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Surface gravity waves can significantigpact operating conditions faxialflow
marinehydrokineticturbines, imparting unsteady velocities several ordefrsnagnitude
larger than the ambient turbulendde complex interactions between the turkane the
wake particularly in the presence of wavass not well understood. Furtherrapdetailed
experimental data ameeeded for numerical model validationThus, he influence of
surface waves on thperformance andvake of a twobladedaxialflow hydrokinetic
turbine was investigated experimentallysing an inhouse designed and butibwed
Particle Image Velocimetry (P1V) systamthelarge towing tank feility at the US. Naval
Academy. The turbine model $ia 0.8 m diametgD) rotor with a NACA 63-618 cross
sectionthatis Reynolds number independent with respect to lift coefficient in the operating
range of Re  4x10°.

Performance measurése. power and thrustjvere taken for both the steatyo
wave)and unsteadfwave)cass. Average performance parameter values for the unsteady
case were found to closely match those of the steady case, regardietectefdvave
parameters. However, instantaneous values were found to dapatantiallyfrom the

mean value having significant implications for power quality and fatigue loading.



A wake survey was conducted under steady conditions to a downstream distance of
2D. Wake characteristics such as a decrease in the inflow velocity upstream of the turbine,
wake expansion wellescribed by a 1/3 power law expression, a maximum velocity deficit
of 2/3 the free stream velocity, and prominent turbine tip vortices wérebakrved.
Methods developed for helicopteator analysis were applied to identify and characterize
turbine tip vortices. Adjacent vortex filament interaction, thought to be the initial
mechanism of wake break down ameknergizationwas observed. Pecentlydeveloped
vortex center averaging methodology was employed with new implications for the
interpretation of turbulence statistics.

A wake survey was also conducted under unsteady conditions osiemilar
downstreanrange. Bladghase averagingias shown to be a poor descriptor of wake
characteristics. Bladend wave phase averaging offarslearer picture of wake dynamics
in the presence of waves. The unsteady velocities induced by the weaneeshown to
change the spatial characteristi¢ghe tip vortex helix The strong helical structure that
characterizes the steady case to a distance of approximatphrdiBtsn the steady case,
however, the unsteady vertical wave velocity appeatsioectvortex filaments into the
wake region, ptentially enhancing kinetic energy transport and wakenergization. A
simple potential flowbasedmodel wasproposed tesimulate the behavior of the wake
influenced by wavesand a parametric study employing the mqgaevidedinsight as to
what facbrs most significantlyféect vortex filament position and the characteristic length
scales of the wakeAn additional length scale was proposed to describe the shear layer in

the unsteady case and is shown to agree well with experimental observations.
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Table 1: Nomenclature

Wave amplitude |
Induction factoraxial (&), angulart a i | »

Blade chord (m) 1
Drag coefficient

Lift coefficient

Power coefficient 1
Thrust coefficient T
Turbine rotor diameter (m) 3
Wave energy per unit width (3/m) r
Gravitational acceleration -
Wave height (m)
Depth (m) ‘
Turbulence intensity '
Wave number (8 m
Lift force (N) 1
Strut length (m)

Static pressure far upstream (Pa)
Vapor pressure (Pa)
Atmospheric pressure (Pa) K
Torque (Nm) .
Blade radius (m)
Element radius (m)
Aperiodicity W
Vortex core radius

Reynolds number based on blade
Signal

Thrust(N), wave period (s)

Time (s)

St u d-gstatistics

Tip speed ratio

Horizontal velocity (m/s)

Elemental or standard uncertainty
Vortex swirl velocity (m/s)

Uniform flow speed (m/s)

Expanded uncertainty

Towing carriage speed

Relative velocity (m/s)

Velocity deficit (m/s)

Vertical velocity (m/s)

Horizontal or streamwise coordinate
Vortex centewxcoordinate (m)
Vertical coordinated(= 0 at freesurf.)
Vortex cente-coordinate (m)

hs

%0

<>

Angle of attack (°)
Wake half width (m)

Shear layer half width (m)
Maximum velocity deficit width (m)
Steady mean vortex center width (m)
Wake width(m)

Mean rate of energy dissipation per
Circulation (ni/s)

Specific weight (N/rf)

Free surface elevation (m)
Wavelength (m)

Absolute viscosity (kim/s)
Kinematic viscosity (rfis)

Turbine agular velocity (3)

Wave angular frequency

Angle of relative wind (°)

Blade phase angle

Wave phase angle

Fluid density (kg/rd)

Wave angular frequency s
Cavitation number

Section blade pitch (°)

Fluctuating

Time average

Phase average

Periodic

viii



1 Introduction

According to Hermannl], approximately 3.7 TW of tidal exergy is dissipated
worldwide, 2.5 TW of which is dissipated in the shallow ocean and continental shelves.
Current dissipation as a consequence of collection for energy services amounts to
approximately 500 MW (0.014%)n lddition to being abundant, tidal exergy is clean and
sustainable.

A number of technologies have been developed to collect tidal exergy of which
axiakflow (also called horizontadxis) hydrokinetic turbine technology is the most mature
based on totahstalled capacity2]. Still, the amount of exergy collected is quite small
compared to the considerable size of the resource. The primary reason for this is the current
high relative cost of electricity as compared withesthmore traditional, technologically
mature sources.

In an effort to spur development ofarinehydrokinetic turbine technology and
reduce the associated cost of electricity, th8. Department oEnergydeveloped and
promulgatedsix opensource marine hydrokinetic energy converter devices, including
Reference Model 1 (RM3 tidal current turbineshown inFigurel and describdin

Table2. It called for industry, academic, and national lab partners to create open
source products includirthe developmerdnd disseminatimof physical model data sets
for validating design modeling todI3]. These tools could then be used to predict turbine
performancereducing the uncertainty associated with designdewtlopmentthereby
reduéng the costof implementation, and thus making the technology more- cost

competitive



Water surface
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two bladed rotor 3.5 m dia
and generator
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Figure 1: Reference Model 1 (RM1) promulgated by the U.Department of Energy[4].

Table 2: ReferenceModel #1 Tidal Turbine Specifications[4]

Number of blades 2

Primary blade airfoil NACA 63,7 424

Rated power (kW) 550

Control Variablespeedandpitch
Rotor diameter (m) 20

Hub diameter (m) 2

Maximum rotor speed (rpm) 115

Flow speed (m/s) 0.53.0

Hub height (m) 18

Water depth (m) 33

Large scale implementation of hydrokinetic devices will require sites with an array
of turbines. One of the majanansweredjuestions is where to position multiple turbines
in an array arrangemeint orderto maximize power productionhile minimizing loading

To answer this question, the turbine wake must be characterized as the spacing and



orientation of adjacent turbinespamarily dependent on the state of the flow immediately
upstream of each respective turbine.

Much ofaxialflow hydrokinetic turbingesearch is informed by previous work on
wind turbines. However, there are phenomena unique to the subsurface maiatieagpe
environment that have no direct analogy to the terrestrial environoaertation, the effect
of the free surface above the turbine, dimel unsteady velocity associated with surface
waves, to name a few example&iven the considerable differenicethe density of the
operating medium, the corrosive character of seawater, challenges associated with
maintenance and repaand the fatigue loading caused\mriableinflow conditions,the
material requirements for marine current turbines are stgmfi Given these
considerations it is clear that characterization of the operating environment and flow field
around these devices is necesdaryheir widespread adoption as a commercially viable
energy resource.

The format of the following discs®n reflects the stewise evolution 6 the
project. Chapter 2 detaitkevelopment of the experimental apparatus and establishment of
operating conditions. It presents baseline performance characteristics for comparison to
follow-on experiments. Chapt8 compares turbine performance under steady conditions
to performance in unsteady conditionsLike Chapter 2,Chapter 4 describes the
development of the experimental apparaju®sentsobservations made under steady
conditions- in this case, the veliy field in the near wake of the turbinkike Chapter 3,
Chapter 5 comparesgbservations made under steady conditions to those made under
unsteady conditions. Chisp 6 summarizes the conclusions from each of the preceding

chapters and includes a dission of the significant contributions of the work.



2 Turbine performance testing in steady conditions

2.1 Abstract

In an effort to promote the development and implementation of enayarokinetic
energytechnology, the U.S. Department of Energy promulgated Reference Model (RM1),
a tidal current turbine similar in form and operation to a horizemts wind turbine. A
1/258" scale modebased on this design was created at the U.S. Naval Academy &ud test
in thelarge towing tank facilityn ordertoc har act eri ze t he turbinebd
performance The modelvas a twebladed,0.8 m diameter rotdieaturing a NACA 63
618 airfoil crosssectionthatis shown to be Reynolds number independetit vespect to
lift coefficient in the operating range ofQ 1 p 1. Rotational speed, torque, and
thrustwere measured at a range of tip speed ratios (TSR) from approximately 6 to 11.
Experimentablatacompared favorably with previous studi€éshe mpact of blockage and
operating depth was assessed, the likelihood of cavitatias considered, and an
uncertainty analysisvas conducted. Additionally, a Blade Element Momentum (BEM)
model was creatednd model predtions were found to be agreemenitvith experimental

observations



2.2 Introduction

Axial-flow marinehydrokinetic turbines convert the power of flowing water from
sources such as rivers, tidal currents, or glsioale currents such as Gelf Streaminto
rotational mechanical power and ultimately irlectricity. A brief explanation bthe
processs given in[5] depicted inFigure2, and is summarizeds follows

As the flow approaches the turbifiem upstreanit slows slightly, increasing the
static pressuréshown ag) in Figure?2) directly in front of the turbine, thus the velocity
that the turbine experiences is lower than the velocity of the surrounding free stream. The
flow is incompressible, thus it musxpando accommodate the slower moving flow. The
flow that interacts with the turbinean be thought of as streamtube, with an initial
diameter smaller than the diameter of the turbl@eébut expanding to be equal the
diameter of theurbine at lhe rotor disk. As the flow passes through the turbine, a change
in the momentum of the flow is manifest as lift and doage? on the bladesAs thekinetic
energy of the flows convertedin part to the rotational kinetic energy of the turbitiee
average velocity across the streamtube continues to decreabernda significant drop
in the static pressure, reaching a minimum directly downstream of the tuitheestatic
pressure recovers by furtheducing the averageakevelocity,”Y thus causing the wake
to expand further. Wake expansion ceases when the static pressure in the wake has recoved

to its far upstream value.

1 The flow upstream of the turbine slows because the flow in the immediate upstream vicinity of the turbine
is being directed from the axial direction to the tangential direction in order to conserve angular momentum.
This is manifest upstream as a bloakageducing inflow velocity and increasing static pressure.

2 The lift and drag, components of the resultant force associated with aerodynamics or in this case
hydrodynamics, are simply coordinate transforms of thrust and tangential force (torque pileehasome
distance from the axis of rotation) more readily associated with mechanical power.

5
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Figure 2: An energy extracting actuator disk(turbine) and stream tube (adapted from5]).

Experimental @rbine performance is generallgharacterizedby the power

coefficient:

5 0
D - )
C Y'Y

or the ratio of the power produced by the turbiméo the power contained in a cylinder of
water the same radius as the turbidlowing at a free stream spe€d, The turbine
power, is equal to the torque on the turbine output shaftultiplied by the rotation speed,

m. Derived from dimensionalrelysis, the power coefficient is used to predict how much
power a fullscale turbine would produce under given conditions, assuming complete

similitude. Similarly, the thrust coefficient:

0 il
0. = . 2
g “ arY ‘Y ( )

is used to predict the thrust loading (the force acting perpendicular to the turbine rotation

plane in the downstream direction) on a-&dhle device.



These performance parameters are generally given as a function of the tip speed
ratio:
Ym

YY'Y o 3
Y'Y'Y 7 (3

or the ratio of the tangential speed of the turbingYigto the free stream speed.

As stated in the introduction, the basis for nearly all marine current turbine research
comes from research associated with diegelopment of wind turbinesThe classical
analysis for wind turbinestself based on the study of airplane propellesss developed
by Betz (includedlater in [6]) and advanced byGlauert[7, 8] in the early part of the
twentieth century In 1974, Wilson and Lissaman [9] developedBlade Element

Momentum (BEM) theoryincluding an appendix detailing FORTRAN implementation

BEM theory also calledstrip theory,is a combination of momentum theory and
blade element theonA detailed treatment of the thedsypresented iManwell et al[10]
but is summarized here

Momentum theory uses conservation afelir and angalt momentum over the
control volumesurroundingthe turbine(i.e. the streamtubed determine the differential
thrustQ "and differential torqué& Oas functions of the axial induction factérand the
angular induction factoéee The blades dividedinto elements which aneormal to the
span of the bladand extend radially from the blade root ta tigssentially each element
is an airfoil with unit thicknes§i At each of these elements strips, the forces are
resolved to determa the differential normal force (thrusff2O and the differential
tangential force at radius Q O(torque)as a function ofhe angle of the relative winébo

the lift coefficientd , and the drag coefficierd (Figure3). For airfoils used in wind

7



turbine desigro L O , thus accepted practice is to set the drag coefficient to zero when
solving for the induction factors which introduae=gligible errorsaccording to Manwell

The four equations are combined into a single equétion which the lift coefficient for

a blade element can be calculated in terms of the relative wind angle. Since the relative
wind angle ighe sum of the anglof attack and the pitch angle for the elemenrtwhich

is knownfrom the blade geometryhe lift coefficient can be plotted as a function of the

angle of attack.

Figure 3: Hydrodynamic component forces and velocities on bBlade elemenf11]. The mean flow direction is
from top to bottom and the blade travels from right to left (clockwise when viewed from upstream).

This curve is overlaid with the empirical lift coefficient versus angle oflattacve
for the airfoil section and the intersection of the two cupresidesthe angle of attack
and lift coefficient for that blade element under the specified flow conditions. This allows
for the backcalculation of the axial and angular inductiootéas and the differential thrust

and torque. Once the differentialulst and torge values are known for each element, they



can be integrated over tnadiusof the blade to calculate the power and thrust coefficient
for a given tip speed ratio.

Sinceempirical data is not available for every imaginable airfoil shape, it is also
accepted practice to use an experimentally validated airfoil analysis tool such as XFOIL
[12], a 2D panel code witlviscousboundary layer analysito provide the required lift
coefficient as a function of angle of attack.

