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Abstract: Experiments with a three-bladed, constant chord tidal turbine were undertaken to
understand the influence of free surface proximity on blockage effects and near-wake flow field.
The turbine was placed at various depths as rotational speeds were varied; thrust and torque data
were acquired through a submerged sensor. Blockage effects were quantified in terms of changes
in power coefficient and were found to be dependent on tip speed ratio and free surface to blade tip
clearance. Flow acceleration near turbine rotation plane was attributed to blockage offered by the
rotor, wake, and free surface deformation. In addition, particle image velocimetry was carried out
in the turbine near-wake using time- and phase-averaged techniques to understand the mechanism
responsible for the variation of power coefficient with rotational speed and free surface proximity.
Slower wake propagation for higher rotational velocities and increased asymmetry in the wake with
increasing free surface proximity was observed. Improved performance at high rotational speed was
attributed to enhanced wake blockage, and performance enhancement with free surface proximity
was due to the additional blockage effects caused by the free surface deformation. Proper orthogonal
decomposition analysis revealed a downward moving wake for the turbine placed in near free
surface proximity.
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1. Introduction

Axial flow tidal turbines are installed near the free surface of a channel/river to take advantage of
maximum volumetric flux available near the free surface [1]. The turbine is subjected to cyclic variations
in flow velocity and flow level above the turbine rotation disc, which affect the performance [2-4]. It is
thus crucial to understand the complex flow physics that play a role in performance characteristics as
well as flow around the turbine for efficient deployment strategies. The restriction offered by the turbine
rotor to the freestream flow, often referred to as solid blockage, results in flow acceleration around the
turbine. Also, a wake blockage, caused by flow obstruction imposed by a counter-rotating wake that
expands and dissipates behind the turbine is believed to add to the solid blockage [3,5-7]. Though the
solid blockage is constant for a turbine in its deployed channel (cross-section) area, the extent of wake
blockage varies with flow speed and turbine rotation speed [3].

Many researchers have investigated the effect of blockage on turbine performance; the majority
of the early experimental work was done either in wind [8,9] or water tunnels [10-13] with the
aim of validating and verifying simple physics-based models of such flows. Analytical models for
characterizing the turbine performance in the blocked environment are based on linear momentum
theory [13,14]. Several experimental studies have been carried out to quantify blockage effects and the
resulting wake structure modifications [8,15,16]. Experimental investigations by Chen and Liou [8]
concluded that the wind tunnel blockage factor was strongly related to solid blockage, tip speed ratio
(TSR = ratio of the speed of blade tip to channel flow speed), and blade pitch angle. Higher blockage
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effects were observed at higher values of solid blockage and TSR. Experimental investigations by
Whale et al. [16] on a lab-scale wind turbine reported high blockage at large TSR values due to the
obstruction offered by a slow-moving (stream-wise) wake to the free stream flow (wake blockage).
Experimental and computational investigations of Medici et al. [9] show the influence of blockage
on flow up to three turbine diameters upstream of the rotor plane. Near upstream flow showed
three-dimensional flow structures indicating the effect of wind turbine geometry on incoming flow,
similar to near wake flow. McTavish et al. [15] studied the effect of blockage on initial wake expansion
for different sized rotors in a water channel using a dye visualization technique; higher blockage
was found to narrow down the wake expansion and modify the vortex pairing behind the turbine.
Chamorro et al. [17,18] performed a three-dimensional particle image velocimetry (PIV) study in the
wake of a deeply submerged miniature axial-flow hydrokinetic turbine and reported wake expansion
proportional to the one-third power of the stream-wise distance. Lust et al. [19] studied the tip vortex
structure in the near wake of a 1:25 scale turbine model; they observed vortex filament interactions at
downstream distances greater than a rotor diameter and reported these to be suggestive of the process
of vortex breakdown and wake re-energization. Eriksen et al. [20] reported a complete breakdown
of tip vortices by a downstream distance of three rotor diameters in their experiments with a wind
turbine model. The flow depth to rotor diameter ratio has been shown to have a considerable influence
on the evolution of downstream wake characteristics [21,22]. Aghsaee et al. [21] showed that at a given
inflow velocity and turbulence intensity, the deeper the flow, the faster the recovery of wake mean
velocity, and the slower the recovery of wake turbulence intensity.

Along with solid and wake blockages, when a tidal turbine is installed in a near-free surface
environment, it may be subjected to an additional blockage due to the free surface deformation [3]. Several
studies have also been performed to analyze the effect of free surface proximity on turbines [3,10,11,23].
Bahaj et al. [23] performed experiments in a cavitation tunnel and a towing tank; their experimentation
resulted in a reduction in turbine power with a decrease in blade tip-free surface clearance. Experimental
investigations by Birjandi et al. [11] with a vertical axis hydrokinetic turbine reported improved performance
with increasing free surface proximity. Kolekar and Banerjee [3] performed computational fluid dynamics
(CFD) studies to investigate the effect of free surface proximity on tidal turbines’ performance characteristics
and reported enhanced performance with increasing proximity. The transient CFD analysis revealed faster
bypass flow (flow region outside the wake) and free surface deformation behind the turbine rotation plane
whose magnitude varied with free surface proximity. Manar et al. [24], through an experimental study on
a rotating wing in a confined space, concluded that the magnitude of measured blade forces was dependent
on Reynolds number and blade-to-wall tip clearance. The measured lift coefficients were highest for the tip
clearance of 0.5 ¢ (¢ = chord length = 0.2 R, R = rotor radius). A stronger wall-to-tip vortex interaction was
observed for the 0.5 ¢ case which entrained the dye off the wall into the tip vortex path. When operating
in a near free surface environment similar phenomena are expected to lead to increased blade forces.
The majority of the reported experimental investigations available in the literature that quantify the effect of
blockage on turbine performance are limited to turbines operating at a single depth of immersion; very little
is known about the effect of free surface proximity on the turbine performance and the dynamics of the
downstream wake.

This work is the first detailed experimental study to explore the effects of free-surface proximity
on the near-wake characteristics of a tidal turbine model. It adds to the data reported in a previous
publication by the authors [3] that focused on the effects of free surface proximity on the performance
characteristics the turbine model. Flow-field visualization using stereoscopic PIV technique was
performed to identify the principle flow mechanisms that are responsible for variation in performance
characteristics with rotational speed and free surface proximity. The free surface proximity was
quantified by a non-dimensional tip clearance ratio, 6hy; = hy;/D (where hy; represents water depth
between turbine rotation disc and free surface and D represents turbine diameter). The turbine
was subjected to various rotational speeds to achieve 1 < TSR < 8 at various depths of immersion
0.05 < ohy; < 0.55.
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2. Materials and Methods

2.1. Flow Channel Conditions and Turbine Assembly

All experiments were performed using an open surface recirculating water channel at Lehigh
University with a test cross-section size of 0.61 m x 0.61 m and length of 1.98 m (Engineering Laboratory
Design, USA). This facility is equipped with a 19 kW single-stage axial-flow propeller pump with
a maximum discharge of 0.35 m3/s. The propeller pump RPM and, hence, the test section flow velocity
is controlled and regulated through a transistor inverter type, variable frequency controller (Toshiba
Model VFAS1-2185PM-HN). Flow velocity can be varied from 0.03 m/s to 0.94 m/s and can be measured
within an accuracy of +2%. The flow quality is such that the turbulence intensity is maintained to
a value of ~2% [25].

