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Abstract

Physical interactions between seaweed blades of Saccharina latissima and unidirectional
turbulent flow were examined in an open-channel flume, focussing on flow velocities, drag
force acting on a blade, and blade reconfiguration. The data reveal that seaweed blades adjust
to high-energy flow conditions relatively quickly, efficiently reducing flow-induced drag via
compaction, a mechanism of blade reconfiguration. The drag coefficient of blades of S.
latissima varied between 0.02 and 0.07 over a range of mean flow velocities from 0.1 to 0.55
m/s. Both flow action and blade biomechanical characteristics influenced the blade dynamics,
with the flow role being predominant in highly energetic conditions. The interaction
mechanisms and their strength were found to be scale-dependent, with the combined effect of
reduced mean flow velocity and enhanced turbulence in blade wakes. The thickness of the
diffusive boundary layer, an important factor in nutrient uptake from the surrounding water,
was estimated to be in the range from 0.010 to 0.067 mm. Mechanisms of blade adjustment to
the flow and scale-dependent dynamic interactions between blades and turbulent eddies have
direct implications for seaweed growth, acclimation, and survival. The estimates of the drag
coefficient and the thickness of the diffusive boundary layer will be useful for the
development of bio-physical models, environmental assessments, and design of seaweed

farms.
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Introduction

The uptake rate of nutrients by seaweeds depends on physical and/or biochemical factors, as
discussed by Hurd (2000) who provides a comprehensive review of seaweed physiology and
production. At low flow velocities, photon flux density and mass transfer to the seaweed
surface through the Diffusive Boundary Layer (DBL) are the main limiting factors for
seaweed growth rate (e.g. Wheeler 1980, Hurd 2000). As flow velocity increases, the DBL
becomes thinner and thus mass transfer across it is enhanced, making nutrient uptake to be
limited mainly by biochemical factors such as enzymes (Koch 1994). To overcome the
disadvantage of low flow velocity, seaweeds growing in sheltered environments are known to
develop ruffles on their blades to maximise blade movements to limit self-shading and thus
enhance photosynthesis (e.g. Gerard 1987, Koehl and Alberte 1988). Researchers have
observed that the characteristic morphology of ruffled blades promotes flapping, which has
also been reported to increase nutrient uptake (e.g. Koehl and Alberte 1988). Flapping has the
potential to enhance mass transfer to and from the seaweed blade surface by periodically

‘stripping’ away the DBL and fostering its ‘renewal’ (Huang et al. 2011).

The role of morphological variation in seaweed growth has been of interest especially
with respect to nutrient uptake (e.g. Gerard and Mann 1979, Koehl and Alberte 1988, Hurd et
al. 1996, Stevens et al. 2003, Koehl et al. 2008, Hurd and Pilditch 2011). For example, Koehl
et al. (2008) reported that undulated morphology of blades of Nereocystis luetkeana from
sheltered sites increased drag, but at the same time enhanced light interception and
bicarbonate uptake at flow velocities lower than 1 m/s. Hurd and Pilditch (2011) tested blades

of Macrocystis pyrifera at a range of low flow velocities (0.008-0.045 m/s) and estimated the
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thickness of the DBL via measurements of oxygen concentration from an O> micro-optode.
They concluded that the thickness of the DBL declined as flow velocity increased, although
the benefits of ruffled morphology in terms of nutrient uptake were not fully clear. Indeed, a
debate continues on whether ruffled morphology enhances nutrient uptake in seaweeds. To
shed a light on this issue, there is a need for a better understanding of the processes governing
the DBL and its renewal (Hurd 2000). A major difficulty in performing direct measurements
of the thickness of the DBL is that seaweed blades are not stationary in their natural
environment. This limits the application of novel techniques such as O2 micro-optode to cases
in which blades do not move, i.e. at very low flow velocities which may not be representative

of conditions commonly found in field settings.

