a significant role in reducing the stresses and improving the strength
of the turbine blades. For a given chord length, stresses in a turbine blade depends not only
on the total thrust force, but also its distribution along the blade span. Such a distribution
is a function of blade TSR, pitch angle, blade airfoil and blade root geometry. As expected,
the stresses are higher at higher TSR and lower pitch angle values due to higher rotational
speeds (high TSRs ) and higher drag forces due to larger projected blade area exposed to
flow (low blade pitch angles). For a chord length of 0.03m, the stresses in turbine blade
continue to increase with TSR for all blade pitch angles. Due to a smaller chord length
(hence thinner blade), the flap-wise bending stresses are very high for all TSR values, thus
making this design structurally unsafe. As the chord length increases from 0.03m to 0.06m
and 0.12m, the turbine blade becomes structurally more stable. At these higher chord
lengths, with increasing TSR, stresses first increase and then decrease after a critical TSR
for each blade pitch angle is reached. Moreover, it was observed that the blade pitch angle
for maximum stress is different for different chord-lengths: for ¢ =0.03m, the maximum
stress was observed at 6y = 14°, for ¢ =0.06m at 60 = 4° and for ¢ =0.12m at Gpo = 6°. This
illustrates the complex nature of stress and its dependence on TSR and ¢, and #po. Our

parametric study, based solely on the hydrodynamic analysis, suggests that, lower values
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Figure 3.8: Effect of design variables on flap-wise bending stresses: (a) 0.03m chord, (b)
0.06m chord, and (c) 0.12m chord

of blade pitch angles and chord lengths maximize the coefficient of performance, while the
structural analysis suggests that higher blade pitch angles and lower TSR are required for
the structural stability of turbine. A trade-off between efficiency and structural strength is
thus important for an efficient HKTs design that was achieved using multi-objective
optimization with GA. The results from parametric study were used to specify bounds on

the chord length, TSR and blade pitch angle for optimization.

3.3.2.2 Multi-objective Optimization: Genetic Algorithm

GA is a heuristic search and optimization technique which converges to a global

minimum by searching over a population of possible solutions. Unlike traditional
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optimization methods like gradient search and simplex methods, GA requires information
about fitness function only and not its derivatives [94]. Figure 3.9 illustrates a flow diagram
of the procedure adopted in this work. GA is based on a natural selection process that
mimics biological evolution and iteratively modifies a population of individual solutions
[95, 96]. Individuals from the current population are used as parents to produce the children
for the next generation. Over successive generations, the population evolves toward an
optimal solution. The output from GA is a set of multiple possible solutions (Pareto optimal
solution set), so designer has a choice to choose the best feasible solution as per his
requirements. A multi-objective optimization was developed using MATLAB. The
problem consists of finding a set of decision variables: blade pitch, TSR and chord length
which optimizes Cp and thrust forces. The objective function F(x) is defined as:
F(x) = [f,(x), f,(x)]
where f,(x) =-Cp(fpo, TSR, C), f,(x)=+T (fpo, TSR, C) (3.12)

GA algorithm is designed to minimize both fi(x) and f2(x); the negative sign on C, and
positive sign on T ensure that both hydrodynamic and structural performances are
maximized. The design space selected for the current study is such that the TSR is varied
from [2, 6], blade pitch angle from [8°, 16°] and chord length from [0.08m, 0.18m]. The
experience gained from a wind turbine literature is used to specify the TSR range for the
parametric study [92, 97]. For a wind turbine, which is a lift-drag device similar to HKTs,
the TSR for maximum C, ranges from [6, 10]. For HKTs, the average river water speed is
~2 m/s, while the average rated operating wind speed for wind turbine is ~13m/s. Since
water is almost 800 times denser than air, HKTs should be designed and optimized such

that the operational range of TSR is below that of the conventional wind powered machines.
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Figure 3.9: Flowchart for Genetic Algorithm based Multi-objective Optimization
Hence, the design the TSR space for this study is chosen as [2, 6]. The SG6043 hydrofoil
used for the current study has a stall angle around 14°-16° over the operational range of
flow Reynolds number (1x10°<Re<5x10°). Hence, a pitch angle range of [8°, 16°] is
expected to cover all possible optimal operating blade pitch angles for optimizing Cp. The
maximum chord length was restricted to 0.18 m which corresponds to R/c of 0.56 ( ¢ =
0.086). The higher the chord length, the larger the blade area undergoing thrust loading,
and the higher the inertia, which is detrimental to the turbine life. Further, an increase in
chord length does not improve the performance significantly, but only lowers the TSR for
maximum performance [24, 35]. The results of GA optimization are shown in Figure 3.10

which plots a Pareto curve obtained from GA algorithm.
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The multi-objective optimization based on GA algorithm minimizes the structural stresses

and a negative value of Cp as defined in our objective function. Each point on this curve
represents a feasible optimized solution (-Cp, stress) with optimal design variables (chord-
length, TSR and blade pitch angle). It was observed that, the higher the C,, the higher the
stresses, hence, a higher C, can be attained for stronger blade material with high allowable
stresses. Table 3.2 presents sample solutions from Pareto optimal solutions space. The
stresses presented in Table 3.2 are flap-wise bending stresses in turbine blades, calculated
based on thrust forces and blade size at the root and determined according to Equation 3.5.
Incorporation of this simple analytical form for stresses in BEM analysis, made it possible
to perform a multi-objective optimization analysis. The turbine performance improves with
increasing TSR and decreasing chord-length, but at the cost of higher stresses. With
increasing TSR, a decrease in blade pitch angle was observed for maximum performance

which is consistent with BEM parametric study. A detailed coupled CFD-FEA analysis
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was performed later to validate the results of optimization and check the fidelity of our

lower order BEM technique and is described in next subsection.

Table 3.2: Optimal solutions obtained from GA multi-objective optimization for a
constant chord blade

Sr. # | Blade Pitch (°) | TSR | Chord (m) | Cp | Stress (MPa)
1 14.32 3.48 0.18 0.44 108
2 12.57 4.22 0.18 0.45 129
3 11.69 4.4 0.17 0.46 145
4 10.39 3.72 0.16 0.47 177
5 10.33 4.58 0.15 0.47 210
6 10.18 4.61 0.15 0.48 243
7 9.58 4.76 0.14 0.48 276
8 9.15 4.78 0.14 0.48 300

3.3.2.3 FSI analysis

A fluid structure interaction analysis is carried out using a partitioned one-way
coupling. CFD analysis was performed in ANSYS CFX, where fluid domain equations
were solved in a rotating reference frame technique to find torque and thrust forces on
turbine blades. The fluid solver is coupled with the structural solver and fluid forces
obtained from CFD are then transferred to the structural domain at fluid structure interface.
Finite element analysis was carried out in ANSY'S Mechanical. Figure 3.3 shows the mesh
used for FEA which consists of around 1x10° elements. More than 99.5% of nodes were
mapped at the fluid structure interface for all cases. The blade material used for FE analysis
was a structural steel with density (ps)=7850kg/m® ; Yield strength (oy)=280MPa and

Ultimate strength (out)=460MPa.
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Table 3.3 compares the results of CFD analysis to forces and Cp obtained from BEM
calculations. The data is presented for 10°, 10.39°, 12°, 13.5° and 14.4° blade pitch angle

cases at different TSR and chord lengths, which are Pareto optimal solutions from GA.

Table 3.3: Summary of FSI and BEM analysis

Variables CFD FEA BEM
Geo
met [ 6, c rsr | cop T o, o, 6, | wstrain cp Thrust | o,
Yl | M N | (Mpa) | (Mpa) | (em) N1 (Mpa)

| 10 0.12 4 0.45 | 4753 282 364 4.7 1890 0.42 4832 372
| 10 0.12 3 0.36 | 3835 240 312 3.9 1616 0.29 3613 278
| 12 0.12 4 0.42 | 4241 298 340 4.5 1762 0.43 4403 339
I 10.39 | 0.16 | 3.72 | 0.47 | 5449 215 210 24 1050 0.4 5211 179
I 10.39 | 0.16 | 4.56 | 0.46 | 5678 209 208 2.3 1046 0.47 5823 189
I 135 0.14 | 3.12 | 0.35 | 3627 253 332 25 1663 0.36 3881 188
I 144 0.14 | 352 | 0.38 | 3817 263 345 2.7 1725 0.39 4121 200
I 10.39 | 0.16 | 3.72 | 0.47 | 5254 196 200 1.7 1009 0.4 5211 179

where, o, =flap-wise bending stresses, 0, = von-Mises Stress, 0, = streamwise deflection

The coefficient of performance and force values obtained from CFD analysis are
comparable to those obtained from BEM analysis. It was found that even though the torque
and thrust forces from BEM analysis were in agreement with our CFD analysis, stress
values deviate from those determined with detailed FEA. The pressure field on the turbine
blades (and hence the stress field) is complex due to combination of thrust, centrifugal and
Coriolis forces acting on the blades. These forces were not precisely addressed in a BEM
based theory. The stresses in turbine blades depend not only on the magnitude of thrust
forces on the blade but also on its distribution along the blade span, and CFD analysis
determines the detailed pressure/force field on blades. This distribution along the spanwise
direction is transferred to the structural solver for stress calculations as opposed to thrust

forces calculated on distributed blade elements in BEM analysis. Table 3.3 compares the
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stresses obtained from FEA with those from BEM analysis. For ¢=0.12 and 6,0=10°,
increase in the TSR from 3 to 4 results in increased Cy, at the cost of higher stresses. For
higher chord length (c=0.16m), the TSR was observed not to have a significant effect on
Cp. With increased TSR, though the thrust force on blade increases, the thicker blade section
results in lower stress values which can be seen in Table 3.3. Comparison of case 1 to case
3 in Table 3.3 shows that an increase in 6y, from 10° to 12° for the same TSR and c values
resulted in reduction in performance coefficient with almost similar stress values. Figure
3.11 plots thrust and torque distribution over the blade span obtained from BEM and CFD
analysis for a 10.39° pitch, 3.72 TSR and 0.16m chord blade turbine case. For the near tip
and near hub region, the BEM analysis deviates from CFD results as it does not take into
account the effects of three dimensional flow and vortices formed at these regions.
Furthermore, this corresponds to a deviation in stress predicted from BEM compared to
FSI analysis. It should be noted that the stresses determined from BEM are based on area
moment of inertia of blade hydrofoil cross-section near blade root, and does not take into
account the effect of the geometry of the blade, particularly at the blade root where blade

cross-section changes form airfoil to a circular shape (Figure 3.4).
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Figure 3.11: Comparison of BEM with CFD for 10.39° pitch, 3.72TSR and 0.16m chord
blade HKT (a) Thrust force and (b) torque distribution along the blade span.
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The results from CFD analysis for similar turbines operating under same operating
conditions but different blade root sections supports this hypothesis. Figure 3.4a shows the
blade geometry-I used for cases 1-3 in Table 3.3; and for all other cases 4-8, geometry-II
similar to Figure 3.4b was used. The main difference in the geometry is at the root section
where the blade mates with the turbine hub; this section is circular for geometry-1 while it
is parabolic for geometry-Il. The parabolic section of geometry Il was found to be
structurally stronger than the circular cross-section of geometry-I resulting in lower flap-
wise stresses when compared to stresses obtained from BEM. It was also observed that
maximum von-Mises stress occurs at the transition region where the blade cross-section
changes from airfoil to parabolic/circular. Figure 3.12a shows the von-Mises stress
distribution on the turbine for case 4 (6,0=10.39°, ¢=0.16m, TSR =3.72) in Table 3.3 which
clearly shows maximum stress of 211MPa in the transition region. Figure 3.12b-d shows
span-wise distribution of von-Mises stresses on the pressure side of the blade at 25%, 50%
and 75% of chord measured from trailing edge, where maximum stress is observed near
the leading edge side of blade. Table 3.3 also summarizes strains and deflection of the
turbine blades at various optimal operating conditions obtained from GA optimization
analysis. Coefficient of performance as high as 0.47 can be obtained with stream-wise
blade deflection of 2.4cm (2.4% of R) and 1050 microstrains (cases 4 and 5 in Table 3.3).
Caset 8 illustrates the effect of the size of the blade root section on the induced stresses in
turbine blade. The operating conditions and blade geometry of case 8 (geometry-I11) were
exactly similar to case 4, but the minor diameter in the transition region was increased by
20% which resulted in 5% reduction in stresses without affecting the hydrodynamic

performance of the turbine.
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Figure 3.12: von-Mises stress distribution for 10.39° pitch, 3.72TSR and 0.16m chord
blades HKT: (a) Contour plots of von-Mises stress on complete turbine; Vectors of von-
Mises stress at (b) 25% chord, (c) 50% chord, and, (d) 75% chord, all measured from
trailing edge

Figure 3.13 plots the streamlines of velocity in a stationary reference frame on the
upwind and downwind side of the turbine blade (for case#4 in Table 3.3) which shows a
swirling effect near the hub responsible for hub loss effect. Further the suction side of the
blade shows the presence of a laminar separation bubble and flow reattachment. This was

due to the fact which SG6043 hydrofoil that was used for current analysis exhibits a laminar

separation bubble formation at a Reynolds number of ~1x10° [23, 67, 98].
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Figure 3.13: Streamlines of velocity in stationary reference frame on (a) upwind side and
(b) downwind side of the turbine blade

The operating Reynolds number for this case (case#4 in Table 3.3) is ~3x10°, which is
higher than the laminar separation bubble, Reynolds number for SG6043. The flow
reattachment behind the laminar separation bubble, and finally, turbulent separation occurs
at this high Reynolds number. This results in a delayed separation to higher stall angles
and increased lift forces on turbine blades. The effects of these phenomena on the turbine
performance and loading were not addressed in BEM analysis, but precisely captured in
three-dimensional CFD analysis. Figure 3.14 plots contours of total pressure in a stationary
frame of reference at various span-wise locations (0.2R, 0.45R, 0.75R and 0.99R) which
shows variation of angle of attack along the blade span, highest being near the blade root
(Figure 3.14a), and decreasing progressively towards blade tip (Figure 3.14d). This angle
of attack is indicative of lift and drag forces generated by the blade at various sections and
can be used as an effective tool for defining blade twist along the blade span to maximize

turbine performance and reduce structural loads.
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Figure 3.14: Contours of total pressure in stationary frame on planes at (a) 0.2R, (b)
0.45R, (c) 0.75R, (d) 0.99R blade span

Figure 3.15 shows contours of non-dimensional total pressure (Prwtal/pU?) in a stationary
reference frame on upwind and downwind side of the turbine blade. The part of the turbine
blade near the tip experiences higher non-dimensional total pressure on the pressure side
of the blade and lower non-dimensional total pressure on the suction side of the blade

compared to the rest of the blade.
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Figure 3.15: Contours of non-dimensional total pressure PTota/ U in stationary
P

reference frame on (a) Upwind side and (b) Downwind side of the turbine blade
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A higher AP across the blade section is indicative of higher structural loading. This uneven
loading not only reduces the turbine performance, but is also detrimental to the turbine life.
To reduce the structural loading on the turbine blade and achieve more uniform loading, a
multi-objective optimization was carried out by applying twist and chord distribution to

the blade geometry, and is discussed next.

3.3.3 Analysis for a Varying Chord and Twisted Blade Turbine

3.3.3.1 Hydrodynamic optimization and parametric study

Higher stress values were observed near the blade root section for an optimized
constant chord blade turbine. In addition, CFD analysis for optimized constant chord
design indicated a possibility of improvement in hydrodynamic and structural performance
of turbine. Hydrodynamic optimization was thus carried out to study the effect of chord
and twist distribution on the turbine performance. The optimization was performed
considering the effect of wake rotation for different design (rotational) speeds [99]. The
design speeds chosen for this analysis were 75RPM (Design_N75), 100RPM
(Design_N100) and 125RPM (Design_N125) which corresponds to a design TSR of 3.93,
5.24 and 6.55 respectively. All these designs assume a water velocity of 2 m/s and a design
blade pitch angle (6p0) of 0°. Figure 3.16a shows the chord length variation along the blade
span. For all three designs, the chord length is higher near the hub and progressively
decreases towards the blade tip. Figure 3.16b compares the twist distribution along the

blade span for all three designs.
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Figure 3.16: Comparison of various blade designs showing (a) chord distribution, and (b)
twist distribution along blade span

For optimum performance, the blade twist (6;) at any blade section depends on local tip
speed ratio (TSR- A), which in turn depends on the design tip speed ratio (TSR- 44), and
radial distance (r) of the blade element from the axis of rotation. The design for faster
rotating turbine (Design_N125) has lower twist angles and smaller chord length along the
blade span compared to other designs, due to a lower angle of relative wind. Equations
3.13-15 illustrate the dependence of ¢ and 6, on A4, r, R, the blade pitch angle and the
angle of attack (a ).

RQ

Ay =— A= L/ld (3.13)
U R

0 =tan " 2 3.14

‘ 32, (3.14)

p=0,+0 +a (3.15)

Figure 3.17a shows the effect of TSR on Cp at various blade pitch angles for
Design_N75. This blade was designed for rotational speed of 75 rpm (TSR =3.93), blade
pitch angle of 0°, and attains maximum performance of 0.54 at these design values. A

reduction in performance is observed with increasing blade pitch angles. Further,
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increasing a blade pitch angle reduces the TSR for maximum performance. Figure 3.17b
plots Cpagainst TSR for various blade pitch angles of Design_N100. This blade is designed
for RPM of 100 (TSR =5.24) and blade pitch angle of 0°, and gives Cp of 0.56 at these
design conditions. Similar to Design_N75, this blade configuration also shows reduction
in performance as the blade pitch deviates from the design value of 0°. Figure 3.17¢ shows
the effect of TSR and blade pitch angle on C, of design for 125RPM. A reduction in
performance is observed as we move away from design RPM of 125 (TSR =6.55) and blade
pitch of 0°. The Design_N125 was observed to be less susceptible to the variation in design

values, and performs better over a wider range of TSR and blade pitch angles.
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3.3.3.2 Multi-objective Optimization with GA

It can be noted that, the chord and twist distribution for all three hydrodynamically
optimized designs follow a similar trend (Figure 3.16a,b). Hence, the curve fits to the chord
and twist distribution of Design_N100 were used for the multi-objective hydro-structural
optimization. The near hub chord-lengths were varied in the range [0.16m, 0.10m], and
near tip chord-lengths in the range [0.05m, 0.03m] for GA optimization. As these designs
were hydrodynamically optimized for the blade pitch of 0°, for GA multi-objective
optimization, the design space for the blade pitch was set to [ -3°, 3°] and TSR to [2, 7] to
cover the design TSRs of all three designs. Table 3.4 presents representative Pareto optimal
solutions, obtained from GA for variable chord, twisted blade geometry. As compared to a
constant chord design (Table 3.2), this design yields higher C, and lower stresses in the

turbine blades.