A three-bladed tidal turbine model (1:20 scale) with a diameter (D) of 0.2794 m was used for the
current experiments. The turbine design was developed in house and used in previous studies [3,26];
the rotor blades were made of corrosion-resistant aluminum alloy with an 5G6043 hydrofoil cross-section
having a constant chord (c = 0.0165 m), the pitch angle of 10°, and no twist (see Figure 1a). The turbine
operated at a blockage ratio of 16.5% in our water tunnel; however, even though it has a simpler blade
profile, the results obtained using the rotor are applicable to tidal turbines in general. The model
hydrokinetic turbine is attached to a horizontal shaft, and is driven by a stepper motor which maintains
a precise rotational velocity through a micro-stepping driver and controller mechanism. The stepper
motor used for the current study (Anaheim Automation, Model 23MDSI) was a NEMA23 series,
24 Volt DC (Direct Current) motor with a resolution of 1600 micro-steps per revolution. The stepper
motor was connected to the turbine shaft through a flexible coupling. The motor and flexible coupling
were enclosed inside a watertight acrylic cylinder, which was then connected to a thrust torque
sensor (Model #TFF400, Futek Inc.). The acrylic cylinder was continuously pressured/purged to avoid
water leakage into the system. Figure 1b shows a schematic of the experimental setup. The reaction
torque-thrust sensor used for rotor load measurements was fixed to a vertical post, which was connected
to a horizontal frame supported at the channel top. The vertical post can be raised/lowered inside the
water channel to vary the free surface proximity of the turbine. During the experimental run, data
from the torque-thrust sensor were continuously monitored and acquired on a desktop computer at
a high sampling rate of 500 Hz for further analysis. The turbine performance was characterized using
the non-dimensional parameters, the coefficient of power (Cp), the coefficient of thrust (Cr), and tip
speed ratio (TSR) defined as:
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where Q is the torque (N'm) on the turbine, T is the thrust on the assembly (N), (2 is the angular
velocity of the rotor (rad/s), U is the area-averaged freestream velocity (m/s), p is the density of
water (l(g/m3 ), and A is the area of the rotor (m?). According to the manufacturer’s specifications,
the torque/thrust sensor was accurate to within +1% for the current measurement range, which was
also confirmed by in-house calibration. A single sample uncertainty analysis for U, RPM, and torque,
based on Kline and McClintock [27], showed a maximum uncertainty of 1% on the TSR and 3% on
the Cp calculations. The experimental data were corrected using a blockage correction methodology
(based on the actuator disc theory coupled with free surface effects) developed by combining methods
suggested by Bahaj et al. [10] and Whelan et al. [13] (see Appendix A for a summary of derivation).



Reynolds number effects. The Cr and Cr of the turbine evaluated at 0.8 m/s over a range of TSR’s is
plotted in Figure 1c. A near bell-curve-like variation of Cr with TSR is clearly observable in the figure;
the maximum value of Cr attained was 0.33 at a TSR of 4.6. As expected, the measured Cr was
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whereas peak Cr observed at a TSR of 5.9 was found to be 0.9.
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was parallel to the XY plane; however, at an offset from the origin at Z = 0.1 R (R is the turbine radius).
The image capture subsystem consisted of two high-resolution digital cameras placed in an angular
displacement configuration (12° stereo half-angle for the current study). The Scheimpflug condition
was satisfied with tilt-axis mounts capable of adjusting lenses and camera bodies. A synchronizer unit
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displacement configuration (12° stereo half-angle for the current study). The Scheimpflug condition
was satisfied with tilt-axis mounts capable of adjusting lenses and camera bodies. A synchronizer unit



Reynolds number effects. The Cr and Cr of the turbine evaluated at 0.8 m/s over a range of TSR’s is
plotted in Figure 1c. A near bell-curve-like variation of Cr with TSR is clearly observable in the figure;
the maximum value of Cr attained was 0.33 at a TSR of 4.6. As expected, the measured Cr was

bser\%ggt?zrggfgase with TSR. The Cr corresponding to peak performance was estimated to bg 088

ﬂE?’glES

whereas peak Cr observed at a TSR of 5.9 was found to be 0.9.

% S AR ———— .
I_% 55 - .| (a) f— = U=OBma /"\\ |
. | R a3 & 1
PR 7 / \‘
U | / 1
' 02} 4
—_— i — a { f
[ | of
I /
— 01 /s ]
o [ — - » |
t - |
L | 1
P ~ 0.0 ¥ |
(1) ( 2 3 s s
1) Q@ @@ G
L&) (7 TSR
10 - SR S e S
f—e— U =08m T
o |
Slan Lo s |
“7_\—\_‘ Walk / I
{ aper Wake 1
Flow | il : Water Channel & L |
e Test Sect 06 7 i
i # |
" 1 o I
@ wer Wake (b) o > |
R o x } PR S S 9
1 2 3 4 5 8

TSR

Higggureel1. (@) Bhetterpadiite( @G 608 o e 11200 )mastid turdbineeresesr (H ) SeHemnadticasfeyseiinentad]
sedtugp (Hegy: T—Tnline, 2—Hexible Cuupling, 3—Motos, 4—ThmsitTogje Beseor, 55-Syppaott
Beuctuiee s 6-1T Y Morsroatatien ér-To g gingkited [ f and Can@réus v Bugi fsianthect obite
afaBindloman ety @elb?19/of 0.8 m/s.