Water motion is indeed crucial for seaweeds because it affects most abiotic and biotic
factors driving seaweed growth (Hurd 2000). On the one hand, water motion ensures nutrient
delivery to the seaweed surface and light availability for the blades; on the other hand, it is a
source of hydrodynamic forces that affect seaweed survival. The understanding of the forces
exerted by the flow on seaweeds is still incomplete. Most of the previous studies investigated
the mean drag force linking it to the mean flow velocity (e.g. Boller and Carrington 2006),
neglecting the role of the inherent fluctuations in drag and flow velocities due to waves and
turbulence. This way seaweed dynamics cannot be characterised comprehensively as
important information about the extreme forces exerted by the flow on the seaweed is not
accounted for (e.g. Denny 1994). Buck and Buchholz (2005) measured the drag force
experienced by Saccharina latissima for a range of flow velocities by towing seaweed blades
in a tank with still water. This approach does not necessarily provide an estimate of the drag
coefficient that is representative of the natural conditions, because there is no ‘background’
turbulent flow in the tank and therefore a ‘turbulence’ factor in blade reconfiguration is
absent. In a towing tank, only the reconfiguration powered by the vortices shed by blades
occurs, but this is likely to be a secondary factor in blade dynamics compared to the role of

incoming turbulence (Vettori and Nikora 2018).

In the study reported here, we investigated the interactions between single blades of S.
latissima and unidirectional turbulent flow using experiments in an open-channel flume that
involved measurements of flow velocities, drag force experienced by blades, and their
movements and reconfiguration. The main objectives of the present paper are: (1) to
investigate how seaweed blades respond to a range of hydraulic conditions in terms of

reconfiguration and drag force; (2) to obtain estimates of the drag coefficient C,; of seaweed
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blades for a range of hydraulic conditions; (3) to improve understanding of the mechanisms
driving blade dynamics; and (4) to obtain estimates of the thickness of the DBL 6§, at
seaweed blade surfaces for a range of hydraulic conditions. The results of this study provide
some insights on the physical processes occurring at a blade scale and on how blades can
adjust to different hydraulic conditions. Mechanisms of scale-dependent dynamic interactions
between blades and turbulent eddies have direct implications for seaweed growth,
acclimation, and survival and thus should be useful for the development of bio-physical

models, environmental assessments, and design of seaweed farms.

Materials and Methods

Seaweed collection and storage

Samples of S. latissima were collected on 10" February 2015 from long-lines of an
aquaculture facility ( Loch Fyne Oysters Limited; Loch Fyne, Scotland, UK; 56.08 N, 5.28
W). Hydraulic conditions within Loch Fyne were assessed by analysing a 3-month time series
(http://www.bodc.ac.uk) recorded with a current meter 10 km North East of the collection site
(Vettori and Nikora 2017). A total of 80 seaweed samples were transported to the University
of Aberdeen on the day of collection, and then stored in an aerated 125 1 tank filled with
seawater. The tank was kept outdoor so that water temperature was similar to ambient
temperature and seaweeds were exposed to natural light conditions. Due to the lack of flow
recirculation, seawater in the tank was changed every 3-4 days. All samples were used within

13 days of collection.

Laboratory equipment

Facility

Experiments were conducted in a tilting recirculating flume with glass sidewalls in the Fluid
Mechanics Laboratory of the University of Aberdeen (Scotland, UK). The flume is 12.5 m
long, with a rectangular cross section 0.3 m wide and 0.45 m deep. Flow uniformity was
assessed by monitoring the water depth and surface level along the flume. The flume bed was
covered with a canopy of artificial grass (canopy height = 4.4 cm, Fig. 1), which was not
directly related to this study, but enhanced turbulence intensity to values close to those found
in tidal flows (Vettori and Nikora 2018). Since the recirculating flume could not run with

saltwater, freshwater had to be used in the experiments.



Acoustic Doppler Velocimeters

Flow velocities were measured using two Acoustic Doppler Velocimeters (ADVs; Vectrino+,
Nortek AS, Rud, Norway). The recorded velocity vector components represent spatially-
averaged values within a sampling volume of ~0.25 cm?® positioned 5 cm below the acoustic
transmitter to provide undisturbed measurements (Nortek, 2004). Both instruments recorded
at a sampling frequency of 100 Hz. To maximise signal-to-noise ratio in ADV measurements,
small amounts of the seeding material (hollow glass spheres with mean diameter 10um) were
mixed with water at concentrations less than 5-10 mg/l. No visible effects of the seeding

material on the blade performance were noted.