Table 3.4: Pareto optimal solutions from GA for variable chord twisted blade

Sr# | Pitch[°] | TSR | Cp | Flap-wise Bending stress [Mpa]
1 1.46 3.68 | 0.39 103.5
2 1.48 3911042 111.6
3 1.52 4.22 1 0.45 121.4
4 144 455 10.48 131.7
5 0.87 4.8210.51 140.8
6 1.05 5.21(0.52 148.8
7 0.07 54 10.53 158.6
8 0.02 5.72 | 0.54 165.2
9 -0.48 542 | 0.54 161.4
10 -0.92 5.87 | 0.54 174
11 -1.15 5.99 | 0.55 199
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The Cp is improved from 0.47 (for constant chord blade design) to 0.55 (for variable chord,
twisted blade design) with flap-wise bending stresses below 200MPa. This can be
attributed to a more uniform blade loading, by virtue of providing a variable chord and
twist distribution to the blade. Moreover, during CFD analysis for a constant chord blade,
it was observed that the larger near tip area of a constant chord design was responsible for
higher thrust force, which resulted in higher bending moment and hence higher stresses in
the turbine blade. A variable chord, twisted blade design results in reduced stresses and
improved hydrodynamic performance, due to higher blade twist near the hub region and
smaller chord-length (hence blade area) near the blade tip. Thus, a variable chord, twisted
blade design performs better than a constant chord blade from both a hydrodynamic and

structural sense.

3.4 CONCLUSION

A multi-objective hydro-structural optimization was presented for both constant chord,
zero twist blade turbine, and variable chord, twisted blade turbine designs. GA based on
BEM proved to be a fast and efficient tool for hydro-structural optimization of HKTs. The
results of optimization for a constant chord, zero twist blade design were supported with
detailed CFD and FE analysis. Compared to the CFD analysis, the thrust and torque loading
calculated from BEM, are under-predicted near the blade tip and over-predicted elsewhere.
But, the integral performance parameters (total thrust and torque), calculated from BEM
agree well with the CFD analysis. The total thrust forces obtained from the BEM analysis
were comparable to the FSI analysis within ~7% variation. Thus, the BEM analysis offered
a quick, reliable tool for multi-objective optimization, which would have been virtually

impossible with CFD analysis, due to higher computational time involved. Though the
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BEM analysis was able to predict the total thrust and torque loading on a turbine, it could
not capture the variation of these forces along the blade span, due to inherent
simplifications of the BEM theory. On the other hand, coupled CFD-FE analysis precisely
determined this force distribution along the blade span and also considered the effect of the
blade root thickness. This resulted in larger deviation (up to 30%) between stress compared
to forces calculated from BEM and FSI analysis. A variable chord, twisted blade turbine
was found to improve structural performance of a turbine without compromising any of
the hydrodynamic efficiency. Three different blade designs were presented for different
rotational speeds, and optimization was performed for variable chord, twisted blade design
for hydro-structural performance improvement. The significant findings from our analysis
are summarized below:

e Lower values of blade pitch angles and chord lengths maximize the hydrodynamic
performance, while for the structural stability of a turbine, a higher blade pitch angle
and lower TSR are required

e A hydro-structural optimization for a constant chord blade turbine yielded a Cp 0f 0.47
with flap-wise bending stresses of ~210MPa.

e For a constant chord blade design, a higher AP was observed across the blade section
near the tip, as compared to rest of the blade that leads to a non-uniform blade loading
and is considered to be detrimental to turbine life. This also implies a higher
contribution of near tip part of the blade towards thrust and torque loading.

e Turbine blade geometries with variable chord and twist distribution along the blade
span, resulted in the entire blade surface contributing uniformly to thrust and torque

loading, thus, improving hydro-structural performance of turbine.

84



e Hydro-structural optimization with a variable chord twisted blade turbine resulted in
Cp of 0.55 (a 17% improvement compared to a constant chord design) with flap-wise

bending stresses below 200MPa.
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CHAPTER 4*

PERFORMANCE
CHARACTERIZATION AND
PLACEMENT OF A MARINE
HYDROKINETIC TURBINE IN A
TIDAL CHANNEL UNDER
BOUNDARY PROXIMITY AND
BLOCKAGE EFFECTS

*The contents of this chapter are based on following Elsevier published article:
Kolekar, N. and Banerjee, A., Performance Characterization and Placement of a
Marine Hydrokinetic Turbine in a Tidal Channel under Boundary Proximity and
Blockage Effects. Applied Energy, 2015. 148: p. 121-133.
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41 BACKGROUND

Unlike wind turbines, marine hydrokinetic turbines (MHKT) operate in a bounded
flow environment where the flow is constrained between the free surface and the channel
(river/sea) bed. In many cases, the channel depth for commercial scale MHKT installation
is between 1.5D to 3D (where D is the turbine diameter), which leads to a blockage ratio
(B=ratio of turbine area to channel area) greater than 0.1 [12]. Under such circumstances,
the turbine is subjected to effects of solid blockage that modifies the flow-field around the
turbine, and hence, affects its performance [13-15]. In addition, the rotational motion of
the blades creates a low pressure, low velocity wake region behind the turbine; the rotating
wake presents an additional restriction to the flow called wake blockage. Collectively,
these two blockage effects result in accelerated flow near the rotor plane which in turn
yields a higher performance compared to a turbine operating in an unblocked environment
[16-18]. Quantifying the wake recovery distance behind a MHKT is thus important for
designing optimum locations for multiple devices in a farm environment. Although the
problem appears to be similar to wind-farm design; important differences exist primarily
due to the bounded flow environment which alters the mechanism of wake recovery. This
invalidates usage of wind-farm models in which wake restoration takes place by absorbing
energy from the atmospheric boundary layer which can be treated as an infinite ambient
reservoir [19]. For MHKT, where a limited water depth is available, the wake is tightly
restricted between the channel bottom wall and the free surface which limits free expansion
in directions perpendicular to the bounding surfaces. Installation also plays a pivotal role;
MHKT can either be bottom mounted on a pier, anchored to the channel bed, or can be

supported from a floating platform moored to the channel bed [20]. In both cases, they are
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subjected to effects of boundary proximity of either the deformable free surface or the
channel bed. Proximity of a turbine to the free surface presents additional complexity to
flow structures, and hence, affects the turbine performance. The deformable free surface
allows the water level to drop behind the turbine rotational plane [21]. Though the solid
blockage is constant, the drop in free surface height and its deformation behind the turbine
with the associated wake modifications are expected to influence the flow-field, and hence,
turbine performance; the effects may vary significantly due to changes in effective flow
conditions, operating TSR (ratio of blade flow speed to flow speed), Reynolds number
(Re=ratio of inertial forces to viscous forces) and Froude number (Fr=ratio of characteristic
flow velocity to gravitational wave velocity). The severity of this effect is expected to be a
function of various parameters, including, but not limited to, blade shape (airfoil shape,
chord and twist distribution), blade pitch angle, TSR, free surface proximity, channel wall
proximity, and solid blockage itself.

An extensive literature review on wind-turbines was undertaken due to similarity
in the working principle with MHKT. Several experimental studies have been carried out
for wind turbines, in both unblocked and blocked flow environments, to investigate the
effects of tip speed ratio, Reynolds number, blade profile, and velocity gradient that may
exist across the rotor plane and turbulent wind characteristics [5, 19, 48-50]. However, the
results are not directly applicable as the MHKT operates in a flow medium which is
fundamentally different from wind turbines; denser working fluid leads to higher structural
stresses on turbine blades [33, 51]. In addition, the MHKT operating at higher rotational
speeds and high angle of attack in a near free surface environment may get subjected to

cavitation effects [33]. Several experimental studies have also been performed to quantify
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blockage effects on turbine performance. The majority of the early experimental work was
done either in wind-tunnels or water channels with the aim of validation and verification
of simple physics based models of such flows [5, 13, 48]. Chen and Liou [5] experimentally
investigated effects of tunnel blockage on turbine performance. The blockage effect was
quantified in terms of the blockage factor by measuring tunnel flow velocity with and
without turbine. The blockage factor was found to be strongly related to solid blockage,
TSR, and blade pitch angle. Higher blockage effects were observed at higher solid blockage
and higher TSR values. McTavish et al. [14] studied effect of blockage on initial wake
expansion for different sized rotors in a water channel, using a dye visualization technique.
Higher blockage was found to narrow down the wake expansion and modify the vortex
pairing behind the turbine. Several studies have also been performed to analyze free surface
effect on marine current turbines; however, the majority of these studies used a porous disc
to replicate the turbine rotor. Myers & Bahaj [55] carried out experiments with mesh disks
to study the effect of disk proximity to sea bed/water surface on wake structures behind
porous disks. Varying the disk proximity to sea/bed and water surface was found to affect
wake structure and its recovery duration. Bahaj et al. [56] performed an analytical and
experimental study to investigate the effect of surface proximity on turbine performance.
Their experiments in a cavitation tunnel and tow tank showed reduction in turbine power
with decreasing blade tip-free surface clearance. Experimental investigations by Birjandi
et al., [57] with a vertical axis hydrokinetic turbine, reported improved performance with
increasing free surface proximity. The presence of a turbine in a tidal channel not only
affects the downstream flow, but also the flow upstream of the turbine. Experimental and

computational investigations of Medici et al. [48] show influence of blockage on flow up
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to three turbine diameters upstream of the rotor plane. Near upstream flow showed three
dimensional flow structures, indicating the effect of turbine geometry on incoming flow,
similar to near wake flow.

Analytical models for characterizing the turbine performance are based on the
application of the linear momentum theory. Garrett and Cummins [61] applied the linear
momentum theory for flow constrained between two rigid surfaces, and found an increase
in turbine power with increasing blockage ratio. Houlsby et al. [21] used the linear
momentum theory to analyze a pressure constrained, parallel-sided tube scenario, with an
extension to open channel flow. A quartic equation was presented relating flow Froude
number, blockage ratio, and flow speeds in the wake and bypass region behind the turbine.
A similar analysis was presented by Whelan et al. [21] yielding a quartic equation relating
the above quantities. Analytical predictions were comparable with experimental data for
the mesh disc simulator and two bladed rotor in wind tunnel, and water channel for different
blockage conditions. Lartiga and Crawford [52] used an actuator disc modelling with
blockage corrections to predict the performance of a tidal turbine in a blocked environment.
Flow field data from PIVV measurements and CFD simulations were used to account for the
blockage effect. Analytical predictions were in good agreement at a lower blockage ratio
but showed significant deviations at higher blockage ratios. Computational study by Sun
[53] with porous discs, reported localized flow acceleration in the region between the wake
and channel bottom. Free surface drop behind the mesh disc was observed to affect wake
characteristics and turbine performance as well. Consul et al. [15] investigated the effect
of blockage and free surface deformation on performance of a marine cross-flow turbine

for different blockages, and free surface boundary conditions using two-dimensional CFD
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modelling. The deformable free surface boundary condition lead to 6.7% performance
improvement compared to closed top condition, due to higher effective blockage caused
by free surface deformation. The Froude number (over the range studied: 0.08 to 0.13) was
reported to have very small effect on power coefficient, but significantly affected the free
surface drop. Recently, Bai et al. [62] performed numerical simulations using an immersed
boundary method to predict marine current turbine performance under free surface flow
conditions, and validated it with experimental data. No significant free surface deformation
was reported with the turbine operating with the blade tip immersed ~1x R below the free
surface, where R denotes the turbine radius. Computational study by Zhou and Wang [63]
investigated the effect of the Froude number, turbine diameter, and depth of immersion on
a free surface wave induced by a tidal turbine and its effect on turbine performance. But,
the computational study was not able to conclude on the effect of depth of immersion on
turbine performance. Lee et al. [100] used BEM and CFD based models for performance
prediction of a horizontal axis tidal turbine. A new design was suggested with raked tip
blades for better cavitation and acoustic performance. Though there is an increasing body
of work focusing on experiments, computations and analytical models to quantify blockage
and free-surface effects on performance, the majority of the experimental and
computational studies model turbine as a porous mesh disc, and analytical models are
limited to actuator disc modelling [27, 53, 55, 56].

To the knowledge of authors, there is no quantitative computational or experimental
study exploring the effect of blockage and wake-bypass flow interaction, aiming to
determine optimum depth of immersion for MHKT installations. We report results of

computational and experimental investigations to quantify the effect of blockage and
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boundary proximity on the performance of a three bladed MHKT. Experimental
investigations are augmented by a flow field characterization with steady and transient
computational fluid dynamics study. Three dimensional CFD with rotating reference frame
technique was used to quantify the effect of the Reynolds number and the blockage ratio
on turbine performance characteristics. Transient CFD calculations for wake and free
surface flow characterization take into account buoyancy effects and free surface effects
using a volume of fluid (VOF) approach [64]. Experiments were carried out in an open
surface water channel with a constant chord, zero twist hydrokinetic turbine under various
operating conditions. Flow speed, rotational speed and turbine submerged depth were
varied during the experiment to study their effects on turbine performance. Flow speed was
varied from 0.5m/s to 0.73m/s to achieve different Froude numbers [0.20, 0.27, 0.3].
Further, to investigate the effect of surface proximity, the turbine submerged depth was

varied so that the blade tip to free surface clearance (h, ) is between 0.01m - 0.22m.
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Figure 4.1: Schematic of flow around MHKT in shallow river/tidal channel showing
wake, upper bypass and lower bypass regions.

This lead to turbine tip clearance ratios (sh, ) of 0.03 to 0.73 (see Figure 4.1), which

represents the ratio of the water height above the turbine rotation disc (h, ) up to free
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surface to the turbine diameter (D).Current experimental and computational investigations
will enhance our limited understanding of flow-field around MHKT in its natural
environment. Further, experimental investigations will provide useful means to quantify
the effect of boundary proximity on MHKT performance thereby facilitating MHKT site

selection and deployment process.

42 COMPUTATIONAL FLUID DYNAMICS

To understand the flow-field around a marine hydrokinetic turbine operating under
various Reynolds number and boundary proximity conditions, a three dimensional CFD
analysis was carried out using both steady state and transient solver schemes. Steady state
analysis was carried out using multiple reference frame approach in CFX. More details
about this technique can be found in [35, 51, 88]. A moving mesh technique was adapted
for transient simulations for which inner domain containing the, turbine rotates at specified
angular velocity during each time step until convergence for continuity and momentum
equations is reached. The flow domain consisted of 3.5 million hybrid cells with prism

layers on the turbine surface for boundary layer resolution (Figure 4.2).

Channel top surface Inner domain (rotating)

Inlet Qutlet

Channel bottom Outer domain (stationary)

Figure 4.2: Computational mesh used for CFD study
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A grid convergence study was carried out by varying the mesh size from 1.5x 10°
cells to 4x 10° cells and a mesh with 3.5 million cells was found to be optimum from
computational and accuracy standpoint which resulted in less than a 5% variation in torque
compared to a finer mesh of 4x 10° cells. The mesh used for fluid domain is such that
average y* (which defines distance of first mesh node from the wall) is 2.2 with y* ranging
between (0.1 <y* <9) for the highest flow speed and RPM casg, i.e. U =0.9m/s, TSR = 8
that corresponds to tip speed velocity of 7.26m/s. Reynolds averaged Navier-Stokes
(RANS) equations were solved using the k-o SST turbulence model for which, y* < 10 is
acceptable for predicting boundary layer separation effects [71, 72]. Figure 4.2 shows
schematic of fluid domain used during computations reported in this paper. The simulation
domain was modeled to an actual water channel test section of size 0.61m x 0.61m and
1.98m long. A uniform velocity of 0.5m/s was specified at the inlet. The channel outlet
was specified outlet boundary condition with relative pressure of zero. The reference
pressure for simulations was set to atmospheric pressure. The channel walls were modeled
as no-slip walls and channel top is modeled as entrainment with zero relative opening
pressure. With entrainment option at channel top surface, the flow direction is not
specified, but the flow solver locally calculates the flow direction based on flow velocity
field. Buoyancy effects were modeled during transient simulations, but were neglected for
steady state analysis. The tunnel bottom was specified as a reference for gravity and
hydrostatic pressure calculations along the channel depth. Transient simulations were
carried out for flow velocity of 0.5m/s and rotational speed of 200RPM, which corresponds
to TSR (ratio of blade tip speed to flow speed) of 5.85. Time step was selected, such that

the turbine rotated 2° during each time step which lead to an average CFL (Courant—
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Friedrichs—Lewy condition) number of less than 5. A CFL number defines a necessary
condition for numerical stability of a hyperbolic partial equation. The restriction on a CFL
number depends on type of solver (discretization scheme) used for CFD analysis. For the
explicit solver, CFL<1 provides good convergence, while for implicit solver higher values
of CFL are acceptable. Current CFD analysis was performed with an implicit solver within
CFEX for which CFL<5 was acceptable from numerical stability and expense standpoint
[73]. Further, to ascertain the convergence with respect to time step size, an independence
study was performed by varying time step size such that the turbine blade rotated 5°, 3°,
2° and 1° per time step. The difference between calculated power coefficients with respect
to 2° case was 11%, 7%, 0% and 1.5% respectively. Thus, a time step that corresponds to
2° rotation was chosen for current analysis considering numerical stability, accuracy and
computational expenses. The fluid domain was initialized with a flow velocity of 0.5m/s
and turbulence intensity of 5% throughout the domain. In addition, the hydrostatic pressure
at every point (and time step) in the domain was determined from density, volume fraction
and hydrostatic head at that instant of time using a user defined function. The turbulence
boundary conditions at inlet and outlet were specified as turbulence intensity of 5% and
turbulent viscosity ratio of 10%. The convergence criteria for r.m.s. residuals of continuity,
momentum, and turbulence quantities were set to 10°. During transient simulation, initial
free surface height at the channel outlet is specified as 95% of the inlet height (5% free
surface drop). This assumption was based on the blade element momentum calculations,
incorporating a quartic equation relating blockage ratio, Froude number, bypass flow and
wake flow for current turbine prototype and operating conditions [21, 50]. In addition,

during experimentation, the free surface height at the channel exit was found to be
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dependent on flow speed, rotational speed and depth of immersion that varied from 1% to
5% of channel depth. Since the value of the free-surface drop is not known, a priori, a
value of 5% obtained from BEM predictions which also corresponds to the maximum drop
measured during experimentation was used in all simulations. The dynamic variation of
free surface height along the channel length (and width) is determined during transient
simulations using the VOF formulations. Free surface simulations were carried out in
ANSYS CFX 15.0 using multiphase modeling with homogeneous model which uses VOF
approach, and is based on the concept of fluid volume fraction. A common flow field,
temperature and turbulence field is shared by all fluids and for a given transport process,
transported properties (except volume fraction) are assumed to be same for all phases [35].
The VOF model as developed by Hirt and Nichols [64] is based on the Eulerian approach
(volume-tracking) where fluid flows through a fixed mesh. The VOF method assumes that
each control volume contains only one phase (water, air or interface between the two in

this case), and solves only one set of momentum equation for all phases (Equation 4.1)
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where, u represents fluid velocity components, P is fluid pressure, u represents effective
fluid viscosity, p isfluid density, g is acceleration due to gravity, and F represents body
forces. In this approach, actual interface is not tracked, but in fact, is reconstructed from
other flow field properties like volume fraction. A step function (a) is used to define
presence or absence of water within the computational domain. A value of 1 defines
presence of water and value of zero defines presence of air within the control volume. The

control volumes for which a are neither zero nor one represent the interface region between
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water and air. The tracking of the interface between the fluids is accomplished by solving

the volume fraction continuity equation for one of the phases (q™ phase in Equation 4.2).

