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Abstract n’

This paper presents a preliminary experimentalystudl

investigating the potential benefits of foundatlmased ©

flow acceleration structures for marine currentrgge Y
converters. Foundations would provide multiplef'l(;Z
benefits, including; increased device power output:Y:Z ~
increased foundation footprint and scour holeX'=X-X
Y

protection. Y'=zY
Z

-Z

Experiments, scaled from a shallow tidal flow site,
provide evidence that these structures could goxeep ;
benefits of 12-25% depending on ramp size and rov} Introduction
depth. An optimum ramp size was established based o A critical limiting factor for the commercialisatio
the suitability of vertical velocity profiles fornergy and deployment of large scale tidal energy is the
extraction. availability of suitable sites. Suitable locatiamsed to
be easily accessible for device installation and
maintenance, close to grid connections and most
importantly have sufficient tidal flow velocitieRower
from a tidal turbine is proportional to the flowloeity
cubed; hence any small increase in velocity widlute
in considerable power benefits [1].
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Nomenclature

Shallow flows may have reduced tidal velocities,

G = power coefficient

p = water density 1 3

Vo = rotor centre flow velocity power = — Cp,O\/0 A D

Aq =turbine swept area 2

Fy = Froude number

d = flow depth Many suitable sites for marine current energy
d, = upstream flow depth converters (MCECs) are located in shallow tidaiio

d; = flow depth across ramp . such as those found close to the shore and inrestua
Vi = upstream depth averaged velocity

X; =?:rﬁg]f3ni?§t?:nvﬁé?;¥ across ramp compgre_d with deeper channels, but they hgve other
L = ramp length benefits including close location to the shore waithny

sites situated away from shipping channels. Thidcco
make construction and grid connection both easidr a

© Proceedings of the 8th European Wave and Tidat@®n  economically feasible. Regions of flow that prebent
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have insufficient velocities for economic powerthe maximum velocity increase occurs coupled with a
generation could be made economically viable with t more uniform vertical profile.
use of artificial flow acceleration structures.
It is preferable to avoid the sheared region o#flo

Ramp or apron structures placed on the seabed couhgar the sea bed as the differing mass flow raiés w
be used to locally accelerate the flow whilst alsocause disparate rotor loadings. It has been prshiou
offering scour protection and an increased fouwodati estimated that the top 8m and bottom 25% of theéhdep
footprint (Fig 1). Increasing the footprint areauld should be avoided due to surface wave effects laad t
increase the downforce created by the foundatiah arsteeper section of the boundary layer respectifgly
hence increase the bed shear capacity. Withudareflt is also important to ensure the ramp will nadiune
design of the leading edge it may also be posdile more turbulence which could have a negative efiect
smooth the vertical velocity profile that will serdo  MCEC loading and performance.
reduce rotor loading. These structures would form a
integral part of the MCEC foundation and would be Inflow Accelerated apron profiles
most applicable to shallow tidal flows with depths Z
ranging from 10 to 15m. Foundations could be gyavit
based and constructed using reinforced concrete
caissons which are floated out from shore and snink
the required position. The concept could be used fo
deeper flows but ramp height would need to be
considerably greater to accelerate the flow, hence
leading to increased construction cost.

Figure 2: Boundary layer re-development.

v When analysing the flow using specific energy
Original Aclce',ffated estimations a significant surface drop would be
velocity veloctty expected across the ramp. However results from

previous work indicate that unless flow speeds bexo
very rapid and the flow is confined by solid bouriéa
there may not be any measurable change in water
surface elevation [7].

—
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Figure 1: Proposed ramp foundation benefits.

It may seem intuitive that a ramp spanning the full As with any new concept the cost/benefit will be
channel width will accelerate the velocity; in igal important to the commercial viability. The constian
however it would not be feasible to construct aam of an extensive ramp foundation will add cost te th
which spans the entire width of a tidal channele Th construction and this added cost must be recouped i
ramp foundation would only occupy a small proportio the additional power generated and through reduced
of the channel hence the interaction effects of th€onstruction costs associated with any reduction in
bounding flows are critical. In addition, minimigithe  dynamic loading offered by the ramp.
ramp’s dimensions will reduce the construction sost
and improve concept viability.

