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ABSTRACT

Experiments were conducted in open channel flows under near-critical mobility
conditions to quantify the local evolution of the sediment bed induced by emergent
and submerged rectangular vertical porous walls in yawed conditions. The goal is to
design minimally invasive hydraulic structures, or vanes, redirecting sediment mass
flux that will be coupled with intake pipes in dam bypass systems for sustainable sedi-
ment redistribution. Theoretical scaling for the maximum scour depth derived from the
phenomenological theory of turbulence is extended to our specific emergent vane ge-
ometry under varying structure porosity, angle, and size. Most of our attention was de-
voted to quantifying the asymmetry of the induced bathymetric effects and developing
an appropriate metric to identify the most effective vane configuration to steer sedimen-
tation along a desired direction. The orientation angle is shown to significantly affect
the geometry and volume of the scour and deposit, the spanwise shift of the deposit
volume, and the velocity profiles in the wake, for both emergent and submerged vane
configurations. The optimal streamwise and spanwise spacings in yawed, submerged,
porous vane arrays are determined based on the spatial evolution of the wake flow,
ensuring minimal sheltering effects and maximal lateral directionality of the sediment
deposit. We further provide supporting evidence that wind and marine hydrokinetic
turbine wake models can be extended to the case of porous planar structures, to capture
the key physical mechanisms governing sediment deposits.
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INTRODUCTION

Undesired environmental and morphodynamic effects are common problems in
dam-impacted basins and river systems. Sediment trapped behind dams leads to loss
of water storage capacity, decreased hydropower production, decreased sediment loads
and nutrients downstream of dams, as well as increased erosion in downstream river
reaches, among many other factors (Brandt, 2000; Topping et al.l [2000; Grams and
Schmidt, |2005; Magilligan and Nislow, |[2005;|Hazel Jr et al., 2006; Schmidt and Wilcock,
2008; Best, [2019). To avoid or mitigate those adverse impacts, sediment bypass tun-
nels are designed to directly and continuously convey sediments into downstream river
reaches (Kondolf et al., |2014)). Alternatively, river training structures (e.g. dikes and
vanes) are installed to redirect sediments, coupled with intake pipes that collect and re-
distribute them downstream of a dam. Sediment bypass tunnels or channels are mostly
applicable in steep rivers where the bed shear stress is strong enough to effectively
transport the sediment. Under reduced hydraulic head, available guiding structures
coupled with intake pipes could be deployed in most dam-impacted fluvial reaches. To
improve the efficiency of sediment collection and bypass systems, we experimentally
investigated sediment-structure interactions, particularly focusing on the control of sed-
iment deposits in the spanwise (or cross flow) direction. As a proof of concept we aim
to demonstrate that sediment flux can be steered along a preferred direction, with mea-
surable efficiency, to facilitate the operation of sediment uptake or diversion structures.
Our approach is inspired by the local scour and deposit formed around yawed marine
hydrokinetic (MHK) turbines (Musa et al., 2020) and by the design and operating prin-
ciples of Iowa vanes used for sediment control in river channels (Odgaard and Wang,
19914alb). Musa et al.| (2020)) investigated geomorphological effects of yawed MHK tur-
bines on fluvial environments in clear water conditions. Comparable scour and deposit
patterns were observed around MHK turbines to those induced by a bridge pier, where
the deposit was formed by sediments originated from the scour region. Musa et al.
(2020) reported that, even for different turbine spanwise locations, the paired scour and
deposit were steered in the cross-stream direction depending on the orientation angle
of the turbine rotor, and hence suggested that yawed MHK turbines could protect river
banks by controlling lateral bed elevation distributions. For the purpose of sediment
management in fluvial systems, impermeable submerged vanes, known as lowa vanes,
are conventionally used to keep river banks from eroding (Poelman et al., [2019), to pre-
vent sediment capture at the channel diversions (Barkdoll et al., [1999), and to protect
foundations of hydraulic structures (Ghorbani and Kells, 2008).