22 E?Eréb‘é%ﬁ?ct p&wgr%gmg V’e‘?E?zWPfWS’]}Q%g the Reynolds number dependence of the

turbine erformance curve. Ex eriments were conducted over a range of inflow velocities and TSRs

for arfAi ﬁshrg?sﬁla?rh 5r8hdlm%p%hléhrssrfegwﬂa%w igiepsieesRebt o PYLePB ok dB 4t Hdl
WARRM3FdnO ARy gl investisatinns. A8 dhseFsteHat ot SRRTARISHZSISeHS SEHSMAS,
rerier e uremansh forhiRtRRAIARYIQY R BrBASre gl Ohe DIVeysiemmennsiatp 8 s il

QR0 eHimag e iuhavkenRhighbineRiddes aaehrlpmalelivervusysieny-pasklishhrtiss
HehiBasReARsFsesRsHsse iR 15 AR As6 @bt Charse rrplrd IRy EFMSR, SAmsTe
PR R BEPERERIZ B Sh P! bl ANre@ Aakedsend dipluesabaxgienr rdred:
ISP N LTS G sRELy a1t APRaBR PSRBT, Joffh PSR RIS Bb‘gfemsﬂwlﬂl s
ffﬁﬁ?@%gvﬁﬂam ultfafliadeter ooty walassssrhgres r(bPiter Avduptiinsy THEME M dbat, Were
JBuemipatestingbage W9 91819616109 Elfraffonmingav g Bt rstniided wés Colsaryanivesd orgd
Wi ME“‘HE‘S%&TQIIQS??E hedight § ?Sh?iahﬁﬁ@@%sted of a cylindrical lens which d1verged

the light in one direction and a spherical lens which waisted the laser light into a thin sheet with ~2
2mSthicdsaepicalattécke histg I el dine ppreGBHE sSydigithe laser source was positioned such that the
oo R CEBINh g 3;&%%%&%%&{1 e heupier st ﬁ%{&gf@e
% ]E tu;E ine he i re subsystem coésm t two
or, flow-fie 1nves% ons urrr%J e qurren stu%% 0 characterize wa T

ori

was L]l e stru
res ution %{g&t cameras an an; acement.co ration (12° stereoig
st uctures, a ow n u er a{l owWe;

rrent st Thy Topd ass at‘:?o 159 fllt% LIV %s’;gm %?nsmts 0
e current s e Sc %W% ionwass W F¥is mounts ap%nc?lo

m onen S: a 311 aﬁmcg R esa aser a beam deljv %X em
es an camera 1e c romzer u f% catin wr’cﬁl1 téeb ost om
é%f capturi subs stemw 1S com ?o evi e ca eras‘ cam

SO tw re contro S t e timings O.

r e

ulse rg 1 tron came 1 t?

1nter ace, an asy nc roniz 1e -master controtfunit; aé'l % Lf, él H} &P % stem wrﬁlrltﬁg srsts
a

S, V
an
%nam
ustm
t1c

&%ﬁ&'ﬁ ésso t%%‘%ec ra“(’“ ¢ prockssing an ‘éfaia an me ?u%%ﬁg segé"ép‘l?lﬁﬁ

1
nct1 gr‘RE er oﬂ ane &9 h’Elt r es ggﬁ@ﬁd}‘ﬁ}t\? urm nared § nc g
was m1a 1 1rections aser eet
uls 180 tgua B ie ¥]Th tr1 1n t rnet
aser ef1 omla t1cs cons1steecf 1?2{:1 fn 1ca1t}e as% ec?v% glt enil ass r {rrlgc nan
cro s COT atlo too tain 2 e 1ma ane l%ne two
erlca Eens w W steglvtt% 1r1t0 a%]l %I\D/\/at% %ﬁ ness i 1t:1
tfre present sl’r%C ; st1}§l/e 3’ uslgu ce wlgsV 8os 1n1 E’\atn}l nflcﬁlt s%eet E) 5 %fm t 1 he walllﬁ

was parallel to the XY plane; however, at an offset from the origin at Z = 0.1 R (R is the turbme radius).
The image capture subsystem consisted of two high-resolution digital cameras placed in an angular
displacement configuration (12° stereo half-angle for the current study). The Scheimpflug condition
was satisfied with tilt-axis mounts capable of adjusting lenses and camera bodies. A synchronizer unit
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communicating with the host computer through INSIGHT4G software controls the timings of laser
pulses for illumination and camera trigger for image captures. In situ calibration was performed with
a dual-plane target to determine the mapping functions between image planes and actual measurement
plane in the flow. The mapping function used was a third-order polynomial in the X and Y directions
parallel to the laser sheet plane and a first-order polynomial in the Z direction normal to the laser
sheet plane. A multi-pass frame-to-frame cross-correlation technique was employed to obtain 2D
displacements in each image plane of the two cameras. A recursive Nyquist grid involving initial spot
dimensions of 64 pixels x 64 pixels and final spot dimensions of 32 pixels X 32 pixels was employed
for this purpose leading to a 4.5 X 4.5 mm? interrogation region size. An effective overlap of 50% of
the interrogation windows was employed in the PIV image processing. The 3D flow velocity vectors
were then reconstructed using the mapping functions obtained by the in situ calibration procedure and
the 2D displacements from each camera. The PIV measurements were carried out for a flow speed
of 0.8 m/s and rotational speeds of 180 RPM (TSR = 3.29) and 270 RPM (TSR = 4.94). Free-run PIV
measurements consisted of taking a series of 2000 images at a capture rate 72 Hz to determine the
ensemble-averaged statistics of various flow quantities. In addition to free-run PIV, phase-locked
PIV measurements were carried out in the near-wake region to study transient phenomena like wake
development and propagation, tip and hub vortices formation and propagation, and to understand the
dynamic interactions of wake with bypass flow regions.

Uncertainty and error estimates for velocity measurements [29] carried out in the current study
showed a random error of less than 1% and a systematic error of ~2% of effective blade-tip velocity
(Uyp = 3 m/s that corresponds to Us = 0.8 m/s and RPM = 180). The stereo-camera arrangement was
such that the half stereo angle was approximately 12°, which led to an out-of-plane to in-plane RMS
displacement error ratio of ~4.5. A convergence study was performed to understand the effect of
number of realizations on averaged statistics. Time-averaged statistics showed less than 1% variation
in averaged velocity beyond 1400 realizations. Hence, during the current study, time-averaging was
performed over 2000 realizations that corresponded to 83 and 125 turbine rotations for TSR values of
3.29 and 4.94, respectively. On the other hand, for phase-averaged statistics, convergence was observed
beyond 350 realizations. Hence, averaging was performed over 500 instantaneous images.

3. Results and Discussion

Results from the experimental study carried out with a constant chord, untwisted three-bladed
turbine model are discussed at various depths of immersion 0.05 < 6k < 0.55.