[_ - noo . "|
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where, m_ is the mass transfer from phase q to phase p and m , is mass transfer from

phase p to phase g. It was assumed that the interface between the two phases remain distinct

and well defined so that air does not get entrained into water.

4.3 FACILITY, EXPERIMENTAL SET-UP AND MODEL PROTOTYPE

All experiments were carried out in an open surface recirculating water channel at
Lehigh University with a test cross-section size of 0.61m x 0.61m and length of 1.98m
(Engineering Laboratory Design, USA). This facility is equipped with a 25HP single stage
axial flow propeller pump with maximum discharge of 5590 gallons per minute. The
propeller pump RPM and hence the test section flow velocity is controlled and regulated
through a transistor inverter type, variable frequency controller (Toshiba Model VFAS1-
2185PM-HN). Flow velocity can be varied from 0.03m/s to 0.94m/s and can be measured
within an accuracy of + 2%. The flow quality is such that the turbulence intensity is

maintained to a value of less than 1%.

4.3.1 Turbine prototype

The model prototype used for current study is a three bladed, 0.14m radius (R), zero
twist, constant chord (0.01676m) blade turbine made from corrosion resistant aluminum
alloy (Figure 4.3). Turbine blades are formed from SG6043 airfoil on a five-axis CNC

machine. Turbine blades are held together inside a two-part hub, and their orientation can

97



be changed to adjust blade pitch to the desired angle. To limit the number of independent
variable to minimum, all experimental runs were performed with the turbine blades
oriented at 10° blade pitch. The turbine prototype, when operated in our facility leads to an

area based blockage ratio of 16.5%.

Figure 4.3: CAD model and photograph of turbine prototype used for current study
[R=0.14m]

4.3.2 Experimental setup

The experimental setup (see Figure 4.4) consisted of a lab scale model hydrokinetic
turbine attached to a horizontal shaft, driven by a stepper motor which maintains a precise
rotational velocity through a micro-stepping driver and controller mechanism. The stepper
motor used for current study was NEMAZ23 series, 24VDC motor with resolution of 1600
micro-steps per revolutions. The stepper motor was connected to the turbine shaft through
a flexible coupling. The motor and flexible coupling were enclosed inside a watertight
acrylic cylinder, which was then connected to a thrust torque sensor (Model # TFF400,
Futek Inc.). The acrylic cylinder was continuously pressured/purged to avoid water leakage

into the system.
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Figure 4.4: Schematic of experimental set-up [R=0.14m]
Finally, the reaction torque-thrust sensor was fixed to a vertical post, which was connected
to a horizontal frame supported at channel top. The vertical post can be raised/lowered
inside the water channel to vary the free surface proximity of the turbine. During the
experimental run, data from torque-thrust sensor was continuously monitored and acquired
on a desktop computer at a high sampling rate of 500 samples/second for further analysis.
According to the manufactures specifications, the torque/thrust sensor was accurate to
within + 1% for the current measurement range, which was also confirmed by in-house
calibration. A single sample uncertainty analysis for U, RPM, and torque, based on Kline
and McClintock [77] showed maximum uncertainty of 1% on the TSR and 3% on the Cp

calculations.
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44 RESULTS AND DISCUSSION

Results from experimental and computational investigations, carried out on a constant
chord, untwisted three bladed MHKT are discussed. Experiments were carried out with the
turbine operating at various flow velocities and immersion depths over a range of TSR
values. Experimental data is compared with CFD results for three flow velocities (0.5m/s
0.73m/s, and 0.9m/s) for validation purpose. Upon validation, the CFD technique was
extended to investigate the effect of blockage ratio and flow velocity on turbine
performance. CFD analysis is carried out for various sized flow domains to model different
blockage conditions. The effect of the Reynolds number on the turbine performance was
investigated by subjecting the turbine to flows with various inflow velocity conditions at
domain inlet. Experimental runs in addition to the validation cases were performed with
the turbine operating at various depths of immersions to analyze the effect of boundary
proximity (deformable free surface and non-erodible channel bottom wall) on the turbine
performance in an attempt to determine an optimum submersion depth that corresponds to

a maximum power coefficient for the turbine.

4.4.1 Validation of CFD technique

Figure 4.5 presents a comparison between experimental data and steady state CFD
predictions for various flow velocities. During experimentation, the turbine was submerged
such that its axis was at the central height of channel and turbine performance was
measured at flow velocities of 0.5m/s, 0.73m/s, and 0.9m/s over a range of TSR values
which correspond to turbine diameter based Reynolds number of 1.4x 10° 2.0x 10°, and

2.5 x 10° respectively. For a TSR of 5, these flow speeds correspond to Reynolds numbers
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of 4.1x10% 6x10% and 7.4x 10* respectively based on chord length and flow velocity at

the blade tip.
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Figure 4.5: Comparison of experimental data with steady state (SS) CFD results for (a) U
=0.5m/s, (b) U =0.73m/s and (c) U = 0.9m/s (vertical and horizontal error bars represent
uncertainty in Cp and TSR measurements respectively), blue diamonds in Figure (a)
represent predictions from transient CFD.
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The Froude number based on total channel depth (upstream the turbine) for these flow
velocities were 0.2, 0.3, and 0.37 respectively. For each flow speed, the rotational speed
was varied from 30 to 300 revolutions per minute (RPM) and torque values were recorded
from a submerged torque-thrust sensor at a sampling rate of 500 samples per second.

As the flow speed increases from 0.5m/s to 0.73m/s, so does the turbine performance. This
can be attributed to higher lift forces on turbine blades due to increase in Reynolds number
(based on chord and effective velocity at blade tip) form 4.1x 10 to 6x 10*. However,
increasing flow velocity (U) from 0.73m/s to 0.9 m/s did not cause any appreciable change
in Cp vs. TSR curve (compare Figure 4.5b and c) suggesting that turbine performance is
weakly sensitive to Reynolds number effect beyond U=0.73m/s for the range of Reynolds
numbers considered in the current study.

Another aspect of improvement in performance with flow velocity is related to
increase in Froude number which defines the relation between relative flow velocity and
gravitational flow speed. Higher the flow velocity compared to gravitational flow speed
(which is a function of channel depth), higher the Froude number. This change in Reynolds
and Froude number is associated with flow field modification in near downstream and near
upstream regions of turbine and hence affects the turbine performance.

For flow velocity of 0.5m/s, in addition to actual measured experimental data, a
corrected curve is added considering assumed system efficiency of 10% to account for
losses due to friction and torque transmission form turbine to reaction torque sensor. From
Figure 4.5, it follows that CFD tend to over-predict the performance at lower TSR values,
but at higher rotational speeds (when blockage effects are high, as discussed in 84.3)

experimental data shows higher C, compared to CFD prediction. Further, it is to be noted
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that, CFD and experimental data curves for Cp vs. TSR for all flow velocities cross each-
other at rotational speed around 200 to 250RPM (TSR range of 4 - 6). The deviation in
performance prediction can be attributed to absence of free surface and buoyancy modeling
during steady state CFD analysis which modifies the flow field (and provides additional
blockage), and hence, the turbine performance. In addition, the implication of blockage
effects is not only to increase the turbine performance, but also to shift the entire Cp vs.
TSR curve (for experimental data) away from the origin (in east-north direction), thereby
shifting the optimum performance to higher TSR value as can be seen in Figure 4.5. The
severity of this effect varies with flow speed and rotational speed as will be illustrated in
Figures 4.8 and 10, in the later part of this manuscript. These effects were modelled during
transient CFD analysis as presented in 84.4.2. A flow speed of U = 0.5m/s and TSR value
of 5.85 was chosen for transient simulations, around which a good match was observed
between CFD predictions and experimental data. The diamonds on Figure 4.5a present Cp
predictions from transient CFD that show higher values compared to steady CFD and show
better agreement with corrected experimental data. In spite of the inability to model
buoyancy and free surface effects, steady state CFD presented a computationally efficient
approach for turbine performance characteristics prediction. It is to be noted that, the
computational domain and turbine model are 1:1 replica of actual water channel and turbine
prototype. This results in similar blockage effects for data-sets from both experiments and
CFD modelling. Hence during CFD validation, blockage corrections were not applied to
the experimental data. The effect of blockage on turbine performance is investigated

separately and is reported in § 4.4.3.
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4.4.2 Effect of Reynolds number on turbine performance characteristics

Though it is customary to express turbine performance characteristics in terms of
non-dimensional parameters -TSR and C,, one has to be cognizant of the fact that TSR does
not represent actual flow velocity, but is a ratio of blade tip velocity to flow velocity.
Turbine blades are often made from airfoil sections whose lift and drag characteristics are
strongly dependent on the operating Reynolds number, and hence, flow velocity. A turbine
when placed in tidal/river channel will be subjected to varying flow speeds, hence, it is
important to understand the effect of the Reynolds number on its performance
characteristics over a wide range of flow velocities. During the present study, a steady state
CFD with rotating reference technique [35, 51, 88], validated with experimental data was
used to understand the effect of the operating Reynolds number on turbine performance.
CFD simulations were carried out for a lab scale prototype operating in a water channel
sized fluid domain at flow velocities ranging from 0.1m/s to 0.9 m/s. The results of
variation of performance characteristics with flow velocity are presented in Figure 4.6.
With increasing flow velocity from 0.1m/s, an improvement in turbine performance was
observed with Cp vs. TSR curve reaching higher maxima and spreading over wider TSR
range. The improvement trend continued until flow velocity reached 0.7m/s above which
no appreciable improvement was noticed. This corresponds to chord based Reynolds
number of 1.2 x 10* and diameter based Reynolds number of 2.0x 10° beyond which Cp vs
TSR curve became insensitive to Reynolds number changes at high TSR values (TSR>5),

but was weakly sensitive to Reynolds number changes at low TSR values.
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Figure 4.6: Effect of flow velocity on turbine performance characteristics

4.4.3 Effect of blockage on turbine performance characteristics

The steady state CFD technique was used to investigate the effect of blockage on
turbine performance characteristics. The turbine geometry used for CFD analysis was a
three bladed lab prototype of 0.14m radius. Fluid domains of different cross-section sizes
were created to achieve various (solid) blockage ratios in the range [0.042, 0.42]. The
largest domain corresponds to the test section of 1.22mx 1.22m and the smallest test
section size corresponds to 0.38mx 0.38m. All other test sections have a width of 0.61m,
but height varying from 0.3m to 1.22m to achieve various blockage ratios. All simulations
were carried out with a channel inlet flow velocity of 0.5m/s. Figure 4.7 shows a variation
of turbine performance with TSR at various blockage ratios. For blockage ratios below
10%, no significant variation of performance characteristics was observed, thus no
blockage corrections are necessary. Increasing the blockage ratio beyond 10% resulted in
consistently higher performance, with up to ~35% improvement in Cp for the case with

42% blockage when compared to the unblocked case. At lower TSR values (<4), the turbine
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performance was found to be weakly dependent on blockage ratio. But with increasing
TSR, performance curves started deviating from each other showing a stronger influence
of blockage. Higher blockage ratios were found to increase torque on the turbine resulting

in improved performance.
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Figure 4.7: Effect of blockage ratio on turbine performance characteristics
The total blockage to which the turbine is subjected is a combination of solid blockage and
wake blockage [16, 17] and changes with turbine rotational speed. Higher rotational speed
represents a faster rotating wake resulting in stronger wake blockage effect. To get a better
insight into the effect of turbine rotational speed on blockage effect, data set from steady
CFD analysis are plotted in Figure 4.8a, such that the Y-axis represents the turbine
performance and the X-axis represents solid blockage. Lines of constant TSR values: 1.46,
2.93, 4.39 and 5.85, are plotted and compared. At lower TSR value (1.46), blockage does
not seem to have any effect on Cp. This is due to the fact that, at low rotational speeds,
turbine blades experience a high relative angle of attack that causes flow separation on

blades. An increase in blockage leads to larger effective flow velocity further increasing
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the relative angle of attack. This worsens the flow separation on turbine blades, adversely
affecting its performance. Thus, blockage induces competing phenomena of elevated
velocity (which increases torque), and increased flow separation (which reduces torque).
At low TSR values, the improvement in turbine performance due to elevated effective
velocities is nullified by flow separation effects, and blockage does not cause any
appreciable enhancement in the power coefficient as illustrated in Figure 4.7. Further, it is
to be noted that, the untwisted blades used for current turbine prototype results in varying
angles of attack along the blade span, maximum near the blade root and minimum at the
blade tip. This will lead to span-wise flow variation with likelihood of flow separation
(especially at low TSR values) at near-root sections (higher angle of attacks) without any
flow separation for near-tip sections. These separated flow features can then propagate
outwards along the blade span (Coriolis and centrifugal forces) towards the tip,
destabilizing the entire blade boundary layer. As the TSR value increases from 1.46 to 2.93,
the percentage change in C, from lowest blockage ratio (0.042) to highest blockage ratio
(0.42) increases to 6%. Higher TSR values lead to larger variation of C, with blockage,
with maximum improvement of ~52% observed at TSR of 5.85. An interesting behavior
was observed for TSR 4.39 and 5.85 cases: at blockage ratios below 0.2, TSR 4.39 case
consistently showed higher performance as compared to TSR 5.85 case, but above solid
blockage of 0.2, inflexion was observed with TSR 5.85 case performing better than TSR
4.39 case. Higher TSR cases (not presented here) showed even higher fluctuations in C; vs.
blockage curve with more than three inflexion points. This can be attributed to interaction
of stronger wake blockage (due to free surface deformation) with solid blockage at these

high TSR that leads to a complex, coupled total blockage affecting turbine performance.
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For a given flow speed and blockage ratio, an increase in rotational speed leads to faster

bypass flow, yielding higher C, as plotted in Figure 4.8a.
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Figure 4.8: Influence of TSR on blockage effect. (a) Variation of power coefficient with
blockage ratio at various TSR values: CFD study; (b) Effect of TSR on percentage
increase in measured Cp (with respect to unblocked case) at various flow velocities:
Experimental data
However, for a given U and B, there exists a TSR at which a sudden jump in C; is observed.
The location of this inflexion point depends on flow velocity, rotational speed and blockage

ratio. To confirm this hypothesis, additional experimental runs were performed with lab
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prototype at higher flow velocities. Experimental data was then corrected according to the
blockage correction proposed by Bajah et al. [13]. Figure 4.8b presents percentage change
in power coefficient between corrected and measured (raw-experimental) data
[%Acp =(c

)/cC xloo] The data presented in Figure 4.8b is

p Measured - C pCorrected pCorrected

from experimental runs for lab prototype corresponding to a blockage ratio of 0.165. At
this blockage ratio, no inflexion was observed for U=0.5m/s. However, for higher flow
velocities of U=0.7m/s, the transition in Cp occurred at a TSR of ~5 while for U=0.9m/s,
transition occurred early, at TSR of ~4.8. These points are marked by rectangles in Figure
4.8b. Thus the inflexion behavior depends on flow velocity, rotational speed and blockage

ratio which govern the flow velocities in the bypass flow, and hence, blockage effects.

4.4.4 Effect of boundary proximity on the turbine performance

When a turbine operates in a shallow channel, as the present case, the flow in its
proximity can be decomposed into two main components: (1) the flow passing through a
stream-tube enclosing turbine rotation disc, which expands behind it forming a region
commonly known as wake and, (2) a region called bypass region which is composed of the
remaining flow channel. We further decompose this bypass region into two zones: a flow
region between free surface and rotor disc, called upper bypass region and, a region that
lies between solid channel wall and rotor disc plane called lower bypass region. Such a
distinction is required, due to the very nature of widely different boundaries curtaining
these regions. While the flow is tightly restricted by the channel solid wall from the bottom
(which may be erodible or non-erodible), the upper free surface is deformable, and does

not offer strong restriction to wake expansion and bypass flow restoration. To understand
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the effect of boundary proximity (free surface and channel bottom wall) on turbine
performance, experimental investigations were carried out by varying the tip clearance

ratio (sh, ) from 0.03 to 0.73 (see Figures 4.1 and 4). At each of these submersion depths,

the rotational speed was varied from 30-300 RPM, and torque values were recorded from
a submerged torque-thrust sensor at a sampling rate of 500 samples per second.
Experiments were repeated for three different flow speeds: 0.5m/s, 0.66m/s, and 0.73m/s
to understand how Reynolds number variation affects the turbine performance in presence
of boundary proximity effects. Table 4.1 presents details of experimental runs carried out

during the current study.

Table 4.1: Flow variables and turbine depth of immersions investigated during current
experimental study

Flow Velocity Recnord Tip clearance ratio
Repiameter | Froude number
U [m/s] (Utip, TSR=5) (6hy)
0.5 4.1 x10* 1.37x10° 0.2
0.66 5.4x10% 1.8x 10° 0.27 0.03, 0.20, 0.55, 0.73
0.73 6.0x 10* 2.0x10° 0.3

445 Results of experimental investigation for boundary proximity effects

Figure 4.9 presents results of experimental investigations where C, is plotted against
TSR for three different velocities: U=0.5m/s, 0.66m/s and 0.73m/s. This corresponds to the
turbine diameter based Reynolds number of 1.37 x 10%1.8x 10°, and 2.0x 10° respectively,
and blade chord based Reynolds number of 8.2 x 103, 10.8x 103, and 12 x 103 respectively.

For all cases, lowest performance was observed when the turbine was at largest depth in

our facility (oh, =0.34). With reduction in depth of immersion, improved performance was
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Figure 4.9: Effect of free surface proximity on turbine performance at different flow
velocities (a) U =0.5m/s, (b) U =0.66 m/sand (c) U=0.73 m/s

observed until 6h, =0.20 for all cases, except lower flow velocity of U=0.5m/s for which

both oh, =0.20 and oh, =0.55 resulted in similar maximum C, values. Thus, flow with a
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higher Froude number (and Reynolds number) was more susceptible to boundary proximity

effects. An increase in flow speed was observed to improve the turbine performance with
maximum performance achieved at a flow speed of 0.73m/s and §h, =0.20. Moving the

turbine away from channel bottom wall resulted in improved performance. This indicates
that the close proximity of the channel wall affects the flow field behind the turbine, and

restricts wake expansion and reduces the turbine performance. This trend continued until
hu reached around 10% of channel depth (6h, =0.2) or 50% of turbine radius. Beyond this

point, though the turbine was away from the solid channel wall, it was in close proximity
of a free surface leading to significant free surface deformation behind the rotor plane
which interacted with the turbine wake affecting its performance. This observation was
also supported by transient CFD analysis results which are described in §4.4.2.