The envisioned working principle of yawed permeable vanes is based on a passive
hydraulic structure able to generate a drag force on the flow with a component along
the cross-stream direction that will contribute to tilting the wake horizontally and mo-
bilizing the sediment on the channel bed. While the magnitude of the drag depends on
the induced pressure gradient and shear stresses, the direction is primarily driven by the
orientation of the structure with respect to the incoming flow. Using basic aerodynamic
terminology, the mutual flow-structure orientation is the angle of attack and the result-
ing cross-stream drag component is the lift force. To avoid complex design options at
a proof of concept stage, a two-dimensional flat panel, also termed as a wall or vane, is
used for the sake of simplicity instead of an asymmetric airfoil shape. In addition, we
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opted for a permeable structure, not a solid one, to minimize vortex shedding associ-
ated with flow separation, ensure a more robust control on the wake flow, and minimize
the local scour to better anchor the foundation of the structure. A main advantage of
using permeable structures, as opposed to a solid wall, in sediment management is that
it allows a larger degree of freedom in the choice of the orientation angle. Marelius and
Sinha (1998); |Gupta et al.| (2010) suggested that excessive scour occurs around imper-
meable submerged vanes installed at high angle of attack, i.e. vanes nearly perpendic-
ular to the flow direction. However, the excessive local scour likely jeopardizing the
safety of the structure can be mitigated by changing the porosity of permeable vanes,
eventually controlling the magnitude of the drag force. Also note that both porosity
and structural components can be adjusted to obtain a desired stiffness, limiting mate-
rial costs, without compromising the hydraulic functionality. The study of permeable
structures has been primarily driven by decades of works devoted to modeling a hori-
zontal axis turbine rotor using a porous disk (Myers and Bahaj,[2010, 2012; |Kang et al.,
2014; Sandoval et al., [2021), and by our recent work on yawed MHK turbines steer-
ing the local scour, deposit, and wake flow (Musa et al., [2020). A pending question is
then how much of the induced drag force is actually contributing to steer the sediment
laterally.

In the new set of experiments described here, a vertical porous wall is used in vari-
ous installation configurations, e.g. different porosity, angle, structure dimensions, and
spacing in an array. Besides the proof of concept, we aim to provide i) preliminary
guidelines in the vast phase space by identifying key dimensionless modeling param-
eters, ii) development of metrics to objectively and quantitatively compare the perfor-
mance of different vane configurations, and iii) wake modeling downstream of porous
walls to guide siting and array deployments. We acknowledge that we are constrained
to focus on local morphodynamic effects under near-critical mobility regime, hence
our metric is primarily based on the geometry of the local sediment scour and deposit
regions. In natural rivers with higher bed shear stress, hydro- and morpho-dynamic
effects induced by vanes are expected to be influenced by migrating bedforms. In ad-
dition, all the relevant flow and scour-deposit variables determining the vane design
and siting must be averaged over the passage of multiple migrating bedforms, which
significantly constrains the duration of the experiments and the exploration of the pa-
rameter spaces. Therefore, as the first investigation, we limit our experimental work to
near-critical mobility conditions, consistent with the traditional hydraulic approach for
studying in-stream structures. Further work will be needed in live bed conditions, and
more sophisticated mechanisms and definitions of efficiency may be required, e.g. the
quantification of induced streamwise vorticity used in the optimization of Iowa vanes
(Odgaard and Wang, |1991a,b; Marelius and Sinhal |1998). Also, it is important to note
that our work does not include rigorous quantification of the vane submergence on the
local hydro- and morpho-dynamics. Instead, we adopt conventionally suggested aspect
ratio, which takes into account submergence, i.e. vane height with respect to water
depth and vane width (Barkdoll et al.| |1999; |Odgaard and Wang, |1991a,b; Johnson
et al., 2001; \Ghorbani and Kells, 2008]).

In the following sections, the main hydraulic parameters and experimental appa-
ratus are described. Thereafter, a modeling framework is discussed and extended to
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estimate the local sediment erosion, deposit and hydrodynamic wake evolution behind
porous vanes. In the subsequent sections, results are presented, separated in two sets
of experiments using emergent and submerged permeable vanes in yawed conditions.
Lastly, main ndings are summarized in the conclusion, discussing the limitation of
this work and potential future research directions.