Correction factors have been developed to account for tip losses which are
dependent on the number of bladasd hub losses which correct for flow around the
nacelle(seeKoh ard Ng[13] for a review) Modifications have also been proposed to
correct forthe impact of biofouling14], free-surface proximityandblockage15], and the

influenceof waves[16, 17]

2.2.1 Literature review

Built upon nearly a century dforizontataxis wind turbingesearch, a formidable
foundation of literature specific to axitbw marine hydrokinetic turbines has been
estdlished in the past two decadésaenke[18] laid much of the groundwork for follow
on studies, summarizing the terminology and parameters used to describe turbine
performance, comparing several types of marine hydrokineticevestimating the
recoverable energynd comparing it to otheenewable energgources To this, Bahaj
and Myers [19] added abrief discussion of material requirements, maintenance
considerations, anchvitationconsiderdions

Baseline performance tests were conducted for several variaticasgabflow

hydrokinetic turbine[11, 20, 21, 22] All turbines hadeither two or three blades



representing a tradeff between performance and durability Various airfoil cross
sectionswerechoserthough mosteatured a thicker crosection such as a NACAS$eries
airfoil selectedto withstand the considerably higher bending loads of the marine
environment as comparéal the terrestrial environment. Neither the number of blades nor
the airfoil shape appesdto have much effect on the maximum performance, with peak
0 generallyfalling between 0.4 and 0.45.

Many of the baseline performance studies also compargeerimental
observations to BEM modelwedictions[14, 23, 24] Predictions o and0 versus
TSR generally agree well with experimental data, particularly in the region of peak
performance. However, BV theory tends to ovepredict the power coefficient and
underpredict the thrust coefficient at tip speed ratios above those associated with the peak
power coefficient.

The impact of many permutations of turbine configuration and operating condition
have also been examined. The turbine blade itself is generally designed with an
optimization tool specificallyntendedfor the task such ake U.S. National Renewable
Ener gy L athARP_opf orraly ish®use designed optimization algorithm. The
reaulting blade is typically both twisted (i.e. the pitch angle changes with blade radius) and
tapered (i.e. the blade chord length changes with blade radius). Additionally, the effect of
changing the base or root blade pitch (i.e. the angle at which tihe islattached to the

turbine hub) on turbine performance has been examined in several $ajied, 25]

3 Turbine performance is impacted most significantly by solidity, or the total planform area of the turbine
blades divided by the swept area of the turbisdow solidity turbine (i.e. one that has fewer and/or smaller
blades) produces moderate power but over a larger range of TSR values. A high solidity turbine (i.e. one
that has more and/or larger blades) produces high power but over a comparativelyrangewf TSR

values. As fewer, larger blades tend to be stronger, optimum solidity is often sacrificed for the sake of
durability.

4 Horizontal Axis Rotor Performance Optimization

10



Though the resulting performance depends on a number of factors salaleageometry
and modelscale, generally speakinthere is an optimum root pitch angle at which the
turbine achieves maximum performance. Agaegardless of the airfoil shape or the
number of bladeghis is typicallyin the range 00.4 <0 < 0.45

The impact of yaw, oihie angle between the turbine axis of rotation and the free
stream flow, on turbine performance has also been exanik@d21l] Turbine
performances shown tadecrease considerably as the yaw angle increases, ingitizt
if possible, turbines should be designedveathervanéo minimize yaw angle.

As proposed, RM1 includes two countetating turbines mounted to a single
supportpile, thus the impact of an adjacent rotor was also examimahaj et al[21]
found there was no measureable interference between adjacent turbines operating as close

as 0.125D measured from blade tip to blade tip.

2.2.2 Present work

The work presented in this section was published in Lust &6l. The purpose of
this preliminaryportion of theoverall research effowas to characterize the performance
of the turbine, particularly in preparation fimlow-on experiments A BEM model was
created, as previously described, anddel predictions were compared to experimental
observations. Experimental observations were also compared to the results from previous
studies for verification and compariso®perating parameteisuch as minimum required
operating depthwere determmed as was the potential for cavitatioRinally, a detailed
uncertainty analysis was conducteddentify potentialopportunitiefor modification and

improvemenof the test equipment.
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2.3 Experimental details

2.3.1 The Large Towing Tank Facility

Experimentsvereconducted in the large towing tank at the U.S. Naval Academy
which measures 116 m long, 7.9 m wide, and 4.9 m (fdgpre4). The tank features
duakflap, servecontrolled wave maker capable of producing waves at a frequency range
of 0.25 to 1.25 Hz with a maximum amplitude of 0.6 mAll experimental and data
acquisition equipmenivas mounted tothe towingcarriage which has a maximum tow

speed of 9.75 m/s.

Figure 4: The 380ft. (116 m) towingtank at the U.S. Naval Academy
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2.3.2 Turbine Blades

The turbine used in this experimésita 1/25" scale two-bladed axal-flow design
measuring 0.8 m in diameter basedRM 1, promulgated bythe U.S. Department of
Energy(Figure5). The blade diameter was selected to maximize the Reynofdber, as
calculated using the 0.7R chord, and remain within dynamometer operating limitations.
The blades are twisted from 13° at the root to 2° at the tip and tdpene@ maximum
chord length of £m to a minimum of 2.5 cm. Theyeremounted just d@fof a nacelle
measuring 8 cm in diametefhe blades were manufactured at the U.S. Naval Academy
using a 5axis Computer Numerical Contrahilling machine from 661-T6 Aluminum,
selected for its excellent machinability and corrosion resistance. The blades were given a

matte black anodized finish to provide contrast for imaging experiments

Figure 5:The two-bladed axial-flow marine hydrokinetic turbine used in the present experiment, shown
mounted to the dynamometer with the data acquisition cables for thrust and torque protruding from below.
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The turbine is a geomatally similar 1/2%" scale model of RM1, with the
exception of the airfoil shape. RM1 features a NACA434 foil, whereas a NACA 63
618 was selected for this experiment for reasons discussed below.

Dynamic similarity for the model turbine is ideally achieved by matching the
Reynolds number of the full size turbine because it most readily describes the flow around
the turbine bladesFor reference, the Reynolds number of RM 1, operating in a cafrent
0.5-3.0 m/s at a tip speed ratio of 7 is 2.5%x10L.5x10. However, since few facilities
with well-controlled flow conditionsoutside of field test facilitiesare capable of
conducting experimentat this scale, reaching a Reynolds number sufficiemtij to
achieve independence is generally accepted as a satisfactory criterion for model similarity.
In this case, independence is defined as the Reynolds number above which there is no
observable change integral performancecharacteristics It shoutl be noted that there
appears to be little agreement in the literature as to what parameters to use in the calculation
of the Reynolds numbéor a turbine With regard to characteristic length, tip chord length,

radius, and diameter are all used. Addially, both hub velocity and relative velocity

Y W) at the blade tip are used to calculate Reynolds number. This
makes direct comparison between studies difficult. It is also difficult to determine the
extent to which Reynolds scad effects may affeabbservations, but most agree that
scaling effects are most pronounced in the meske where wake dynamics are a strong
function of bladenydrodynamics

Chamorro, Ardt, and Sotiropoulo$27] conducted arexperimental study on a
model wind turbine in order to determine what Reynolds number threshold was required

for independence with respect to their turbine. Reynolds number, calculated using the
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mean flow speed measured at hub height and the turbinetdraasethe characteristic
length,was increasedntil the streamwise velocity profiles asecondrder statistics (i.e.
turbulence intensity and Reynolds stressnponentscollapsed onto a single profile for
each respective parametéinfortunately, theresults of this study are unique to this
particular turbine geometry and the approach is useful only insofar as the achievable
Reynolds number is not limited by equipment or facilities

If the Reynolds number is used to describe the state of the flowwhavblades, it
makes the most sense to use the flow velocity the blade actunalyinterswhich is the
relative velocity,”Y . Similarly, the blade chord is the characteristic length that most
readily describes the state of the flow over the bladdswever, the relative velocity
changes from blade root to tip and for tapered blades the chord length also changes. The
guestion then becomes what relative velocity (i.e. blade radius) and chord length best
describes the overall state of the flow otre¥ turbine? It is advocated that the section of
the blade that most contributes to power production should be the section at which the
Reynolds number is definedBEM theorysuggests the region around 0.7R contributes
most significantly to power produoh. A qualitative observation of the velocity deficit in
the near wake of the turbine corroborates this being the radius at which the most power is
extracted from the incoming flogFigure21). Viewed another way, sections closer to the
hub have a relative velocity too low to contribute substantially to power production, and
the contribution of sections near the tip are decrebgeib losss. Thus, it is advocated
that he Reynolds number that best represents the achievement of dynamic similarity is

calculated using the 0.7R chord length and relative velocity.
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The NACA 63-618 airfoil section was selected for the present experiment, as
opposed to the NACA @324 airfoil featured by RM1, because it has showrbe&o
Reynolds number independent atRel 10° [28]. A study conducted by the authors
[14] demonstrated that at Re 4.2 10°theNACA 63:-618 airfoil was Reynolds number
independent in lift and only slightly dependent in drag. Using the parameters specified
previously, the Reynolds number for the present experiment was approximate@°4
thus very nearly independent with respect tbdiid slightly dependent with respect to
drag. The impact of Reynolds number dependence in this case is likely a slightly lower

prediction of power and thrust coefficient compared to the fully sndkpendent turbine.
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Figure 6: (a) Lift and (b) drag coefficient as a function of airfoil angleof attack and Reynolds number14].

The turbine and dynamometsereattached to the toing carriageby one of two
hydrodynamicsurfacepiercing strus. Both struts had a characteristic (wet) length of 0.3
m and a maximum thickness of 0.06 m. The primary (short) strut measdredrnillength

and was used for turbine fp@mance testing, in both steady and unsteady condjos
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all wake survey experiments. The secondary (long) strut had an overall lerigénof

and was only used for turbine performance testing, in both steady and unsteady conditions.

2.3.3 Measurement d performance parameters

The equipment used to measure turbine performance parameters is skayunan
7. Thrust and torqueveremeasured using a Cussons R46 dynamometer, mounted in line
with the turbine shaft. Shaft rotation speed and blade posigoemeasuredising a BEI
Sensors H35 increental optical encoder. Additionally, an-house designed shaf
position indexing systerfeaturing a Hall Effect sensor was usedctmfirm the optical
encodeindex signabnd also provide a Transistdransistor Logic (TTL) signal to trigger
PI1V imagecapture. The tip speed ratiwmasadjusted using pair of Placid Industies, Inc.
H250 hysteresis brakattached to the output shaft. The bskiso servedo dissipate the
roughly 500 W ofpower produced by the turbinéor experiments involving wasethe
surface elevatiorwas measured with two Seninltrasonicoptical wave height sensors.
One sensowas placedat the same streamwise location as th@r plane about two
diameters from the turbine centerline on the starboard side. The seaspldced about
one rotor diameter forward of the turbine tip path near the wall of the towing tank. All
instrumentsveresynchronized in timeAll signals(i.e. carriage speed, shaft speed, torque
and thrust)weresampledat a rate of 700 Hz. Each run, or traverse of the towing tank,

provided 3640 s of steady state data at a carriage spee®b8®m/s
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Figure 7: Test apparatus for turbine performance measurement including shaft speed, thrustorque, and wave
height. The vertical dashed line depicts the alignment of the wave height sensor with the turbine rotor plane.

Turbine w&e expansion is blocked by the watlsthe towng tank and the free
surfacecausing flow to accelerate theimmediate vicinity othe turbine Thisresulsin
higher observed values for TSR,, andé than would be observed in a free stream.
Blockage correction factors for each of these performance parameters were calculated
using the actuator disk modakthodology detailed in Bahaj et @1]. For example, given
an inflow speed of 1.68 m#&nd a thrust coefficient of 0.8the downstream flow speed is
accelerated to 1.7 m/s and the correction factors for $SRand6 were0.99, 0.8, and
0.9, respectively Blockage effects were thus neglected.

Similarly, there is some critical distance between the turbine tip path and the free
surface below which the free surface does not impact turbine perfornidaganga et al
[29]di dnd6ét note any difference i n p.eBalHapr manc

Molland, and Chaplif21] did notice a decrease in performance when the turbine was
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raised from a tip d&th of 0.55D to 0.19D. Thus, fresirface effects are likely manifest at

a relative depth less than 0.44D. For comparison, RM 1 is showgurelto be placed

a a relative depth of 0.5D below the mean Jmw water (MLLW) line. Bahaj and
colleagues theorized that the reduction in turbine power and thrust coefficient resulting
from shallower operation was likely due to the blockage of wake expansion, thudeat smal
velocity deficit and reduced power extracted from the flow by the turbme.follow-on

study using an @oustic Doppler Velocimeter (ADV) to measure the flow field around
perforated disksin a flume, Bahaj et aJ30] found that proximity to the flume bottom had

a greater effect on wake development than the free surface.

To characterize free surface effeftisthe present experimenitirbine performance
measurementseretaken aseverrelative depthfrom 0.1D to 0.9 in quiescent flow (i.e.
flow without surface waves) at TSR values ofl7was determined that at depths greater
than 0.35D (0.28 m or approximately 11 in.) the free surface did not impact turbine
performance.The turbine tip depth was set tolaast 0.35D for this and all subsequent
studies.

Related to considerations of turbine operations in close proximity to the free surface
are considerations of cavitatio@avitation occurs when the local pressure on the surface
of the turbine blade fadl to or below the vapor pressure of the surrounding water.
Cavitation can degrade performance by changing local flow characteristics and can also
cause damage to the turbine itself.

A number of articles describe predictiand observationf cavitationfor a given

blade geometry and operating condition includ[@@, 23] Using the methodology

5> Often used as a turbine surrogate.
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described byBatten et al[24] andmodified inBuckland et al[31] the criticalcavitation

coefficientwas calculated

h o n
” ~ 4
Py 4

C

wherer) is the static pressure at a given depth, in absolute term§ (i.e. [ § andn

is the vapor pressure of watefhe relative velocityascalculated as follows:

~. .
g ¥

Y Y p O imp ® )

Theinduction factors are calculated fr@d&EM theoryas previously discussed he critical
cavitation coefficient is compared to the local pressure coefficient:
n_ N

" P, (6)
C Y

wherer) is the local pressure at a given point on the surface of the turbine blade. If the
local pressure coefficient is greater than or equal to the critical cavitation coefficient (i.e.
if, , ) cavitation will occur.

The critical cavitation coeffient was calculated for the expected waase
conditions including minimum depth in the presence of waves and maximum turbine
rotation speed at high TSR, also in the presence of waves. -fioese BEM model was
used to calculate induction factors an&of was used to calculate the local pressure
coefficient. Thepredictedocal pressure coefficient was approximately 2/3 of the critical

value, thus cavitation was not expected.
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2.4 Results and discussion
Towing arriage speed, shaft speed, torque, and thrust were measuf&@Rfaalues of

approximately 6 to 10. The correspondingandd valueswere calculated are shown in

Figure8.
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Figure 8: (a) Power coefficient and (b) thrust coefficient versus tip speed rati@dapted from Walker et al. [14].
Open circles representime averagedexperimental reallts. The solid line represents blade element momentum
(BEM) model predictions for a Reynolds number ot 1C°. Error bars are included at integer values of TSR,
quoted at 95% confidence.