N _ 2 MaterialM ethods

For efficient energy capture the vertical velocity
profile ideally needs a vertically linear uppertgat to In order to test the concept at a manageable scale,
reduce cyclic rotor loadings [2]. Vertical velocity scaled ramps were constructed and tested in a
profiles have been measured at a few locationskn U circulating water channel at the University of
waters [3-4]. One of these shows a very close&outhampton, UK. The working section of the channel
resemblance to the modified T/Eower law [5], with a is 21m in length, 1.35m wide and a maximum 0.4m
sheared boundary layer region near the bed and aepth for steady operation with a maximum flow rate
approximately linear upper section. When the flowof 0.2n/s.
encounters the upstream edge of a ramp structere th
lower sheared section of the vertical velocity peof Using Froude scaling, the experimental flow domain
will effectively be removed [6] and the profile Witart ~ was scaled from a prototype MCEC deployment site
to re-develop across the ramp. Fig 2 shows someith an average full scale depth of 10m. Springkpea
measured vertical velocity profiles across a sce@tp  and neap peak tidal flow velocities are in the eanofj0
in a water channel facility. Ideally the MCEC woldd - 2m/s. It was assumed that a feasible full-scahapr
located at the optimum location along the ramp wherfoundation height would be 1m.
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A range of different flow parameters and ramptaken using a high frequency Nortek Vectrino Acaust
dimensions were investigated. These included vgryin Doppler Velocimeter (ADV). Operational issues and
Froude number, ramp height to flow depth ratio, pam the accuracy of ADVs has been addressed at length i
width and length. The angled sections at the uastre many publications [8-11]. The Vectrino ADV was set
and downstream ramp ends are termed “approadb sample at 50Hz. For each data point 7500 reading
ramps” and were angled at 30 degrees to the hdalzon were taken over a 150 second period.

A streamlined rig was used to fix the ramps to the

channel bed.

A range of flow and ramp configurations were
tested, however only a limited number are incluaged
dimensions are shown
schematically in Fig 3 and tests are detailed iblda.

this paper

for clarity,
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Figure 3: Ramp dimensions and velocity
profile locations.
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Table 1: Experimental parameters and full scale
dimensions.

Data was filtered to remove noise and spurious
points although the large quantity of suspended
particles in the circulating channel minimised sémp
errors. Filtering is required to improve measuretsien
of higher order flow effects such as turbulencerisity
and shear stresses. However filtering has a vegllsm
effect for mean flow velocities. There are many
methods for filtering data but the Velocity cortala
filter, described in [12], was chosen. This metipbuts
the components of velocity against each other and
constructs an ellipse to exclude any data poing th
deviate significantly from the sample mean (Fig 4).

All data outside ellipse is excluded

X
Figure 4: Velocity correlation filtering method.
For good quality scaled experiments the full scale
environment must be accurately replicated [13]. Of
particular importance is:

1. Accurate linear scaling of ramp dimensions.

2. Ramp height to flow depth ratios.

To determine the potential benefits of the ramp3. Replication of ambient flow field conditions,

velocity profiles were measured upstream of thepram
and at various locations along the ramp’s length
numbered in Fig 3.

including: Froude number, vertical velocity profile
(approx 1/ power law) and turbulence intensity.

When conducting small scale tests in a circulating

In order to measure the velocity profiles andwater channel, there will be limitations. Theselude

visualise the flow field around the ramps, samplese
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dynamics of a tidal cycle (such as varying depthwf 3 Resylts
velocity and direction), lateral blockage effectsda
Reynolds and_ Froude number pari_ty. These parametefs || channe width ramp:
must be considered when interpreting results batilsh
not effect the general conclusions presented is thi The initial set of tests involved a ramp spannimng t
paper and it would be virtually impossible to fully full channel width. A range of Froude numbers wath
represent all the features found in a natural tidafixed flow depth of 300mm were investigated. Vetgci
channel at this scale. It will not be possible thiave profiles were taken at the locations detailed i Fi
Reynolds number parity between model and full scale
although for the experimental tests presented trexe Fig 6 shows how the X-plane velocity profiles
model Reynolds number was fully turbulent. Lateraldeveloped across the ramp for a flow depth of 300mm
blockage is of concern but the channel is signifili|a and a Froude number of 0.25. The profile taken I80m
wider than it is deep so effects should be nedkgib downstream of the ramp front edge shows the best
profile for energy extraction, in terms of accetena
Characterisation of ambient turbulence levels isand a linear upper section. The sheared boundgey la
important as long length scale turbulence may kead region does not seem to increase considerably thvith
increases in dynamic rotor and structure loadinhe  presence of the ramp. In general these conclusioms
ambient turbulence intensity in the circulating miel  true for all tests conducted with the full widthmp at a
is approximately 6-7%. Ambient turbulence intensityflow depth of 300mm. The X-plane velocity was
was calculated in all three planes (X,Y,Z) and isincreased by approximately 10% in all cases.
defined as:
Velocities in the Y-plane (lateral) and Z-plane
o (vertical) were found to be approximately equatéoo
| =— ©) throughout the flow depth. With the exception oé th
profiles taken across the upstream approach ramp
where small Z-plane velocity components were
High shear stress can be detrimental to MCEGntroduced near the ramp. This is likely to havsuted
survival. Horizontal shear stress should befrom a small back eddy forming at the start ofriduep.
approximately zero throughout the channel depth as
lateral velocity components are small. Verticalashe  Turbulence intensities reduced slightly across the
stress will increase towards the channel bed due t@mp for all planes (X,Y,Z). This is very signifita
increased shear in the boundary layer. Horizontal a because, as previously stated turbulence can have