EXPERIMENTAL SET-UP

1 mm thick perforated plates were used to model the permeable vanes. Three grid
porosities (336, 40%, and 526) were tested, where the porosity is de ned as the ratio
of the opening area to the total area. Each perforated pla%, (@06, and 526) has
a hole diameter of 0.0024, 0.0064m, and 0.0048n, and a hole spacing of 0.004,
0.0095m, and 0.0064n, respectively (Figurg]1a).

Two sets of experiments were conducted under near-critical mobility conditions,
i.e. when the bed shear stress of the ow is close to the threshold of incipient motion
for sediment particles. The rst set of experiments was devoted to quantifying how
speci ¢ installation con gurations (grid porosity, width, and angle) of an emergent
permeable vane affect the channel bathymetry. The second set of experiments was
conducted to nalize the choice of the design parameters for a submerged vane, and to
determine the streamwise and spanwise spacings for an array con guration. Hydraulic
conditions for each set of experiments are summarized in Table 1. Here, the bed shear
stress and shear velocity Werepestimated based on the energy-slope method for uniform
ow, = wORyS, andu = " gRyS,. In all experiments, water depth and water
surface slope were set to ensure the bed shear stress was below critical bed shear stress
for sediment particles ( o) In shallow ows ( = b=h 5). The critical bed
shear stress was estimated using the forl'[;nula suggested by Parkgf et al. (2683),
0:5(0:22Re, ¢ +0:06 10 ""Re *);Re,=  Rgd,= ,whereR= =, 1,9 and
dso are the submerged speci ¢ gravity of sediment grain, the gravitational acceleration,
and the median grain size, respectively. The water and sediment densjtiesd s)
were assumed to EO00 kg=m? and 2650 kg=m?, and gravitational acceleration was
set t09:81 m=s’. This formula is the modi ed curve t from Shields experiments by
Brownlig (1981), considering approaches to 0.03 with large,(Neill,[1968). Visual
inspection was also conducted to ensure that only a small fraction of the sediment
particles were in motion. Please note that the de nition of critical conditions is more
probabilistic than deterministic (Van Rijn etal., 1993; Dey and Ali, 2018, 2019). Thus,
we decided to be conservative= ., 0:7 and ensure that the erodible bed evolution
is solely due to porous vane installation. Also consider that our grain size distribution
extends frondy, = 0:9 mmto dgp = 1:4 mm, leading to0:62< = _ < 1:08.

Emergent permeable vane experiments

The rst set of experiments were conducted in 6 m long, Tilting Bed Flume
at the St Anthony Falls Laboratory (SAFL), the University of Minnesota, and de ned
as Run 1in Table 1. Note that the ume nominal widthOd® m during these early ex-
periments was reduced @6 m (see Lee et al. (2019) for homogeneous ow velocity
6 m downstream of the inlet). An emergent permeable vane was installed OrilBien
thick sediment layer, with median grain sizelo25 mm, at approximately & down-
stream from the inlet. Initial and nal 2D spatial channel bathymetry, and longitudinal
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Figure 1. (a) Images of the tested perforated plates, schematic views of (b) vane
submergence, and (c) experimental set-up. Here, H, W, and indicate water
depth, vane height, vane width, and installation angle, respectively.

water surface and bed elevation pro les were measured along the channel center using
a computer-controlled data acquisition (DAQ) carriage (Figure 1c). Here, the stream-
wise, spanwise, and vertical coordinates correspondypandz, respectively, and the
origin of the coordinate system is located at the center of the permeable vane. The 2D
spatial channel bathymetg(x;y) was measured using a laser scanning device with
the spatial resolution @ mm (i.,e. x = y =2 mm). The laser scanning device
continuously projects a iim thick line laser on the bed surface that is aligned along
the spanwise direction. A high-speed camera captures the line laser while the DAQ cart
moves in the streamwise direction, allowing to reconstr(giy). By subtracting the

two bed elevation maps obtained before and after the experiments, the net scour and
deposit variable z(x;y) is de ned to quantify the change of the channel bathymetry
induced by the emergent permeable vane. Longitudinal water and bed elevation pro-
les were also simultaneously measured using an immersible transducer and ultrasonic
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Table 1. Summary of experimental parameters.