Each marker represents tiirae average for a single carriage rimwing arriage
speed was set to 1.68 m/s throughout the experiment and the TSR was adjusted by
increasing the voltage input to the hysteresis wakdSR values belowe were
unobtainable due to shaft binding at highkeréorque.

At low TSR values, the angle of attack over much of the blade is high enough to be
in the stall region, especially near the blade root. As TSR increases, the angle of attack
decreases as does the local lift coefficient, but the relative tyeldso increases resulting
in increased power production up to peak performance, as showgure8a. A peak

power coefficient of 0.43 was obtained at a TSR vatiapproximately 6.5in close
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agreement witlpreviousstudiege.g.[21]). For TSR values above peak performance, the
angle of attack is generally small, but as relative velocity continues to increase, drag also
increaseslisproportionate to lifdegrading turbine performance. For a-&dhle prototype
modeled after RM1, a single turbine is predicted to produce approximately 550 kW in a
mean flow of 2 m/s, in close agreement with predictions.

The thrust coefficient increas throughout the entire range of TSR values, as
shown inFigure8b. As TSR increases the relative velocity increases and the angle of
attack decreases which is ditly proportional to the lift coefficient. However, due to the
exponential relationship between velocity and lift, the overall lift coefficient increases with
increasing TSR. Also, with decreasing angle of attack, the component of the lift vector
oriental parallel to the axis of rotation (i.e. thrust) also increases. At peak performance,
the thrust coefficient is approximately 0,&§ain in close agreement with previous studies

An uncertainty analysisvas performed using the Taylor Series Method in
accordance with ISO/BIPM Guidance for Untegmty of Measurement (GUMB2] as
describedn Ratcliffe and Ratcliffe[33]. For each of the measured signals, tyetA
uncertaint§ was calculatedsfollows. The signal™was dividednto ¢ binsand the mean
value "Y calculated for each bin. The degrees of freeddof),(equal tot  p, andthe
confidence | evel (in this catvauedThdslandard e U s €

type-A uncertainty for the measured value is:

0 L A1 7

5 Known by convention as th@ndomuncertainty, type A uncertainties are those that can be evaluated by
statistical analysis.
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where "Yis the time averagd signal. The number of bins, typically around 20, was
determined using a sensitivity analysiEhe type B uncertainfywas calculated including
resolution, sensitivity, and analdg-digital conversion elemental uncertainties. Zero
offset uncertainty was addressed by recording 30 s of data prior to a run during which the
turbine and towing carriage were still. This mge voltage value was then subtracted
from the measured signatior toapplication of the calibration coefficienEach elemental
uncertainty is divided by thie-factor (in this case k = 2 for 95% confidence) to yield the
standard uncertaintyAll type B elemental uncertainties were combined by calculating the
root of the sum of the squares (RSS). Type A and B uncertainties are also combined by
calculating the RSS for eacjuantity The absolute uncertainty for the measured
quantities,”Y is calculaed by multiplying the standard uncertainty by théagtor (i.e.
Y oM

The expanded uncertainty for each calculated vavugi.e. TSR,6 , andd ) was
calculated by propagating the absolute uncertainty for each of the measured quantities as

follows:

*y y Ty (8)

whered is the number of terms in the calculated valuetaitit *Y j is the sensitivity

coefficient which describes how the calculated quantity changes with the measured

”Known by convention as theystematior biasuncertainty, type B uncertainties are those that are evaluated
by means other than statistical analysis.
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guantity The absolute and expanded uncertainties for a representative case are presented

in Table3.

Table 3: Absolute and expanded uncertainty values for a representative run, quoted at 95% confidence.

Y ” % m 0 Y TSR o) o)
(m) kg/m? m/s rad/s Nim N - - -
0.3997 998.49 1.6818 29.806 17.144 625.62 7.0830 0.4287 0.8827
2.5e5 0.02 0.001 0.143 0.108 1.406 0.034 0.004 0.002
0.006% 0.002% 0.067% 0.481% 0.628% 0.225% 0.487% 0.944% 0.263%

All absolute uncertainty values were comparatively small, with the torque signal
contributing most to the expanded uncertainty in TSRéand

BEM predictions vere made using an-imuse coddased on the methodology
detailed in Manwell, McGowan, an@Rogers[10] andwerecorrected for tidoss effects.
Lift and drag data, required by the algorithm, was supplied from extensive wind tunnel
testingof the NACA 63-618 airfoil asdescribed in Walker et dl14]. BEM theory, as
discussed in the introductiogenerallypredictsthe peak value od and corresponding
the corresponding value of quite well but tends to ovearedictdé and undeipredictd
at higher TSR values. Agreement betwen experimental results and BEM model

predictions are comparable to previous stuffids 25]

2.5 Conclusions

A 1/25" scale axiaflow marine hydrokinetic turbine modeled after the U.S.
Department of BvodelrlgigabcsirrerR turbieerwastested in the large
towing tank facility at the U.S. Naval Academy. Previous tests indicate that the turbine is
nearReynolds number independent in lift and orlightly dependent in dragBaseline

performance parameters suctbagnd0 were calculated as a function of TSR and found
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to be in good agreement with previous studies. A BEM model was developedsaido

found to be in good agreement with experimental observations. efféct of operating
depth on turbine performance was evaluated and a minimum operating depth was
determined. The likelihood of cavitation was predicted using established methods and it
was determined that cavitation would be unlikely for the anticipatege of depths and

TSR values. Amncertaintyanalysis was also conducted for calculated quantities.
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3 Turbine performance testing inunsteady conditions

3.1 Abstract

The installation of axiaflow marine hydrokinetic turbines has been proposed for a
variety of locations, each with unique bathymetrgvigation requirements, environmental
considerations, etc. Proposed installatitethodsncludeeverything fromfixed-position
mountssuch as monopile® floating fixtures anchored to the beda Given tre unique
requirements of each installation site, the vertical placement of the turbine within the water
column is a design parameter to be determined. One of the environmental factors that
should be taken into consideration is the impact of surface grasites. Surface waves
impose an unsteady velocithat can significantly impact turbine power quality and

structural loading

Il n support of the U.S. Depart mel25 of En
scale model based &tM1 was created at the.8. Naval Academy and tested in the large
towing tank facility in order tassess the impact of surface gravity waves on turbine
performance The model was a twbladed, 0.8 m diameter rotor featuring a NACA-63
618 airfoil crosssection that is shown tbe near Reynolds number independent with
respect to lift coefficient in the operating range Y 1 p 1. Rotational speed,
torgue, and thrustere measured at a range of tip speed ratios (TSR) from approximately
6 to 11. Testswere performed at two rotor depths (1.3D and 2.2%D}he presence of
two wave forms Thetime average turbine performance characteristiese shown to be
largely unchanged by depth or the presence of waves. Howestsrwith waves indicate
large varations in thrust, rotationalpeed, and torque occurred with the passage of the

wave. Theseesults demonstrate the impact of surface gravity waves on poakty and
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structural loading and suggest that turbines shioglplositioned vertically within theater

column at a depth whiamaximizes power output while minimizing material fatigue.

3.2 Introduction

The power produced by a turbine is a function of the cube of the free stream velocity
(Equationl), thusturbinesshouldbe placed irthe water column in the region with the
highest average flow speedNot accounting for any unique bathymetiyistis typically
near the free surface, above the seaftmmdary layeif possible However the trade
off of placing a turbine in this region is that it is also the region in which the influence of

surface waves is strongest

In situ, wavesre composegof a broad spectrum of heighperiod, and directior.
However, or the purpose of isatingand characterizingheir effect, only a sigle wave
form was usect any given timen this study Additionally, a limitation of towing tank
experiments is that the waves can only travel head on (opposite the carriage direction) or
following (in the same direction as the carriageln the present study the wave group

velocity was in the same direction as the mean cyropmosite the carriage velocity

Surface gravity waves are dispersive waves where the péyat wavelength,

are relatedfor a finite water depth, via the dispersion relation

CT"Y OAFEQ €)

where"Qis the gravitational acceleration, aiis the mean water deptffhe elevation of
the free surface; at a given point in spaceyand time,0 for a linear (also called Airy)

waveis given by the following expression:
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where Ois the significant wave height (twice the amplitud@js the wave number equal
to ¢* 7_, and, is the wave angular frequency, equalctol’Y The c«xcomponentor

streamwisevelocity, 0 is calculated:

0 AT @R & .. .
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whereqis vertical distance from the free surface suchdhat "Cat the selded Likewise,

theverticalvelocity, U is calculated:
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0
Regular waves are often classified by their relative dé@th, Shallow waves are
defined as(¥_ < 0.05, intermediate waves as 0.0%K_< 0.5, and deep waves &§_ >
0.5[34]. This classification is useful becausew@ves of equal height, the depth to which
the effect of surface waves penetrate is inversely proportional to the relative depth, which
is to say deeper waves (higher relative depth values) create less velocity shear as compared

to shallower waves (loweelative depth values).

Another important parameter to considethis wave energy per unit width

"0 (13

where” is the density of the mediumThese parameterdefined in[34] areused in the

following discussion
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3.2.1 Literature review

There are few studies describing the interaction betwseaalflow marine
hydrokineticturbines and waveg-orvarious turbine geometries including scales, numbers
of blades, andirfoil shapes, studies primarily focus on the impactheftwo primary wave
parameterssignificant wave height and period on power and thrust measurente st
cases thémeaverage value ai and0 was in close agreement with the steady {35¢
36, 37, 38, 39] Howeverthe instantaneous value for measured quantitiggically shaft
speed, torque, and thrust, and thus their respective coeffigiemtss shown to vary
consideably over the wave perid®5, 38, 39, 4Q] It is also noted in the literature that
there is some impact of TSR on the range of signal response for each of the measured
guantitieslikely related tolocal flow phenomena such as dynamic stall and reattachment

[35, 37] though the nature of this relationship is not yet understood

3.2.2 Present work

The purpose of this portion of the overall research effort was t@actesize the
performance of a largecale model turbine in the presence of surface gravity waves. Of
particular interest was the impact of turbine operating depth, which was predicted to change
the wave velocity shear experienced by the turbine. Alsontérest was the impact of
changing wave parameters on the rangmeésured power and thrudt is not yet clear
which wave parameter, significant wave hejgidriod, ora combination of parameters
such as relative depth or steepness, has asmgréicant impact on turbine performance.
It could also be that the magnitude of signal response is simply a function of the wave

energy with a more energetic wave eliciting a larger response.
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3.3 Experimental details

3.3.1 Strut Length
As mentionedpreviously, two strutd one 1.0 m{{F¥O= 1.30) in length and one
1.8 m(0F¥O = 2.25 in lengthi were used foturbineperformance testing in the presence

of waves

3.3.2 Wave scaling

The waves selected for this experiment were intended to represent cyealhiypically
found off the U.S. midAtlantic coast having a period of approximately 8 s, a wavelength
of 90 m, and a significant wave height of 2[#1]. The wavéengths were scaleth a
model scaldy matching the relativdepth (h/) assuming an absolute depth at-Bdhle

of 50 and 100 nfor waves 1 and 2, respectivelWave height wascaled using the
steepness@_) and was held constant for both waves in an effort to vary only one
parameter (relative depth) at a tinTdne relative depth of wave 1 placeslightly above
thelimit of intermediate waves, while the relative depth of wave 2aissdied as a deep
wave [34]. For each wave, the periodas determined from the wavelength usthg
dispersion relationEquation9). The resuling scaled wave parameters are detailed in

Table4.
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Table 4: Wave parameters for two model waves

Relative

Wave Depth Wavelength Period Steepness Height Energy
aq_ _ T ‘ar_ H 0

1 0.6 8.25m 23s 0.022 0.18 m 327 J/m

2 1.2 3.99m 16s 0.022 0.09 m 40 J/m

For experimentsnvolving wave 1 approximately 20 wave periods weraserved
for each traverse of the towing tankor experiments involvingvave2, approximately 30
wave periodsvere observed.

Two sources of wave scattering were addressed in the experiment: waves reflected
by thewavea b s o r bdeach apd viiaves created by the surface pigyatrut reflecting
off the sde-walls of the towng tank. Wave makecalibration experiments indicate the
amplitude of beach reflected waves to be less than 5% dieigat of the incident wave
andwereassumed to have negligible impathis assumption ifurther supported byhe
consistent wave forms showm Figure9. The effect of the sideeflectedwaves was also
neglected becausiat is assuredthatthe wave created by the surfageercing struhave
acelerityequal to the carriage speed, tbwing carriagewould bel5 mfurther down the
tank before the diffracted waveturned to the center of the tank.

To modelthe velocity shear induced by the wavestwnturbine, linear (Airy) and
nonlinear (secondrder Stokes) wave models were fit to tlee surface elevatiafata as
shown inFigure9. There is closagreement between the models and the data and between

the models themselve3he'Y coefficients for both models are above 0.9%us, the

simpler linear model was used to calculate the velocity skleawn inFigure 10.
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Figure 9: Wave data (light gray markers) for a representative run overlaid with a linear (Airy) wave (gray
markers) and a nontlinear (Stokes) wave(dark gray markers) for comparison.

Figure 10a depictsthe minimumand maximumhorizontal velocity profils for
wave 1 ((¥_ = 0.6 shown in grayand wave 2('(Y_ = 1.2, shown in black For wave 1,
the finite separation of tredvancing and retreativgave velocityprofilesat the bottom of
the tank ¢F'Q= -1) indicate that the influencef the surface waves spans the entire height
of the watecolumn from the free surface to the bottom of the towing tartks separation
is not present in the corresponding vertical velocity profile, showfigare 10b. This
asymmetry is indicative of the elliptical particle path of shallower waves (i.e. those with
smaller relative depth)in contrastthere is no separation between the velocity profiles for
wave 2 ((X_ = 1.2)at the bottom of the tankpdicating that the watdn this regionis
undisturbedoy surface waves. The comparative symmetrthefhorizontal and vertical
velocity profiles for wave ihdicates the circular particle path characteristic of deep water

waves.
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Figure 10: (a) The horizontal and (b) vertical velocity profiles for wavel ([fY = 0.6, shown ingray) and 2 (¥ =
1.2, shown inblack). The light gray shaded region depicts the vertical extent of the turbine attached to the short
strut and the dark gray shaded region depicts the vertical extent of the turbine attached to the long strut.

In all case$ short strut or long strut, wave 1 or wave the turbinewvas predicted
to experience velocity sheerduced by the wavesIn thecase of wave 1 attached to the
short stru{0¥0 = 1.3, themaximumhorizontal and vertical wave velocities experienced
by the turbine werbothon the ordeof 9% of the towing carriage speed. The associated
shear was approximately 8.61. For wave2 attached to the short strtie turbine saw a
maximum horizontal and vertical wave velocity approximately 4% ofthe towing
carriage speed, and experienced a shear of .05ar the longstrut (07O = 2.25) the
magnitude and shear for wave 1sweduced t% and 0.04% respectively and 1% and
0.02 s! for wave 2, respectively.