Drag Measurement Device

The drag force acting on samples was measured using a Drag Measurement Device (DMD;
Vettori and Nikora 2018) which consists of a 1 N or 5 N SMD S100 thin film load cell
(Strain Measurement Devices, Chedburgh, England) connected to a data acquisition scanner
(Vishay PG6100) controlled by dedicated software (StrainSmart, Vishay Precision Group,
Malvern, USA). During experiments, a seaweed blade was attached to the load cell via a
tapered rod in such a way that the instrument would measure only the force component
parallel to the main flow. The rod was protected by a hydrofoil-shaped brass pipe so that the
rod area exposed to the flow and the effects of the pipe on the flow were minimised (figure 2
in Vettori and Nikora 2018). The DMD recorded at a frequency of 200 Hz and was
synchronised with the ADVs by means of a high-voltage card installed in the data acquisition

scanner.

Video recording

Seaweed blade motion was recorded using a full-HD camera (HMX-R10BP, Samsung, Seoul,
South Korea) positioned next to the glass wall of the flume. The videos were recorded with a
frame rate of 25 Hz. The synchronisation of the videos with the data collected by the ADVs
and DMD was achieved during the video processing phase by identifying the frame in which
a light emitting diode (LED) included in the sampling window turned on (Fig. 3a). Being
powered by the same trigger used to start data recording with the other instruments, the LED

would turn on synchronously when the ADVs and DMD records started.

Experimental setup and procedure

Prior to experiments, seaweed blades were subdivided into 5 groups (i.e. G1-G5) according to

their length, spanning from 150 mm to 650 mm with 100 mm intervals (e.g. 250-349 mm,



350-449 mm, and so on). Three blades as morphologically similar to each other as possible
were selected from each group for flume experiments; their morphological characteristics are
given in Table 1. Only seaweed blades showing no signs of deterioration or damage were
used in the experiments. Because of the potential effects of freshwater (e.g. Hurd et al. 2014)
and hydraulic conditions on seaweeds, each blade within a group was tested only once, in one
of the flow scenarios listed in Table 2. Note that the mean flow velocity in flow scenario
‘Run 1’ (Table 2) was similar to the typical flow velocity observed at the collection site
according to the historical time series available (Vettori and Nikora 2017).

Table 1 List of seaweed blades used in the experiments and their main morphological characteristics: / is length, Wi is

maximum width, ¢ is thickness range, A4sice is one-side wetted surface area, Apro is one-side projected surface area of
seaweed blades

Flow

Group scenario [ (mm) Wmax (INM) t (mm) Asize (mm?) Aproj (mm?)
Run 1 196 62 0.12-0.43 0.7 x 10* 0.7 x 10*
G1 Run 2 160 63 0.15-0.47 0.6 x 10* 0.6 x 10*
Run 3 205 68 0.13-0.42 0.8 x 10* 0.8 x 10*
Run 1 275 77 0.13-0.65 1.3 x 10* 1.2 x 10*
Q2 Run 2 285 82 0.12-0.52 1.4 x 10* 1.4 x 10*
Run 3 310 81 0.15-0.91 1.7 x 10* 1.5 x 10*
Run 1 424 132 0.13-0.93 3.1 x 10 2.8 x 10*
G3 Run 2 444 134 0.13-0.7 3.1 x 10 2.9 x 10
Run 3 419 124 0.12-0.76 2.7 x 104 2.5 x 10
Run 1 519 181 0.14-0.83 5.5 % 10* 4.5 x 10
G4 Run 2 548 174 0.15-0.82 5.7 x 10* 4.7 x 10*
Run 3 516 17 0.21-1.54 6.7 x 10* 5.6 x 10*
Run 1 570 127 0.11-0.85 n.a.’ 3.6 x 10*
G5 Run 2 599 143 0.13-1.82 n. a’ 4.9 x 10*
Run 3 601 118 0.09-1.21 n.a.’ 4.1 x 10*

*one-side wetted surface area could not be estimated for these blades, because their dimensions exceeded those of the light
table used to take photos of the test samples from which surface areas were extracted.