Parameters Run 1 Run 2 Unit
Flow discharge®) 0:0139 00381 nv=s
Channel width If) 0:6 09 m
Water depthlf) 0:065 0116 m
Width to depth ratio () 9:23 75 -
Hydraulic radius Ry,) 0:053 Q095 m
Cross sectional velocity) 0:36 035 nm=s
Water surface slopes(,) 0:054 Q027 %
Froude numberKr) 0:44 Q33 -
Reynolds numberRe) 231 100 423 10 -
Shear velocity( ) 0:017 Q016 nes
Median grain sizeds) 1:25 103 1:25 10° m
Particle Reynolds numbeRg,) 1778 1778 -
Shields number () 0:.014 Q012 -
Critical shields number (,) 0:019 Q019 -

sensors along the channel center. These data allowed monitoring of the ow bound-
ary conditions at multiple times during the experiments and estimation of the ensemble
averaged water depth and energy slope. More details about the DAQ cart and measure-
ment devices can be found in previous experimental works by Hill et al. (2014, 2016);
Musa et al. (2019, 2020). The duration of experiments were approximately 2.5-3 hrs
and was set in advance to ensure that suf ciently evident local scour and deposit signa-
tures were developed while avoiding channel side wall effects on the deposit regions.
Some earlier studies on local scour around a MHK turbine supported the legitimacy
of the experiment time Hill et al. (2014) and Musa et al. (2020). Please note that the
lateral con nement of the developing deposition lobes was the major constrain setting
the duration of the experiment and preventing the bed to fully reach equilibrium condi-
tions. We performed preliminary experiments for a total duration of 6 hrs, and observed
that the maximum scour depth is consistently located in the close proximity of the vane
and not evolving signi cantly in time (relative difference 8%, corresponding t@ds)

after the nominal 2.5 hrs duration of the experiments (see Appendix A for more de-
tails). Dey and Raikar (2007) reported that the velocity distribution within the local
scour around a bridge pier exhibited self-similarity at different stages of bed evolu-
tion. Self-similarity was also observed in the bathymetric evolution of our experiments,
which provided a way to compare results at slightly different experimental run times or
shear stresses (see results section). For all of the above reasons we preferred to have
a limited 2.5 hrs of experiment duration to preserve the self similar shape of the de-
posit and to allow the quanti cation of its asymmetry, while avoiding any interaction
with the sidewalls. More extensive discussions on the channel bed equilibrium can be
found in Melville and Chiew (1999); Ettema et al. (2006); Lee and Sturm (2009); Lanca
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et al. (2013); Yang et al. (2020); Wang et al. (2020), where temporal bed evolution was
monitored around a bridge pier or other submerged structures.