To identify the optimal depth of immersion for efficient turbine operation,
experimental data for 0.5m/s, 0.66m/s and 0.73m/s cases is re-plotted in Figure 4.10 which
presents power coefficient vs. tip clearance ratio curves at different TSR values. For the

flow velocity of 0.5m/s, for all TSR values, the turbine was found to perform at consistently
higher Cp values over a wider range of tip clearance ratios: sh, 0.2 to 0.5 (Figure 4.10a).
With increase in flow velocity (and corresponding rotational speed to maintain the TSR),

optimum tip clearance depth (h, ) for turbine performance started to shift around 10% of

the total channel depth (&h, =0.2, which also corresponds to 50% of turbine radius). For

both 0.66 and 0.73m/s flow velocities, maximum performance was observed when the tip
clearance ratio was close to 20% (Figure 4.10b, c). Any depths, lower than that, induced

strong free surface-wake interactions degrading the turbine performance. This indicates
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Figure 4.10: Effect of Reynolds number on turbine performance characteristics at various
operating TSR values and tip clearance ratios: (a) U=0.5 m/s (Re, =1.37E105), (b)

U=0.66 m/s (Re, =1.8§110°), and (c) U=0.73 m/s (Re, =2[l§10%), where, Re, is Reynolds
number based on turbine diameter
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that the optimum installation depth for efficient MHKT operation should be such that, the
turbine is submerged with rotor disc 0.5x R below the water surface and >1x R above the
channel bottom wall, where R denotes the turbine radius. Thus the optimum depth of water

for MHKT installation should be greater than 3.5 times the turbine radius.

4.4.6 Results of Transient CFD to investigate boundary proximity effects

A transient CFD analysis was performed to characterize the flow-field under a free
surface, blocked flow environment shows a presence of faster bypass regions and its
dependence on boundary proximity. All simulations were run at a constant rotational speed

of 200RPM and flow velocity of 0.5m/s (TSR=5.85). Four different cases were considered
with tip clearance ratios (oh, ) of 0.73, 0.55, 0.20, and 0.03. Figure 4.11 plots contours of

stream-wise superficial water velocity normalized by free-stream velocity (U=0.5m/s) on
a vertical plane passing through the turbine rotational axis for different tip clearance ratios
after 5 seconds, i.e. 16.67 rotations. For all cases, the wake region was observed to extend
over the entire downstream channel length (~8 x R). For higher depths of immersion (Jh,,

=0.73, 0.55), tip vortex structures were observed in both upper and lower bypass regions.
But with decreasing oh, (0.20 and below), the tip vortices start to interact with the free
surface and dissipate before propagating downstream the turbine. A significant free surface
drop was observed behind the turbine rotation plane with free surface penetrating into the
wake region (Figure 4.11d). Figure 4.11 also plots contours of stream-wise superficial
water velocity normalized by free-stream velocity (U=0.5m/s) on a horizontal plane,

passing through the turbine rotational axis for different tip clearance ratios.

114



vertical planes horizontal planes

(a) S—

1 1
(b) B ——

1 N
(c) _————

* :
@ == r

P DD O DON PO D
S P FFELIINIIS

Figure 4.11: Normalized stream-wise superficial (water) velocities on centerline vertical
(left column) and horizontal (right column) planes after t=5sec for 6h, of (a) 0.73. (b)
0.55, (c) 0.20 and (d) 0.03

The same color-map scale is used for both vertical and horizontal planes to elucidate the
difference in velocity variations between these two planes. The upper bypass region shows
significantly higher velocities compared to lower bypass and bypass regions on either sides
of turbine in horizontal planes. The contour plots on horizontal planes, as opposed to the
vertical planes (in Figure 4.11) show more symmetric wake and bypass region. Tip vortices
and their merging with the main wake can be seen on either sides of turbine axis. Further,
higher stream-wise flow velocities were observed for lower tip clearance ratio, which
suggests a presence of faster bypass flow for lower depths of immersion.

Figure 4.11 also point out the effect of blockage and boundary proximity on flow

upstream of the turbine. It is to be noted that for CFD simulations, the inlet velocity profile
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was defined to be a uniform flow with stream-wise velocity of 0.5m/s. But as the flow
approaches the turbine plane, the presence of the turbine was observed to modify the
incoming flow as can be seen in Figure 4.11. Similar observations were reported by Medici
[48] who observed modifications to flow approaching the turbine up to three diametrical
distance upstream, which depended on turbine geometry, and operating conditions. Further
the shape of the incoming velocity profile was different for different surface proximity
cases which indicates the dependence of incoming velocity field on free surface proximity.

Figure 4.12 presents wake expansion and its interaction with the deformable free
surface for tip clearance ratios of ¢h, =0.73, 0.20 and 0.03. Contours of normalized

instantaneous superficial stream-wise velocity after simulation time t = 5 seconds are

plotted on various planes at downstream locations ranging from x=0.1R to x=5R. When the
turbine was submerged deep inside the water channel (oh, =0.73), no significant wake-
free surface interaction was observed (Figure 4.12a). However, when the turbine was
placed in very close proximity of the free surface (5h, =0.03), significant free surface

deformation was observed that interacted with wake and bypass flow resulting in
modifications of downstream flow-structures. Such a close proximity of the turbine to the

free surface not only resulted in faster upper bypass flow but also a skewed wake as
depicted in Figure 4.12c. For ¢h, =0.20, flow acceleration was observed in the upper
bypass region without any significant interaction with the wake and lead to maximum
turbine performance. For lower depths of immersions (oh, =0.20 and 0.03), the free

surface drop behind the turbine rotation plane provided additional obstruction to the wake

propagation and restoration process.
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Figure 4.12: Contours of normalized superficial velocity showing bypass and wake
propagation at five downstream locations for tip clearance ratios(sh, ) of: (a) 0.73
(b)0.20 and (c) 0.03

This resulted in a slower moving wake and faster upper bypass region as depicted in
Figures 4.11 and 12. For the 6h, =0.03 case, the wake is almost touching the free surface,

So it appears (in Figure 4.4.11) that there is no upper bypass region in a vertical plane
aligned with the turbine axis. However, Figure 4.12 which presents a more complete

picture of the flow field shows flow acceleration in the upper bypass region (around the
wake) for both 6h, =0.2 and ¢6h, =0.03. Thus a closer proximity of the turbine to a free

surface retards wake propagation but accelerates the flow in the upper bypass region
compared to the case of a deeply submerged turbine. The free surface deformation

complements the wake blockage effect (hence total blockage) and yields higher
performance for 6h, =0.2. But, at 6h, =0.03, the wake starts strongly interacting with the

upper bypass region leading to a skewed wake and lower performance. It is to be noted
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here, that for all the tip clearance ratios considered during present study, CFD analysis did
not show a presence of any flow separation on turbine blades. This alludes to the fact that
the free surface deformation is the primary mechanism for increased or reduced
performance at close proximity.

Furthermore, Figure 4.11 also depicts the variation of free surface height along the

length of the channel. The difference in heights (free surface drop) is more pronounced for
the 6h, =0.03 case compared to the &h, =0.73 case. This was also observed during

experimental investigations which showed the presence of complex three dimensional
structures and free surface drop behind turbine when it was operated in close proximity to
a free surface. A free surface drop up to 5% to 10% of channel depth was observed around
1x R behind the turbine and this water surface drop was at its peak when the turbine was
operated at closest proximity to a free surface. Figure 4.13 obtained from transient
simulations, shows the free surface of the water channel colored by normalized drop (free

surface drop/channel depth) for various depths of immersions. Maximum free surface drop
was observed when the turbine was in closest proximity of a free surface (sh, =0.03).

Further, shape of the free surface drop curve was observed to be a function of depth of
submersion. It is to be noted that contours in Figure 4.13a-d are colored by a normalized
free surface drop (44/h1), however the color-map scale for each case is chosen to elucidate
the three dimensional structure of the free surface drop for respective cases. When the
turbine was away from a free surface, the free surface drop curve was a two dimensional

structure showing distinct bands before and after the turbine rotation plane. But with closer
proximity to a free surface, these bands started to contract to a localized region. For &h,

=0.73 a free surface drop of up to 5% of the total channel depth was observed on the
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downwind side of the turbine rotation plane. With decreasing depth of submersion, the free

surface drop on the upwind side of the turbine started diminishing relative to a localized
three dimensional structure behind the turbine rotation plane. For 6h, =0.03, a free surface

drop of up to 8% of the total channel depth was observed when the turbine was placed in

close proximity of free surface.
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Figure 4.13: Contours of free surface colored by normalized free surface drop Ah/h, for

tip clearance ratios(sh, ) of: (a) 0.73 (b) 0.55, (c) 0.20, and (d) 0.03. For relative location
of the turbine, please refer to Figure 4.4.
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45 CONCLUSION

The results of the experimental and computational analysis for blockage effects, the
Reynolds number dependency and boundary proximity effects on flow-field and
performance of a MHKT are presented. Experiments were carried out on a lab-scale MHKT
at various flow velocities inside a 0.61mx0.61m test section, open surface recirculating
water channel. The CFD predictions based on rotating reference frame technique were in
agreement with experimental data. CFD study was further extended to understand the effect
of the flow Reynolds number and blockage ratio on turbine performance characteristics.
Increasing flow velocity resulted in improved performance until 0.7m/s beyond which a C,
vs. TSR curve was found to be insensitive to the Reynolds number change. Further, the
effect of solid blockage on the turbine performance was analyzed by varying the size of
fluid domain for lab prototype model. Blockage ratio below 10% did not show any
appreciable effect on turbine performance characteristics. Increasing the solid blockage
ratio from 10% to 42% resulted in widening the operating TSR range with up to ~35%
improvement in the power coefficient. Higher TSR values were found to exhibit higher
blockage effects (higher percentage increase in Cp, compared to unblocked case) due to
faster rotational speed that lead to stronger wake and faster bypass flow. Further, to
understand effect of surface proximity on turbine performance and flow-field, experiments
were carried out with the turbine at different depths of immersion. An improvement in
performance was observed when the turbine axis was moved away from the channel bottom
(channel bottom wall to blade tip clearance > turbine radius). This trend continued until
the turbine was raised to a tip clearance of half radius distance below the free surface, after

which reduced performance was observed. Beyond this height, appreciable free surface
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drop was observed behind the turbine rotational plane restricting the wake expansion and
propagation process resulting in reduced performance. A three dimensional transient CFD
analysis (with VOF formulation) that was performed for wake and near-free surface flow
characterization revealed the presence of three distinct flow regions behind the turbine:
wake, upper bypass and lower bypass region. The flow structures in these regions were
found to depend strongly on the proximity to the channel bottom and free surface. For
lower tip clearance ratios, a significant drop (up to 5 to 10% of channel depth) in free
surface was also observed behind the turbine, with complex three dimensional flow
structures that lead to a skewed wake affecting its expansion and restoration process.
Further, a reduction in performance was observed when the turbine was operated close to
the channel bottom wall. This can be attributed to two facts: first, the boundary layer and
associated viscous effects at the channel bottom wall that adversely affect the turbine
performance, and second, the absence of additional blockage due to free surface
deformation that manifests when a turbine operates in proximity of a free surface. Since
both distances were varied simultaneously, it is not possible to pin down the cause to either
of the cases described above. Free surface deformation and higher flow velocities in the
upper bypass region (compared to lower bypass region) lead to an asymmetric wake behind
the turbine. Transient CFD analysis at TSR=5.85, for all depths of immersion, studied
during present work did not show any flow separation effects on turbine blades suggesting
that, free surface deformation is the primary mechanism for increased or reduced
performance of the turbine operating in a free surface proximity environment. In addition
to the wake and bypass regions behind the turbine, the presence of turbine in flow channel

was observed to affect flow upstream of the turbine as well. Our experimental
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investigations suggest that for optimum performance, the MHKT should be installed such
that, the turbine rotational disc is at least one radial distance away from the solid channel

wall and half the radial distance below the free surface.
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CHAPTER 5

EXPERIMENTAL
INVESTIGATIONS OF NEAR-WAKE
FIELD FOR A MARINE
HYDROKINETIC TURBINE IN A
FREE SURFACE ENVIRONMENT
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5.1 BACKGROUND

Marine hydrokinetic turbines (MHKT) operate in an environment where the water
velocity and water level above the turbine rotation disc undergo cyclic variations [22].
Therefore, for an efficient operation of MHKT, it is crucial to understand the effect of these
fluctuations on its performance characteristics. Like wind turbines, MHKT blades are made
from airfoil sections and any change in flow velocity modifies its lift/drag characteristics
which affects the turbine performance. In addition, the restriction offered by the turbine
rotation disc to the freestream flow, referred to as blockage, results in flow acceleration
around the turbine. The total blockage can be thought of as a combination of solid blockage
and wake blockage. While the solid blockage depends on the area of turbine rotation disc
relative to the tidal channel (or river bed) cross section area; the wake blockage is an add-
on and primarily due to flow obstruction imposed by a counter-rotating wake that expands
and dissipates behind the turbine. Though the solid blockage is constant for a given turbine
and channel cross-section area, the extent of the wake blockage varies with flow speed and
turbine rotation speed. If tip speed ratio (TSR = ratio of flow speed at blade tip to channel
flow speed) is held constant at the design TSR value, an increase in flow velocity implies
increased rotational speed; the higher the turbine rotation speed, the stronger the wake
behind the turbine which leads to higher wake blockage which further improves the turbine
performance. Hence, for similar TSR values, turbine performance is different at different
flow speed and rotation speed combinations [35, 51, 54]. Thus, the variation in
performance with the flow speed (and the rotational speed) may be due to variation in the

Reynolds number or due to enhanced wake blockage or a combination both.
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The effect of blockage on turbine performance has been experimentally and
analytically investigated by many researchers [1, 5, 13-15, 21, 48, 55, 57, 61]. The majority
of the early experimental work was done either in wind or water tunnels with the aim of
validation and verification of simple physics based models of such flows [5, 13-15, 48, 52,
55, 57]. Analytical models for characterizing the turbine performance in blocked
environment are based on the application of a linear momentum theory [21, 61]. Chen and
Liou [5] experimentally investigated the effects of tunnel blockage on turbine performance.
Blockage effect was quantified in terms of the blockage factor by measuring tunnel flow
velocity with and without the turbine. The blockage factor was found to be strongly related
to solid blockage, TSR, and blade pitch angle. The higher blockage effects were observed
at higher values of solid blockage and TSR. McTavish et al. [14] studied the effect of
blockage on initial wake expansion for different sized rotors in a water channel using the
dye visualization technique. Higher blockage was found to narrow down the wake
expansion and modify the vortex pairing behind the turbine. The presence of the turbine in
a tidal channel, not only affect the downstream flow but also the flow upstream of the
turbine. Experimental and computational investigations of Medici et al. [48] show the
influence of blockage on the flow up to three turbine diameters upstream of the rotor plane.
The near upstream flow showed three dimensional flow structures indicating effect of
turbine geometry on the incoming flow, similar to the near wake flow.

In addition to wake blockage, when the MHKT is installed in a near-free surface
environment to take advantage of higher flux near the free surface, they may be subjected
to additional blockage due to free surface deformation [54]. The proximity of the turbine

to the free surface provides additional restriction to the flow by compressing the wake flow
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in a radial direction. Several studies have also been performed to analyze the effect of free
surface proximity on turbine performance using porous discs to replicate the turbine rotors
[13, 54-57]. Myers & Bahaj [55] carried out experiments with mesh discs to study the effect
of disc proximity to sea bed andwater surface on wake structures behind porous discs.
Varying the disc proximity to sea/bed and water surface was found to affect wake structure
and its recovery duration. Bahaj et al. [56] performed both analytical and experimental
studies to investigate the effect of surface proximity on turbine performance. Their
experiments in a cavitation tunnel and tow tank showed reduction in turbine power with
decreasing blade tip-free surface clearance. Experimental investigations by Birjandi et al.
[57] with a vertical axis hydrokinetic turbine reported improved performance with
increasing free surface proximity. Kolekar and Banerjee [54] performed an experimental
study to investigate the effect of free surface proximity on MHKT performance
characteristics and reported enhanced performance with increasing proximity. The highest
performance was observed for blade tip-to-free surface clearance of half turbine radius.
Experimental investigations were augmented by steady and transient CFD to quantify
effects of blockage ratio and Reynolds number. A transient CFD analysis revealed faster
bypass flow (flow region outside the wake) and free surface deformation behind a turbine
rotation plane whose magnitude varied with free surface proximity. An increase in flow
velocity and/or blockage ratio was reported to enhance the turbine performance.

Flow visualization techniques, based on dye and particle image velocimetry (PIV)
have been used by many researchers to identify the flow features in the wake of wind
turbines and marine hydrokinetic turbines. Chamorro et al. [58] performed three

dimensional PIV study in the wake of a miniature axial-flow hydrokinetic turbine and
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reported wake expansion proportional to the one-third power of the stream-wise distance.
Wake rotation was observed up to three rotor diameters, with higher tangential velocities
near wake core, and higher radial velocities near turbine tip. Experimental investigations
by Whale [59] on a lab-scale wind turbine reported high blockage at the large TSR values,
due to obstruction offered by a slow moving (stream-wise) wake to free stream flow. A
vortex merging and reduced vortex pitch was reported at higher TSR values with a plausible
occurrence of wake acceleration. Flow visualization was carried out with PIV technique
and a comparison was presented with the rotor vortex lattice method which showed good
qualitative agreement for wake shape, expansion and tip vortex pitch. Experimental
analysis by Manar et al. [60] through experimental study on a rotating wing in a confined
space concluded that the magnitude of the measured blade forces was dependent on the
Reynolds number and blade-to wall tip clearance. The measured lift coefficients were
highest for the tip clearance of 0.5c (c=chord length = 0.2R, R=rotor radius). An increase
in tip clearance to 3c and 5c did not show any effect on force measurements at a low
Reynolds number. The test case with 3c clearance performed similar to a 5c case at low
Reynolds number and similar to a 0.5c case at an elevated Reynolds numbers. A stronger
wall to tip vortex interaction was observed for 0.5c case that entrained dye off the wall into
the tip vortex path. A slight upward movement of the dye streak (originating from near-
wall region) was observed for 3c clearance without any entrainment. For a MHKT operating
in a near free surface environment, similar phenomena are expected, leading to an increased
thrust and torque. However, flow entrainment in this case is expected to result in free
surface deformation modifying the near-wake field and its propagation downstream the

turbine. The current research is aimed at enhancing our limited knowledge about the flow
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physics and its implication on the turbine performance in a free surface proximity
environment.