3.1. Effect of Free Surface Proximity on Blockage

During the experiments, the turbine depth of submersion was varied to achieve three different
tip clearance ratios of ohyy = 0.55, 0.27, and 0.05; Figure 2a compares the results of the measured
experimental data for these three cases. On comparison of the performance curves for 6k = 0.55
and 0.27, it was observed that moving the turbine closer to the free surface resulted in higher power
coefficients. For ohy; = 0.27, the turbine was submerged such that its rotation disc was 0.076 m away
from the free surface which corresponds to a tip clearance distance of ~0.5 R. At this depth of immersion,
free surface deformation was observed at approximately one radial distance behind the turbine rotation
plane. When the turbine was moved further closer to the free surface (6ii; = 0.05), performance
degradation was observed compared to the 6f; = 0.27 case. The appearance of a power enhancement
zone posed important questions as similar phenomenon have not been reported before. We hypothesize
this to be an artefact of flow acceleration in the upper bypass region and the inherent three-dimensional
nature of the free-surface that was observed in our previous work [3]. The flow mechanism that leads
to these findings is decoupled using flow visualization carried out in the near-wake of the turbine and
are discussed in Section 3.2.

A blockage formulation that accounts for free surface deformation in terms of Froude number was
used to quantify percentage increases in the flow velocity and power coefficient due to the presence of
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a turbine in a free surface proximity environment. Figure 2b plots variation of the percentage change

in effective channel velocity [%AU = (U; — Uw )/ Uso X 100] as a function of dhy; for various TSR values,
where, Uj is the equivalent free stream velocity that will produce the same Cp as measured in blockage
environment, and U is the specified channel velocity. At low TSR values (1.66 2.76), when rotational
speeds were low, the tip clearance ratio did not have any effect on the percentage increase in flow
velocity. However, at larger TSR values (>3.86), %AU started varying with the depth of immersion.
The largest increment in the flow velocity was observed for ohy; = 0.27 at the highest TSR plotted
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Figure 3(a-I-a-III) show contours of normalized stream-wise velocity U* = U/Us (Where U represents
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structures about the turbine rotation axis. At the blade root position, a circular localized low-velocity
region (region I) was observed, the size of which was of the order of blade root diameter. For this low
rotation speed (180 RPM), wake starts to develop behind the turbine rotation plane as a conical
structure (regions II and III above and below the turbine axis, respectively) that expands downstream
of the turbine as depicted in Figure 3a-I. A localized high-velocity region developed right behind the
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which was of the order of blade root diameter. For this low rotation speed (180 RPM), wake starts to develop
behind the turbine rotation plane as a conical structure (regions II and III above and below the turbine axis,
respectively) that expands downstream of the turbine as depicted in Figure 3(a-I). A localized high-velocity
region developed right behind the blade root (region IV) due to the flow acceleration that occurred due to
the presence of a smaller blockage near the blade root that had a diameter smaller than the blade chord.
Region IV was followed by a region of comparatively lower velocity but still higher than the rest of the
wake. It is interesting to note that in this region, the flow velocity was comparable to the free stream
Evglosiypsttepnk ¢ Hieriwhine (implying a faster wake core). For the case of 6hy = 0.55, no signifigamt
differences were observed between the flow structures in the upper bypass and lower bypass regions.
Adniriorregedrirotittibonbbppedd d@ 2T RRVMofob b ~0 553dddadigighes it tiv bloldchge el eheslelppring
reeesssiike structuresiimtheapppeand dolverqraptsrts tfethakea ke shoshomiriguFegidrd BOHisHetshesditetthe
irfdihnddomatiadditferbdidoretltmivy sttocttyestin chereppar thedipprer padtd ofvile puake othé¢he bladreant
tlndlaldde dipt-aregiolasidati Hla randolts, db IRegiord ITb aHiblRestatesd [Etoaerd diflaestatde ¢lalwseotuptired
réeoegiong [oarphild duedgites it ahthdiflsrdakletoratiiufacf witatienr. dmatlditian)iregiinsoliataond IHa
avditi obsergidrie dkpand fiHeritan wgsensdib andiHhndVitstie thareassriometdftonaldiéHsl, Wittaliied
ikdgheselovity teigtom([¥peeds absaratiddd dligigatel buitiyeregidexidndwlasvobieamdithelbnfite dartrebe
asebwiteligdedtsiieam of the turbine as can be seen in Figure 3b-I.
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Contours of stream-wise velocity for the case of §hy =0.27 for rotational speeds of 180 and 270
RPM are plotted in column (II) of Figure 3. Similar to the observations in the §hy = 0.55 case,
increasing the rotational speed of the turbine resulted in modification of wake flow with additional
flow structures at larger rotational speeds. However, in this case, the flow was no more symmetric
about the turbine axis; different flow structures were observed in the upper and lower portions of the
wake (regions II and III). At the rotational speed of 180 RPM, higher proximity to free surface resulted
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Contours of stream-wise velocity for the case of dhy; = 0.27 for rotational speeds of 180 and
270 RPM are plotted in column (II) of Figure 3. Similar to the observations in the 6hy; = 0.55 case,
increasing the rotational speed of the turbine resulted in modification of wake flow with additional
flow structures at larger rotational speeds. However, in this case, the flow was no more symmetric
about the turbine axis; different flow structures were observed in the upper and lower portions of
the wake (regions II and III). At the rotational speed of 180 RPM, higher proximity to free surface
resulted in limiting the radial wake expansion leading to a thinner upper wake compared to the lower
wake, as shown when comparing Figure 3(a-I,a-II). However, the shape of the lower portion of the
wake (region III) was similar. At this low rotational speed, wake expansion in the upper portion of
the wake was limited by the faster-moving upper bypass region. The free surface being deformable,
drops behind the turbine rotation plane and leads to flow structure modifications, particularly in the
upper bypass and upper wake regions. Increasing turbine rotation speed to 270 RPM led to a higher
wake blockage and a stronger wake that extended the entire turbine rotation disc behind the turbine
(Figure 3(b-1I)). Further, a low-velocity region was observed upstream of the rotor plane, indicating
inflow modifications. Wake modification effects due to the free surface proximity can be visualized
by comparing the upper wake and upper bypass regions for the different cases shown in Figure 3.
A radially expanding wake for both the upper and lower wake regions was observed for 6k = 0.55;
however, in the case of 6hy; = 0.27, this radial expansion behavior was restricted to the lower wake
region only. For the upper wake, where the flow was restricted by free surface deformation and
associated faster-moving bypass fluid, the wake expansion process was not just inhibited but, in fact,
reversed leading to wake compression. This is illustrated by the shape of the upper wake with respect
to the dashed line (corresponding to blade tip height) in column II (both rows). In addition, the faster
the rotation speed, the higher the free surface drop that led to progressively faster upper bypass
flow and higher wake compression, as is observed when comparing rows a and b for column II
which corresponds to the 6hy; = 0.27 case. The upper wake compression led to an asymmetric wake
with narrower Ila and IIb regions in the upper wake compared to Illa and IIIb regions in the lower
wake. Faster bypass flow and higher wake compression were the primary driving mechanisms for the
high-power coefficient of this case when compared to ohy; = 0.55.