During the experiments, a seaweed blade was kept in the central section of the flume to
minimise inlet and outlet effects on the background flow. All experiments were conducted
with unidirectional flow at quasi-uniform flow conditions, with the water depth H set to 0.3
m to maximise seaweed blade freedom of motion. Preliminary measurements were performed
to obtain flow characteristics along the vertical profile. Using these data, the region with
quasi-homogenous turbulence quantities and vertically-uniform mean flow velocity was

identified to be within the upper 0.15-0.17 m. Based on these findings and technical
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limitations inherent to the instrumentation, we positioned the seaweed blade (the point at
which it was attached to the DMD) and the centre of ADV sampling volumes at 0.22 m above
the channel bed, i.e., in the middle of the quasi-homogeneous flow layer. In order to measure
velocities and turbulence characteristics of the undisturbed (approach) flow and in the wake
of the seaweed blade, one ADV was positioned 0.2 m upstream of the blade clamped end
while the second ADV was located 0.1 m downstream of its free end (Fig. 1). Seaweed
blades were tested at three flow scenarios defined as ‘Run 1°, ‘Run 2’°, and ‘Run 3’ (Table 2).
In our work we employed the Reynolds number Rey, defined using the water depth and the
cross-sectionally-averaged flow velocity (i.e. Rey = HU,,, /v, where H is the water depth, U,,
is the cross-sectionally-averaged flow velocity, and v is kinematic viscosity of water), and the
blade Reynolds number Re;, determined using the blade length [ and mean approach velocity

Uyp in front of the blade (i.e. Re; = (U, /v).

ADV 1 DMD ADV 2
— — 1 5
| I | !
z | t | =

—t | 0.08m RSh
|0.2 m o01rh
I ———Sample Iength—-r_ | 03m

X :_ _________ r\ Camera window
A0 A Vg o % A A R

Fig. 1 Side view of the experimental setup for investigation of flow-seaweed blade interactions (not to scale). The flume
bed was covered with a canopy of artificial grass that enhanced turbulence intensity to values close to those found in tidal
flows (Vettori and Nikora 2018). Flow direction is from left to right (from Vettori and Nikora 2018)

Table 2 Hydraulic conditions of flow scenarios used in the experiments. Note that five blades, one for each group
introduced in Table 1, were tested at each flow scenario. H is water depth, Q is flow rate, Ux is cross-sectional average
velocity, Uy is mean approach velocity in front of the seaweed blade, Rew is the Reynolds number, Re; is the blade
Reynolds number, v is kinematic viscosity of water

H (m) 0 (m’/s) U, (m/s) Uy, (m/s) Reg=HU,/N Re=1Uy N

Run 1 0.3 7% 107 0.09 0.1 0.27 x 10° (0.2-0.6) x 10°
Run 2 0.3 21.5x10%  0.29 0.33 0.87 x 10° (0.5-2.0) x 10°
Run 3 0.3 36 x 107 0.48 0.55 1.44 x 10° (1.1-3.3) x 10°

The measurement duration in the experiments had to be defined depending on seaweed
adjustment to the environmental conditions in the flume setting, particularly in relation to
flow properties and freshwater effect. For this reason, a preliminary two hours long test was

conducted with a seaweed blade (not listed in Table 1), with the instruments recording as in



the standard configuration. The data revealed that mean value and standard deviation of the
drag force reduced significantly in the first 50 minutes of the measurements and then
stabilised (Fig. 2), likely reflecting acclimation to hydraulic conditions and probably
biomechanical changes of the blade tissue as a result of being in the freshwater environment.
Therefore, the full duration of the experiments was set to be 80 minutes, which seemed an

adequate period to cover the whole period of seaweed blade adjustments to the experimental

conditions.
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Fig. 2 Dynamics of the mean (a) and standard deviation (b) of the drag force experienced by a seaweed blade at a
preliminary test designed to identify the duration of the experiments conducted with seaweed blades listed in Table 1.
Values are computed for 10-minute time windows with 50% overlap

During all experiments, the digital camera recorded continuously at 25 Hz, while the
DMD and the ADVs measured 8 ‘window’ records of 10 minutes each at 200 Hz and 100 Hz
respectively. Between each 10-minute window record about 30 seconds were lost to re-set the
DMD and ADVs via dedicated software. This was necessary to prevent potential errors

imposed by the measurement system during data collection for longer recording periods.