Submerged permeable vane experiments

The second set of experiments were carried out in the same ume, using the entire
channel width of 0.9n, and indicated as Run 2 in Table 1. A submerged permeable
vane was installed in a Or thick sediment layer (same median grain size, streamwise
and spanwise locations of vanes as the emergent permeable vane experiments). The
grid porosity and vane width were chosen tod@86and0:12 mrespectively, based on
the emergent vane experiment results, which will be discussed in the next section with
more details. The selected vane width to channel width ktidocorresponds ta3%
of the channel width. The vane heigh©4 mwas determined following the suggested
guidance for impermeable submerged vanes used in sediment control (Barkdoll et al.,
1999; Odgaard and Wang, 1991a,b; Johnson et al., 2001; Ghorbani and Kells, 2008).
The vane width to height ratid/=H and relative submergenét=h were3 and1=3 of
the water depth, respectively. It is important to note that we did not explore how the lo-
cal scour depth may vary with increasing submergence. However, the scour mechanism
and observations by Dey et al. (2008) can provide some guidelines for submergence ef-
fects on local scour in the future experiments. The experiments were completed in
approximately 3 hrs after running the ows, following the same protocol of the emer-
gent vane experiments. The tested installation con gurations for both the emergent and
submerged permeable vane experiments are summarized in Table 2, where letters in
experiment name represent, E: emergent, S: submerged, P: porosity, W: vane width,
and A: installation angle. A Nortek Vectrinoacoustic Doppler velocimeter (ADV)
was used to acquire instantaneous ow velocities for selected vane con gurations with
the sampling rate of 200 Hz. Velocities at different streamwise and spanwise locations
have been measured at constant elevations corresponding to the center height of vanes,
i.e. z = 0:06 mandz = 0:02 mfor emergent and submerged vanes, respectively (see
the Supplemental Materials, section 1).

THEORETICAL FRAMEWORK

Maximum scour depth model for an emergent permeable vane

In the literature, the phenomenological theory of turbulence has been used to nd
scaling relationships between hydraulic parameters and friction coef cients in channel
and pipe ows (Gioia and Bombardelli, 2001; Gioia and Chakraborty, 2006), and to
derive scaling laws for sediment transport (Ali and Dey, 2017) and the onset of a mean-
dering river (Dey and Ali, 2017). This approach has been extended to predict equilib-
rium scour depth induced by overhead impinging turbulent jet (Gioia and Bombardelli,
2005; Bombardelli and Gioia, 2006; Bombardelli et al., 2018), contracted stream (Ali
and Dey, 2017), cylindrical bridge piers (Manes and Brocchini, 2015; Coscarella et al.,
2020; Zhou et al., 2020), and MHK turbines (Musa et al., 2018). The core of the phe-
nomenological theory of turbulence builds upon well established scaling relationships
between eddies of different sizes, within the inertial subrange, to model the surface
shear stress. It offers a valid complementary alternative to semi-empirical approaches
such as, in case of bridge pier scour, Melville and Sutherland (1988); Melville and
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Table 2. Tested installation con gurations for a vane.

\ Exp name Porosity (p) Vane width (Win] Installation angle () [ ]

EP33WO0S8AQ0 0.33 0.08 0
EP33WO08A15 0.33 0.08 15
EP33WO08A30 0.33 0.08 30
EP33WO08A45 0.33 0.08 45
EP33WO08AG0 0.33 0.08 60
EP51WO08A30 0.51 0.08 30

Runl | EP40WO04A00 0.40 0.04 0
(b=0.6m) | EP40WO06A00 0.40 0.06 0
EP40WO08AQ0 0.40 0.08 0
EP40W12A00 0.40 0.12 0
EP40WO08A15 0.40 0.08 15
EP40WO08A30 0.40 0.08 30
EP40W08A45 0.40 0.08 45
EP40WO08AG0 0.40 0.08 60

Run 2 EP40W12A45 0.40 0.12 45
(b=0.9m) SP40W12A45 0.40 0.12 45
SP40W12A30 0.40 0.12 30

Chiew (1999); Sheppard and Miller Jr (2006); Lee and Sturm (2009); Pizarro et al.
(2020).

In this work, we apply the phenomenological theory of turbulence to develop a pre-
dictive tool for the scour hole depth and, more importantly, to identify the governing
parameters of bathymetric evolution around permeable vanes. The underlying idea of
the model is that the scour hole evolves until critical mobility conditions are reached. In
such situation, the bed shear stress exerted by the ow, including force generated by the
speci ¢ geometry of the structure, is balanced with the resistant critical shear stress of
the sediment grains. The bed shear stress in the turbulent ow is estimated by the pri-
mary near wall Reynolds shear stress ,judw9, while the resistance shear stress of
the sediment grains is proportionaltd s ,)gd, consistent with Shields parameter-
ization. Itis assumed that the streamwise velocity uctuation perceived by the sediment
grains is proportional to the velocity scale of the largest turbulent eddies sweeping the
scour holeu® ug (Figure 2a). We acknowledge that the ow structures within the
scour hole are three-dimensional, implying th&t v° ug is a representative scale
for both streamwise and spanwise motions within the scour hole. The vertical velocity