For 6hy; = 0.05 (column III), at a rotational speed of 270 RPM (row b), the lower wake region
exhibited flow structures similar to the 6hy; = 0.27 case; however, the upper wake was significantly
different due to the free surface drop that penetrated into the upper wake region. For all depths of
immersion, at a higher rotational speed of 270 RPM, a secondary region of higher flow velocity (region
V) was observed in the upper bypass region whose magnitude increased with increasing free surface
proximity (see Figure 3). For deeper submersion depth, the high velocity region V of only a marginal
strength was observed near the upper right corner of the region of interest. However, for the case of
ohy = 0.27, a stronger and larger high-velocity region was observed in the upper right corner of the
region of interest. For the case of 6h; = 0.05 (column III), a second region of high velocity, region V,
developed for all rotational speeds and was closer to the turbine rotation plane as compared to the case
of 6hyr = 0.27 (column II); increasing rotation speeds moved this region closer to the turbine and deep
into the upper wake region. It is also of interest to note the shape of the incoming stream-tube near
the turbine rotation plane. An increase in rotational speed led to higher wake blockage to incoming
flow that resulted in a bulge in the stream-tube just before the rotation plane (compare rows a and b
for columns I and II). The bulge was more pronounced near the upper bypass region compared to
a lower bypass region due to the upward deflection of flow as it approached the rotation plane. Further,
the shape of the upper bypass and its interface with wake varied significantly with tip clearance
distances. For the case of ok = 0.55, the stream-tube containing the turbine rotation disc was found
to be enclosed by upper bypass and lower bypass regions. However, a reduction in the depth of
immersion (columns II and III) modified the incoming stream-tube that extended well into the upper
bypass region. This delayed the inception of the upper bypass region to the turbine rotation plane.
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3.2.2. Contours of Vertical Velocity

Free surface deformation, which causes accelerated bypass flow, is also associated with a vertical
(downward) fluid motion with an intensity which is expected to be a function of rotational speed and
free surface proximity. To elucidate the effect of rotational speed and free surface proximity on vertical
velocity variation, in Figure 4, we plotted contours of vertical velocity normalized by freestream
velocity V* = V/U for the two rotational speeds: 180 RPM (row a), 270 RPM (row b), and three
different tip clearance ratios (6hy= 0.55, 0.27, and 0.05). For all cases, regions of high vertical velocity
were observed at blade tip locations near the turbine rotation plane. The intensity of this high vertical
velocity region increased with increasing rotational speed—compare the first row (180 RPM) to the
second row (270 RPM). Additional regions of high velocity were observed behind the hub, indicating
flow deflection as it passed over the hub. In general, the lower submersion depth (6/y;= 0.27, column II)
re$udtec 31 9otver FOR TidER REMIEWes compared to the case of the deeply submerged turbine (0hf£20.55,
column I). Moreover, for ohy; = 0.27, a region of negative localized vertical velocity was observed behind
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for 6hy = 0.55 and 0.27 only; the case with §h; = 0.05 was excluded from POD analysis for which
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in Figures 5 and 6. Proper orthogonal decomposition analysis was performed for the near-wake region
above the turbine axis (0 <Y< 1.3 R) for ohy; = 0.55 and 0.27 only; the case with 6k = 0.05 was excluded
from POD analysis for which the PIV region of interest was limited to Y < 0.9 R (see Figure 3). The color
maps (not shown in the figure) for Figures 5 and 6 are relative only, and the purpose of these figures was
not to quantify but only to demonstrate the effect of free surface proximity on dominant flow structures.
Figure 5 plots vorticity contours for first POD mode (column I), second POD mode (column II), and third
POD mode (column III). The depth of immersion was found to have no effect on the energy distribution
among the modes, with the first POD mode (most energetic mode) showing ~22% of total energy. Regions
with high vorticity were observed along the helical tip vortex path and near the blade root-hub interface
(root vortex). Additional vortical structures were observed at ~0.5 R, approximately at the location where
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For both depths of immersions, first, two modes were associated with four pairs of counter-rotating
vortical struetures along the tip vortex path, while the third mode exhibited eight pairs of vortical
struetures as shown in Figure 5. Comparison of vortex streaks in row a with row b clearly
demonstrates the wake compression process for 8hy =0.27. In Figure 6, the data from POD analysis
were processed o raconstriict varticitvy cantauire with the first 5 fealumn 1) first 50O (ealiiman I and
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For both depths of immersions, first, two modes were associated with four pairs of counter-rotating
vortical structures along the tip vortex path, while the third mode exhibited eight pairs of vortical
structures as shown in Figure 5. Comparison of vortex streaks in row a with row b clearly demonstrates
the wake compression process for iy = 0.27. In Figure 6, the data from POD analysis were processed
to reconstruct vorticity contours with the first 5 (column I), first 50 (column II), and all 2000 (column
III) POD modes. This corresponds to 50%, 75%, and 100% of total energy, respectively. The tip vortex
path was associated with clockwise rotating vortical structures (blue), while the wake core consisted of
counter-clockwise rotating structures (red). Further, the case with dh;; = 0.27 was found to exhibit
stronger wake core (counter-clockwise rotating region in Figure 6b) compared to the 6h;; = 0.55 case.
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was not a part of the wake but of the upper bypass flow. The flow deceleration for the case of §hy, =
0.55 tended to asymptote at X/R of 0.7, while flow acceleration for the §h; = 0.27 case continued
beyond X/R = 1.4; however, this occurred with a progressively lower slope. Further, away from the
turbine axis, at Y/R = 1.3 (Figure 7d), the flow belonged to the upper bypass region for both §hy, =
0.55 and 0.27 cases. At this elevation, the §hy = 0.55 case exhibited a higher flow velocity than that
of the 6hy =0.27 case up to X/R =~ 0.5, beyond which a faster bypass region was observed for the
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and was not a part of the wake but of the upper bypass flow. The flow deceleration for the case of
Ohy = 0.55 tended to asymptote at X/R of 0.7, while flow acceleration for the dhy; = 0.27 case continued
beyond X/R = 1.4; however, this occurred with a progressively lower slope. Further, away from the
turbine axis, at Y/R = 1.3 (Figure 7d), the flow belonged to the upper bypass region for both 6k = 0.55
and 0.27 cases. At this elevation, the 5h;; = 0.55 case exhibited a higher flow velocity than that of the
Ohyr = 0.27 case up to X/R =~ 0.5, beyond which a faster bypass region was observed for the 6h;; = 0.27
case. The incoming flow behavior at the chosen elevations is also worth noting. The incoming flow
(at X/R = =0.5) for both depths was of the same magnitude at Y/R = 0 and 0.5, but in regions away
from the turbine axis, f %{tﬁﬁ 1nch1ng flow was observed for the 6hy; = 0.55 case. To unders’ranézl2 the
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(Y/R =1, 1.3). In this sub-section, we discuss the effect of rotational speed on flow velocities in this
interfacial region that showed significant effects of free surface proximity. The following discussion
compares respective profiles for the 180 RPM (Figures 7 and 8) and 270 RPM (Figures 9 and 10)
conditions.
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from the rotational axis (Y/R = 1.3), a faster-rotating turbine led to reduced stream-wise velocities for
both depths (compare Figures 7d and 9d) and higher vertical (dlownward) velocities for the 6hy; = 0.27
case (compare Figures 8d and 10d). While no significant variation was observed for the ohy; = 0.55
case, minima for normalized vertical velocity changed from —0.085 to —0.185 for the ok = 0.27 case.
This implies that higher rotational speeds lead to higher downward velocities, meaning higher wake
compression effects.