For comparison to potential situ conditionsl.uznik et al.[41] conducted near
bottom insitu PIV measurementdf the U.S. Atlanticcoast in depths down to 30 m and
determined the mean velocity sheanges fron0.02 to 0.1 s depending on a number of

factors including sd@edroughnesscurrent velocity, and surface wave actiyigyc. The
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predictionsdiscussed abowereof the same @ler ofmagnitudegiving confidence that test

conditions are representative of potential field conditions in term&wévelocity shear

3.4 Results and discussion

Baseline performance characteristics steady inflow (no waves) d@he two
different turbineimmersiondepths(0FO = 1.30 and 2.25)vere plotted as a function of
TSR andareshownin Figure11l. Each marker represents ttime averagevalue for a
single carriage run The white symbols represent data associated with the short strut and
the gray symbols represent data associatdutivit long strutTowing arriage speed was
set to 1.68 m/$or each rurand theTSR was adjusted by increasing the voltage input to
the hysteresis brake. TSR values belapproximately5.5 in theno-wave case were

unobtainable due to shaft binding at higiake torque. This situation was exacerbated
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Figure 11: (a) Power coefficient and(b) thrust coefficient as a finction of TSR in steadyconditions
(no waves) for strut lengths £7rr) of 1.3(shown in white)and 2.25(shown in gray). The dashed line
represents BEM predictions corrected for tiplosses. Error bars deict representative uncertainty at
95% confidence.
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during the wave experiments as the variable turbine torque dropped well below baseline

valuesfor a similar TSR

There is no discernable difference betwésn performance observedthe two
depths which i€xpected considering both are deeper than the critical tip depth, discussed

in Chapter 2

Turbine performance parametérsando , each averageid time over an entire
run, are shown verstsSRin Figurel3for all cases Again, neasurementassociatethe
short strut are shown with white symbols. Measurenas#sciated witkhe long strut are
shown with gray symbols. Circles representwave conditions. Squares represent

experiments involving wave 1. Triangles represent experiments involving wave 2.

Wave elative depthappears to have littldiscernible effect on the average values
of bothd ando6 , which is consistent with resulfisund in the literatur35, 36] so long
as the turbine is not so close to the free surface as to inhibit wake exg&0$ionhis is
not a surprising result considering the improvedgrenance associated with the advancing
wave is likely equal to the degraded performance associated with the retreating wave,
regardless of wave parameters. Tihneaverage values do appear to be sengibiverbine
depth however,with a slight increag in power and thrust measurements observed for
experiment@associated with the short stag compared to thosaken from the long strut

but the difference is within the experimental uncertainty and thus cannot be discerned.
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Figure 12: (a) Power and (b) thrust coefficient as a function of TSR for both strut Iengthsia’rr =1.3,2.2%in the
presence of both wave forms I]’Jz’ = 0.6, 1.2. Error bars depict representative uncertainty, quoted at 95%

confidence.

The resulting overall average values for power and thrust coefficient were shown

to change littlewith turbine depth and less still with the relative depth of the wave acting

upon it. Both of these results are costeint with previous experimeni35, 36] Power

guality and fatigue loading, however, depend on the range of power and thrust experienced

by the turbine. Significant variations in power coefficient result in poor electrical power

quality, and significantariations in thrust require materials with a higher fatigue limit to

withstand the cyclic loadingTherefore, it is prudent to consider the range of instantaneous

values in addition to the overall average values.
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Data from four runs representing tfeir combinations of strut length and wave
classificationwere selected, eactear peak power production (FlESR= 7). The surface
elevation was used as a basis for conditionally sampling each of the measured properties
of turbine speedorque, andhrust according to the wave pha% from O at the wave
crest to* at the wave troughThis translation from the time domain to the phase domain
was conducted using the Hilbert transform, defined for periodic functidnsin-depth
description of thigransform is given in Bendat and Pier$#2], and its application to
conditional sampling of unsteady pherema is provided in Huang et §#3, 44] and
Luznik, et al.[38]. The results of this analysis are shofenthe case 0b¥O = 1.3 and
"XY_= 0.6 inFigure13. The overall average value, corresponding to a single symbol in
Figurel?2, is shown in each plot as a horizontal dashed line. The jalvasage value was
calculatedby binning the values of the measured quantities at each degree of wave phase

and calculating the bin average.

TSR, shown irFigure 13b appears todg the wave elevation by a phase angle of
“¥¢, which may indicate the influence of the vertical component of velocity or may be
caused by thaertiaof the turbine and output shatfin this case, the TSR can be thought
of as the nosdimensional shafipeed as it is multiplied by two constarke blade radius,
'Y and the towing carriage speéd, . Thus, he power coefficienivhichis proportional
to the shaft speeds well as the torque also shows th@neinfluence. The thrust
coefficient pofile, however, more closely agrees with the surface elevation, perhaps

indicating a strong dependence on the horizontal component of the wave velocity.
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Figure 13: Wave phase averaged performancparameters in the presence of wave 1'{1/ = 0.6)attached to the
short strut (L/D = 1.3). Thelight gray dots indicate conditionally sampled dataas a function ofinstantaneous
wave phasecalculated from surface elevation (g)the dashedhorizontal line represents the average value over
the entire run (corresponding to the symbols irprevious figures), and the solid lineindicates the phase average
value for that parameter. A reference horizontal (solid gray) and vertical (dashed gray) wave component
velocity is plotted in (a) for reference.
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Figure 14: Wave phase averaged performance parameters in the presence of wavelﬂ(: 1.2) attached to the
short strut (L/D = 1.3). Thelight gray dots indicate conditionally sampled dataas a function ofinstantaneous
wave phasecalculated from surface elevation(a), the dashedhorizontal line represents the average value over
the entire run (corresponding to the symbols irprevious figureg), and the solid lineindicates the phase average
value for that parameter. A reference horizontal (solid gray) and vertical(dashed gray) wave component
velocity is plotted in (a) for reference.

39



\
/
|

L

0350 T

o 0.45

(.40

A
T
)
L
L

.33

120 4

L.00

(.50

(.60

(x

TENETi
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velocity is plotted in (a) for reference.

41



Comparing the results fohe short strut in the presencewsdve 1 Figurel3) and
wave 2(Figure 14), there is a clear difference TSR,0 andd as a function of wave
phasewith the range for all valuesppreciably lower in the second case as compared to the
first. This is in contrast to the close agreemanthe time average valuesdicated in
Figurel2 There is also a slight phase shift between the two cases with T$R laggding
(i.e. shifted to the rightglightly in the cae of wave 2as compared tovave 1 It is
hypothesized thathe phase shift is related to the relative magnitude of the horizontal
velocity component compared to the vertical velocity component. For wave 1, the wave
with the lower relative deptlthe magnitude of the maximum horizontal velocity is larger
than tha of the vertical velocity, whereas for wave 2, having a deeper relative depth, the
magnitude of the two components is approximately equal. As the disparity between the
two components increases (i.e. with an increasingly shallow wave), perhaps the@fluen
of the vertical velocity is lessened and the maximum TSR @ndhift toward the

maximum surface elevation %t 1t

Comparing short strut performandeédure 13) to long strut performancé-igure
15) in the presence of wave dignal variation is clearly decreased with deptid thus
velocity shear However unlike theprevious comparisqrithere does not appear to be an
appreciable phase shiftirther supporting the hypothesis thia¢ phase shiis a function

of the ratio of horizontal to vertical velocity component rather than the magnitude of either.

Comparing shi strut performanceHgure 14) to long strut performancé-igure

16) in the presence of wave 2, the variation of performance values with wave phase is
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decreased to a comparatively small range indicating that the wave has little influence on
turbine performanceAlthough it is barely perceptible as depictedFigure16®, the TSR
and0 signalsshow the same phase as in the shallow case further supporting the hypothesis

that relative depth and phase shift are correlated.

Unfortunately, the mechanism for the phase shift of any of the measured signals
cannotbe determined a priori as consideration must also include factors such as flow
dynamics in the immediate vicinity of the turbine blades, turbiaes moment ahertia
output shaft friction, etc. The development of a relationship between turbine geometry,
operating parameters, wave parameters, and performance response in terms of dimensional

analysis represents gotentialopportunity for future study.

8 Axes forall four related figures were made equal to enable direct quantitative comparison.
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Table5 summarizes theesultsfor each of the four casgsesentedn Figurel13
throughFigure16for comparison The overall average TSR value is similar for each case,
as are theveraged and0 values. Ranges for each of the calculated quantites were
calculated from the minimum and maximum phaseraged quantities, not the minimum
or maximum values for the data s&his rangevas then normalized by the overall average
value (corresponding to the horizontal dashed line in each of the figures) to indicate

variation from the mean.
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Table 5: Phaseaveraged performance parametergor representative runs at TSR 7.

Strut  Wave Y TSR . 0 . 0
Length Form Range 0 Range 0 Range
0ro a_
8.155.93 0.51-0.36 1.200.57
1.30 0.6 7.06 (31%) 0.44 (33%) 0.89 (71%)
7.31:6.89 0.450.42 1.000.78
1.30 1.2 7.10 (6%) 0.44 (7%) 0.89 (26%)
7.626.39 0.480.39 1.050.70
2.25 0.6 7.01 (18%) 0.43 (20%) 0.88 (40%)
7.137.00 0.450.41 0.920.84
2.25 1.2 7.06 2%) 0.43 (8%) 0.88 (9%)

For wave 1, the range of is roughly half of what it is fod . For wave 20 is
approximately equivalent or less th@n This phenomenodinthe range ob values being
less than the range of values for a given experimeinhas also been noted in the literature
[35, 36, 39] This is perhaps due to the sensitivity of tiormal force (i.e. lift) to the
tangential force (i.e. torque) to the change in local angle of attack associated with the

unsteady velocity of the wave.

It should be noted that the energy per unit length of wave 1 is over eight times that
of wave 2, sdhe disparity of response was not unexpected. However, it should also be
noted, that the maximum unsteady velocity in any ¢asave 1 or 2, short strut or lofig
was at mos®% of the freestream velocity In the case of wave 1 paired with the short
strut, thisrelatively smallvelocity variation had m outsizedimpact on6 and0 with
variations of 33% and 71%, respectively. For comparison, in a mean current of 2 m/s, a
full-scale version of wave&ould produce a maximum horizontal velocity of 0.14 m/s or

7% of the mean current speed at a hub depth of 25 m.
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3.5 Conclusions

A 1/25" scale model axiaflow hydrokinetic turbine based on RM1 was tested in
the large towing tanfacility at the U.S. Navahcademy to assess the impact of waves on
performance.Testswere performed at two rotor depths (1.3D and 2.25Dthe presence

of two distinct wave forms@_ = 0.6 and 1.p, both with equal steepness.

In the presence of waves, ttime average vale for each performance parameter,
taken over the entire run, is equivalent to the same value for tivavecase. Thisme-
average value is not affected by the relative depth of the wave or the operating depth of the
turbine for the waves and depthstéeksin the present experiment. However, for the
purposes of evaluating the impact of waves on power quality and structural loading, the
time-average value is a poor and potentially misleading indicator of operating conditions.
Even in the presence of agively small waves, the range of calculated performance values
including TSR,0 , andd was comparatively large. TSR an@l showed a strong
dependence on the vertical velocity, wher@aappeared to be influence to a greater extent
by the horizontal velocity. There appears to be a relationship between wave relative depth,
namely the difference in the magnitude of the horizontal velocity compared to the vertical
velocity, and the relat®r phase of the performance value. A better understanding of this
relationship could be beneficial to the design of active control systems. As noted
previously in the literature, variations n were generally larger than those tor. This
may be de to the sensitivity of the normal and tangential forces to changes in the local

angle of attack associated with the unsteady velocity inducttelmaves.

Due to limitations imposed by ¢hexperimental apparatus, other combinations of

waves could nobe tested. Future work could include a series of tests in the presence of

46



waves with equal relative depth but different steepness, and waves of equal energy per unit
width and differing relative depth. The results from such a study could parse thekffect

each parameter on turbine performance.
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4 Wake survey under steady conditions

4.1 Introduction

The constricting bathymetry that may make a site attractive for the installation of a
marine hydrokinetic turbine array also necessarily constraints thealaleailootprint.
Therefore optimizing turbine placement in a multibine array to maximize power
production and minimize structural loading is critical to the -costpetitiveness of the
installation. Optimal spacing is largely dependent on the chasdicte of the wake
produced by each turbine, specifically on the downstream distance at which the coherent
turbulent structures in the wake dissipate sufficienflize factors thought to affect wake
breakdown andubsequernte-energization occur in theear wake, within the first several
diameters downstream of the turbineis therefore imperative to better understand these

mechanisms.

In this section the characteristics of the wake are explored using a variety of
techniques from canonical wake diees to more recent advancements in helicopter rotor
aerodynamics.It also serves as a useful benchmark against which to compare the wake

characteristics of a turbine in the presence of waves

4.2 Abstract

Flow field results are presewutdor the neawake of an axiaiflow hydrokinetic
turbine in quiescent flow conditions. The turbine is a 1/25 scale, 0.8 m diameter, two bladed
turbine based on thd.S. Department of Energyeference Model fidal current turbine
All measurements were obtained in a large tank facility at the United States Naval
Academy with the turbine towed at a constant carriage speed, producing a nominal tip

speed ratio of 7. The turbine is nearly scale independent for these conditions. The wake
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velocity field data was obtained usiag in-house designed and manufactured, towed,
planarparticle image velocimetry (P1V) system at locations within two diameters of the
rotor plane. PIV ensembles were obtained for phase locked conditions with the reference
blade at the horizontal position.