uctuations are assumed to scale with the grain size velocity sedle uy (Figure

2b). The key formulation of the shear stress as a function of the mixed scalipg

is meant to broadly describe a scale interaction mechanism responsible for sediment
mobility rather than a product between velocity components (Gioia and Bombardelli,
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2001; Manes and Brocchini, 2015; Musa et al., 2018). At equilibrium conditions .
and = ,UsUg c (s w)90 Where |, and ¢ are the densities of the wa-
ter and sedimeng anddsg are the gravitational acceleration and the median sediment
grain size, respectively. Here, indicates scaling relations between parameters, im-
plying that a multiplicative constant must be determined later on. Please also note that
if equilibrium conditions are not reached, the shear stress is expected to remain above
critical values, implying that the multiplicative constant may require a correction fac-
tor. To nd a relation betweeng andug, Kolmogorov's scaling is applied to turbulent
eddies cascading down from the scour hole to the water-sediment interface. The main
assumption is that the sediment grain is much larger than the Kolmogorov length scale
(the smallest eddy size) and the characteristic turbulent eddy length scale in the scour
holeL s is smaller than the largest eddy in the dw which is de ned by the channel
boundary conditions (e.g. the depth or the width). It implies that the full range of tur-
bulent eddies in the scour hole is within the inertial range d Ls L. There,
the turbulence kinetic energy (TKE) ux from the large eddies is equal to the power
dissipated by the small viscous eddies. It indicates that the scale-invariant energy dis-
sipation rate per unit mass can be expressed for any length and velocity in the inertial
range as  ud=Ls u3=d This is the core of th€henomenology of Turbulence
approach leadingtay  us(d=Ls)*™. The shear stress is then modeled as:

@)3 (s Wyt 1)

To derive a relationship betweeug and the easily measurable approaching ow
velocity U, we compare the energy dissipated by the emergent permeable vane (equiv-
alent to the TKE produced in local equilibrium conditions), to the local dissipation rate.
The former is estimated as the product of the drag féxcexerted by the vane and the
approaching velocity). The resulting TKE production rat per unit mas# in the
scour hole is expressed BsM  FqU= ,Vs). Here,F4 = % wCaAs U2, whereCy,

A¢, andV; are the drag coef cient, frontal (or projected) area within the scour hole,
and scour volume, respectively. The inertial range cascade assumed above leads to

P=M  FqUA ;) ud=Ls. Henceus Ar LS) U, which is plugged into
Eq 1 to express the balance between the bed shear stress exerted by the turbulent ow
and the resistance shear stress of the sediment:

2 AfL dso, 1

Ci(~— VA %)sU¥( s) (s 1)gdso (2)

wheres = <=, the frontal ared\¢ is de ned aszgmax Wcos , the scour volume
Vs z2.., and the turbulent eddy length scale associated with the TKE dissipation
rate in the scour region ( u3=Ls)isLs  Zsmax, respectively. Hereh, W, and

are water depth, vane width, and inclination angle. Note thavthe z3 ., scaling
assumption is not obvious: the vane width could be a valid option (in the form of

Vs Z2,.« W) to incorporate for large structures, and will be discussed in the results
section. The resulting dimensionless predictive equations for the maximum scour depth

induced by the emergent vane is:
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e < Kafs 1) SSCTIRrOH( ) (cos ) ©