Analytical models to characterize the turbine performance in a free surface-blocked
environment are based on linear momentum theory. Garrett and Cummins [61] applied this
momentum theory for flow constrained between two rigid surfaces and found increase in
turbine power with increasing blockage ratio. Houlsby et al. [21] presented an application
of the linear momentum theory to analyze performance in various finite flow domain
scenarios: pressure constrained, parallel-sided tube and open channel flow. A quartic
equation was presented relating the flow Froude number (ratio of characteristic flow
velocity to gravitational wave velocity), blockage ratio, and flow speeds in wake and
bypass region behind turbine. Whelan et al. [21] presented blockage correction to blade
element momentum predictions for prediction of turbine performance in a blocked-free
surface environment. Analytical predictions were comparable with experimental data for
mesh disc simulator and two bladed rotor in wind tunnel and water channel for different
blockage conditions. Lartiga and Crawford [52] used actuator disc modelling with
blockage corrections to predict the performance of a tidal turbine in a blocked environment.
Flow field data from PIV measurements and CFD simulations were used to account for
blockage effect. Analytical predictions were in good agreement at lower blockage ratios
but showed significant deviations at higher blockage ratios. Computational study with
porous discs by Sun [53] reported localized flow acceleration in the region between the
wake and the channel bottom. Free surface drop behind mesh disc was observed to affect
both wake characteristics and turbine performance as well. Consul et al. [15] investigated

the effect of blockage and free surface deformation on the performance of a marine cross-
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flow turbine for different blockages and free surface boundary conditions using two-
dimensional CFD modelling. The deformable free surface boundary condition lead to a
6.7% performance improvement compared to the closed top condition due to a higher
effective blockage caused by the free surface deformation. The Froude number (over the
range studied: 0.08 to 0.13) was reported to have a very small effect on the power
coefficient (henceforth referred to as Cp = ratio of power extracted to water power
available), but significantly affected the free surface drop.

The majority of the earlier reported experimental investigations attempting to
quantify the effect of blockage on turbine performance are limited to a turbine operating at
either a single flow speed, and/or single depth of immersion; very little is known about the
effect of free surface proximity on performance and flow dynamics of MHKT. In this
manuscript, we report the first experimental study to understand the effect of free surface
proximity, and flow velocity on a MHKT, through system level measurements that include
thrust and torque to quantify turbine performance, as well as detailed flow-field
visualization using a stereoscopic particle image velocimetry technique. The principle
objective of current work is to contribute towards understanding the influence of free
surface proximity and flow velocity on blockage effects which are quantified in terms of
increase in flow velocity, increase in power and thrust coefficient. The detailed flow-field
visualization allows to identify the principle flow mechanisms that are responsible for
variation in performance with variation in turbine depth. Experimental investigations are
conducted on a three bladed, constant chord, zero twist hydrokinetic turbine in an open
surface water channel with a test section of 0.61m x 0.61m cross section. The turbine was

subjected to various flow speeds, rotational speeds and depth of immersions. The torque
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and thrust data was obtained from a submerged torque-thrust sensor connected in-line with
the turbine axis. Experimental data was corrected to unblocked dataset, using a blockage
correction methodology, based on actuator disc theory for a finite domain with a constant
volume (representative of a closed top wind/water tunnel) [1, 13]. In addition, a
modification to finite domain-constant volume blockage correction is presented to
incorporate free surface effects, which is a better representation of current open channel
experiments (please refer to §2.5 for details of blockage correction methodologies). A
comparison is presented between unblocked data (from both methods), and blocked
experimental data at various flow velocities, rotational speeds and depths of immersion.
Further, to identify the flow structures associated with wake blockage and free surface
deformation, a quantitative flow visualization was carried out with stereo-PI1V technique
in the near-wake region of MHKT. This chapter is organized as follows: section 5.2 presents
an experimental set-up and facility used for current study. In section 5.3, results from
experimental investigations are discussed. A comparison of various cases is presented in
section 5.3.1 to demonstrate the effect of Reynolds number and free surface proximity on
blockage effects in terms of enhancements in flow velocity, power coefficient and thrust
coefficient. Sections 5.3.2-5.3.9 are devoted to address mechanisms which govern this
variation (described in 85.3.1), wherein, results from stereo-P1V visualization are presented

for different rotational speeds and depths of immersions.

5.2 FACILITY, EXPERIMENTAL SET-UP AND MODEL PROTOTYPE

All experiments were carried out in an open surface recirculating water channel at
Lehigh University with a test cross-section size of 0.61m x 0.61m, and length of 1.98m

(Engineering Laboratory Design, USA). This facility is equipped with a 25HP single stage
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axial flow propeller pump, with maximum discharge of 21,160 liters/min. The propeller
pump rotational speed and hence the test section flow velocity is controlled and regulated
through a transistor inverter type variable frequency controller (Toshiba Model VFAS1-
2185PM-HN). Flow velocity can be varied from 0.03m/s to 0.94m/s and controlled within
an accuracy of + 2%. The flow conditioning upstream of the test section was such that the

turbulence intensity (ratio of root-mean-square of the turbulent velocity fluctuations to
mean channel velocity :u'/Ul) across the test section is less than 1%. The model prototype

used for current study is a three bladed, 0.14m radius (R), zero twist, constant chord blade

turbine made from corrosion resistant aluminum alloy (Figure 5.1).

Figure 5.1: Photograph of turbine prototype used for current study [R=0.14m]
Turbine blades are formed from a SG6043 airfoil profile on a five-axis CNC machine.
Turbine blades are held together inside a two-part hub and their orientation can be changed
to adjust the blade pitch to the desired angle. During current experimental campaign, all
experimental runs were performed with turbine blades oriented at 10° blade pitch. The
choice of 10° blade pitch was governed by our earlier computational and analytical fluid-

structure interaction study [51], with a full scale prototype (R=1m) which showed high
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structural and hydrodynamic performance around 10° blade pitch. The turbine prototype,
when operated in our facility, leads to area based blockage ratio (B) of 0.165.

The experimental setup, which is shown in Figure 5.2, consisted of a lab scale
model hydrokinetic turbine attached to a horizontal shaft which was driven by a stepper
motor which maintains a precise rotational velocity through a micro-stepping driver and
controller mechanism. The stepper motor used for current study was the NEMAZ23 series,
24VDC motor with resolution of 1600 micro-steps per revolutions (Model # 23MDSI,
Anaheim Automation Inc.). The stepper motor was connected to the turbine shaft through
a flexible coupling. The motor and flexible coupling were enclosed inside a watertight
acrylic cylinder, which was then connected to a thrust torque sensor (Model # TFF400,
Futek Inc.). The acrylic cylinder was continuously pressured/purged to avoid water leakage
into the system. The reaction torque-thrust sensor was fixed to a vertical post, which was
connected to a horizontal frame supported at channel top. The vertical post can be
raised/lowered inside the water channel to vary the distance between the turbine and the

free surface.

1 —Turbine, 2 — Flexible Coupling, 3 — Motor, 4 — Thrust-Torque Sensor,
5 — Support Structure, 6 — To Motor Controller, 7 — To Data Logging
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Figure 5.2: Schematic of experimental set-up showing location of field of view for
current study [R=0.14m]

During an experimental run, data from torque-thrust sensor was continuously monitored
and acquired at high sampling rate of 500 samples/second for the duration of 60 seconds
per run for further analysis. Figure 5.3 plots the convergence of experimental
measurements with time. The time averaged data (average of accumulated data before a

given instant of time) is plotted against measurement time for thrust (Figure 5.3a) and

torque (Figure 5.3Db).
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Figure 5.3: Convergence of experimental data from (a) thrust and (b) torque

measurements

Table 5.1: Flow variables and turbine depths of immersions investigated during current
experimental study

Flow Velocity U, R(ES:;’” Rebiameter Froude Tip clearance ratio
[m/s] TSR:é) number (6hy)
0.3 2.5x10* 8.2x10* 0.12
0.5 4.1x10* | 1.4x10° 0.20
0.7 57x10* | 1.9x10° 0.29 005,0.27, 0.5
0.8* 6.6x10* 2.2x10° 0.33

*SPIV investigations were performed for a channel flow velocity of 0.8m/s with laser
sheet parallel to XY plane at Z= 0.1R, that corresponds to a blade root location (see
Figure 5.2)
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The torque/thrust sensor was accurate to within + 1% for current measurement range
(torque < 0.4N.m, thrust < 35N). A single sample uncertainty analysis for channel
velocity, RPM, and torque based on Kline and McClintock [77] showed maximum
uncertainty of 1% on TSR and 3% on C, measurements. Table 5.1 presents details of

experimental runs carried out during current study.

5.3 RESULTS AND DISCUSSION:

Results from experimental investigations carried out on a constant chord, untwisted
three bladed MHKT are discussed. Experiments were performed with a turbine operating
at various flow velocities and immersion depths over a range of TSR values. The flow
Reynolds number (based on free stream velocity and chord-length) was varied from
6.7x10% to 3x10* which corresponded to channel flow velocity (U;) variation of 0.2m/s
to 0.9m/s to quantify its influence on blockage effects. Experiments were performed with
turbine rotating at various rotational speeds [30, 360] RPM to achieve complete bell shaped
Cp vs. TSR curve. The rotation rate of the turbine was precisely controlled by a stepper
motor that also helped avoid turbine blade stalling at higher angles of attack. Additionally,
to understand the effect of free surface proximity on blockage effects, experimental runs

were performed with a turbine operating at various depths of immersions. The free surface

proximity is expressed in terms of tip clearance factor, §h, = hU/D, where, hy represents

water depth between turbine rotation disc and free surface and D represents turbine
diameter. Experimental data was corrected to free-stream velocity-unblocked dataset by
incorporating blockage correction methodology based on closed-top formulation. A
comparison is the presented between blocked and unblocked data for flow velocity, power

coefficient, thrust coefficient and blockage factors to quantify the blockage effects at
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various Reynolds numbers and tip clearance factors. Additionally, an open surface
blockage correction formulation was applied to experimental data and a comparison is

presented between two methodologies.

5.3.1 Results of experimental investigations for performance (thrust and

torque) measurements

5.3.1.1 Measured thrust data for various flow velocities and depths of
immersion:

The thrust loading on the turbine was continuously recorded from a submerged
thrust sensor placed in-line with the turbine on a desktop computer. Figure 5.4a presents
thrust force plotted against flow velocity for different rotational speeds — 90, 180, 270
RPMs at 6h; of 0.55. As expected, an increase in flow velocity lead to an enhanced thrust
loading on the turbine. For a given flow velocity, higher the rotational speed, larger the
thrust value due to higher effective solidity. Further, the difference between measured
thrust forces at various rotational speeds increased with increasing flow velocities as shown
in Figure 5.4a. To identify the effect of free surface proximity on thrust force, variation of
turbine thrust force with flow velocity at various §h;; cases are plotted in Figure 5.4b. For
all depths of immersions, thrust forces increased with increasing flow speed and rotational
speed. For all flow velocities, the case with §h;=0.27 resulted in the highest thrust forces,
with 6h;=0.55 and §h;=0.05 cases showing almost similar values except for the high
rotational speed of 270 RPM. For low rotational speed values (TSR<3) no significant
variation was observed between measured thrust forces. With increasing TSR values, thrust
forces between various &hy cases started deviating from each other with maximum
deviation observed for the highest velocity and RPM case. This variation of thrust force

with flow velocity and depth of immersion forms the basis for blockage effect evaluation.
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The experimental thrust data was then used to correct measured flow velocity, torque, TSR,
and thrust forces to obtain corresponding values in an unblocked environment and is

discussed in subsequent sections below.
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Figure 5.4: Variation of measured thrust with flow velocity at rotational speeds of 90,
180, 270 RPM (a) For sh, =0.55, (b) Comparison between various §h;; cases

5.3.1.2 Influence of Reynolds number on blockage effects:

Figure 5.5a (left column) presents the effect of Reynolds number on measured

turbine performance over a range of TSR values for §h;; of 0.55 which corresponds to the
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turbine in a water channel such that its axis is at the channel center. C, vs. TSR curves are

plotted for flow velocities of 0.3, 0.41, 0.5, 0.525, 0.55, 0.7, and 0.8m/s which correspond
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to the Reynolds number (based on turbine diameter) of 8.4x10% 1.15x10° 1.4x10°,
1.47x10°, 1.54x10°, 1.7x10°, 1.96x10°, and 2.24x10° respectively (see Table 5.1 for details
of experimental conditions). Increasing Reynolds number from 8.4x10* to 1.15x10°
resulted in improved performance due to higher lift coefficients of SG6043 airfoil used for
current turbine blades. However, increasing the Reynolds number from 1.15x10° to
1.4x10° did not result in any significant performance improvement. This is attributed to
the fact that the SG6043 airfoil exhibits a laminar separation bubble formation in this
Reynolds number range. Beyond Rep of 1.4x10° the turbine performance resumes
improving with increasing Reynolds number. The improvement in Cp started to diminish
around Rep of 2x10° beyond which C, vs. TSR curve started to coincide irrespective of
increase in the Reynolds number (except for the highest Cp point).

Figure 5.5a also presents a comparison between actual experimental data (raw-
blocked data, on left), and corrected (unblocked, on right) data. The blockage correction is
observed to shift the entire curve in a southwest direction, decreasing the TSR (proportional
to the change in flow velocity between blocked and unblocked cases) and Cp values
(proportional to the cube of change in flow velocity between blocked and unblocked cases).
It is to be noted that all the cases discussed in this manuscript have a constant solid blockage
ratio of 0.165. For a given flow velocity (Reynolds number), no significant difference was
observed between measured and corrected Cp for TSR<3, indicating negligible blockage
effects at low rotation speeds. As the TSR increased beyond 3, the blockage started altering
the measured power yielding higher values compared to the unblocked case. This trend
continued until a maximum TSR case experimented during the current study. Further,

increasing the Reynolds number resulted in higher percent change in C, indicating higher
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blockage effects. A higher Reynolds number (i. e. higher flow velocity) means higher
rotational speeds if the TSR is to be maintained. Thus, cases with higher Re corresponds to
faster rotating turbine which leads to stronger wake region behind a turbine offering a
higher wake blockage. The percentage change in Cp was found to be (almost) linearly
increasing with TSR for lower Re, however, at a higher Re and higher TSR, higher order

(quadratic or cubic) variation was observed.

5.3.2 Effect of free surface proximity on blockage:

In the previous section, experimental data was presented for demonstrating the
influence of flow velocity on blockage effects. An increase in the Reynolds number and
associated rotational velocity to maintain the TSR, resulted in higher blockage effects
leading to higher turbine performance. This section presents the results of an experimental
campaign that was carried out to study effect of free surface proximity on the turbine
performance and associated blockage effects. During these experiments, the turbine depth
of submersion was varied to achieve different tip clearance ratios: 6h; = 0.55, 0.27, and
0.05. Figure 5.5 compares results of measured experimental data for these three cases.
Moving the turbine away from the channel bottom resulted in higher power coefficients
due to higher wake blockage effects caused by a deforming free surface behind the turbine.
This trend continued until it reached an optimal tip clearance distance beyond which a
reduction in performance was observed. Highest performance for all flow velocities was
attained for 6hy; of 0.27 when turbine is submerged such that the turbine rotation disc is
0.076m (~0.5xR) away from the free surface. In this case, a radial compression of wake
caused by the free surface drop complemented the wake blockage that resulted in an

improved turbine performance. These results are consistent with our earlier published
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dataset [54] which showed the highest performance for §h;; of 0.2 which corresponded to
a tip clearance distance of approximately half the turbine radius. Similar observations were
reported by Manar et al. [60] for a rotating wing in proximity of a solid wall who found
that the forces on the wing are related to the tip to wall clearance and the flow Reynolds
number.

When the turbine was moved further closer to the free surface, a performance
degradation occurred due to penetration of the wake by a significant localized free surface
drop behind the turbine that adversely affected the turbine performance. These findings are
further supported by the results of flow visualization carried out in the near-wake region of
the turbine and are discussed in section 5.3.3. The right column of Figure 5.5 presents C,
vs. TSR curves for the corrected data. The blockage correction was found to shift Cp vs.
TSR curves towards origin in a southwest direction with larger shifts observed at higher
flow velocities and TSR values. The difference between the measured and the corrected
values are the direct implication of blockage effects that varied with TSR, flow velocity

and tip clearance ratio and is discussed next.

5.3.2.1 Effect of §hy on percent change in Cp and Cr: blockage correction
based on closed-top formulation:

Figure 5.6a (left column) presents the influence of the blockage effects on a percent
change in C, when turbine was placed at different depths of immersion. Relative position
of MHKT inside the water channel was found to affect the turbine performance due to
variation of blockage effects with depth. At the lower TSR values (<3) no significant
difference was observed in measured Cp vs. TSR curves. However, at the higher TSR
values, a larger percent change was observed between various Reynolds numbers as well
as various 6hy cases. Higher percent change in Cp (with respected to unblocked condition:
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Figure 5.6: Blockage effect as a function of channel velocity, TSR and depths of
immersion: Percentage change in power coefficient (left column) and thrust coefficient

(right column) vs. TSR for different tip clearance ratios (5h, ): (a) 0.55, (b) 0.27, and (c)
0.05
[%ac, =(c

)/ C x 100} was observed for higher flow velocities,

pMeasured - C pCorrected pCorrected

which for a given TSR, correspond to higher rotational speeds leading to higher wake

blockage effects. Further, higher values of rotational speed and flow velocity are also
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associated with free surface deformation providing additional blockage. The extent of this
additional blockage differed in magnitude and inception depending on the free surface
proximity. This can be visualized from the slope of %ACp vs. TSR curves in Figure 5.6a.
For a deeply submerged turbine (5h; = 0.55), operating at flow velocities of 0.7m/s and
0.8m/s, additional blockage inception occurred at TSR~4.5 and can be visualized by change

in the slope of %ACp vs. TSR curve. However with an increasing free surface proximity (
oh, = 0.27 and 0.05), the change in slope became more gradual indicating earlier and

gradual inception of the additional free surface blockage. The highest improvement in Cp
was observed for 6hy; of 0.27 for all flow speeds. Figure 5.6 (right column) which presents
an increase in thrust coefficient due to blockage also exhibits a behavior similar to the
power coefficients curves. However, thrust force being proportional to square of velocity
as opposed to torque which varies with velocity cube, the variations of Ct with flow
velocity, TSR and tip clearance ratio are lesser in magnitude compared to Cy.