Data analysis

Standard errors associated with the mean values and variances of streamwise flow velocity
and drag force were quantified following Garcia et al. (2006). The average relative standard
error of U was 2.1%, with a maximum of 7.3% (for blade G5 at flow scenario ‘Run 1’). For
the variance 02, the maximum relative standard error was 5.7% (for blade G5 at flow
scenario ‘Run 1”), with an average of 3.1%. For the drag force, the standard errors associated

with the mean value F,; and variance 024 did not exceed 10 N and 1077 N, respectively.



Relevant statistical quantities

In the current study we make use of statistical quantities of two types: (i) conventional
moments of probability distributions such as mean X, variance o2, (and standard deviation,
o), skewness (Eq. 1), and kurtosis (Eq. 2); and (i1) spectral characteristics such as spectral
densities, coherence functions (Eq. 3), and gain factors (Eq. 4). We consider the following
records which are interpreted as realisations of random functions: flow velocities (u, v, w) in
x, y, and z directions upstream and downstream of a blade, the drag force (f;), and the
vertical velocity of a blade (w}). The skewness and kurtosis of the records were estimated

with:
Sk, = %(Zn:xi—X> /O'3x (1)
Ku, = %(ixi—X> /04x—3 #))

The skewness provides information about the asymmetry of the probability distribution in
terms of its direction (sign of the skewness) and magnitude (its value). The kurtosis describes
the peakedness of the probability distribution compared with a Gaussian distribution. Both

statistical moments are equal to O for a Gaussian distribution (e.g. Davidson 2015).

We also use time series analysis, specifically spectral analysis, to investigate
fluctuations from the long-term means of the measured variables. The power spectral density
function (or spectrum) S,(f) of a generic record x was computed using Fast Fourier
Transform (FFT) after de-trending the measured time series of x. The spectra represent a
measure of the energy density distribution across various frequencies f (or time periods 1/f),
i.e. how much energy is contained within a narrow band of frequencies corresponding to

turbulent eddies of a certain size.
To explore possible associations at different frequencies between two fluctuating
variables x and y (e.g. drag force and approach velocity), the coherence function yxyz( f) and

the gain factor |ny(f)|2 were used (Bendat and Piersol 2011). These two quantities are

defined as:



1S, (|

2 - 3

ARG ©
2 S(f)

|ny(f)| _Sx(f) (4)

where Sy, (f) is a cross-spectrum between signals x and y, and f is frequency (e.g. Bendat
and Piersol 2011). The coherence function yxyz( f) can be interpreted as a squared correlation

coefficient between signals x and y at a particular frequency f; it satisfies the condition 0 <

Yay?(f) < 1. The gain factor |ny(f)|2 indicates how a magnitude of the signal x at a

frequency f is amplified in the signal y. A specific example of the gain factor is the fluid

dynamic admittance | Xr(f) |2 (Eq. 5) that indicates the role of eddies of different frequencies
in the generation of drag fluctuations. The fluid dynamic admittance can be defined by using
the classical drag formulation (e.g. Batchelor 1967) and the Reynolds averaging rule (e.g.
Monin and Yaglom 1971), and it is expressed as (Naudascher and Rockwell 2005, Dwivedi et
al. 2010):

Sa

|Xfl(f)|2 = %(%)2

P ®)

Su—up
where Uy, is mean flow velocity upstream of a blade, Fj; is mean drag force, S, is the drag

spectrum, and Sy,_,;, is the spectrum of the streamwise flow velocity upstream of a blade.

Flow velocities

The raw ADV data are inherently affected by measurement errors, including erroneous spikes
in the data that can heavily bias the estimation of turbulence parameters (e.g. Goring and
Nikora 2002). Consequently, ADV data were de-spiked using the Phase-Space Threshold
method (Goring and Nikora 2002), modified by Parsheh et al. (2010) and named as mPST.
The last good value approach (Goring and Nikora 2002) was used to replace spurious data
points detected by mPST. Then, the standard statistical moments (mean, variance, skewness,

and kurtosis) and the spectrum were evaluated for each velocity component.