HereK ; is a multiplicative constant to be determlned experimentally (see the next
section). We now discuss extending the derived maximum scour depth model (Eq 3) to
a submerged vane. In the original model equation developed by Manes and Brocchini
(2015) and also Eqg 3 above, the frontal area is constrained by the depth of the scour
hole. It indicates that turbulent kinetic energy contributing to the large scale eddies
Us is only produced and dissipated within the scour hole. Thus, the portion of the vane
above the bed surface is assumed not to contribute to the drag or the scouring processes,
once equilibrium conditions are reached. It implies that no additional terms in the cur-
rent model can account for submergence effects. However, we speculate that a reduced
drag contribution to sustain the turbulence in the scour hole is expected by a submerged
vane, as compared to an emergent one. Ideally, such decrease in the drag force can
be inherently entailed in the reduced drag coef cient. Drag coef cient measurements
are described in the Supplemental Materials, section 2. Note that they are based on
perforated plates covering the entire wind tunnel width, generating two-dimensional
wake ows, which is equivalent to the emergent vane con guration in our open channel
ow. Smaller drag coef cients are expected for submerged vanes able to induce three-
dimensional wake ows and vortex shedding, along with increased uid entrainment in
the wake and reduced pressure gradient between up- and downstream sides of the ob-
ject, i.e. reduced form drag (Hoerner, 1965). We acknowledge that a rigorous modeling
of submergence effects should include the quanti cation of the drag coef cient reduc-
tion. Here, we simplify the problem by introducing a submergence correction factor
applied on the vane frontal area in the scour hole. We propgse ks(% wCaAt U?)
for submerged vanes based on their vertical extknt5 1=3 corresponding to the
vane height to water depth ratio), resulting in an additional multiplicative constant term
(3)*°inEq3:

z .
2 K(s 1) SR —)*®(cos ) @

Note that the imposed correction factqrcan be alternatlvely incorporated in the
model as a drag coef cient reduction, and/or as a revised experimental coKstant
tted only with submerged vanes results.

Skewed wake model for a submerged vane

As mentioned in the introduction, porous disks have been widely used to model
rotating wind and MHK turbine components and parameterize turbine wakes. In MHK
turbine wake models, the key parameters are the drag coef cient, corresponding to
the turbine thrust coef cient, and the wake expansion coef cients accounting for the
entrainment of high momentum uid into the wake, which is an ubiquitous mechanisms
in all wake ows. Also note that the direction of the MHK turbine blade rotation was
observed not to leave any signi cant signature on the geometry of the induced scour
and deposit volumes, near the monopile foundation (Musa et al., 2020). It indicates
that the main governing parameters of the turbine blockage are the induced drag and
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Figure 2. (a) Characteristic turbulent eddy scales within the scour hole (lateral
view), (b) turbulent eddy velocity scales related to the bed shear stress acting on
the bed surface, (c) projected area for the drag force (frontal view), and (d) vortical
ow structures associated with the scour.

the rotor orientation, i.e. the yaw angle. For all these reasons we assume that turbine
wake models (e.g. Frandsen et al. (2006); Bastankhah and-Rgel (2014)) can be
extended to estimate the wake of yawed porous structures, as the vanes studied here.
The details about the turbine wake model are described in the Supplemental Material,
section 3, where the following equation are presented. We predicted the shifted wake
center corresponding to the lowest velocity alongytlais, with Eq. S1, assuming the

panel widthwW can replace the turbine rotor diameky settingd,; = 0, and keeping

the invariant model constants= 0:39and = 0:75. We also estimated the skewed
velocity de cit pro les employing Eq. S2, using the same coef cient tested for wind

and MHK turbinegp; =5 andp, = 4:63(Dou et al., 2019b).

RESULTS

Emergent vane experiments

The aim of the rst set of experiments is: i) to carry out preliminary design opti-
mization for an emergent permeable vane, ii) to demonstrate its ability to steer sediment
deposits, and iii) to identify the key governing parameters. The lateral displacement of
the deposit centroid and the maximum scour depth are the key variables to describe the
local bathymetric effects, and to evaluate the structural safety and vane performance in
various installation con gurations, under the near-critical mobility conditions explored
here. Both the maximum scour depth and the skewed wake models require an esti-
mate of the drag coef cient for varying geometrical characteristics and orientation of
the vane. We measured the drag force of the perforated plates in all the tested yawed
con guration in a wind tunnel (see details in the Supplemental Materials, section 2).
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