3.3.3. Comparison of Flow in the Regions Above and Below the Turbine Axis

Figures 11 and 12 present profiles of normalized stream-wise and vertical velocities in the lower wake
and bypass region for 6h; = 0.55 and 0.27 and rotational speeds of 180 RPM (row a) and 270 RPM (row b).
For a rotational speed of 180 RPM, both the 6k; = 0.55 and 0.27 cases exhibited similar stream-wise velocity
behavior at Y/R = —0.5, -1, and —1.3, with 6y = 0.27 cases showing slightly (up to 2%) faster flow. However,
as rotational speed increased to 270 RPM (Figure 11, row b), a larger variation was observed among the
two depths of immersions. Compared to the ohy; = 0.55 case, the case with 6hy; = 0.27 exhibited lower
stream-wise velocity at Y/R = —0.5 (slower inner wake) but higher stream-wise velocities at Y/R = -1
and —1.3 (faster outer wake). This is in contrast to higher stream-wise velocities for the ohy; = 0.27 case
(in comparison with the 6hy; = 0.55 case) in the entire upper region (Figure 7). Further, a comparison of
Figures 7 and 11 also shows higher stream-wise velocities in the lower wake compared to the upper wake
for both the ohy; = 0.55 and 0.27 cases. In addition, a significant difference between velocity profiles at
Y/R = +1 indicates that the point Y/R=—1 corresponds to the lower wake region, while Y/R = +1 is a point
outside the upper wake and belongs to a faster upper bypass region. This shows the presence of asymmetric
wake with a smaller radius for the upper wake compared to the lower wake. Farther away from the turbine
axis, U profiles appeared to fall on each other for the lower bypass (Figure 11, column III), while the upper
bypass region showed appreciable variation (Figure 7d). It is worth noting the incoming flow behavior at
X/R = —0.5. For the upper wake region (Y/R = +0.5, +1, and +1.3), the case with 6h; = 0.55 showed higher
stream-wise velocities compared to the 6hy; = 0.27 case (Figure 7). On the other hand, for the lower wake
(Y/R =-0.5, -1, and —1.3), the case with 6hy; = 0.27 showed faster incoming flow compared to the case with
Ohyr = 0.55. Figure 12 presents a variation of normalized vertical velocity for two rotational speeds (180 RPM,
row a, and 270 RPM, row b) and two depths of immersions (6hy; = 0.55 and 0.27). Higher rotational speed
led to larger values of vertical velocity, as depicted in Figure 12. Further, a low proximity case (6fy; = 0.27)
exhibited higher vertical (downward) velocities compared to a deeply submerged turbine case.
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Figure 11. Variation of normalized stream-wise velocities in the lower bypass region for rotational
velocity of 180 (row a) and 270 RPM (row b) and tip clearance ratios of 0.55 and 0.27 on horizontal lines
at various depths: Y/R = —0.5 (column I), Y/R = -1 (column II), and Y/R = —1.3 (column III).
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the process of wake re-energization. This observation implies that in addition to extracting more
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energy from a single turbine unit, farm layouts devised to operate in free surface proximity could be

arranged in a denser fashion thereby augmenting the energy yield per unit area.
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Figure A1l. Blockage correction: Schematic of a tidal turbine in an open surface water channel environment.
Figure Al. Blockage correction: Schematic of a tidal turbine in an open surface water channel
FowarpaateRtor disc of area A; that is placed in a channel of the cross-sectional area A, the blockage
ratio is defined as: B = A;/A;. Consider five locations along the length of the channel: far upstream
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region and bypass flow region, respectively, and represent ratios of local flow velocity to tunnel flow
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Applying Bernoulli’s equation to the bypass flow, between sections 1-1 and 2-2 and sections 3-3 and

4-4 we obtain:
T

 pgA
where hy; and h3; are water heights at sections 2-2 and 3-3. Please note that, at the location 1-1,
Uy = Ujp = Uw. Finally, applying momentum conservation across the turbine gives:

us,
ot = hap = E(ﬁi -aj) (A1)

Fopear = T = pqasUss — pq1eUns + pqapUsp — pgipUny (A2)

where g represents volumetric flow at respective locations. Using Equation (Al) and expressing
volumetric flow () and flow velocity at various locations in terms of U, we get:

2
% g(n* - 13) - Bb;—g(ﬁi —a}) = UhBay(ag — 1) + Uh(1 - Bap) (B4 — 1) (A3)

where b is the channel width. The water height at location 44 can be determined by applying continuity
equations to bypass and turbine flow:

A A Bh 1-Ba
:_t4+ﬂ: 1(X2+h1( 2)

ha=7 a Ba

(A4)

Applying Bernoulli’s equation to the bypass flow and after some manipulations, #; and 4 can be
eliminated from Equations (A3) and (A4) and the following relation between turbine flow coefficients
and the bypass flow coefficient can be derived:

(Ba=1)®
2(ps +a4) - 354(4ﬁ4—ﬂ4)

2_
4+ (Ij4 1)

asPa

ay = (A5)

Equation (A3) can be rewritten using Equation (A5) and the definition of Froude number as follows:

2

Fr2pt r
i + 2a4Fr?p8 — (—2 —2B+ Fr2)/3§ - (4a4 + 2a4Fr? - 4)[34 + (Tr +day —2Ba? - 2) =0 (A6)

The thrust coefficient is then related to flow velocities as:

_ T _(pg2_ .2
Cr = g5pate ~ =) (&7
Equations (A5)—(A7) can be solved simultaneously for known values of B, Fr, and Cr.
The equivalent open water velocity (U;, in the absence of blockage) can then be obtained by
relating thrust coefficient and turbine flow coefficient at section 2-2 as [10]:
U o an

e N B (A8)
C
U1 0(% 4 TMiilsured

Equation (A8) assumes that the turbine operates under identical conditions of the turbine disc flow
velocity (Uy), rotational speed (RPM), and thrust force (T) in both open water and the lab tunnel flows.
Equations (A5)—(A7) are then used to modify blocked condition quantities: Cp,,, ., Cr, .,
and TSRpegsureq to obtain unblocked metrics, namely, Cp.. ... CTcorousosr A0 TSR Coprected, respectively.
3