vertical shear stresses are defined as: negative effects on MCEC performance. It is postala
that the acceleration in flow speed may have remhove
Horizontal Shear Stress X'Y' o (%) some of the turbulent motion.
300
Vertical Shear Stress = X'Z'p (5) ~*~ Upstream profile

—a— Approach ramp
—%— 150mm along ramp

. . . 4 —— li
Non-dimensional results for velocity measurements > 350mm ramp centre fine

and turbulence intensity are presented by normalisi
ramp profiles with the depth averaged values from t

upstream profile. 200 7

150 +

100 A
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50 A

0 T T T T T T T
034 036 038 040 042 044 046 048 050
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Figure 6: X-plane velocity profiles:
Full channel width ramp, = 0.25, d = 300mm.

Figure5: Scaled foundation ramps:
Width: 1200mm (top) & 450mm (bottom).
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The horizontal and vertical shear stresses werBamp width and length reduction:

calculated throughout the water depth. Horizorlialas

stress was found to be approximately zero throughou Ramp length and widths were progressively reduced

the depth. This was expected as there are no isigmnif

to establish an optimum ramp size and to understand

lateral components of velocity to cause shear ia th the effects of the ramp side edges on the flow.

direction.

In general the conclusions from the full width sest

Fig 7 gives an example of typical measured verticaheld but with the benefits reduced. Fig 8 showsXhe

shear stress profiles. Shear stress increasesdswz

plane velocity profiles from the smallest of thengs

bed and values are slightly higher across the rampested. For this setup velocity was still accekstabut

however, as stated previously this does not appmear

by only 5%.

adversely affect the vertical extent of the sheared

boundary layer.

A series of tests were run to investigate the &ffet
changing the ramp/flow depth ratio.

ramp height

ramp/depthratio =
PIaep flowdepth

(6)

300

—e— Upstream profile
—a— Approach ramp
—>— 150mm along ramp

250 { —¢— 350mm ramp centre line

200 A

150 +

Height above bed (mm)

100 A

50 -

0 T T T T T
-0.30 -0.25 -0.20 -0.15 -0.10

Shear Stress (N/mm ?)

Figure 7: Vertical shear stress:
Full channel width ramp,4#=0.25, d =300mm.

Here the ramp height was kept constant, but the fl
depth in the channel was varied. The results
illustrated in the non-dimensional graphs (Fig 9-12
can be seen that if the ratio is increased (icav flepth
reduced) the benefits of the ramp are greatermgef
velocity gain. If the ratio is reduced the velocggin
decreases. This highlights the fact that this teldgy
might be difficult to implement in deep tidal flows
because ramp height would need to be considerable.

For all the tested ramps at a flow depth of 300mm
the optimum vertical velocity profile remained at
150mm downstream (or 6 ramp depths) from the
leading edge of the ramp. However for the smallest
ramp this point is at the very end of the rampit ®an
be concluded that this ramp was insufficient ingén
The optimum ramp length would thus be 300mm so
that the optimum profile will occur at the ramp tren
line allowing a device to benefit from the incredse
energy flux from both directions in a bi-directiétidal
flow. This would equate to a 10m long ramp at full
scale.

300

—e— Upstream
profile

—4&— Approach
ramp

—>— 150mm

along ramp

Ramp edge

(20mm in)

250 A

200 -

150 A

100 A

Height above bed (mm)

50 -

0 T T T T T
0.28 0.30 0.32 0.34 0.36 0.38

0.40

Velocity (m/s)

Figure 8: X-plane velocity profiles:
(L)200mm x (W)300mm ramp,4=0.20, d =300mm.