Figure 5.7a plots percentage increase in the flow velocity

[%AU = (U, -U,)/U, =100 due to blockage effect for various flow velocities: 0.3, 0.5,

0.7,0.8 m/s at sh, = 0.55. For a given flow velocity, higher TSR values imply a faster

rotating turbine leading to a faster rotating wake region resulting a higher wake blockage.
Similar to the C, vs. TSR curve, at lower Reynolds numbers, a linear curve relation was
observed between AU and TSR that changed to a higher order curve for a higher Reynolds
number. Moving the turbine closer to the free surface (Figure 5.7b and c) resulted in further
enhancement in the effective velocity with a maximum improvement observed for the
highest flow velocity of 0.8m/s. All tip clearance cases showed similar velocity variations
upto TSR value of 3, however with increasing rotational speed, larger variation was
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observed at TSR > 4. For TSR of ~5.5, blockage effects lead to upto 9.3% increase in flow
velocity for U, = 0.8m/s (Rep = 2.2x10°, RPM= 330), 6.9% for U, = 0.5m/s (Rep =

1.4x10°, RPM= 200), and 4.8% for U, = 0.3m/s (Rep = 8.4x10%, RPM=120) that

corresponded to 25%, 19%, and 14% respective enhancements in Cy.
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Figure 5.7: Effect of blockage on effective channel velocity: percentage change in U vs.
TSR at various tip clearance ratios (sh, ): (a) 0.55, (b) 0.27, and (c) 0.05
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For flow velocity of 0.8m/s, increasing rotational speed from 90RPM to 270 RPM resulted
in velocity improvement from 2% to 8.2% which corresponds to Cp improvement of 6.4%
to 22.4% respectively. For a constant rotation speed of 270 RPM, increasing flow velocity
from 0.5m/s to 0.8m/s resulted in 8.6% and 8.2% increase in flow velocity. Thus the
rotational speed has a higher effect on blockage compared to the flow velocity.

To demonstrate the effect of tip clearance ratio on flow acceleration, Figure 5.8
plots variation of power coefficient, increase in power coefficient and increase in effective
velocity for channel velocity of 0.8m/s, at different tip clearance ratios for various TSR
values. As depicted in Figures 5.8a and b, performance for all tip clearance ratio cases was
comparable at lower TSR values and started deviating around TSR ~4 with §h; =0.27 case
showing consistently higher Cp and %AC,. Figure 5.8c plots variation of percentage change
in effective channel velocity as a function of §h; for various TSR values. At low TSR
values (1.66, 2.76), when rotational speeds are low, tip clearance ratio did not have any
effect on percentage increase in flow velocity. However, at larger TSR values (>3.86), %AU
started varying with depth of immersion. The largest increment in flow velocity was
observed for §h;=0.27. It is to be noted that the actuator disc theory and the blockage
correction methodology applied during current study assume a stream tube (control
volume) passing through the edge of the disc with uniform loading on disc, steady state
flow and no flow across the control surfaces [68, 101]. During present study, for a turbine
operating in close proximity of free surface, the deformation of free surface is expected to
change the shape of this stream tube behind the turbine rotation plane (and is illustrated in
section 5.3.3.1 later). However, this does not invalidate the use of actuator disc model as

deforming stream tube will modify both thrust and torque field on turbine blades. As the
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correction is based on measured thrust data (which reflects the deformation effects), it is

expected to take care of modifications in disc loading due to variation of stream tube shape.

TSR
18 - T .
——— TSR = 1.66
Bf—————— TSR=276
TSR = 3.86
14 - ] TSR =4.97
L 2 TSR =6.62
12 = = ==
D 0p L S Te—
g =
= osf =

I L ' L
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 5.8: Effect of tip clearance ratio on (a) power coefficient, (b) percent change in
power coefficient, and (c) percent change in effective channel velocity as a function of

TSR for U, =0.8m/s
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In fact, it is an objective of current work to identify the nature of stream tube shape
modifications due to wake and free surface blockage and relate them to the power
developed by turbine in free surface proximity environment under various flow velocity

and rotational velocity operations.

5.3.2.2 Blockage correction for open surface water channel:

For a more realistic representation of current experimental facility, a blockage
correction methodology was devised for an open surface water channel. Figure 5.9
presents results of this blockage correction analysis for a turbine operating in a free surface

environment.

- -
—e—— Closed lid correction ——e—— Closed lid correction

) ~
] Open surface correction o= Open surface correction J
(_)°' 20 Uo- 20 1
3 3
3 )
]
10l 10 |
0 : 0
0 2 4 6 0 2 4 8
TSR TSR
e Cioséd lid correction i i —e—— &h, =055 ‘
a0 " — Open surface correction o e
Uﬂ 20
<
=
10 +

TSR TSR

Figure 5.9: Comparison of blockage corrections based on closed top formulation and free
surface formulation: percentage change in power coefficient (with respect to unblocked

data) plotted against TSR for channel velocity of 0.8m/s and Jh, of (a) 0.55, (b) 0.27,
and (c) 0.05; (d) measured thrust coefficient against TSR for various tip clearance ratios.

146



This methodology models the free surface effects in terms of a Froude number based on
the water channel velocity (U;) and the water channel depth (h;). A comparison is
presented between blockage correction methodologies based on a closed-top formulation
and an open surface formulation for the flow velocity of 0.8m/s in Figures 5.9a, b, and c.
Incorporation of a quartic equation (Equation 2.20) relating the flows in bypass, wake,
turbine plane and upstream regions with a blockage ratio and a Froude number resulted in
higher percentage change in the power coefficient compared to the closed-top formulation
as shown in Figure 5.9. Thus, the open surface blockage correction which is a better
representation of current experimental facility, predicts higher blockage effects compared
to a closed-top formulation. The deviation between the %AC, obtained from two methods
increased with increasing TSR values indicating higher free surface effects at larger
rotational speeds. The authors would like to note here that the current formulation models
the free surface in terms of a Froude number based on the total channel depth and does not
take into account the turbine tip to - free surface clearance. However, as the blockage
correction is based on the measured thrust values from actual experiments, they reflect the
effect of free surface clearance and account for this variation during the blockage effect

calculations.

5.3.3 Effect of blockage and free surface proximity on near-wake flow

features:

The flow visualization measurements based on a stereo-PIV technique were carried out
for a channel velocity (U;) of 0.8m/s, at different depths of immersion and rotational
speeds to understand flow features in the wake and bypass regions that were responsible

for the improved performance in a free surface-blocked environment. The choice of the
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flow velocity for the PIV measurements was governed by the Re dependence study for the
performance characteristics discussed previously (see Figure 5.5). The performance curve
was found to be weakly dependent on Re change at U; = 0.8m/s. This section discusses the
results of flow visualization and unravels the flow mechanisms that would help understand
the thrust and power coefficients variations described in earlier section (Figures 5.4-9).
During the present study, the laser sheet for the PIV measurements was aligned to the
stream wise direction (XY plane) and was located at the blade root section (z = 0.1x R )
as illustrated in Figure 5.2. For each rotational speed and tip clearance ratio, two sets of
PIV measurements were carried out: first in the upper wake and second in the lower wake
of the turbine. Images from these two measurements were stitched together to visualize a

complete near-wake flow and bypass flow upto X = 1.5x R (Figure 5.2).

5.3.3.1 Contours of stream-wise velocity:

Figure 5.10 shows contours of a normalized stream-wise velocity

(U Normalized = % j where U represents local stream-wise velocity) for §h; of 0.55 and
1

rotational speeds of 180 and 270 respectively. The horizontal dashed lines represent
position of the turbine tip and vertical solid lines correspond to the turbine rotation plane.
For this high depth of immersion, the free surface is seen to have no effect on the wake
development behind the turbine resulting in more or less symmetric structures around the
turbine rotation axis. At the blade root position, a circular localized low velocity region
(region 1) is observed, the size of which was of the order of blade root diameter. For the
case of lower rotation speed i.e. 180 RPM, wake starts to develop behind turbine rotation
plane as a conical structure (regions Il and Ill above and below the turbine axis

respectively) that expands downstream the turbine as depicted in Figure 5.10. An increase
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in rotational speed to 270RPM, leads to a higher effective blockage developing a recess-
like structures in the upper and the lower parts of the wake (Figure 5.10b). This results in
formation of additional low velocity structures in the upper and the lower parts of the wake
near the blade root and blade tip - regions lla, Illa and Ilb, I1lb as shown in Figure 5.10b.
The regions Ila and Illa start closer to the rotation plane compared to regions Ilb, I11b due
to their smaller radius of rotation. In addition, the regions Ila and Illa are observed to

expand faster than regions llb and I11b.

. _..-4-""""
Upper bypass region Region V
/ \

!

= Region I/~ :

Region II e 1 “\x ( _ Region IIb
Regionl | -~ ‘,F —
S T Region F-——— Region lla

by — o =
O ¥V— 0 ~
\_ &~ \RM
Region I ""X’ Region L
\ /
[ —
k ( Region IlIb

L 1 1 1 L1 | P T T VS () [ e St |
-0.5

Figure 5.10: Time averaged contours of normalized stream-wise velocity
=U /Ul) for oh, =0.55 at rotational speed of (a) 180, (b) 270 RPM
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A localized high velocity region was developed right behind the blade root (region 1V) due
to flow acceleration that occurs due to smaller blockage near the blade root that has
diameter smaller than the blade chord. With an increase in rotational speed, this region was
observed to further elongate and extend downstream the turbine as can be seen in Figures
5.10a and b. The region IV was followed by a region of comparatively lower velocity but
still higher than rest of the wake. In this region the flow velocity was comparable to the
free stream velocity upstream the turbine. For the case of §hy = 0.55, no significant
difference was observed between the flow structures in the upper bypass and lower bypass
regions.

Figure 5.11 presents contours of stream-wise velocity for the case of §hy = 0.27
for rotational speeds of 180 and 270 RPM. Similar to the case of §hy = 0.55, in this case
also increasing the rotational speed of the turbine resulted in modification of the wake flow
with additional flow structures at larger rotational speeds. However, in this case, flow was
no more symmetric about the turbine axis, with different flow structures observed in the
upper and the lower wake (regions Il and I11). A closer proximity to the free surface resulted
in compressed upper wake leading to thinner upper wake compared the lower wake -
compare Figures 5.10a with 11a and 10b with 11b. Figure 5.10a and 11a are contour plots
of stream-wise velocity at same flow velocity and rotational speed but at different depths
of immersions namely 0.15m and 0.08m respectively. These two cases lead to similar shape
of lower wake regions (region Il1) but significantly different upper wake regions. At this
low rotational speed, wake expansion in a radial direction for the upper wake is limited by
the faster moving upper bypass region. Free surface being deformable drops behind the

turbine rotation plane that leads to flow structure modifications, particularly in the upper
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bypass and the upper wake regions. Increasing the turbine rotation speed lead to a higher
wake blockage and a stronger wake that extended the entire turbine rotation disc behind

the turbine. Again, as observed in Figure 5.11b, a higher velocity recess was observed to
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Figure 5.11: Time averaged contours of normalized stream-wise velocity
(U yormannes =Y /U, ) for 8h, =0.27 at rotational speed of (a) 180, (b) 270 RPM
penetrate into the wake regions at half radial distances, however its shape was different in
upper and lower bypass regions. Moreover, the wake flow in region Il was observed to be
closer to the turbine rotation plane compared to wake flow in region 111 as evident in Figure

5.11b. At higher rotational speed of 270RPM, a low velocity region was observed even
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before the turbine rotation plane indicating inflow modification before it approaches the
rotor plane.

A close proximity and associated wake compression effects can be visualized by
comparing the upper wake (region I1) and the upper bypass regions in Figures 5.10 and 11.
Figure 5.10a and b shows a radially expanding wake for both upper and lower wake regions
for 5hy = 0.55. However, in the case of 6hy = 0.27 (Figure 5.11), this radial expansion
behavior was restricted to the lower wake region only. For the upper wake, where the flow
is restricted by a free surface drop and associated faster moving fluid, the wake expansion
process is not just inhibited, but in fact reversed, leading to a wake compression. The shape
of the upper wake with respect to dashed line (corresponding to the blade tip height) in
Figure 5.11 elucidate the wake compression behavior. Further, the faster the rotational
speed, the higher the free surface drop that leads to progressively faster upper bypass flow
and higher wake compression as depicted in Figures 5.10 and 11. The faster bypass flow
and higher wake compression are primary driving forces for the high power coefficient in
this case. The upper wake compression leads to asymmetric wake with narrower Ila and
I1b regions in upper wake compared to Illa and I1lb regions in lower wake.

For 6hy = 0.05 (Figure 5.12), at a rotational speed of 270 RPM, the lower wake
region exhibited flow structures similar to §hy, = 0.27 case, however the upper wake was
significantly different due to free surface drop that penetrated not only into the upper
bypass but into the upper wake region. For all depths of immersion, at a higher rotational
speed of 270RPM, a secondary region of higher flow velocity (region V) was observed in
the upper bypass region whose strength increased with increasing free surface proximity

(see Figures 5.10-12). For a deeper submersion depth, a high velocity region V of only a
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marginal strength was observed near the upper right corner of the region of interest.
However, for the case of 6h,; = 0.27, a stronger and larger high velocity region was
observed in the upper right corner of the region of interest. For the case of §h; = 0.05
(Figure 5.12), a secondary region of high velocity, region V was developed, for all
rotational speeds and was closer to the turbine rotation plane as compared to the case of
&hy =0.27. Increasing rotational speeds moved this region closer to the turbine and deeper

into the upper wake region.
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Further, it is interesting to note the shape of incoming stream-tube near the turbine
rotation plane. An increase in rotational speed leads to a higher obstruction (higher
effective blockage) to the incoming flow that resulted in a bulge in stream-tube just before
the rotation plane (compare Figures 5.10a with 10b and 11a with 11b). The bulge is higher
near the upper bypass region compared to the lower bypass region due to an upward
deflection of the flow as it approaches the rotation plane. Further, the shape of upper bypass
and its interface with wake varied significantly with tip clearance distances. For the case
of 6hy =0.55, the stream-tube containing the turbine rotation disc was found to be enclosed
by the upper bypass and lower bypass regions. However, a reduction in depth of immersion
modified the incoming stream-tube that extended well into the upper bypass region
(compare Figures 5.11 and 12). This delayed the inception of the upper bypass region to

the turbine rotation plane.

5.3.3.2 Contours of Vertical velocity:

Figure 5.13 presents contours of vertical velocity normalized by freestream velocity
(VNormalizea = V' /U;) for turbine operating at two different rotational speeds: 180 (left
column), 270RPM (right column) and two different tip clearance ratios (§h; = 0.55 and
0.27). For all cases, regions of high vertical velocity were observed at blade tip locations
near the turbine rotation plane. The intensity of this high vertical velocity region increased
with increasing rotational speed - compare left column (180 RPM) to right column (270
RPM). Additional regions of high velocity were observed behind the hub indicating flow
deflection as it passes over the hub. In general the lower submersion depth (8h; = 0.27,
second row) resulted in lower vertical velocities compared to the case of deeply submerged

turbine (6hy = 0.55, first row). Moreover, for §hy = 0.27, a region of negative localized
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vertical velocity was observed behind the turbine rotation plane whose intensity increased
with an increase in the rotational speed (Figure 5.13b). This region of downward velocity
is an indicative of a bulk downward motion of fluid causing a free surface deformation at
approximately X=0.5xR behind the turbine. This results in radial compression of the upper

wake leading to an unsymmetric wake and a faster upper bypass region.

Figure 5.13: Time averaged contours of normalized vertical velocity (V,,.ies =V /U, )

for rotational speed of 180 RPM (left column) and 270 RPM (right column) for 6h, of:
(@) 0.55 and (b) 0.27
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5.3.4 Profiles of stream-wise and vertical velocities:
5.3.4.1 Variation along depth of the channel (along lines of constant X):
To get a better insight into the velocity variations in the bypass and wake flow, we
plot profiles of stream-wise and vertical velocities at various downstream locations. The

profiles are plotted on vertical lines of constant X ranging from -0.25R to 1.35R

5.3.4.2 Stream-wise velocity profiles:

Figure 5.14 presents profiles of stream-wise velocity in the near wake region on
vertical lines at one upstream and six downstream locations ranging from -0.25R to 1.35R.

These lines are coincident with a vertical plane that passes through the blade root (Z=0.1R).
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Figure 5.14: SPIV time-averaged data: Profiles of normalized stream-wise velocity at
various downstream locations for 180 RPM (left column) and 270RPM (right column) for

oh, of (a) 0.55 and (b) 0.27
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Positioning the turbine at §h;; = 0.55 resulted in identical upper and lower bypass regions
with comparable flow velocities for a rotational speed of 180RPM (see Figure 5.14a, left
column). For the upper bypass region, minimum velocity was observed at X=0R, while for
the lower bypass region, minimum velocity was observed at X=-0.25R, however the
difference was not very significant. Further, this case also produced a symmetric wake with
similar velocity distributions in the upper and lower wake regions. Highest wake velocity
was observed at the turbine rotation plane, X=0R that progressively decreased further away
from the turbine rotation plane until X=1.35R with successively lower percentage change
as seen in Figure 5.14a. However the trend was exactly opposite for the bypass regions
with minimum velocity observed at X=0R and maximum velocity at X=1.35R which is in
accordance with the conservation of mass principle. A spike at position X=0R corresponds
to blade root position showing minimum flow velocity.

Figure 5.14a, right column plots profiles of stream-wise flow velocity for a
rotational speed of 270RPM. Compared to the 180RPM case, a larger spread was observed
in both wake and bypass flow velocities. A higher rotational speed lead to a stronger wake
region with lower wake velocities compared to the case of 180RPM. This also lead to
formation of additional low velocity wake structures named as lla, b and Illa, b regions as
illustrated in right column of Figure 5.14a. Regions lla and Illa emerge from a near blade
root region and regions I1b and I11b emerge from a near tip region and form inner and outer
cores of the wake. These low velocity regions can be identified by four parabolic profiles
in Figure 5.4b, two in the upper wake and two in the lower wake region. Faster rotational
speed resulted in slower wake region that was accompanied with faster bypass regions

compared to the left column of Figure 5.14a. For this case, the wake region shows a strong
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flow deceleration from position X=0R to 0.25R, almost twice compared to the case of
180RPM. This flow deceleration in the wake region is balanced by a flow acceleration in
the bypass region with a higher percentage increase in the flow velocity from position
X=0R to 0.25R. Similar to the case of 180RPM, position X=1.35R corresponds to a
maximum bypass flow velocity and a minimum wake velocity.