Drag force

As a consequence of the DMD design, the drag force recorded during the experiments
included the contributions from both the seaweed blade and the rod tip to which the blade
was attached. Nevertheless, no correction was applied for the drag force experienced by a

blade because of potential non-linear interference between fluctuating contributions from the
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blade and the rod tip. This interference can lead to the difference between the sums of
individual contributions obtained in isolation and when measured together. Our preliminary
assessments showed that the rod contribution to the measured drag can become noticeable

only for the smallest blades.

Since frontal projected area of a blade was found to be uncorrelated with the drag force
experienced by the blade (Vettori 2016), the (mean) drag coefficient C; was estimated by
applying a ‘static’ approach (Statzner et al. 2006), i.e.:

Cq = Fd/(o-sprwetUzup) (6)

where p,, is water density, and A4,,.; is wetted surface area of a blade. This conventional form
of the drag coefficient is supplemented in our analysis with the ‘instantaneous drag

coefficient’ defined as:

cq(t;) = fd(ti)/[o-Sprwetuzup (ti)] (7
where f4(t;) and u,,(t;) are the instantaneous values of the drag force and upstream

streamwise flow velocity, respectively, and t; is time instant when the measurements were
taken. Our data showed that the estimates of C; from Eq. 6 and as a mean of instantaneous ¢4
of Eq. 7 are statistically indistinguishable. Therefore, below we will use the same symbol Cy

when considering the mean drag coefficients.

It is also worth noting that some micro-mechanical vibrations associated with the
flume, instrumental carriage, and DMD affected the measured drag force signals. These
micro-vibrations are responsible for apparently spurious peaks displayed by the spectra of
drag force (Fig. 6a) at several frequencies higher than 5 Hz. However, the overall effect of
these micro-vibrations on the variance of the drag force is negligible (i.e. the area under the

peaks is negligible compared to the total area of the whole spectrum).

Blade motion

Video processing was conducted using MATLAB® image processing tools. Each frame (Fig.
3a) was converted to black and white and cropped to exclude the irrelevant objects. This
approach allowed achieving a reduction of both the amount of data to be processed and the
chances of false data points to be detected. The Canny edge detector algorithm (Canny 1986)
was then employed for extracting the vertical positions of the seaweed blade from each frame

(Vettori 2016). After the edge detection, each video frame was divided into a number of
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vertical interrogation regions 10 pixels wide, and a ‘centroid’ was identified in each vertical
region as the centre between the upper and lower boundary in that region (Fig. 3b). This way,
time series of vertical positions z;,(t) of the blade (i.e. of the centroids) were obtained for

various locations along the blade. The point at which the blade was attached to the DMD was

used as the origin of the vertical coordinate.

+ Upper edge
+ Centroids

b) + Lower edge

Fig. 3 (a) A frame extracted from a video recorded during the test of sample G3 at flow scenario ‘Run 3’. On the bottom
left corner, the light emitting diode (LED) used to achieve synchronisation between the video and the other instruments is
visible. (b) Output from a frame showing: all edges detected by the algorithm (black), blade upper edge (blue), blade lower
edge (green) and blade centroids (red) (the shown frame refers to sample G2 at flow scenario ‘Run 2”)

The time series of the blade vertical velocity wy(t) were computed using the time

series of the vertical position z;, (t) of the blade centroid as:

Wb(tj) _ Zb(tj) _Ajb(tj—l) )

where wy,(¢;) is estimated at time t;, and At is time interval between two consecutive

samples (e.g. t; — tj_q).

Results

Blade acclimation to the hydraulic conditions: drag force and reconfiguration

All seaweed blades tested adjusted to the new conditions to which they were exposed during
experiments in the flume facility; this adjustment concerned drag force and, marginally, blade
dynamics. The mean value F,, standard deviation o,;, skewness Sk;, autocorrelation
function, and the magnitude of the spectrum S, of the drag force decreased with time until
they fully stabilised at around 20 to 30 min from the beginning of the experimental runs. The
general trends are valid for all blades tested and can be illustrated in Fig. 4, where the mean
value C; and standard deviation og.; of the instantaneous drag coefficient are plotted as a

function of time. Note that in Fig. 4 we used the statistical moments of the instantaneous drag
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coefficient c4(t;) rather than those of the instantancous drag force f;(t;), because the drag
coefficient is a non-dimensional quantity and allows comparing blades of different
dimensions. The reductions in C; and 0.4 from the first 10-minute record to the last record
increased at higher mean flow velocities: e.g. in ‘Run 1’ both C; and g.; showed an average
reduction of 32% (averaged across all blade groups), whereas in ‘Run 3’ C; and 0.4 declined
by 43% and 55%, respectively. The kurtosis Ku, of the drag force, on the other hand, did not
show any change in time.