There were no significant velocity reductions seen
near the side edges of the ramp (Fig 8). Someeside

The varying ramp/depth ratio experiments werevelocities were slightly reduced, however this vaboé
conducted with ramps effectively spanning the wholeexpected as velocity generally reduces away froen th

width of the channel. In reality this is unlikely dccur.
A final set of experiments were conducted

channel centreline. This would mean full scale ramp

towould not need to exceed the device width, reducing

understand the effects of reducing ramp width anaonstruction costs.

length.
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At Froude numbers of approximately 0.2 there was
no observed change in water surface elevation tbner
apron structure. According to equation 2 a reduactio
water surface elevation should occur for subclitica
flows (Fy.<1) leading to a even shallower and faster
moving flow over the apron. However, this is clgarl
not observed by experiment under what are relativel
and hydraulically defined as tranquil conditions.id
expected that Froude numbers approaching 1 (or
critical condition) may be required in order to ebh&
and quantify any reduction in water surface elevati
over the apron structures. This could be achiewed b
increased flow speed or a reduction in total water
depth.

Optimal downstream distance for energy extraction:

Fig 9 shows a normalised comparison between point
4 |located at the top of the approach ramp. It shoovs
the sheared boundary layer is initially removedthoy
ramp to give an almost completely vertical profiléis
would be an ideal profile for energy extraction;
however the velocity is not yet fully acceleratenta
power gains would be less.

Fig 10 shows velocity profiles taken at the optimum
energy extraction location. It highlights how inaseng
the ramp height/flow depth ratio increases the aiglo
gain and how reduced ramp size reduces the velocity
gain. Profiles exhibit compressed sheared boundary
regions and good vertical profiles for energy ectica.

Turbulence intensities showed similar trends for al
tests (Fig 11 & 12). Both the X and Y-plane prdfile
were an inverse of the X-plane velocity profile twi
constant upper section equal to 6-7%. Z-plane
turbulence intensity was generally constant witptde
with slightly lower values of approximately 5%. Fid
& 12 shows how the turbulence intensity was less
across the ramp compared with the average upstream
values.

In essence the lower section of the flow depth khou

be avoided for energy extraction for both increased
shear stress and turbulence intensity.
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Figure 9: Non-dimensional X-plane, point 4, velocity
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Figure 10: Non-dimensional X-plane, point 6, velocity
profiles: 150mm along ramp.
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Figure 11: Non-dimensional X-plane, point 6, turbulence Figure 12: Non-dimensional Y-plane, point 6, turbulence
intensity: 150mm along ramp. intensity: 150mm along ramp.

Velocity intensity visualisation:

The contour plots given in Fig 13 illustrate hove tbentreline velocity intensity increases across rdmps
compared with the upstream profile. The optimunrgpextraction point is shown and the re-developnoénhe
boundary layer along the ramp can be clearly seen.

Inflow Flow over apron

Optimum profile
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Figure 13: Velocity intensity (m/s) upstream and across rafydl. width ramp (top).
200x300mm ramp (bottom)
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4 Full Scale Application The extent of the sheared boundary layer regios doe
not significantly increase with the presence otmp
The experimental findings were scaled to the fullfoundation; it is effectively compressed by the
scale tidal site. The benefits of an integral ceter increased flow velocity.
ramp foundation are illustrated by calculating it
power gains obtainable from a 5m diameter horizonta Turbulence intensities were slightly reduced in the
axis marine current turbine. Taking into accourdtth flow across the ramp, which would be beneficial to
the top and bottom 25% of the flow depth should bealevice operation and survival.
avoided.
This concept would probably only be commercially
Power was calculated using the power equation (1yiable for shallow tidal flows and the ramp woulelea
and a power conversion efficiency factor of 0.4 wado be of multi-use. This means in addition to isiag
assumed. Results are illustrated in Fig 14. device power output, it would also need to act as a
integral foundation and scour protection.

30
. E \ngizg'rty This work is a preliminary study and future work
S aims to address the effects of changing approadip ra
£ profiles, further studies into varying the ramp
& 207 height/flow depth ratio, effects of yawed flow (&Edal
o) flows are seldom bi-directional), ramp roughness,
g 157 construction techniques, modelling with computadion
3 fluid dynamics (CFD), effectiveness over a fullatid
2> 101 cycle with varying water depth and tidal flow veitbes
8 and techno-economic analysis to establish the
2 57 commercial viability of such structures.
0 .
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