Figure 5.14b shows profiles of stream-wise velocity on vertical lines at one
upstream and six downstream locations for 6h; = 0.27 and rotational speeds of 180 and
270. For a rotational speed of 180 RPM, wake structures similar to the case of 6h; = 0.55
were developed, but in this case they were less symmetric. The lower wake region shows
larger parabolic profiles compared to the upper wake indicating a faster upper wake due to
the wake compression effects. Though the lower bypass flow exhibited characteristics
similar to the case with §h;; = 0.55, a wider spread was observed in the upper bypass region
with minimum velocity observed at X=0R and maximum velocity at X=1.35R. All these
effects substantiate an asymmetry in the wake and the bypass flows that modifies the
turbine performance. Increasing the rotational speed from 180 to 270RPM (Figure 14b,
right column) resulted in an expansion of parabolic profiles in the horizontal and vertical
directions indicating a slower and stronger wake. This was also accompanied with
successively faster upper bypass regions. A larger deviation between the examined bypass
velocities was observed at the higher rotational speeds. The upper bypass and the upper
wake regions were found to be more prone to changes in the turbine rotation speed and free
surface proximity compared to the lower wake and bypass regions. Further, it is to be noted

that the velocity profiles show maxima at different depths for different downstream
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locations, suggesting presence of a strong time-varying shear flow which is further

discussed in section 4.3.3.

5.3.4.3 Vertical Velocity profiles:

Profiles of vertical velocities are plotted on vertical lines in Figure 5.15 for
rotational speed of 180RPM (left column) and 270RPM (right column) at one upstream
and six downstream locations for 6h;; = 0.55 and 0.27. For rotational speed of 180RPM,
both cases show maximum velocity on turbine rotation plane (X=0R) due to centrifugal

and Coriolis forces causing span-wise flow.
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Figure 5.15: SPIV time-averaged data: Profiles of normalized vertical velocity at various
downstream locations for 180 RPM (left column) and 270RPM (right column) for oh, of
(@) 0.55 and (b) 0.27

Further, spikes (positive in upper wake and negative in lower wake) are observed at blade

tip locations due to flow acceleration from pressure side to suction side of blade which is
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responsible for formation of tip vortices. Additional spikes are also observed at hub radius
due to tangential flow leaving the hub.

For the case with §h; = 0.55, the velocity profiles in the upper bypass region show
a very narrow spread between various downstream locations (Figure 5.15a). However, with
decreasing depth of immersion (Figure 5.15b), a wider spread of vertical velocities was
observed between various downstream locations. For &h; = 0.55, minimum velocity
occurred around X=1R, while for §h; = 0.27, it was around X=0.75R and for §h; = 0.05,
minimum velocity occurred at X=0.5R. The negative vertical velocities in the upper bypass
region are indicative of wake re-energization process due to flow from upper bypass region
into the wake region. However when these negative velocities are accompanied with
downward motion of a lump of fluid mass (due to free surface deformation), it leads to
either a wake compression or a wake penetration effect. The wake compression process
leads to a longer propagation distance while the wake penetration by high localized
downstream motion of free surface results in shorter wake propagation distance behind the
turbine plane. The case with §h;; = 0.27 shows higher downward velocities compared to
the case with §h; = 0.55 which was accompanied with free surface drop and wake
compression as shown earlier in Figure 5.11. Moving the turbine further closer to the free
surface resulted in higher downward velocities and higher (and localized) free surface drop
that penetrated into the upper wake virtually killing it with no signs of regions I1b as shown
earlier in Figures 5.12 and 13.

Figure 5.15 (right column) presents profiles of vertical velocity for 270RPM at
various downstream locations. Higher rotational speeds in this case led to larger spikes at

hub radius and blade tip location. This increase in the magnitude of spike is more evident
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at the blade tip locations due to faster span-wise flow and larger radius of rotation at blade
tips compared to hub radius resulting in higher tangential velocity. Further, much wider
spread was observed between upper bypass velocities at various downstream locations
compared to the case with 180 RPM (compare left and right columns of Figure 5.15).
Increasing the proximity to free surface resulted in spanning the velocities in upper bypass
region over a wider range as compared to lower rotation speed of 180RPM. Similar to 180
RPM case, lowest vertical velocities were observed at X=1R, 0.75R and 0.5R for §hy =
0.55 and 0.27, but with higher magnitudes. Looking at Figures 5.14 and 15 collectively, it
can deduced that, the shape of the free surface drop depends on proximity to surface but

the intensity of drop depends on rotational velocity induced wake blockage.

5.3.5 Variation along wake propagation direction (along lines of constant Y):

To quantify the near wake development, profiles of stream-wise, and vertical
velocities are plotted in Figures 5.16-19 along horizontal lines at different heights measured
from turbine axis that correspond to OR, 0.5R, 1R, and 1.3R. This data is extracted from
ensemble averaged images of respective cases. For 180RPM case (Figure 5.16), no
significant variation was observed between &h; = 0.55 and 0.27 cases at hub height
(Y=0R), except for near-hub region of -0.3<X/R<0.3, in which §h; = 0.55 case showed
consistently higher velocities than 6h; = 0.27 case (Figure 5.16a). A spike in U at
X=~0.15R corresponds to a high velocity region that develops behind the hub due to flow
acceleration around the hub. At Y=0.5R (Figure 5.16b), stream-wise velocity for both §hy,
= 0.55 and 0.27 case showed similar trends up to X/R of 0.15, beyond which, higher
velocities were observed for §h;; = 0.27 case. An interesting phenomenon was observed at
Y=1R (Figure 5.16¢) which elucidates wake compression and faster bypass velocity
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behaviors. At this height, 6h; = 0.55 case shows slower moving fluid with normalized
velocity of 0.87 at 1.4R downstream the turbine. However, at the same location, §h; =0.27
case shows significantly higher (normalized) flow velocity of 1.12, which implies that fluid

in this region is moving faster that incoming flow and is not a part of wake but of upper

bypass flow.
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Figure 5.16: Variation of normalized stream-wise velocities for rotational velocity of 180
RPM and tip clearance ratios of 0.55 and 0.27 on horizontal lines at various depths: (a)
Y=0R, (b) Y=0.5R, (c) Y=1R, (d) Y=1.3R
The decreasing U, velocity trend for the case of §h; = 0.55 tends to reach asymptote
around X/R of 1, while increasing trend of U, for §hy = 0.27 case continues beyond
X=1.4R but with progressively lower slope. The §h;; = 0.27 case shows significantly higher

slope compared to §h;; = 0.55 case. Further away from the turbine axis at Y=1.3R (Figure

5.16d), flow belongs to upper bypass region for both §hy; = 0.55 and 0.27 cases. At this
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height, §h; = 0.55 case exhibited higher flow velocity than that of the §h;; = 0.27 case up
to X/R of 0.5, beyond which a faster bypass region was observed for §h;; = 0.27 case. It is
also worth noting the incoming flow behavior for various cases. The incoming flow for
both depths was of same magnitude at Y=0R and 0.5R, but in regions away from the turbine
axis, faster incoming flow was observed for §hy; = 0.55 case.

Figure 5.17 shows profiles of vertical velocities along constant X lines at rotational
speed of 180RPM and various depths of immersions. For all Y locations, §hy = 0.55 case

showed higher vertical velocities compared to 6h;; = 0.27 case. Due to rotational motion
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Figure 5.17: Variation of normalized vertical velocities in upper bypass region for
rotational velocity of 180 RPM and tip clearance ratios of 0.55 and 0.27 on horizontal
lines at various depths: (a) Y=0R, (b) Y=0.5R, (c) Y=1R, (d) Y=1.3R

of turbine, the vertical velocities in the +XY quadrant, (the laser sheet is in a plane parallel

to XY plane, but offset from origin at Z=0.1R) are expected to be positive. For the wake
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region, at a constant (X, Y) position, a high value of vertical velocity indicates faster
rotating fluid.

Thus, higher vertical velocities of §h;; = 0.55 case indicate faster rotating wake region
compared to §hy = 0.27 case. Thus, for §hy; = 0.55 case, we can deduce from Figure 5.16b
and 17b that, the wake flow is rotating faster but has lower stream-wise velocity for
Y=0.5R. The vertical velocity profiles at Y=1R height (Figure 5.17c) indicate vertical
transfer of momentum flux between upper wake and upper bypass region. At this height,
for 6hy = 0.27 case, a downward vertical velocity is observed starting around X=0.2R
behind the turbine which reaches minimum (6.5%U,) at X=0.8R downstream the turbine
rotation plane. This downward motion causes wake compression yielding faster flow that
explains higher stream-wise velocities for §h; = 0.27 case in Figure 5.14b. At Y=1.3R,
even higher downward velocities (up to 8.2% of U,) were observed at similar downstream

distance of X=0.8R (Figure 5.17d).

5.3.6 Effect of rotational speed on flow features:

To quantify the effect of rotational velocity (wake blockage) on velocity
distribution in near wake region, profiles of horizontal and vertical velocities for 270RPM
at Y=1R and 1.3R are plotted in Figures 5.18 and 19 respectively. A comparison is
presented between respective profiles for 180RPM (Figures 5.16 and 5.17) and 270RPM
(Figures 5.18 and 5.19). In general, for a deeply submerged turbine, a higher rotational
speed led to faster rotating wake and slower moving (stream-wise) flow. For §h; = 0.55
case, higher rotational rate resulted in slower wake (at Y=1R) with stream-wise velocity
~5% lower than 180RPM case. However, for a turbine operating at low free surface
proximity (6hy = 0.27) case, increasing rotational speed to 270RPM led to up to 6% faster
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flow (at Y=1R) compared to 180RPM case (compare Figures 5.16¢ and d with 5.18a and

b). Comparison of Figures 5.17c¢ with Figure 5.19a shows that, vertical velocity profiles at
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Figure 5.18: Variation of normalized stream-wise velocities in upper bypass region for
rotational velocity of 270 RPM and tip clearance ratios of 0.55 and 0.27 on horizontal
lines at various depths: (a) Y=1R, (b) Y=1.3R
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Figure 5.19: Variation of normalized vertical velocities in upper bypass region for
rotational velocity of 270 RPM and tip clearance ratios of 0.55 and 0.27 on horizontal
lines at various depths: (a) Y=1R, (b) Y=1.3R
Y=1R, exhibit maxima near X=0R similar to 180RPM case, however maximum value
increased from 0.095U (Figure 5.17¢) to 0.2U (Figure 5.19a) for §h;; = 0.27 case and 0.14
(Figure 5.17c¢) to 0.24 (Figure 5.19a) for §h;; = 0.55 case (higher % change for §h; = 0.27

depth). The minima of vertical profile line for Y=1R was observed at X=0.8R (Figure

5.19a) with a magnitude -0.13U compared to -0.06 U at X=0.74R of 180 RPM case (Figure
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5.17c). This implies that higher rotational speeds lead to higher downward velocities,

meaning higher wake compression effects.

5.3.7 Comparison of flow in upper and lower bypass regions:

Figures 5.20 and 21 presents profiles of horizontal and vertical velocities in the
lower wake and bypass region for §h; = 0.55 and 0.27 and rotational speeds of 180RPM

(left column) and 270RPM (right column).
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Figure 5.20: Variation of normalized stream-wise velocities in lower bypass region for
rotational velocity of 180 (left column) and 270 RPM (right column) and tip clearance
ratios of 0.55 and 0.27 on horizontal lines at various depths: (a) and (b) Y=0.5R, (c) and
(d) Y=1R, (e) and (f) Y=1.3R
For rotational speed of 180RPM (Figures 5.20a, ¢ and e), both §h;; = 0.55 and 0.27 cases,
exhibited similar stream-wise velocity behavior at Y=-0.5R, -1R, and -1.3R, with §hy =
0.27 cases showing slightly faster flow. However, as rotational speed increased to 270RPM
(Figures 5.20b, d and f), a wide variation was observed between two depths of immersions.
The case with §hy = 0.27 exhibited lower velocity at Y=0.5R but higher stream-wise
velocities at Y=1R and 1.3R indicating free surface effects. Comparison of Figure 5.20
with Figure 5.16 shows higher stream-wise velocities in lower wake compared to upper
wake for both §h; = 0.55 and 0.27 cases. A significant difference between velocity profiles
at Y=x1R indicates that, the point Y=-R corresponds to lower wake region while Y=+R is
a point outside upper wake and belongs to a faster upper bypass region. This shows
presence of asymmetric wake with smaller radius for the upper wake compared to the lower
wake. Further away from the turbine axis, U profiles appear to fall on each other for lower
bypass, while upper bypass region shows appreciable variation. Further, Figure 5.21
presents variation of normalized vertical velocity for two rotational speeds (180RPM-left
column and 270RPM-right column) and two depths of immersions (6h, = 0.55 and 0.27).
Higher rotational speed led to larger values of vertical velocity as depicted in Figure 5.21.

Further, a low proximity case (6h; = 0.27) exhibited higher vertical (downward) velocities

compared to a deeply submerged turbine case.
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Figure 5.21: Variation of normalized vertical velocities in lower bypass region for
rotational velocity of 180 (left column) and 270 RPM (right column) and tip clearance
ratios of 0.55 and 0.27 on horizontal lines at various depths: a) and (b) Y=0.5R, (c) and

(d) Y=1R, (e) and (f) Y=1.3R

5.3.8 Contours of strain rates and turbulence parameters:

According to the conservation of momentum principle, the thrust force on a turbine is
due to pressure discontinuity across the turbine rotation plane which is balanced by: (a)
momentum change between incoming flow and wake flow and (b) shear stresses at the
wake and bypass flow interface [101]. As illustrated in Figures 5.10-21, an increase in free
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surface proximity results in free surface deformation leading to wake compression. This
results in faster flow in both upper wake and upper bypass regions. However, as the flow
in upper bypass region is sandwiched between free surface and wake flow, a higher
percentage increase (compared to unconfined-no free surface proximity scenario) occurs
in upper bypass region compared to upper wake region as can be visualized in Figure 5.14b.
This will lead to higher shear stresses at the interface between wake and bypass region.
Further, the shape and intensity of free surface deformation was found to be dependent on
Reynolds number, rotational speed and tip clearance. For tip clearance ratio of 0.27, the
free surface deformation was found to complement the turbine performance, while for §hy,
= 0.05, excessive localized free surface drop lead to wake instabilities. For this low tip
clearance ratio, the free surface was found to penetrate into the wake region as depicted in
Figures 5.12-13. In the upper wake region, the tip vortex structures bounding the wake
region were washed away by the free surface drop without any significant modifications
of the lower wake and tip vortices below the turbine axis.

Thus for MHKT operating in free surface environment, the wake is highly unsymmetric
(depending on Shy, RPM and U), leading to cycling variation in the flow structures in
wake and at the interface of wake and bypass regions. This will result in higher shear
stresses in upper bypass and upper wake regions leading to faster dissipation and shorter
propagation of wake structures enabling faster wake recovery process. The combined effect
is to increase the thrust force on turbine with increasing proximity (compare §hy, = 0.55
and 0.27). However, very close proximity (6hy = 0.05) results in localized free surface
drop leading to wake instabilities and higher turbulence stresses negating the

complimentary effects of elevated shear stresses. The results from stereo-PIV study
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presented in Figures 5.22-24 confirm this hypothesis. Figures 5.22 and 23 plot contours of
strain rates and Reynolds stresses respectively obtained from PIV measurements for

rotational velocity of 180RPM.

Figure 5.22: Time averaged contours of various strain rates at rotational speed of 180 for
foroh, = 0.55 (left column) andsh, =0.27 (right column): (a) principle strain rate U

(S, ), (b) principle strain rate V (S, ), and (c) shear strain rate UV (S, )

Higher strain rates (normal strain rates Sxx, Syy and shear strain rate Sxy) were observed for
&hy = 0.27 (right column) compared to the case with §h;; = 0.55 (left column). Interaction
of free surface with wake can be seen in all three contour plots (normal and shear stresses)

for low tip clearance ratio. This supports our hypothesis of higher shear stresses for low tip
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clearance value cases. Figure 5.23 plots —u'w’ Reynolds stresses (left column) in the upper
bypass region for §h; = 0.55 (Figure 5.23a), Shy = 0.27 (Figure 5.23b), and dh; = 0.05
(Figure 5.13c) where u’ represents stream-wise velocity fluctuations and w’ represents

transverse velocity fluctuations.

o

| —— - .
Figure 5.23: Time averaged statistics of —u'w’ Reynolds stress (left column) and —v'w’
Reynolds stress (right column) at rotational speed of 180 for 5h, of: (a) 0.55, (b) 0.27,
and (c) 0.05

A higher level of Reynolds stresses were observed in the vicinity of turbine rotation plane,

near hub, and along the tip vortex path. In addition, the lower tip clearance case (6hy =

0.27) showed localized region of high —u'w’ stresses near free surface that coincides with

region of high downward velocity in Figure 5.13. Further, the low tip clearance case also
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exhibited stronger and larger regions of —v'w’ stresses in wake region and in near-tip
region. In addition, close proximity of turbine to the free surface increases turbulence
intensities in the upper bypass and at the interface of wake and upper bypass regions. A
region of high —u'w’ and —v'w’ Reynolds stresses in upper wake for §h, = 0.05 is
indicative of high turbulence stresses due free surface interacting with wake structures.
Contours of standard deviations of stream-wise, vertical and transverse velocities
(normalized by channel velocity) from time averaged stereo-PIV measurements are plotted

in Figure 5.24.

Figure 5.24: Time averaged statistics forsh, = 0.55 (left column) and sh, =0.27 (right
column) at rotational speed of 180 (a) Normalized standard deviation of stream-wise

velocity "% , (b) Normalized standard deviation of vertical velocity ‘7/ , and (c)

Normalized standard deviation of transverse velocity G%
1
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Higher fluctuation in U and V velocities were observed for low immersion depth.
Further, a region of reduced turbulence intensities was observed around 70% of span for
both tip clearance ratios. The wake region showed regions of high turbulence intensities
that extended between -0.4R<Y<0.4R. In transverse direction (Z), regions of high
turbulence were observed up to £0.4R and also along tip height (Figure 5.24c). A higher
interaction was observed between wake and upper bypass flows for low tip clearance ratio
of §hy = 0.27 compared to §h; = 0.55. Figure 5.25 plots contours of vorticity normalized
by turbine diameter and free-stream velocity (wD/U,,) for rotational speed of 180RPM
(Figure 5.25a) and 270RPM (Figure 5.25b) for §hy; = 0.55, (first column) and 6hy = 0.27

(second column).

Figure 5.25: Time averaged statistics of normalized vorticity (w% ) forsh, =0.55

(left column) andoh, = 0.27 (right column) at rotational speed of: (a) 180RPM and (b)
270RPM
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Regions of high vorticity were observed near the blade tip locations and near-hub locations.
Increasing the rotational speed from 180RPM to 270RPM resulted in increased vorticity
levels as depicted in Figure 5.25 (compare Figures 5.25a with 5.25b). Further, the vortex
filament at blade tip location is indicative of blade tip vortices which bounds the wake
region. For a higher depth of immersion (§hy = 0.55, first column), expanding vortex
filament suggests radially expanding wake for both rotational speeds. However, for the
lower depth of immersion (6hy = 0.27, second column), with its downward propagation,
the vortex filament tend to move closer to the turbine axis (Figure 5.25a, second column).
With an increase in rotational speed, a further downward movement of vortex filament was
observed (Figure 5.25b, second column). Thus, the lower submersion depth (§hy = 0.27)
hindered the wake expansion process, and resulted in radial compression of wake, the
magnitude of which depended on rotational speed. In addition, a closer proximity to free
surface was also observed to affect near-root vortex structure, with higher effects observed

at larger rotational speeds (Figure 5.25, second column).