Ueo
CPCDT’)’BL‘I‘(’d = CpMeasurfd (71) (A9)
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U 2
C =C - Al
TCDYVECf(’d TMeasured ( ul ) ( O)
Ue
TSRCorrected =TS RMeasu red ( 71) (A1 1)

Equations (A9)-(A11) can be used to quantify an increase in flow velocity and power coefficient

due to the blockage effects as functions of flow velocity, RPM, and tip clearance distance. The blockage
method discussed above can be directly applied to BEM models to predict performance in the blocked
environment or can be used with experimental data to determine unblocked datasets, provided that
the thrust data are available.
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a turbine in a free surface proximity environment. Figure 2b plots variation of the percentage change

in effective channel velocity [%AU = (U; — Uw ) / Uso X 100] as a function of dhy; for various TSR values,
where, Uj is the equivalent free stream velocity that will produce the same Cp as measured in blockage
environment, and U is the specified channel velocity. At low TSR values (1.66 2.76), when rotational
speeds were low, the tip clearance ratio did not have any effect on the percentage increase in flow
velocity. However, at larger TSR values (>3.86), %AU started varying with the depth of immersion.
The largest increment in the flow velocity was observed for o0hy; = 0.27 at the highest TSR plotted

in Frgiges 1% ot tHOREERIHEEER b, it is interesting to note that the comparison of data points f8°f 20
a constant value of 0y demonstrated a wake blockage effect, while a comparison at a constant value
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Flovlg Visualizalt_ion measurements using the stereo-PIV tle\(]:hnic}llu.e were subse%uently cialrried gitd
different SYNE ¥ ARSI SIS HERREHE1 PR S BiStershing HSUr K STR BPeaue ity s at
dlffe¥ﬁn d%:)ths of Immersion and rotational speeds to uﬁgleyf‘stand f%ow gatLl(rea in the wake and
reglons that were resgons,lb e’tor improved performance 1n the tree surface-blocked environment
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measurements were Cﬁll‘al%d out: fl]{_St in the.upper wake Iau{md second in t&e lower xe/ake oféhe turbine.

measurements were stitched together to visualize the complete near-wake flow, and bypass flows u

for LH38ES éﬁsgg fhepe two mea él&%nﬁ{’lgta Jwere stitched together to visualize the complete near-wake

flow, and bypass fiows up for -0.5 R<X<1.5R, as presented in Figure 3.

3.2.1. Contours of Stream-Wise Velocity
3.2.1. Contours of Stream-Wise Velocity
Figure 3(a-I-a-III) show contours of normalized stream-wise velocity U* = U/Us (Where U represents

local streditgWie vardcit Rithe Rant sentepus of Teramslized b oy vaise o/ebaeiipeddy ey i dricuhare U
daskeRrfsRRe|eabatrar pysisoN Pty Wit aipp atiovel seaed vl 18R et thas ity $hé fupbichd-05
rotaffSReAENE Pl Qepenspindarherblings rerrssenkl mp ition of therfwsingd ity amd-vertinahaoliddines
deveRSEERBRNSLHRHASHU TRIBSE ALY M en SR HaRth Sfinnersiprudees Shoutlics thbiwfatgdsseen
axistoiate BREERSSOPLRRIn AEL el oRmeRt ehindohs, ke Fes NSy AsBREsrOEde RS ¥pg tric
structures about the turbine rotation axis. At the blade root position, a circular localized low-velocity
region (region I) was observed, the size of which was of the order of blade root diameter. For this low
rotation speed (180 RPM), wake starts to develop behind the turbine rotation plane as a conical
structure (regions II and III above and below the turbine axis, respectively) that expands downstream
of the turbine as depicted in Figure 3a-I. A localized high-velocity region developed right behind the
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which was of the order of blade root diameter. For this low rotation speed (180 RPM), wake starts to develop
behind the turbine rotation plane as a conical structure (regions II and III above and below the turbine axis,
respectively) that expands downstream of the turbine as depicted in Figure 3(a-I). A localized high-velocity
region developed right behind the blade root (region IV) due to the flow acceleration that occurred due to
the presence of a smaller blockage near the blade root that had a diameter smaller than the blade chord.
Region IV was followed by a region of comparatively lower velocity but still higher than the rest of the
wake. It is interesting to note that in this region, the flow velocity was comparable to the free stream
Evglosiypsttepnk ¢k Hieriwhine (implying a faster wake core). For the case of 6hy = 0.55, no signifigamt
differences were observed between the flow structures in the upper bypass and lower bypass regions.
Adniriorresedrirotttibonbbppedd d@ 2T RRVMbfob b ~0 553ddd i igighes it tiv bloldchge el eheslelppring
reeesssite structuresiimtheapppeand dolverqraptsrts tfethake ke shoshomiriguFegiird BOHisHessi el itettie
irfdhnddomatiadditferbdidoretltmivy sttocttyestin chereppar thiedipprer padtd ofvihe puake okthéhe bladreant
tlandlaldde dipt-aregiolasibati Hla randolts, db IRegiord 1T aHiblIRestantesd [Etoaerd dflaestatde glalwseotuptired
révoegione [Hoanshibh duedgitdres (it ehthdiflsrdakeroratiaufacf witdtioir. dmatlditiawlivegfnsoliztiord IHa
avditi obsergidiie dkpand fiHeritan wgsensdib andHhn dVitstie thareassrinmetdftonaldiEHsl, Wittaliied
ikdgheselovity teigtoma([¥peeds absaratiddd dligizatel buitiyeregidex@ndwiasvobieamdfthelbnfite darthebe
asebmitehigdiewisl)eam of the turbine as can be seen in Figure 3b-1.