The presentstudy focuses on characterizing the velocity and the mean flow
structure in the near wake with emphasis on the downstream evolution of coherent tip
vortices shed by the rotor blades. Wake expansion, indicated by the position of the vortex
ceners, follows a 1/3 power law expansion. Coherent vortices are identified up to
approximately 1.6D. Beyond this location, vortex meandering precludes identification of
individual vortices. The streamwise spacing between the voeeters is constant witii
onediameter downstream of the rotor, with interaction of neighboring vortices modifying
the spacing further downstream. Within the measurement field, the phase averaged

turbulence is small and mostly due to the aperiodicity or meandering of the vamsx c

4.2.1 Literature review

A number of experimental studies have focused on wake velocity measurements in
the vicinity of a single axial flow turbine. Results show that the influence of the turbine
appears to extend as far as two rotor diameters (2D) upstrighe rotor plangt5]. Flow
swirling in this region has also been observed, prior tanagsrough the rotor plarjdé].
Downstream of the turbine, 0 b s gredictsttheo n s
velocity in the near wakefO () to be approximately orthird that of the free stream,
recovering in the far wake®{O () [47]. It was also observed that the turbulence in the
near wake is highly anisotrapisuggesting isotropic turbulence models are not appropriate

for modeling the flow in this regiof48].
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Wake expansion caused by the downstream velocity deficit is well documented in
the wird turbine literatur@nd is also bbserved in marine turbine experimefs, 49, 50]
Expansion of the shear layer is shown to be proportional to the 1/3 power of the streamwise
distane [45]. Mycek et al[51] state that the wake is not asggmmetric, an observation
also mae by Tedds, Owen and Pod4s], however, itds not <cl ear
result of blockage caused by either the fredaser above or the channel floor below.
Chamorro et al. observed approximate azimuthal uniformity in the near wake of the turbine
and wake rotation in the m@iction opposite the turbirjd6, 47,49, 52, 53]

Several studies included particle image velocimetry (PIV) measurements taken at
a constant turbine blade phageg.[46]) showing coherent blade tip vortices within 2D
downstream of the turbine. Within 1Dontices were observed to Bgong and spatially
stablg45], becoming less concentrategthey convected downstrey#®], and decreasing
in concentration and positional stability at downstreartadises of 1.5D to 2[M45, 47,
52]. The distance between the adjacent helical vortex filaments in this region was observed
to be fairly constant by Okuloj47] although the oppostwas observed by Chamomb
al.[49]. The difference in the two observations may depend on whether or not meandering,
also calledaperiodicity, was accounted for. Using the average spatial diameter of-the Q
isosurfaces, Gimorro et al[49] observed that vortex core diameters were of the same
order of magnitude as the blade chord.

Several studies have investigated the instability modes of the helical tip vortex in
an effort to predict the streavise point at which the nearake structure begins to break
down and subsequently-emegize. Widnall[54] found three instability modes: a short

wave mode, a longrave mode, and one mutual inductance mode relating tadaerstise
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distance between adjacent filaments. Predictions were confirmed foerpaojpellers by
Felli et al.[55] who showed that the mutual inductance mode has the greatest impact on
wake stability. Their observations were confirmed forduiurbines by Sherry et 4b3]
who also observed that first evidence of mutual inductance oetutfse same nen
dimensional downstream distano® "Qvhere "Qis the helical pitch, a function of the
turbine tip speed ratiand number of bladesSherry et al. also stated that the breakdown
of helical structure in the near wake was influenced by ictierabetween the root and tip
vortices, though this was shown not to ooetthin 1D by Chamorro et aJ49].

In a pair of related studies, Lignarolo et[&R, 56]posed and addressachumber
of important questions regarding kinetic energy transport in the wake region. Of particular
interest to the present discussion is the question of what role the tip vortices play in
enhancing or inhibiting kinetic energy transport from the méam fo the wake. They
concluded that there is effectively no mixing in the ngake, the helical tip vortex
structure shielding it from renergization within the first two turbine blade diameters
downstream.

Wake characteristics have also been shimre affected by inflow turbulence such
as the wake signature of upstream turbines. Inflow turbulence was shown to increase blade
loading fluctuations, shorten the dowmestm wake recovery distan¢g0], and heavily
influence he shape, lengt and strength of the walg1]. The instantaneous power
generated by the turbine was shown to be strongly affected by turbulent inflow features
below a specified critical frequency. It was also shown thatfteguency varied linearly
with the angular frequency of the turbine at scales corresponding tadbstlatructures

in the wakg49].
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4.2.2 Present work

The goal of the presestudyis to collect high spatial resolution velocity data in
the near wake of a largzale model axidlow hydrokinetic turbine under steady
conditions. In addition to providing experimental data for computational model validation,
this data can be used tormoborate, and in some cases clarify, the observations discussed
in the preceding background. This knowledge can then be applied during the planning
process reducing the uncertainty associated with implementation and potentially helping

to reduce the co®f electricity for marine renewable energy.

4.3 Experimental details

The velocity field in the near wake of the model turbine was measured uBing 2
particle image velocimetry, a technique useg@nevious studiese(g.[53, 56]). The PIV
camera and light arm were contained in amanise designed and manufactured system
mounted directly to the towing carriage and subnekrgeéhe system, shown kKigurel7,
features two submersible housings, one forwaoking and one sid®oking, both
streamlined to minimize flow disturbance in the measurement region. The laser or camera
can be mounted intehangeably in either submersible, providing subsurface visualization
capability in vertical planes parallel to both the long and short axis of the towing tank.

For all imaging experiments, the submersibles remained fixed to the towing

carriage and theutbine was translated to change the field of view. The-lsmking
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Dynamometer

Forward-Looking (laser)

Side-Looking (camera)

Target Board

Figure 17: An underwater view of the field of investigation including the dynamometer and turbine (turne:
so that the blades are horizontal), the target boardincluded in the image for reference but removed durin
data acquisition), the sidelooking submersible which contained the camera and remotfacus electronics,
and the forward-looking submersible which contained the laser light arm and laser sheet optidSuring
data acquisition, flow enters from the left. The entire submersible system was designed and manufactur
in-house.

submersible was mounted 1.7D from the field of view and the foreatdng submersible
was mounted at least 2.6D from the field/@w with the turbine in the afhost position.

The PIV system featured a Quantel Evergreen, dual cavity Nd:YAG 200 mJ 532
nm laser capable of a repetition rate of 15 Hz. A 5 mm thick light sheet was formed using
a 1000 mm spherical lens in combinatieith a 15 mm cylindrical lens. The camera was
a TSI PowerView Plus 4 MP CCD camera with a resolution of 2048 x 2048 px providing
a nominal resolution of 1.9 mm for a nominal 0.3 m by 0.3 m field of view. A 50 mm lens
was used with remote focus and apestadjustment. The camera had a maximum frame
rate of 7.25 PIV image pairs per second (in Straddling Mode) and was positioned
approximately 1.4 m from the light sheet to preclude interference of the submersible
camera housing with the field of view. lgepair capture was triggered e Hall Effect

sensor mounted to the turbine hub so as to phase lock the image pairs with the blades
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positioned horizontally. The time between laser pulses was set to 400Ws the blades
rotated approximately 1LJbetween images.

PI1V images were captured and processed using TSI Insight 4G software. Camera
exposure was set to 420 e€es and the apertu
initially to ensure a consistent field of investigation. At each positiOn¢dibration
images were taken and then averaged prior to calibration amaémpéeng yielding an
average pixel size of approximately 157 ¢r
Nyquist grid engine (50% overlap), and an FFT based correlation engare Wie sub
pixel displacement was estimated using a Gaussian peak engine. Vector validation was
conducted using the local median filter and bad vector replacement was accomplished by
valid secondary peaks from the local correlation maps. Any remainieg khare filled
using local interpolation and the resulting vector fields were therpbss filtered using a
narrow Gaussian filter to remove hiflequency noise (higher than the spatial resolution).

The resulting particle displacements ranged from damuim of approximately 2
px to a maximum of over 18 px, but the average displacement was approximately 8 px.
Final interrogation spot size was set to 24 x 24 px providing a resolution of 12 px or 1.9
mm with less than 1% of vectors interpolatd®article mage diameter was calculated to
be approximatel px.

The seed particles used in this experiment were Potters Industries Sphericell®
110p8 hollow glass microspheres. The mean particle size wasnl@nd the density
ranged from 1.08.15 1Ckg/m®. The seed particles were di st
approximately the same overall size as the turbine diameter. The towing speed and rake

tine diameter were selected to maximize mixing. Perforated tubing was attached to the
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rake tines through which theeskparticles were pumped. The rake was towed the length

of the tank each day prior to the start of data collection and the process was repeated as
needed as signal quality degraded. Seed particle concentration was approximately 0.5 kg
per 200 L containeof water and the volumetric flow rate for the seed/water mixture was
approximately 0.5 L/s.

As noted in Mycek et a[51] inflow turbulence intensity has a significant impact
on the characteristics of the neeaske region ofthe turbine. Acoustic Doppler
Velocimetry (ADV) measurements wetteereforetaken using a Nortek Vectrino acoustic
velocimeter placed approximately 1D upstream of the turbine at a depth approximately
equal to 0.7R in order to quantify the inflow turbuden Several runs were made at
decreasing time intervals between runs. Even at the shortest possible time between runs
(about 6 min), the ambient turbulence intensity in the towing tank had dropped to less than
1%. Thus the influence of inflow turbulentethe following results was assumed to be
minimal.

For this experiment, the streamwise direction, parallel with the long axis of the
towing tank, was defined as ttedirection with the positive direction oriented downstream
(opposite the direction obwing carriage travel). The vertical direction was defined as the
o-direction with positive directed upward. The corresponding velocity vectors are denoted
0 and, respectively. The origin for position reference was defined as the center of the
turbine hub at the same streamwise position as the turbine §Eidase18).

PIV measurements were performedng thewra plane parallel to and beneath the
output daft of the turbine as shown ikigure 18. Fields of view extended from

approximately 0.11 m (0.14D) upstream of the turbine tip path to 1.57 m (1.97D)
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downstream andxtending downward from beneath the turbine output shaft to a distance
of 0.68 m (0.85D). Each individual field of view measured approximately 0.3 m by 0.3 m
with 0.05 m overlap étween adjacent fieldsigure18). Measurements/ere made in a
region of the wake that did not include the strut or support equipment.

For each field of view position approximately 1,000 stesidye (i.e. constant
cariage speed) realizations were collected over the course of five runs with each run
yielding approximately 200 realizations. Image capture was initiated using a Hall Effect
sensor on the turbine hub such that each image pair was captured when thdeés/a/bta
oriented horizontally (i.e. parallel to the free surface). Thus the resulting flow fields are

phase locked at a single blade phése,

Figure 18: A schematic of the field of investigation. The red squaresncompass each of the fields of view (14
total), each centered on a fiducial marker (solid diamond) and measuring approximately 30 cm by 30 cm. Flc
entered from the left.
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The classical Reynold decomposition of instantaneous veldciipto mean and

mean,0 and fluctuding, 6 a@omponent$57]:

60 O O (14)

was modifed by Reynolds and Hussajs8] to include the contribution of a reference
oscillator, illuminating the contribution of the associated periodic signal to the topology of
the flow. The tripledecomposition of the velocity signal, was used by Lingnagblal.

[52] to describe the behavior of axial flow turbines as:

60 O 00 €Y o0 (15

where the subscrifindicates the orthogonal velocity componentis the timeaverage
of the instantaneous signal,is the periodic signal associated with the reference oscillator
(in this case the turbine), andis the random signal associated with turbulence. The term

“Yis the period of the signal agds the number of periods.

As mentioned in the previs section, the observations made in the present study
were phasdocked with regard to turbine blade position, thus the phase averaging operation
results in the sum of the time averaged signal and the periodic signal at a particular phase,

defined as fobhws:

(16)

57



where <> denotes the phase averaige,the number of realizations, andis the time at
which those realizations were captured. Likewise, the turbulence inté@sityhe given

blade phase is calculated using the following expression:

O 6iiiDéo
17)
D S 6 e
The phasaveraged turbulence kinetic energy is calculated as follows:
pp A L
= 0 ahghd oo 0 ohiieo
60 (18)

O oo e 0 @oiho

The Reynolds shear stress at the given blade phase was also calculated as shown:

14 AIDEINE A I
: 19
AT E N ’ AOEY
<

In order to verify that approximately 1,000 realizations were sufficient to provide a

statisticallyindependent phase average for all statisaasymulative average including
200, 400, 600, images, etc. was calculated and plotted for a single fielemo{Rigure
19). The selected field of view, located furthest downstrepfip ( WO ¢8t, was
chosen because it included the shear layer and was in the region whemrtéx
meandering was most pronouncéddus representing the likely wofsasescenario in

terms of repeatability of velocity measuremeriibe firstorder statistics were normalized
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by the towing carriage speed and the seemna@r statistics are noriieed by the towing

carriage speed squared.

200 400 GO0 800 1000

Figure 19: Cumulative averagefluctuating velocity for ¢ &first row), « a¢second row) 0 &athird row), « ©
(fourth row), and ¢ ae offifth row) for the number of realizations indicated in the column header. Firstorder
statistics are normalized bythe towing carriage speeds 4. and Reynolds stress terms normalized by 4. -,
Field of view located 1.6 <7 < 2.0 and-0.45< »T1 <-0.85 fromthe turbine origin.

The fluctuating streamwise and vertical velocity componegigand U e
respectively, shown in the first two rows Eiure 19, average to 0 by 1,000 realizations
indicating a statisticalyndependent phase average. 6 k m). Since the fluctuations
were smaller for all other fields of view, these were assumed to have converged as well.

The Reynolds stress ternts2ae) a2 seandda@ geshown in the last three rows eifjure19
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converge with fewer realizations as indicated by the similarity between adjacent columns
in each respective row.

Although unconditioned observations were also made (i.e. observations made at
7.25 Hz, indepetent of blade phase), the inherent challenge of towing tank testing
precluded observations of sufficient number to also achieve a statisincilyendent
temporal average. Thus ttime averagedignal(i.e.6 ) could not be separated from the
periodc signal(i.e.6 0 ¢ Y for this analysis.

An uncertainty analysis was conducted using the image matching algorithm
developed by Sciacchitano, Wieneke, and Scafa®@ The algorithm is am posteriori
approach whichanalyzes the displacement field and original images using a discrete
window offset technique to calculate thetoged particle image disparity. A statistical
analysis of this disparity returns the estimate for the velocity vector measurement
uncertainty. The algorithm was applied to images from the same field of view shown in
Figure19. The maximum error was less than 2% for both velocity comporgunised at
60% confidence. It should be noted that the pkadking errors and truncation errors in
time are not detected with the image rhatg approach. However, as stated previously,

the particle image diameter was greater than 2 px, thuslpelakg was not antipated.
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4.4 Results and discussion

A transform was created to map the center of each field of view, indicated by the
center of the fiducial marker (sdigure 18), to the flow field origin. All @ and &
coordinates for each field of view were then transformed and plotted simultaneously. For
adjacent fields of view, th@andd coordinates were not identical in the overlap region.
When plotted, this artifact is maagted as a discontinuity in the overlapping region.

The tip vortices shed by the turbine blades are one of the most prominent features
of the wake. They serve as useful markers for observing the evolution of the shear layer.
More fundamentally, howevgthe interaction between adjacent helical vortex filaments is
thought to be the primary mechanism for initiating momentum transport into and re
energization of the waH&2, 53, 55, 6Q] Characteriation is therefore critical to informing
this discussion.