5.3.9 Phase averaged statistics for bypass and wake region:

Figure 5.26 present phase averaged stream-wise velocity contours for various
rotational speeds and depths of immersions. Total 500 images are averaged per run that
were captured every time a pre-marked turbine blade reaches horizontal position on the
other side of light sheet as demonstrated in Figures 2.4 and 5.2. Figure 5.26a compares
upper bypass and upper wake regions for §h; = 0.55. At low rotation speed of 180RPM,
three (circular) high velocity regions are observed approximately at blade tip height and
are representative of tip vortices. For low rotation speed of 180 RPM, the wake inner core

and outer core were found to be interacting with each other with intermediate regions of

174



high velocity. An increase in rotation speed to 242 RPM resulted in faster rotating wake
with four vortices observed within the same downstream distance (1.4R). This also led to
formation of additional low velocity structures lla,b and Illa,b as discussed earlier for time
averaged statistics in Figure 5.11. The intermediate regions of high velocity that were
observed for 180RPM case were compressed and limited to only near-tip and near-hub
locations. Increasing the rotation speed to 270RPM (Figure 5.26¢), resulted in further
reduction in tip vortices spacing and formation of larger lla, b and Illa, b regions.

The contours of stream-wise velocity in upper bypass and upper wake regions for the case
with §hy = 0.27, are presented in Figure 5.26b. This case corresponds to the highest
performance condition, due to wake compression effects caused by free surface drop.
Comparison of Figures 5.26a with 26b show stronger wake and faster upper bypass regions
for lower depths of immersion. Figure 5.26b (third column) plots contours of stream-wise
velocity at 270RPM and depth of submersion of 6h; = 0.27. Compression of upper wake
by faster upper bypass region is more evident at higher rotational speeds as elucidated in
second and third columns of Figure 5.26b (dotted horizontal lines represent blade tip
location). Upper wake region which is expected to expand with its propagation downstream
the turbine (as in Figure 5.26a), is actually observed to compress in this case (see Figure
5.26b). Downwards movement of tip vortices (that bound the wake region) with their
downstream propagation is indicative of wake compression process. This results in wake
propagating to longer downstream distances behind turbine, which is an important
consideration for farm layout design. Third and fourth tip vortices were found to be
merging with upper bypass region developing faster secondary flow in the upper bypass

region that was also observed in time averaged statics of Figure 5.11.

175



o
0s 1
XE b4

Figure 5.26: Contour plot of normalized stream-wise velocity (U ,...i..s =Y /U, )for shy
of (a) 0.55, (b) 0.27, and (c) 0.05 at different rotational velocities (N)

Figure 5.26¢ presents contours of stream-wise velocity for §h; = 0.05 rotational
speeds of 180, 230 and 270 RPM in the upper region of interest. Even at low rotational
speed of 180RPM, traces of upper bypass region penetrating into the upper wake can be
seen in Figure 5.26¢ (first column), that are characterized by a high velocity region
(identified as region V in Figures 5.10 and 11 earlier). The bypass region shows presence
of only two vortical structures (tip vortices) compared to three vortical structures for §hy,
= 0.55 for the same rotational speed. Further, upper wake lacks presence of outer wake

core (region Ilb) which was washed away for faster upper bypass region. Higher rotational

176



speed of 270RPM (third column) leads to formation of Illa and I1lb regions in lower wake
simultaneously increasing the strength of high velocity region V in combined upper bypass
and upper wake region. The high velocity region was not just stronger but penetrated
deeper into the upper wake indicating higher amplitude of free surface wave caused by
faster rotating turbine. Authors would like to note here that the second column of Figure
5.26 corresponds to operational cases that yielded similar power coefficient value but
operating at different values of rotational speeds and tip clearance ratios as depicted in
Figure 5.26. For a similar value of Cp, an increase in free surface proximity (5h; = 0.55
to 0.27 i.e. Figure 5.26a to 29b) requires reduction in rotational speed (from 242 to 222).
However, a further increase in free surface proximity (6hy, = 0.05) requires a slight
increment in rotational speed (to 230RPM) to maintain the Cp value. And it is interesting
to note the widely different flow structures in the wake region for these cases as depicted
in Figure 5.26 (second column), though they yield a similar performance behavior.

The phase averaged contours of normalized vorticity for rotational speed of
180RPM at various tip clearance ratios are plotted in Figure 5.27. The rectangle in Figure
5.27 represents radial position for first tip vortex-position corresponding to blade tip
location. In an unbounded environment each tip vortex, during its downstream movement,
is expected to move in radially outward direction, which is an indicative of expanding
wake. This scenario was observed for the highest tip clearance ratio case experimented
during current investigations (6hy = 0.55). However, with decreasing tip clearance
distance (6hy = 0.27), the wake expansion process was inhibited due to free surface

deformation that was also discussed earlier for Figures 5.11, 12, and 25. A slight downward
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movement of tip vortex path was observed for §hy; = 0.27. However, with further decrease

in free surface to blade

Figure 5.27: Phase averaged contours of normalized vorticity (w%

) forsh, of (a)
0.55, (b) 0.27 and (c) 0.05 at rotational speed of 180RPM

tip clearance (6hy = 0.05), the vertical structures at blade tip were observed to penetrate

into the upper wake as depicted in Figure 5.27.

5.4 CONCLUSIONS:

The results of experimental investigations to quantify the effect of free surface
proximity and associated blockage effects on performance and flow-field of MHKT are
presented. The experimental study was conducted with a constant chord, untwisted three
bladed MHKT in a recirculating water channel. Experiments were carried out with turbine
operating at various flow velocities and immersion depths over a range of TSR values. The
experimental data were corrected to find contribution of blockage effect towards measured
power using two different formulations: a closed-top formulation and an open surface
blockage correction formulation. A comparison was presented between blocked and
corrected datasets (from both formulations) in terms of changes in power coefficient, thrust
coefficient and flow velocity to quantify blockage effects. An increase in flow velocity and
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rotational speed was found to increase the blockage effect resulting in accelerated flow,
improved power and thrust loading on turbine. Though both formulations are based on the
measured experimental data, incorporation of free surface effects in blockage correction
analysis resulted in prediction of higher blockage effects (upto 3-4% higher %AC),).
Additionally, experimental investigation with stereo-PI1V to understand the effect of free
surface proximity on blockage effects revealed free surface deformation behind turbine
rotational plane leading to unsymmetric wake. The shape and intensity of free surface drop
was found to be dependent on flow velocity, rotational speed and tip clearance distance.
Maximum improvement in turbine performance characteristics was observed for §h, =
0.27 for which additional blockage provided by wake compression (due to free surface
drop) complimented the total blockage. The flow visualization based on stereo-PIV also
revealed faster upper bypass region with elevated normal and shear stresses in upper bypass
and wake region that lead to increased thrust and power coefficient at low tip clearance
ratios. Moving the turbine further closer to the free surface (5h; = 0.05) caused localized
free surface drop that penetrated into the upper wake adversely affecting turbine
performance. For §hy = 0.05 case, stereo-PIV analysis showed high levels of turbulence
intensities and Reynolds stresses in upper wake and bypass regions. The phase averaged
PIV analysis showed presence of wake compression effects by the virtue of radially inward
motion of tip vortex filament for low free surface proximity (§hy = 0.27) and wake

penetration by free surface for §h; = 0.05.
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CHAPTER 6

CONCLUSIONS AND
RECOMMENDATIONS FOR
FUTURE WORK
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6.1 SUMMARY

The work presented in this dissertation investigated performance and flow-field of a
Marine hydrokinetic turbine in its natural environment. This objective was achieved
through analytical, computational and experimental studies that were discussed throughout
this document. Analytical model was developed based on blade element momentum theory
to investigate effect of rotational speed, flow speed, blade pitch, chord length, twist angle
on hydrodynamic and structural performance of turbine. The analytical model was further
extended to perform one way fluid-structure interaction analysis and a multi-objective
optimization study for improving hydrodynamic and structural performance of turbine
blades. Computational models were developed based on CFD methodology that consisted
of steady state-rotating reference frame technique and transient sliding mesh motion
models with VOF formulation for free surface modeling. Experimental investigations
consisted of performance measurements with a lab-scale prototype in water channel.
Torque and thrust measurements were carried out with a submerged torque-thrust sensor
mounted in-line with the turbine shaft. Measurements were carried out at various flow
velocity, rotational speeds, depths of immersions to understand effects of Reynolds
number, Froude number on power and thrust developed by turbine. To understand the near-
wake flow development and propagation, flow-field measurements were performed with
stereoscopic PIV flow visualization technique for turbine operating at various rotational
speeds and free surface proximities. Further, blockage correction methodologies were
developed for two different scenarios: first, for a turbine operating in a closed-top water
channel and second, for a turbine operating in near-free-surface environment to account

for effect of blockage on turbine performance in absence and presence of free surface. The
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results of analytical, computational and experimental investigations are summarized

below:

6.2 A COUPLED HYDRO-STRUCTURAL DESIGN OPTIMIZATION FOR
HYDROKINETIC TURBINES

A multi-objective hydro-structural optimization was presented in Chapter 3 for both
constant chord, zero twist blade turbine and variable chord, twisted blade turbine designs.
GA based on BEM proved to be a fast and efficient tool for hydro-structural optimization
of HKTs. The results of optimization for a constant chord, zero twist blade design were
supported with detailed CFD and FE analysis. Compared to the CFD analysis, the thrust
and torque loading calculated from BEM are under-predicted near the blade tip and over-
predicted elsewhere. But the integral performance parameters (total thrust and torque)
calculated from BEM agree well the CFD analysis. The total thrust forces obtained from
the BEM analysis were comparable to the FSI analysis within ~7% variation. Thus the
BEM analysis offered a quick, reliable tool for multi-objective optimization which would
have been virtually impossible with CFD analysis due to higher computational time
involved. Though the BEM analysis was able to predict the total thrust and torque loading
on a turbine, it could not capture the variation of these forces along the blade span due to
inherent simplifications of the BEM theory. On the other hand, coupled CFD-FE analysis
precisely determined this force distribution along the blade span and also considered the
effect of blade root thickness. This resulted in larger deviation (up to 30%) between stress
compared to forces calculated from BEM and FSI analysis. A variable chord, twisted blade
turbine was found to improve structural performance of turbine without compromising any

of the hydrodynamic efficiency. Three different blade designs were presented for different
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rotational speeds and optimization was performed for variable chord, twisted blade design
for hydro-structural performance improvement. The parametric study suggested that,
lower values of blade pitch angles and chord lengths maximize the hydrodynamic
performance while for the structural stability of turbine, a higher blade pitch angle and
lower TSR are required. A hydro-structural optimization that was performed with GA for
a constant chord blade turbine yielded a Cp of 0.47 with flap-wise bending stresses of
~210MPa. Further, for a constant chord blade design, a higher AP was observed across
blade section near tip as compared to rest of the blade that leads to a non-uniform blade
loading and is considered to be detrimental to turbine life. This also implies a higher
contribution of near tip part of the blade towards thrust and torque loading. To reduce
structural stresses and improve hydrodynamic performance, a design was presented with
varying chord and twist distribution that resulted in entire blade surface contributing
uniformly to thrust and torque loading thus improving hydro-structural performance of
turbine. Hydro-structural optimization with a variable chord twisted blade turbine resulted
in Cp of 0.55 (a 17% improvement compared to a constant chord design) with flap-wise

bending stresses below 200MPa.

6.3 PERFORMANCE CHARACTERIZATION AND PLACEMENT OF A
MARINE HYDROKINETIC TURBINE IN A TIDAL CHANNEL UNDER
BOUNDARY PROXIMITY AND BLOCKAGE EFFECTS

In Chapter 4, the results of experimental and computational analysis for blockage
effects, Reynolds number dependency and boundary proximity effects on flow-field and
performance of a MHKT are presented. Experiments were carried out on a lab-scale MHKT

at various flow velocities inside a 0.61mx0.61m test section open surface recirculating
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water channel. CFD predictions based on rotating reference frame technique were in
agreement with experimental data. CFD study was further extended to understand effect of
flow Reynolds number and blockage ratio on turbine performance characteristics.
Increasing flow velocity resulted in improved performance until 0.7m/s beyond which C,
vs. TSR curve was found to be insensitive to Reynolds number change. Further, effect of
solid blockage on turbine performance was analyzed by varying the size of fluid domain
for lab prototype model. Blockage ratio below 10% did not show any appreciable effect on
turbine performance characteristics. Increasing the solid blockage ratio from 10% to 42%
resulted in widening the operating TSR range with up to ~35% improvement in power
coefficient. Higher TSR values were found to exhibit higher blockage effects (higher
percentage increase in C, compared to unblocked case) due to faster rotational speed that
lead to stronger wake and faster bypass flow. Further, to understand effect of surface
proximity on turbine performance and flow-field, experiments were carried out with
turbine at different depths of immersion. An improvement in performance was observed
when turbine axis was moved away from the channel bottom (channel bottom wall to blade
tip clearance > turbine radius). This trend continued until turbine was raised to tip clearance
of half radius distance below the free surface, after which reduced performance was
observed. Beyond this height, appreciable free surface drop was observed behind turbine
rotational plane restricting the wake expansion and propagation process resulting in
reduced performance. A three dimensional transient CFD analysis (with VOF formulation)
that was performed for wake and near-free surface flow characterization revealed presence
of three distinct flow regions behind turbine: wake, upper bypass and lower bypass region.

The flow structures in these regions were found to depend strongly on proximity to channel
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bottom and free surface. For lower tip clearance ratios, a significant drop (up to 5 to 10%
of channel depth) in free surface was also observed behind turbine with complex three
dimensional flow structures that lead to a skewed wake affecting its expansion and
restoration process. Further, a reduction in performance was observed when the turbine
was operated close to the channel bottom wall. This can be attributed to two facts: first, the
boundary layer and associated viscous effects at channel bottom wall that adversely affect
the turbine performance, and second, absence of additional blockage due to free surface
deformation that manifests when a turbine operates in proximity of a free surface. Since
both distances were varied simultaneously, it is not possible to pin down the cause to the
either of the cases described above. Free surface deformation and higher flow velocities in
the upper bypass region (compared to lower bypass region) lead to an asymmetric wake
behind the turbine. Transient CFD analysis at TSR=5.85 for all depths of immersion studied
during present work did not show any flow separation effects on turbine blades suggesting
that, free surface deformation is the primary mechanism for increased or reduced
performance of turbine operating in free surface proximity environment. In addition to
wake and bypass regions behind the turbine, the presence of turbine in flow channel was
observed to affect flow upstream of the turbine as well. Our experimental investigations
suggest that for optimum performance, MHKT should be installed such that, turbine
rotational disc is at least one radial distance away from the solid channel wall and half

radial distance below the free surface.
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6.4 CHARACTERIZATION OF BLOCKAGE EFFECTS FOR A MARINE
HYDROKINETIC TURBINE IN FREE SURFACE PROXIMITY
ENVIRONMENT

The results of experimental investigations to quantify the effect of free surface
proximity and associated blockage effects on performance and flow-field of MHKT were
presented in Chapter 5. The experimental study was conducted with a constant chord,
untwisted three bladed MHKT in a recirculating water channel. Experiments were carried
out with turbine operating at various flow velocities and immersion depths over a range of
TSR values. The experimental data were corrected to find contribution of blockage effect
towards measured power using two different formulations: a closed-top formulation and
an open surface blockage correction formulation. A comparison was presented between
blocked and corrected datasets (from both formulations) in terms of changes in power
coefficient, thrust coefficient and flow velocity to quantify blockage effects. An increase
in flow velocity and rotational speed was found to increase the blockage effect resulting in
accelerated flow, improved power and thrust loading on turbine. Though both formulations
are based on the measured experimental data, incorporation of free surface effects in
blockage correction analysis resulted in prediction of higher blockage effects (upto 3-4%
higher %AC,). Additionally, experimental investigation with stereo-PIV to understand the
effect of free surface proximity on blockage effects revealed free surface deformation
behind turbine rotational plane leading to unsymmetric wake. The shape and intensity of
free surface drop was found to be dependent on flow velocity, rotational speed and tip
clearance distance. Maximum improvement in turbine performance characteristics was
observed for §h, = 0.27 for which additional blockage provided by wake compression
(due to free surface drop) complimented the total blockage. The flow visualization based
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on stereo-PI1V also revealed faster upper bypass region with elevated normal and shear
stresses in upper bypass and wake region that lead to increased thrust and power coefficient
at low tip clearance ratios. Moving the turbine further closer to the free surface (6hy =
0.05) caused localized free surface drop that penetrated into the upper wake adversely
affecting turbine performance. For 6h; = 0.05 case, stereo-P1V analysis showed high levels
of turbulence intensities and Reynolds stresses in upper wake and bypass regions. The
phase averaged PIV analysis showed presence of wake compression effects by the virtue
of radially inward motion of tip vortex filament for low free surface proximity (6hy =0.27)

and wake penetration by free surface for §h; = 0.05.

6.5 RECOMMENDATIONS FOR FUTURE WORK

A MHKT operating in its natural environment is subjected to dynamic effects of
incoming flow that affects its performance and flow-field around it. The current
investigations provide a basis for understanding the effect of turbine geometry and
operating conditions on the performance and flow-field of MHKT in its natural
environment. The design-optimization and one way FSI framework presented in Chapter
3 are useful tools for efficient design of MHKT. This study can be further extended to
understand the effects of blade deflections on turbine flow-field and interaction between
the two. This can be achieved through two-way FSI by strongly coupling fluid and
structural domains. Experimental investigations and transient CFD study presented in
Chapter 4 addressed effects of operating variables — flow velocity, blockage ratio, and
depths of immersions on lab-scale turbine performance. In chapter 5, flow-field
investigations were discussed for the near-wake field for various rotational speeds and free

surface proximities. The near-wake reflects the effects of turbine geometry and is very
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important to understand its performance behavior. However, for a turbine operating in a
farm layout, it is also important to understand effects of wake from upstream turbine on
the incoming flow. Further, presence of free surface and its interaction with incoming wake
is expected to complicate the incoming flow-field as demonstrated in Chapters 4 and 5.
The present study can be extended to understand performance and flow-field of MHKT
operating in a farm layout with free surface proximity environment. It will be very
insightful to understand effect of turbine spacing and position, in free surface environment,

on flow-field around MHKT in a farm layout.
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