Most parameters describing blade dynamics did not vary with time, apart from the
standard deviation g, of the vertical position of the blade, which for some blades decreased
from the beginning to the end of the experiment. The characteristics of the flow downstream
of a blade appeared to be steady (i.e. statistical characteristics of velocities did not vary
between 10-minute records). Since the data of the drag force were not stationary throughout
the experiments, we focus our analyses on the last 10-minutes of the records, after blade
adjustment has been completed and all measured quantities became stationary (i.e.

independent of time in statistical sense).

a b 3
) 01 - : : ) 12210 : : :
+ G1 . *+ G1
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. G3 10 G3| ]
006} ° . Py gg ] . & G4
- [ d
o s, b‘S gl o ¥ G5| |
004_ " Y [ [
¢« 4+ & k3 3 4 P
6l e
0.02+ ' s
3 *
0 . . . ¢ 1 a - = ¢ *
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Fig. 4 Effect of time of exposure to experimental conditions on the (mean) drag coefficient (a) and its standard deviation
(b). Both figures refer to flow scenario ‘Run 2’ (see Table 2), for a description of seaweed blades see Table 1

Coupling between turbulence and fluctuations of drag force

Both the mean F; and standard deviation g4 of the drag force increased with Uy,. The
coefficient of variation g, /F; varied from 0.04 to 0.09. Skewness Sk, and kurtosis Ku, of
the drag force were close to 0 and were not affected by hydraulic conditions, suggesting that
the probability distribution of drag force fluctuations in all cases is close to Gaussian.
Although each blade was tested at a single experimental run only, blades were of similar

dimensions within each group (Table 1) and thus it was possible to estimate Vogel’s
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exponent y, F; & Ui;y (Vogel 1994). Vogel’s exponent ranged between -0.6 and -0.2,

indicating that blades successfully reduced the drag force via reconfiguration. Because blades
streamlined with the flow have often been modelled as flat plates (e.g. Nepf 2012), the mean
drag coefficient C; of the blades was compared with those for flat plates (examined as a
function of Re; in Fig. 5a). The obtained C; are higher than for laminar and turbulent
boundary layers over equivalent (i.e. with same length) flat plates, although also showing a
similar decreasing trend (Fig. 5a). The drag coefficient for a laminar boundary layer over a
flat plate (Eq. 9) was estimated according to the classical Blasius’ equation while for the
turbulent boundary layer the ‘1/5’-th law (Eq. 10) was used (e.g. Schlichting and Gersten
2000):

Cd—FPL = 1328/“Rel (9)
Cd—FPT = O.O74’/Rell/5 (10)

The difference between the measurements and predicted drag coefficients for boundary layers
(Fig. 5a) are likely due to the effects of ruffles and bullations present on the surface of
seaweed blades, upcoming turbulence, and specific shape of the blades. The blade Reynolds
number in our experiments was always lower than the threshold at which the transition to
turbulent boundary layer on smooth flat plates occurs (i.e. Re; = 5 x 10°, Schlichting and
Gersten 2000). However, previous studies report such a transition to occur at much lower
blade Reynolds number on seaweed blades, with mean flow velocity as low as 2 cm/s (e.g.
Hurd and Stevens 1997, Roberson and Coyer 2004). Thus, the boundary layer formed on our
blades was unlikely to be laminar. We should highlight, in addition, that the blades operated
in already turbulent ambient flow making formation of a laminar boundary layer even less
possible.