The _ criterion developed by Zhou et 461] was used to estimate the vortex
center position. However, using this method, the centroid could only be found thihin
measurement resolution of the interrogation window, approximately 1.9 mm. Moreover,
as sated by Bhagwat and Ramasafby], measurement in the region of the core of a
vortex is inherently difficult due to a seed particleid/created by the strong swirling
motion and variations in local velocity due to turbulence. Thssgthe methodology
they developed for helicopter rotor research a vortex model was fit to the experimental
observations in order to more accuratelgntify the vortex properties. Three vortex
modelsi the LambOseen model generally used for laminar vortices, the Scully Vortex
model generally representative of turbulent vortices, and the model developed by Vatistas

et al. generally describing vortieén the transition regigrall described by Leishmd63]
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T were applied to each vortex in each realization using alinear leastsquares fit
algorithm as described in Rasamy, Paetzel, and BhagWyé4]. The fit was applied to a
subregion of 21 by 21 elements (approximately 40 mm by 40 mm) centered on the location
of maximum_ . The core radii were then averaged for each vortex in each realization.
The resulting average vortex core diaemetvas approximately 0.7 times the tip chord
length of 24 mm (18 mm or 9 elemenis)agreement witi49]. The modekelected of

the threehat weréfit to a particular vortexwas based on whiobf the modelgproduced

the snallest residual norm in consideration for the changing nature of the vortices with
streamwise distance. Each of the three models have been shown previously to predict the
same centroid positiof®4]. This was also observed the present study. Model results

were compared to experimental reswhd are presentedfigure22.

4.4.1 Mean flow

Figure 20a shows the phassveraged streamwise velocity, 6 i
normalized by the carriage speéd, for the entire field of investigation extending from
0.14D upstream of the turbine tip path to 1.97D downstream and to a depth beneath the
output shaft of 0.85D. The velocity decreases just upstream of the turbine to approximately
75% of the towing caraige speed, the result of the slight rise in the static pressure of the
free stream flow approaching the turbine. The tip vortices are rotating calotkwise
(i.e. in the negativexdirection). Wake expansion, indicated by the position of the vortex
centers, is modeled reasonably well by a 1/3 power law expafigonr W’ @)
with an’y  correlationvalue of 0.95. This agrees well with theory and observations from
horizontal axis wind turbine studies as well as the marimeeguturbire literature (e.g.

[45]). Inside the wake, the velocity deficit is largest coincident withROM® radial
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location from the output shaft (approximately 0.7R). The streamwise velocity reaches a
minimum value, for this field foinvestigation, of approximately 1/the free stream flow
velocity at approximately 2D downstream as predicteBroyde and previously observed
(e.q.[47, 48). As mentioned in the introduction, the maximum velpdleficit occurs
downstream of the turbindeause the static pressure, as¢ tobwest immediately
downstream of the turbine, recovers by extracting energy from the wake at the expense of
velocity. Not accounting fofosses oenergy transferred to the wakom the mean flow,

the streamwise location of the maximum velocity deficit marks the location where the static
pressure has returnéalthat of the pressure far upstream.

Vortex meandering aperiodicityas it will be referred tts defined as the radn
variations in the spatidbcation of the vortex centers. This is shownirtorease with
increasing wake age or the angular travel, in degrees, of the blade that created the helical
vortex filament. Aperiodicity is thought to behe first manifestatio of helical instability
[53]. By approximately 1.6Cthe aperiodicityis so pronounced as to make it impossible
to identify individual vortices in a phasecked regime thus they are not labeled
However, the separation between the two point clouds downstreafof p&indicates
that a level of coherency is maintaine8.detailed discussion of vortex characteristics is

included in the next section.
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Figure 20: (a) Phase averaged velocity in the streamwise direction for the entire field of investigation. The
annotations above each vortex indicate the wake age in degrees of turbine rotation. Light gray dots indicate
vortex center positons for approximately 14,000 realizations. The black dots indicate the mean centroid
position. The vertical lines indicate the position of the velocity profile shown in (b). The free stream velocity is
from left to right and the turbine is shown to sale in the upper lefthand corner. Figure (b) shows the
streamwise vertical velocity profiles for vertical cuts located at the mean centroid positions and positions
between adjacent vortices. The solid line is a 1/3 powtaw fit to the 0.99Uow contour representing the wake
boundary.

The vertical lines orFigure 20a correspond to the phaageraged streamwise
velocity profiles shown ifrigure20b . Theseutveead tpasad tihr ough
path, each mean vortex center position, and at the midpoint between adjacent vortices. The
number of velocity vectors shown has been significantly reduced for clarity. The dark gray
line indicates the wake width, ddined as 0 ofoffe  TY T80

For further confirmation of mean flow measurements, the drag on the turbine,
approximately equal to the thrust, was calculated in terms of the deficit of momentum flux

across in the wake at a distance of apprexaly 1.4D downstream (profile shown in
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Figure20b) where wake expansion had effectively ceased. The wake was also assumed to
be axisymmetric. Since the field of @stigation was displaced from the output shaft by
approximately 0.16D (i.e. no data were recorded in this region) the velocity profile was
estimated to be constant at the observed velocity nearest the output shaft. This is likely a
low estimate since thetreamwise flow in this region is likely to be slower. The calculated
value of the wake drag was found to agree within approximately 5% of the independently
measured thrust coefficient value of 0.84, giving confidence in the observed results.
Figure 21a shows the phaseveraged vertical velocity, 0 6o also
normalized by the carriage speéd, . Just upstream of the turbine, there is a small
negativevertical velocity component in the negativéirection (i.e. radially outward), the
result of wake expansion beginning upstream of the turbine. Wake expansion, as described
by the vertical veloity, persists until approximately 1D after which there is very little
vertical velocity outside of the vortices as indicated by the flattening of the wake boundary.
This is consistent with whatas shown by Chamorro et [@d5]. The counteclockwise
rotation of the vortices is also clearly shown. The signature of several blade root vortices

also appear in the ppr lefthand corner oFigure21a.
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Figure 21: (a) Phaseaveraged velocity for the entire field of investigation in the vertical direction. The

annotations above each vortex indicate the wake age in degrees of turbine rotation. Tight gray dots markers
indicate vortex center positions for approximately 14,000 realizations. The black dots indicate the mean
centroid position. The free stream velocity is from left to right, and the turbine is shown to scale in the upper
left-hand corner. Figure (b) shows the vertical velocity profile plotted along the wake boundary, shown in
Figure (a). The black arrows indicate the magnitude of the vertical velocity at that position, according to the

scale indicated in the upper righthand cornea of the figure

In Figure 21b the phasaveraged vertical velocity is shown along the wake

boundary, giving a sense of the magnitude of the flow across the wakednpu Keeping

in mind that velocities shown above are phase averaged over nearly a thousand realizations

and that the wake boundary location is estimated, the figure approximates the swirl velocity

profile for a

hori zont aiticesii ¢t appears thdt the swgl h

e acdc

velocity is decreasing with downstream distance. It also appears that the vortex core radius

(i.e. half the distance between adjacent peaks) is increasing with streamwise distance,

however, this is primarily a result efcreasing aperiodicity, rather than core radius
dilation, as discussed in a later section. Boture2la andFigure21b indicate that aside

from the negative vertical velocity associated with wake expansion within the first
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diameter, there is very little vertical velocity across the wake boundary, potentially
indicating little exchange between the mean flow and the wake in terms of bulk fluid

motion.

4.4.2 Vortex characterization

As shown previously, the turbine tip vortices feature prominently in any
visualization of the phasaveraged wake and interaction between adjacent voeiges
is thought to be the primary mechanism for initiating breakdown of the coherent wake
structure and subsequent wakesrergizatior[52, 53, 55, 6Q] In Figure22a, the vortex
center positions for each realization are again indicated by the light gray dots and the
average center position is marked with a black dot. The mean aperiadioityariaility

of vortex center position from the mean position, is defined as:

()B Wp ap «a (20)

The aperiodicity was calculated for each vortex over all associated realizations.
The results are shown on the lgfaxis of Figure22b. At a wake age of 9dhe vortex
center positions are tightly grouped and thus the aperiodicity is low (i.e. the vortex center
positions are highly periodic). As wake age increases aperiodicity also increases, indicated
gualitatively by the expanding scatter of the gray dotSigmre22a and quantitatively by
the trend shown on the leftaxis of Figure22b. On the rightoaxis of Figure22b it is
shown thatat wake ages less than approximatelyJ@frtex center spacing was fairly
constant at 0.18D. However, for wake ages greater thahr@an streamwise spacing
increases and decreases alternately. liKeily indicatesthe start of mutual induction. €h

interaction becomes more pronounced aslBb@ vortex is shifted upward in the positive
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o-direction The upward movement of the vortex is likely duénteraction between the
upturning flow on the downstream side of the 11v@tex and the dowturning flow on

the upstream side of the 13b@rtex. Moreover, as the 1350ortex is pushed into the
slowermoving wake, it is sloweth the streamwise directicend its presence forces the
1170° vortex down into the fastaroving flow, furthering the counteockwise rotation

of the nowgroupedhelices. This phenomenon is aswown in similar studiefb2, 53]

The interaction is even more pronounced for the 1530° and 1710° vortices, which are
clearly entangled and rotating around a common saddle pointniotian classically
referred to aseapfrogging The scatter associated with aperiodicity is also increasingly
inclined relative to the horizontal,manifestation of the underlying shear laylarthe case

of the vortices detected downstream of appreety 1.7D, the aperiodicity was so great
that individual vortices could not clearly be identified as being of a particular wake age.
However, a close inspection shows that there is a slim, horizeotaiyted region of low
vortex centerdensity, suggesting that the 1890° vortex is being subducted beneath the
2070° vortex such that the two adjacent helices are now oriented vertically having gone

through 90 of rotation together.

The vortex core radius, was calculated for each voxten each realization using
two cutsi one horizontal (§ and one vertical (91 through the element nearest the
vortex center indicated by the vortex model. Each cut provided a velocity profile from
which the vortex core radius and peak swirl veloeitgre calculated as discussed in
Ramasamy et al[65]. The resultant core radius values were averaged for each vortex and
are shown as closed circles plotted on thedbefkis of Figure22c. The vortex core radii

calculated using the vortex model fit methodology described in a previous sectien
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also averaged for each vortex and also plotted on thedafis of Figure 22c as open
circles for comparison. The two are shown to be in close agreement (maximum difference
of 6%) giving confidence in the model results. The radiironrdimensionalized by the
turbine blade tip chord lengtthand indicate that vortex core diameter is of the same order
of magnitude, asrpviously observe5, 53] Vortex core radius is fairly constant at
apprximately 0.35c, in reasonable agmeent with previous studief53] until a

downstream distance affO 1, after which the core radius begins to decrease.

On the righto-axis ofFigure22c the mean peak swirl velocity is shown for each vortex
with model results indicated with open squares and experimental results shown with closed
squares. Again, there is close agreement émtwmodel predictions and experimental
results (maximum 5% difference). The alternating swirl velocity values may be due to a
slight difference blade manufacturing or base pitch. It appears that in the region of
interaction,o#fO p, the core radii decese slightly as the swirl velocity increases
slightly. Interestingly, this is contrary to what svabserved in Sherry et §3] and may
be a Reynolds number effect as low Reynolds number contributes to enhanced diffusion of

vortical structures.
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Figure 22: (a) Vortex center positions for each traceable vortex. The light graynarkers represent the vortex
centroid positions for each realization. The blackmarkers represent the average centroid position. The left-
axis of Figure (b) shows the aperiodicity nordimensionalized by the turbine diameter. The righte -axis shows
the streamwise spacing between adjacent mean centroid positions. The leféxis of Figure (c) shows the vortex
core radius calculated from experimental data (closed circles) and determined from the vortex model fitting
methodology (open circles). Both are normalized by the turbine blade tip chord length. The right-axis of
Figure (c) stows the mean swirl velocity calculated from experimental data (closed squares) and determined
from the vortex fitting methodology (open squares). Figure (d) shows the average vortex circulation calculated
for only the vortex core region from experimentaldata (closed diamonds) and determined for the entire vortex
using the model fitting methodology (open diamonds). Both are netimensionalized by the turbine diameter
and the towing carriage speed. Error bars are included irfc) and (d) with bar length equal to two times the
standard deviation of the assoeited quantities, quoted at 95% confidence
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Figure22d shows the mean circulation for each vortex, normalized by the turbine
diameter and towing carriage speed, with the open diamond symbols representing the
model output and the closed diamonepresenting the experimental results. The
circulation was calculated from the experimental data using the line ifftagpa the
circular vortex core boundary. The vortex core radius was calculated from the data using
the method of cuts, as previouslgscribed. The velocity values along the circle were
interpolated when necessary using cubic spline interpolation. Neither data set shows
significant variation in the near wake. Experimental values are approximately 70% of
experimental values. Thislecause model values include all circulation associated with
the vortex, assumed to be in otherwise quiescent flow. Experimental values only include
the vorticity in the vortex core which accounts for approximately 70% of the total vorticity
in laminar \ortices and @% in turbulent vortice$53, 64] Indeed, the experimental
circulation values for the present experiment are approximately 70% of the model values,
suggesting that the vortices in this region are primdaininar. There is also a slight
disagreement between the two results in the interaction regwfat p&. This is likely

due to the model assumption that the surrounding flow is quiescent.

® The area integral was also used to calculate the circulation and the two observations were found to be in
very close agreement. Only the line integral results are indlfodeorevity.
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4.4.3 Turbulence statistics

The turbulence kinetic energy conmamts of the 2D Reynolds stress tensor were
calculated using Equatioh8 and are shown ifrigure23a. The Reynolds shear stress
component was calculated using EquatiSrand is shown ifrigure23b. The turbulence
intensity was calculated for streamwise and vertical componsintg Equatiorl7 and are

shown inFigure23c andFigure23d, respectively.

Wake expansion is again clearly shown by the locations of the tip vortices. There
is surprisingly little activity, in terms of any of the turbulence statistics,idmitsf the
vortex core region. Intensity increases with wake age from the barely vistblerdéx,
to the region of strong interaction beginning with the PS@rtex IO p .
Downstream, intensity decreases again as the area increases with inapasoujcity.
Downstream offfO = 1.8 the smeared, circular path of the leapfrogging vorticésady

visible.