1 11 I

Upper bypass region ——*

Regionll  Region V

Region i'l--‘___* I<cw 1
3 Region T e T Reegmon 1Y
Region II & T
o \ «—— Region 1y
P
Remon | 0 Region IT e
(a) ¥
— Region 1V
= Region 1l S

/)‘

Region 11
F— Lower bypass region —
Region \"'"_"\.I [ERSCENT | 1‘1=518"x‘i /:'.—"—_
Fegion il Region W
Kegion T
—— g
i : . Regionl O Eegron IV
HW——Q“ Reggion T4 Regiop |, = Region 1la egion R-eg,xt::!l!a
- - e
3 0 *#=—R cgion [\. Reglop ML

- Kegion Tia

(b) = Region I Hegion s Regson b
oL Region [V E T e —
Region [lla Reon LIk
Region TL___ = |
Remon [ib
S
I ¥
. v
®
01 1 1.75

Figpre 83 Tmeeveraged denitosrobhnomalitieddyeenmwisis e eldoidity( (LT==LIIAL) Sofod bh =0 55
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Contours of stream-wise velocity for the case of §hy =0.27 for rotational speeds of 180 and 270
RPM are plotted in column (II) of Figure 3. Similar to the observations in the §hy = 0.55 case,
increasing the rotational speed of the turbine resulted in modification of wake flow with additional
flow structures at larger rotational speeds. However, in this case, the flow was no more symmetric
about the turbine axis; different flow structures were observed in the upper and lower portions of the
wake (regions II and III). At the rotational speed of 180 RPM, higher proximity to free surface resulted
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a turbine in a free surface proximity environment. Figure 2b plots variation of the percentage change

in effective channel velocity [%AU = (U; — Uw ) / Uso X 100] as a function of dhy; for various TSR values,
where, Uj is the equivalent free stream velocity that will produce the same Cp as measured in blockage
environment, and U is the specified channel velocity. At low TSR values (1.66 2.76), when rotational
speeds were low, the tip clearance ratio did not have any effect on the percentage increase in flow
velocity. However, at larger TSR values (>3.86), %AU started varying with the depth of immersion.
The largest increment in the flow velocity was observed for o0hy; = 0.27 at the highest TSR plotted

in Frgiges 1% ot tHOREERIHEEER b, it is interesting to note that the comparison of data points f8°f 20
a constant value of 0y demonstrated a wake blockage effect, while a comparison at a constant value
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valffass Setormationd siser.Le R Kaveled i smaller yake blackase, while maxdmurg free gupface
TheDl0Rka85 dvasuobservedh IR ke Frrd it pstantotshiss, thegiv. pad, the (Rlockags, cqurggtion
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As AT, ek A %Or{%&gagl&%%fwagmft%ev G rRbG S REGURSIMAToR SRl Ry, Spagred
expliRtidaa.Cubich Feflests the deformation efizstal, f o R RASIR0HR ARIRHR! A pdjfications in
disc loading due to the variation of stream tube shape.
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Flovlg Visualizalt_ion measurements using the stereo-PIV tle\(]:hnic}llu.e were subse%uently cialrried gitd
different SYNE ¥ ARSI SIS HERREHE1 PR S BiStershing HSUr K STR BPeaue ity s at
dlffe¥ﬁn d%:)ths of Immersion and rotational speeds to uﬁgleyf‘stand f%ow gatLl(rea in the wake and
reglons that were resgons,lb e’tor improved performance 1n the tree surface-blocked environment
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measurements were Cﬁll‘al%d out: fl]{_St in the.upper wake Iau{md second in t&e lower xe/ake oféhe turbine.

measurements were stitched together to visualize the complete near-wake flow, and bypass flows u

for LH38ES éﬁsgg fhepe two mea él&%nﬁ{’lgta Jwere stitched together to visualize the complete near-wake

flow, and bypass fiows up for -0.5 R<X<1.5R, as presented in Figure 3.

3.2.1. Contours of Stream-Wise Velocity
3.2.1. Contours of Stream-Wise Velocity
Figure 3(a-I-a-III) show contours of normalized stream-wise velocity U* = U/Us (Where U represents

local streditgWie vardcit Rithe Rant sentepus of Teramslized b oy vaise o/ebaeiipeddy ey i dricuhare U
daskeRrfsRRe|eabatrar pysisoN Pty Wit aipp atiovel seaed vl 18R et thas ity $hé fupbichd-05
rotaffSReAENE Pl Qepenspindarherblings rerrssenkl mp ition of therfwsingd ity amd-vertinahaoliddines
deveRSEERBRNSLHRHASHU TRIBSE ALY M en SR HaRth Sfinnersiprudees Shoutlics thbiwfatgdsseen
axistoiate BREERSSOPLRRIn AEL el oRmeRt ehindohs, ke Fes NSy AsBREsrOEde RS ¥pg tric
structures about the turbine rotation axis. At the blade root position, a circular localized low-velocity
region (region I) was observed, the size of which was of the order of blade root diameter. For this low
rotation speed (180 RPM), wake starts to develop behind the turbine rotation plane as a conical
structure (regions II and III above and below the turbine axis, respectively) that expands downstream
of the turbine as depicted in Figure 3a-I. A localized high-velocity region developed right behind the
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which was of the order of blade root diameter. For this low rotation speed (180 RPM), wake starts to develop
behind the turbine rotation plane as a conical structure (regions II and III above and below the turbine axis,
respectively) that expands downstream of the turbine as depicted in Figure 3(a-I). A localized high-velocity
region developed right behind the blade root (region IV) due to the flow acceleration that occurred due to
the presence of a smaller blockage near the blade root that had a diameter smaller than the blade chord.
Region IV was followed by a region of comparatively lower velocity but still higher than the rest of the
wake. It is interesting to note that in this region, the flow velocity was comparable to the free stream
Evglosiypsttepnk ¢k Hieriwhine (implying a faster wake core). For the case of 6hy = 0.55, no signifigamt
differences were observed between the flow structures in the upper bypass and lower bypass regions.
Adniriorresedrirotttibonbbppedd d@ 2T RRVMbfob b ~0 553ddd i igighes it tiv bloldchge el eheslelppring
reeesssite structuresiimtheapppeand dolverqraptsrts tfethake ke shoshomiriguFegiird BOHisHessi el itettie
irfdhnddomatiadditferbdidoretltmivy sttocttyestin chereppar thiedipprer padtd ofvihe puake okthéhe bladreant
tlandlaldde dipt-aregiolasibati Hla randolts, db IRegiord 1T aHiblIRestantesd [Etoaerd dflaestatde glalwseotuptired
révoegione [Hoanshibh duedgitdres (it ehthdiflsrdakeroratiaufacf witdtioir. dmatlditiawlivegfnsoliztiord IHa
avditi obsergidiie dkpand fiHeritan wgsensdib andHhn dVitstie thareassrinmetdftonaldiEHsl, Wittaliied
ikdgheselovity teigtoma([¥peeds absaratiddd dligizatel buitiyeregidex@ndwiasvobieamdfthelbnfite darthebe
asebmitehigdiewisl)eam of the turbine as can be seen in Figure 3b-1.
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Contours of stream-wise velocity for the case of §hy =0.27 for rotational speeds of 180 and 270
RPM are plotted in column (II) of Figure 3. Similar to the observations in the §hy = 0.55 case,
increasing the rotational speed of the turbine resulted in modification of wake flow with additional
flow structures at larger rotational speeds. However, in this case, the flow was no more symmetric
about the turbine axis; different flow structures were observed in the upper and lower portions of the
wake (regions II and III). At the rotational speed of 180 RPM, higher proximity to free surface resulted