Figure23a shows the turbulence kinetic energprmalized by the towing carriage
speedsquared. It appears that the turbulence kinetic energy increases in magnitude with
wake age although this is likely exaggerated by the increasing aperiodicity, as it is for all
other turbulence statistics shownHRigure23. Reynolds shear stress, also normalized by
the square of the towing carriage speed and showigure23b, is similarly restricted to
the region immediately surrounding the tip vortices. In the wake expansion region from
the turbine downstream to a distancewd®© p&, there appears to befairly even
distribution of positive and negative Reynolds stress, which one might expect from a vortex
with the upstream side transporting momentum from the wake to the mean flow and the
downstream side transporting momentum in the opposite directiatheFdownstream,

72



however, in the region ertex interactionthe Reynolds shear stress is primarily negative.
The turbulence intensity, normalized by the towing carriage speed and shéiguia

23d andFigure23e, appears very similar to the other turbulence statistics in that the activity
is almost entirely restricted to thertices though the expanding shear layer is shown more
prominently. Both turbulence intensity components are plotted with the same contour
rangefor quantitative comparisonThe vertical component appears stronger, perhaps a
function of increasing vadal movement of the vortices in the leapfrogging region. Also
of note, the inflow turbulence intensity is negligible, in agreement with ADV

measurements.
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Figure 23: (a) The turbulence kineticenergy, (b) Reynolds shear stresgc) streamwisevelocity component
turbulence intensity, and (d) \ertical velocity component turbulence intensity. Reynolds stress components al
normalized by = (. and turbulence intensity components are normalizethy s . . Flow is from left to right.
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All turbulence statistics shown in atdade phaseaveraged. As previously
mentioned, aperiodicity results in an artificial contribution to the fluctuating velocity
components, incorrectly interpreted as turbulence. Following the individual average
methodology described in Ramasamy, Paetzel, and Bh§@#yah subregion (again, 21by
21 elements or about 40 mm by 40 mm) surrounding the nearest point to the vortex model
identified center was extracted for each vortex in each realization. These subregions were
then overlaid, afjning the vortex centers, and the turbulent statistics were then

recalculated. Representative results are showigimre24.

The three vortices included Figure 24 were selected because they show vortex
development over a range of wake ages. Also, although every effort was made to faithfully
tile adjacent fields of view togjeer, there were small variations in the overlapping region
thusvortices were selected from outside the overlapping region so as not to be influenced

by any potential misalignment.

The results irfFigure24 showthat the majority of the turbulence shownrFigure
23 is due to random variation in the vortex center position. For example, for tde 810
vortex, the maximum turbulence kinetic energy of the aligned subregion is approximately
10% of what it ifor the phas@veraged case. The aligned Reynolds shear stress is roughly
9% of the unaligned for the same vortex. The individually averaged values are 48% and
30% of the phasaveraged values for the streamwise and vertical turbulence intensity

componets, respectively.
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Figure 24: The results of individual averaging on turbulence statistics are shown for three individual vortices:
450 (top two rows), 810 (middle two rows), and 1530 (bottom two rows), respectively. Inthe columns, each of
the turbulence statistics are presented: turbulence kinetic energy (TKE), Reynolds shear stress (RSS),
Streamwise Turbulence Intensity (), and vertical turbulence intensity (k). The first row of each pair shows
the phaseaveraged (unaligned) vortex core. The second row of each pair shows the individual average (align
result.
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An alignment corretion cannot be applied to the entire field of investigation
because the aperiodicity is different for each vortex. Even in cases when there are two
vortices in a single field of view, the correction for one is not the same as for the other.
However, tdbetter show trends in the individually averaged turbulence statistics, the effect
of aperiodicity was removed by aligning the centers for each vortex in each realization,
recalculating the turbulence statistics, and calculating the maximum value (orcasthe
of the Reynolds shear stress the maximum and minimum values) for the subregion. These

results are shown iRigure25.
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Figure 25: The maximum value for the subregion surrounding each vortex, individually averagetbr the (a)
turbulence kinetic energy, (b) Reynold shear stress, also including the negative component shown as open
circles, (c) the streamwise&omponent ofturbulence intensity, and (d)the vertical component ofturbulence
intensity.
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Once the effect of the aperiodicity is removed, the interpretation of the turbulence
statistics, as shown iRigure 23 changes significantly. The maximum values for the
aligned averages are much lower as seen by compBkigquge 23a andFigure 25a.
Moreover, where the phaseeraged results show an increase in turbulence kinetic energy
followed by a decrease in the leapfrogging region, the individually averaged results show
the opposite trend with turbulence kinetic energy increasing in the leapfrog region, once
the contribution of aperiodicity is accounted for. CompaRiggire23b andFigure25b,
the phaseveraged results indicate a change of sign in the Reynolds shear stress occurring
just downstream of#fO p& in the vortex interaction region. This, however, is in
contrast to the individually averaged results which show a persistent and stronger positive
value, decreasing slightly in the leapfrogging region but not changing to wholly negative,
as shown irFigure23b. Even more surprising is the comparison of the components of the
turbulence intensity. Ifigure23c andFigure23d, the vertical component is shown to be
stronger, however, referring Eogure25c andFigure25d, this is likely due to greater center
location variability in the vertical direction. In the individually averaged case, the two

components are roughly equal.
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These results emphasizeetheed to view the phasweraged turbulence statistics
with caution. Their interpretation is perhaps in some way based ordéfi@ition of
turbulence itself. Are the random movements of the vortex filaments turbutetice
classical sense? For exdmps the Reynolds stress indicated by the phase average values
indicative of momentum transport? Or is aperiodicity a component to be addressed

separately in the form of the decomposition suggested by Reynolds and Hussein:

606 6 60 EY OO0 6 O 1)

where 6 0 represents the random fluctuations associated with aperiodidityis

guestion represents an opportunity for future study under conditions in which 3D time
resolved data could be obtained to calculate the specific contribution of each term in

Equation21 and momentum transport could be determined.

Regardless, it is surprising how little the turbulence statistics change in the near
wake region. Outside of the instability manifested by vortex meandering or aperiodicity,
the near wake appears to be very stable, in keeping with the observatades by

Lignarolo et al]52, 56]

4.5 Conclusions

A study was conducted of the nesake of a twebladed, 0.8 m diameter, near
Reynolds number indepdent axial flow hydrokinetic turbine in steady flow conditions,
one of the largestcale wake surveys to date. The field of investigation extended from
approximately 0.1D upstream of the turbine to 2.0D downstream, and radially outward to

a distance of @5D. High resolution flow field observations were made ustbgRanar
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PIV enclosed in an Hhouse designed and manufactured submersible housing system.
Phaseaveraged flow field results supported many previous observations made forssmaller
scale modal. These included the slowing of the flow just upstream of the turbine to 75%
of the free stream velocity due to the increase in static pressure, wake expansion well
described by the 1/3 power of the streamwise distance, and the velocity deficit reaching
maximum of 1/3 the free stream velocity. Turbine blade root vortices were also observed

but to a very limited extent given the limits of the field of investigation.

Tip vortex characterization techniques developed for helicopter rotor research were
applied to calculate relevant vortex parameters. Spacing of adjacent vortex filaments was
relatively constant as was vortex core radius to a streamwise distance of approximately
1.0D. Further downstream vortex interaction and mutual induction were observed
followed by the first 90rotation of leapfrogging, the phenomenon that likely initiates wake

re-energization

Phaseaveraged turbulence statistics were calculated for the entire field of
investigation and compared to individually averaged results in the active region
immediately surrounding each vortex. Individually averaged turbulence statistics were
lower by asmuch as an order of magnitude and were shown not to follow the same trends
as the phasaveraged results. This demonstrates that vortex center aperiodicity can have
a profound effect on the interpretation of results and should be considered in their

evalation.
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5 Wake survey underunsteady conditions

5.1 Introduction

Even as théechnology matures and the installed capacity increases, the design of
a marine hydrokinetic turbine installation likely to be unique to the installation site,
reflecting thewide variation in environmental factors such as bathymetry, wind and tidal
currents, theresencef flora and faunaand proximity toshipping traffic,to name but a
few. If presence in the associated literature is any indication, the impact of waves in
patticular is at best a secondary concern. Howeveprévious studiege.g.[26, 38) it
has been showtihat a smalinducedwave velocity, compared to the local current speed,
can have a significantnpact on theinstantaneougerformance characteristics of the
turbine ultimately affectingpower quality and thestructurallongevity of the turbine.
Moreover, a significant effort has been expended to characterize the wake of marine
hydrokinetic turbines, singly and im array of multiple turbines, in an effort to maximize
power production and minimize installation and maintenance costs. However, to date no
work has been done on examining the impact of surface waves on wake characteristics to
determine the extent to wdh they impact wakebreakdownand subsequent +e

energization, a process critical to determining array position and spacing.

5.2 Abstract

Flow field results are presentdor the neaxwake of an axiaflow hydrokinetic
turbine inthe presence of surfaggavity waves The turbine is a 1/25 scale, 0.8 m
diameter, two bladed turbine based onth8. Department of EnergyReference Model
1 tidal current turbine Measurements were obtained in ldmge towng tank facility at the

U.S. Naval Academy withtte turbine towed at a constant carriage speél,a tip speed
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ratio selected to provide maximum powdihe turbinehas been shown to Ioearly scale
independent for these conditiond'he selected wave form was intended to represent
oceanic swell encotered off the U.S. eastern seaboailthe resulting model wave is a

deep water wayen terms of relative depth, travelingi t h t h ein fhieapposite nt o0 ,
direction of the towing carriageVelocity measurements weobtained using an thouse
designecand manufacturedgubmersibleplanarparticle image velocimetry (PIV) system

at streamwise distances of up to two diameters downstreatheofotor plane. PIV
ensembles were obtained for phase locked conditions with the reference blade at the
horizontal position. Phase averaged results for steady and unsteady conditions are
presented for comparison showing further expansion of the wake in the presence of waves
as compared to the quiescent case. The impact of waves on turbine &g vort
characteristicds also examined showing variation in core radius, swirl velocity, and
circulation with wave phaseSome aspects of the highly coherent wake observed in the
steady case are recognized in the unsteady wake, however, the unsteady velocities imposed
by the waes, particularly the vertical velocity component, appears to convect tip vortices
into the wake, potentiallgnhancingenergy transport and accelerating themergization
process. A new characteristic length scale, the shear layer half width, isqudpos

describe the spatial extent of the unsteady wake.
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5.2.1 Literature review
A review of performance testing for axfdw marine hydrokineticturbines in
steady conditions is included in Sectih@.1 A review of performance testing for turbines
in the presence of surface gravity waves is included in Section 3.2.1. A review of turbine
wake surveys under steady conditions is provided in Section 4.2.1.
To the authorodés knowledge no studies ha

surface gravity waves on the ne@ake of an axiaflow marinehydrokineticturbine.

5.2.2 Present work

The goal ofthe present studp assess the impact of surface gravity vgame the
nearwake of an axiaflow marinehydrokineticturbine, to compare characteristic length
scalesdescribe wake evolution through the changeunbine tip vorex characteristi¢s
andto consider the difference in energy and momentum transpartgsaced to the steady
case Inseveraprevious stuids[52, 53, 55, 60jt was shown that adjacent vortex filament
interaction is likely the mechanism thatitiates the breakup and subsequent re
erergization of the wake. It is as yet unclear what impact surface waves might Have on

vortex helical pitch anthe downstream distance at which this occurs.

5.3 Experimental details

Thetowing tank, turbine, and performance measurement equipmeiscussed
in detail in Section2.2 A description of thePIV system, includingdevelopment,
dimensions, settings, and detaigjardingprocessing and pogtrocessings included in

Section 4.3.
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The samaleepwater wave('(¥_ = 0.6) featuringa significant wave height of 0.18
m and a period of 2.3used in a previous stufl®6] wasalsousedn the presergxperiment
to allow for quantitativecomparison. A description of the wave, including scaling
considerations and associated velocities is included in Sectiof3egjroup speed of the
waves wasn the samedirectionasthe simulated current, oppositeetdirection of the

towing carriage (i.e. head seas).

As described in Chapter, for the wake survey under steady conditions, the PIV
equipment (i.e. the forward and sild®king submersibles containing the laser lighh
and optics, and the camera, pestively) was fixed in position relative to the towing
carriage and the position of the turbine was changed in order to change the field of view.
This was accomplished by moving the surfaeacing strut relative to the towing carriage.
In the case ofhe present studythe turbine was fixed in position and the PIV equipment
(i.e. sidelooking submersiblevasmovedrelative to itin order tochange the field of view
in order to maintairthe same wavenduced velocity shear for each field of viewhe
target board, indexed to the turbine, was used to provide absolute position reference

between fields of view.

Due to limitations on the depth at which the PIV equipment could be positioned, the
turbine was positioned as close to the free surfacessijgpe while remaining below the
depth at which the free surfairepactsperformancealso allowing fothe amplitude of the
wave See Section 2.3 for detaits the determination of treitical depth The horizontal
and vertical velocity profiles fahe maximumwaveinduced velocity arehownas solid
black linesin Figure 26, with the gray horizontal bamgpresentinghe vertical extent of
the tubine and positiorwithin the water columnthus indicating the anticipated velocity
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shear The maximum horizontal and verticahvevelocitesseen by the turbin@asabout
5% of the towing carriage speed, slightly higher than previous experithdotsto the

reduced distance between the turbine and the free surface
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Figure 26: (a) Wave induced velocity shear in the horizontal and (b) vertical direction, normalized by the towin
carriage speed. The gray shaded region indicates the vertical extent of the turbiredative to the tank depth anc
thus the velocity shear experienced by the turbine, approximately 5% ef (. for the horizontal wave velocity.

Two regions were selectéolr measuremenbne just adjaceno therotor plang0.0
< w0 < 0.4) and onén the region of vortex interaction, as noted in the steady(0ak&
<0< 2.0). Ten traverses of the towing tank were made at each of theldsxof view
resulting in approximaly 1,000 realizationgat each position Each traverse provided
approximately 30 s of data including the passage of approximately 20 waves. As with the
wake surveyn steady conditions, blade position was used to trigger image capture, thus

all realizatons are blad@hase averagealith the turbine oriented horizontally

10 The maximum horizontal wave velocity component experience by the turbine in the previous study was
9% of Y . The maximum vertical velocity component was 3.5%of .
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5.4 Results and Discussion

5.4.1 Turbine blade phase average
Velocity field measurements were averaged at each field of view and then tiled
together using the methodology described in Section 4.3, yielding a blade phase average,
6 o  , which was normalized by the towing carriage sp&¢d,. Resultfrom
the steady case ashown inFigure 27a (repeated fronfigure 20a) for mmparison to
results from the unsteady case, showRigure27b. Wave 1 {(¥_= 0.6) was used in the

unsteady case.

The two fields are similawith regard to the general shape of the wake and range
of velocities however, there are a number of striking differencéertex center position
highly repeatablen the steady caseas substantiallyless soin the unsteady caseijith
positional stabity decreasingapidly with streamwise distance even in the region nearest
the turbine. ByufO = 1.3, the individual vortices are completely obscured; smeared
beyond recognition. Theake width (i.e} @ where6 & T@o &Y )is also notably
larger and the area of minimum velocity shifted significantiyvard toward the rotor

centerline.
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Figure 27: (a) Blade phase average streamwise velocity in steady aftg) unsteady conditons. Figure (a) is a
repeat of Figure 20a, included for comparison. The gray profile lines indicate, from top to bottom, the
maximum velocity deficit contour, the wake halfwidth, and the wake width for the steady case, respectively.
The length scales are repeated on (b) for comparison. Additionally, the dashed black line indicates the wake
width for the unsteady case. Wave 1|,n/ = 0.6) was present in the unsteady casé=low is from left to right.

The solid gray lineshown inFigure 27a indicate severatharacteristidength
scales originally developed to describe the canonical axisymmetric wake formed behind
round objects such as spheres and disiisemployed here to deribe the spatial extent
of the turbine wake with good effecThe uppemost contour describes thength;) at

which maximum velocity deficit

Yo | AQ 0 ® (22)

occurs. The bottoramost line inFigure27ais the wakewidth or wakeboundary] as

defined above The contour beveen them is defined in Poffg/] as the wake half width,
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1y or the the length at which the velocity is equal¥o  -"Y @. In this case, the

wake half width reasonably represetitedividing line between the wake core above and
the shear layer belowContours were creatday extracting streamwise velocity profiles at
streamwise locations midpoint between vortices in order to minimize their influ€oce.
each streamwise velocity profiléed-coordinate location was identified corresponding to
Y o and @& . These points were then fitted with H3 powerlaw fit,
proportional to the velocity deficit flow raig7], and shown in previous studies (§4%])

to accurately represent the wake velogitgfile. An additional contour, the mean vortex
center contouff, T a 1/3 poweilaw fit made to the mean vortex center positions in the

steady case is proposedas discussed below

The wakewidth for the unsteady case was calculatsthg themethod described
above Comparinghe two contours ifrigure27b, the steady casdepicted as the bottem
mostsolid gray line and theunsteady casealepicted asa dashed black linethe wale
boundary in the unsteady cdseexpanded slightlputward {n the negativex-direction
compared to the steady cadéentifying] and] y for the unsteady casbowever, is
much more problematic because thgion ofmaximum velocity deficit is shifted inward
toward the turbine output shafhaking the contour created by mapping it less useful as a
descriptor. As it depends on the location of] 5 could not be calculated eitheilo
illustrate why this isthe sreamwise velocity profiles for severalwlnstream distances

were calculated are showmFigure28b.
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Figure 28: (a) Turbine blade phaseaveraged velocity profiles for the steady an¢b) unsteady caseslLegend
values indicate the nordimensional downstream distance from the turbines¥ . Wave 1 (Jf¥ = 0.6) was
present in the unsteady ase. Annotations indicate the maximum velocity deficit locatior#ty and wake width,
#o.

The velocity profileslepictedn Figure28a look very much like the classical axial
flow turbine wakewith "Y1 ,and all increasingvith streamwise distance due to wake

expansion.

The first two velocity profile contoursiiFigure 28b are similar to those in the
steady case showing relatively high amty shear just inside the wake boundary
However, further downstreamrd{O p&®) the wake has become nearly sgithilarin all
but the innerwake core region, the wave action again having smeared out the

comparatively strong velocity shear shown in the steady case.

Likewise in the vertical directionfigure 29 shows the blade phasweraged
vertical velocity 0 ofdf6  for the steadyRigure29a) and unsteadyF{gure 29)

cases.Similarto the figures describing the streamwisdocity (Figure20b), the much of
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thepositional stability of the tip vortices shown in the steady,aadest in the wave case

In fact, there is almost no bulk motion in the vertical direction in the downstream region of
Figure2%. However, as witlprevious experimentshé average value, in this case th
turbine bladephaseaverage valueobscureghe rich dynamic action of the systewms

discussed shortly
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Figure 29: (a) Blade phase averageertical velocity in steady and unsteady (b) conditins. Figure (a) is a repeat
of Figure 21a, included for comparison. Wave 1( ITJz’ = 0.6)waspresentin the unsteady case Flow is from left
to right.

5.4.2 Blade and wave phase average velocity
In order toassess the impact of wave phabke data was transformed from time

to phasespaceusing the Hilbert transforras discussed in Section 3.3. Each realization
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Figure 30: Histogram of wave phase at the turbine to the number of realizations recorded at that phaser a
representative field of view Bin width is Z¥  radians (3.6]).

was correlated with a wave phase from Q‘taeferenced tthe turbine location where the

wave height sensor was located

Figure30 showsa histogram of the number of realizations captured at each wave
phasefor a representative field of viewPlV image capture was initiated via a Hall Effect
sensor on the rotor nacelle, as previously discussed. As shdviguire 13b, the shaft
rotation speed (nedimensionalized as TSR) varies considerably with wave passage, thus
thedistribution of imagesvasnoteven across all wave phasds other words, the phase
average values included kigure28b andFigure29 are more heavily weighted toward
realizations captured near peak shaft sgbad near théowestshaft speed.Although
approximately 1,000 realizations were captured for each field of, viswall thatm Figure
19 it was shown that approximately0® realizations were needed forstatistically
meaningfulbladephase average, thissrbulence statistics were unobtainabiewever,
examining many of the wake characteristics as a function of wave phase does provide

useful insight into the complexakeenvironment.
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The blade and wavghase averaged streamwise velocitiesecalculatel andare
shown inFigure 32 andFigure 33 at wave phase angl€sfrom 0 toc* 7t and“ to x* 7t
in increments of It radians, respectively. Each field of view is composed of an average
of approximately 20 realizationg-or reference, thEigure31shows thesurfaceelevation
profile for an entire wavelengfor each wave phase. The rectangle in the lowehksfd
corner representie field of investigationlts depth relative to the free surface (shown as
a horizontal solid black lingand its length compared to the wavelength are all shown to

scale. The wave amplitude has been enlabyesl factor of fivefor the sake of clarity.

(e)
N
\
\
\
\
/
V
/1\
/
3
~
i~
i

— - _— : T~ — /2

= - T —3rn/4]
e —7

——5m/4
—3m/2
—Tr/4

Figure 31: Free surface elevation versus wave phase. The field of investigation, to scale relative to the depth and
wavelength, is shown in the lower lefhand corner. Wave heights are exaggeratdoy a factor of five for clarity.

In the downstream region nearest the turbine (W < 0.4), wave influence is
minimal as expected from the relative coherence of the vortices shofigure 27b.
There is, however, a small undulation in the wake boundary and the tip vortices can be
seen to trace an elliptical pathmilarto what would be expected for a submerged particle

influenced by waves.

11 Each bin was+/- “ /36 or 2.9.
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Figure 32: Blade and wave phase averaged streamwise velocity contours for wave phase angles from 0Zp .
Wave phase is referenced to the location of the turbine. Flow and wave propagation direction is from left to
right.
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Figure 33: Blade and wave phase averaged streamwise velocity contours for wave phase angles #oim Z .
Wave phase is referenced to the location of the turbine. Flow and wave propagatidinection is from left to
right.
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Upon firstinspection vortex center positions may seem counterintuitive in the case
of % T (Figure32a). Atthe wave peathe horizontal component of the velocity is also
at its peak valuethus the turbine sees the highest horizontal velocity at this wave phase.
One might reasonably expect this to drive the vortex centers apart. However, it should be
noted that as horizagit velocity increases, turbine rotation speed also increases, thus
decreasing the pitch of the tip vortex helikhe opposite is true with wave trough passage
at% “ (Figure33a). Though the magnitude of the horizontal velocity is at its lowest
with trough passagevortex helix pitch is greatest due to a commensurate decrease in
turbine rotation speed. This is significant becatisas been observed that the detweam
distance at which adjacent vortex filaments interact and the stable helical tip vortex
structure begins to break down is a strong functiothefvortex helix pitci55, 53] It
might reasonably be assumedttlas the adjacent vortex filaments are moved closer
together by the horizontal wave velocity, that this may decrease the downstream distance

at which mutual imluctionoccurs.

In the region further downstreafi.3 <afO < 2.0) theblade and wave phase
averagedield of view appears much clearer, comparing more closelyRigflre27a than
Figure27b. Granted, there are only approximately 20 realizations incorporated to each
field of view. Howeverthis suggestthat, like the overall average performance measures
discussed in Chapter 3, blade phase avegagilikely nota full description of this periodic

phenomenonThe wake boundary is shown to undulate with the passing wave reaching its

highest vertical extent of approximate/65D ato¥O =2 and%.  “ ¥¢2 (Figure32c).

2 The wavelength of wavei% 8.25 m, thus 2D downstream is slightly less than 1/4 of the wave length. The
wave phase is referenced to the turbine, thus the peak height of the boundary layer lags the turbine by
approximately 1/4 of a wave period‘oI¢.
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The wake boundary continues to move downward in the negaiilrection until the

passing of the wave trough@O =2 and%.  ¢" ¢ (Figure33).

Unfortunately, the wake boundary is out of the field of view under these conditions,
however, if the vertical extent of the wake boundary movement can be estimated by the
movement of the vorticeshé total vertical displacement of the wake boundary layer at
WO  ¢8ris approximately 0.4DFor comparison, the vertical displacement of a particle

located at the same depth under the sameeconditions would be 0.05D.

5.4.3 Vortex characterization

Although they do ndlikely describe the flow with a high degree of fidelity, tracking
vortex centers as they traverse the near wake can provide aesgtghdte for the length
scale otthe shear layer, especially in unsteady conditidhsreover, the spatial change of
vortex parameters such as core radius, peak swirl velocity, and circulation can provide

additional insight into the complex interactions in the near wake.

Using the same methodology described in Section Hedenter pogion of each
vortex present in approximately 6,000 realizatiovess determined along with relevant
characteristics. These vortex tampositions werelotted at their respective spatial
location with the color of eaaharkerindicating thevave phasetdhe turbingFigure34).
Again,%  Tirepresents acre$é  “ represents trough, anfo  ¢“ representthe

next crest. The vortex center positions for the steadgare plotted in gray for reference.
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Figure 34: Blade phas-locked vortex center positions for the unsteady caséMarker color indicates wave phase
from the wave crest ( . =0) to trough ( . Z) andto peak again . J. Blade phaselocked vortex

center positions for the steady case included as gray markers for reference. Flow is from left to right.

The vortices are created at approximatefD 1. Even over a comparatively
shortstreamwisalistance, the impact of the wave and wake can be seen in the elongated
elliptical shape of the vortex center locations for th&[ @8 group of]vortices This effect
is even more pronounced for the 272" group of]vortex centers, showing a significantly
larger stretched elliptical path. In addition to expanding and stret¢chmgprtexcenters
associated with the 2J3@ortex also appear to be rotating the clockwibe fegativecr
direction) with downstgam distance. This deformation is due to the influence of the
uniform stream, wake shear layer, and wave velocity. The effect is even more pronounced
at a downstream distanceddO p& where the ellipse has rotated to approximai¢hj
from thearaxs, the rotation angle a function of the magnitude of the streamwise velocity
shear,! @ ¢and has collapsed into something like a higgthetched figuresight.
Following the passage of the wave crest (didwle markerg, thevertical component ohe
wave induced flow is negative and the vortex filaments are pushed down into the mean
flow, which also accelerates them in the streamwise (positid&ection). With the
passage of the trough at the turbine, the vertical velocity changes from négatgéive,

and the vortices are drawn upward into the slower moving wake, decelerating them in the
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streamwise direction as compared to the mean flow. Even the vortex center positions for
the steady case exhibit this effect, albeit to a lesser eatemiglicated by the gray markers

This can be seen moctearlyreferring back td-igure22a.

As the cloud of associated vortex centers rotates, one can sebethairtices
created during crest passage, shown dark blue and dairk FFeglire 34, convect inward
(positivea-direction) toward the slower moving wake and the ouspaft above, whereas
the vortices created during trough passage (shown light blue, green, and ydfiguwren
34) convect outward toward the wake boundary and teamflow below. The figure
eight pattern, most prominent in the region of 1. @& < 1.8, is created when the faster
movingtroughvortices overtake the slower movinmgd-phase vortices (.80 “ ¥¢ and

0" ¥¢) but the slower moving crest vortices ot

Being familiar with the orbital path of a particle in a progressive wave, one might
reasonably expect the vortex centers to follow the same path. However, it is important to
note that the vortex center locations showRigure34d on 6t r epr esent t he
vortex filament, but the path sticcessiveortex filaments, thus adjacent symbols do not
represent a time history of vortex center position. fdot, the points are entirely

uncorrelated in time, the experiment spanning multiple runs over multiple days.

Perhaps the best way to consider the position of adjacent vatices inFigure
34 at any given instant in time is to compare clouds or bands of points of the same wave
phasei(e. color). For exampldawo adjacent vorteklamentsrepresented bigvo symbols

in theadjacent regbrangebands in the downstam regiorof p& O  p& were likely
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separated by approximately the distance between the bands, which is comparable to the

spacing shown in the steady case, indichtethe underlying gray symbols

More generallythere is a noticeable gapthe downstream region p&  ofO
p®, between the vortex center point clouds idrat are likelythe 1350 and 1530 [8™
and 9" groups of]vortices especiallynoticeable forvortex centers associated with the
same wave phase (shown in the samerkokhe relative coherency in this region suggests
that vortex interaction is naippreciablyaided by wave action In other words, the
unsteady velocities imposed by the waves appear to change the streamwise spacing
between adjacent helices as showfigure32 andFigure33, yet this does not appear to
causemutual inductiona occur at an appreciably shorter distance downstréhi® is in
contrastto what might reasonably be inferred by tieative disorder of theladephase
average velocity fieldRigure27b andFigure28b). The strong helical structure shown in
the steady case appears to remain intact) evéhe presence of waves least atifO
¢8t As shown in previous studi¢S2, 53] and in agreement with the resuisownin
Chapter 4, the presence of a strong helical vortex structure precludes wake breakdown and

re-energization.

That said, the vertical distribution of vortex center positions showsigare 34
suggests that vortex filaments, mainly restricted to the shear layer in steady flow, may be
transported into the wake by the vertical wave velocity component at a higher rate as
compared to the steady case, enhancing kineéoggrtransport.In this way, the vortex

filamentsact as energy carriergushed into the wake to be devoured by turbulence.
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Studying the spatial change wortex parameters such as core radpegkswirl
velocity, and circulationin the unsteady casend comparing them to theteadycase
provides further insight as to how waves affect the wa#tkedata presented in this section
is empiricalas opposed to vortemodel datathat was calculated using the methods
described in Section 4.4

Figure35ashows thespatial distribution of vortex center position wittarkercolor
corresponding to theortex core radjifor the steady case asmpared to thensteadyase
(Figure34b). The vortex core radii ar@rmalized bytheradius of the subregion used to
calculate vortex parameteis, (19 mm) As expectedFigure35a shows the same trend
asFigure22c. Thevortex coreradiusis essentially constanintil the interaction region

(WO p) after which it decreasesightly.

@

(b)

Figure 35: (a) The spatial distribution of vortex center positions with symbol color corresponding to theartex
core radius normalized by the subregion radius,» for the steady and(b) unsteady casesln both cases the
mean flow is from left to right. In (b) the wave is wave 1 Inf 8).
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