A strong diminishing trend is also seen in plots of C; as a function of the Cauchy
number C, = p,, Uupzl3 /(Etmean’), where t,0qn is the mean thickness of a blade, and E is
bending Young’s modulus of the material of which blades are made (Fig. 5b). The Cauchy
number is a descriptor of the deformation of a body due to the effect of the flow (de Langre
2008); it is defined as the ratio of the drag force associated with the flow to the flexural

reactive force of the deformed body.
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Fig. 5 The drag coefficient as a function of the blade Reynolds number Re; = [Uyy/v (a) and the Cauchy number Cy =
PpwUup?B/(Etmean3) (b). The dashed line and the solid line in (a) are the drag coefficient for a laminar boundary layer and a
turbulent boundary layer over a flat plate, respectively

The magnitude of the spectrum S; of the drag force increased with increase in Uy,
and/or in the size of blades. To facilitate a comparison between different cases and the
identification of common trends, a normalised S, using the variance o2, of the drag force
was used in the analysis, i.e. S;/02%4. Except for different levels of the noise floor at high
frequencies, caused by normalisation, spectra for all blades collapsed within narrow intervals
of the normalised magnitudes S;/02, (Fig. 6a). The following spectral features should be
noted: (i) at low frequencies the values of S;/02, decay with a spectral slope of -1, similar to
physical models of seaweed blades (Vettori and Nikora 2018); (ii) at the intermediate
frequencies the spectral slope corresponds to approximately -5/2, similar to freshwater plants
(Siniscalchi and Nikora 2012); and (iii) at high frequencies the spectra are characterised by a
localised ‘plateau’ region, followed by a steep decrease. Note that the regions within which -1
and -5/2 spectral slopes hold are shifted to higher frequencies as U, increases. The sharp
localised peaks at frequencies higher than 5 Hz are most likely associated with mechanical

micro-vibrations of the facility and are not features of the blade dynamics. The fluid dynamic

admittance | Xr(f) |2 for seaweed blades are very similar to the fluid dynamic admittance for

a simple supported cylinder in axial turbulent flow (Naudascher and Rockwell 2005). Curves
are characterised by a plateau followed by a region of decline (that represents the contribution
of the first mode of vibration), a local maximum at an intermediate frequency (representing

the contribution of the second mode of vibration), and then a steep decrease (Fig. 6b).
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Fig. 6 (a) Spectra of the drag force normalised by drag variance; (b) fluid dynamic admittances as a function of the ratio of
seaweed blade length I to eddy wavelength Uup/f. For each flow scenario (Run 1, Run 2, Run 3), the curves represent
averaged values across the data for five blades. Note that the high-magnitude spurious peaks at frequencies higher than 5
Hz are caused by mechanical micro-vibrations of the facility

The influence of the fluctuations of the upstream streamwise velocity u,,, on the drag
fluctuations was assessed via analysis of the coherence function y2 y_g Detween Uy, and the

drag force (Fig. 7a). The fluctuations in the drag force were strongly associated with

fluctuations of u,,, at low frequencies. This is indicated by high values of y? u—g for a range
of fl/U,, (that represents the ratio of seaweed blade length [ to the eddy wavelength U,/
f), up to 2 (Fig. 7a). The fluctuations between the upstream vertical velocity w,,, and the
drag force were also correlated at low frequencies (with maximum values of yzw_ 4 up to

0.4), probably reflecting a strong correlation between the streamwise and vertical velocity

components. As the mean flow velocity increased, so did the magnitudes of y?2 u—qg (Fig. 7a).

Higher magnitudes of y2 4 Tor individual blades relate to smaller blades (not shown here).
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Fig. 7 Coherence functions between the streamwise flow velocity upstream of seaweed blade and the drag force (a), and
between the vertical flow velocity upstream of seaweed blade and the blade vertical velocity at the blade free end (b) as a
function of the ratio of seaweed blade length / to eddy wavelength Uup/f. For each flow scenario (Run 1, Run 2, Run 3), the
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curves represent averaged values across the data for five blades. The thick dark horizontal line represents the 1%
significance level of the coherence function calculated according to Shumway and Stofter (2000)

Coupling between turbulence and blade dynamics

The amplitude of oscillations of blade vertical position z; and blade vertical velocity wy,
increased along the blade towards its free end. Interestingly, their standard deviations g, and
owp Wwere relatively similar when comparing blades of different lengths, although they
increased with the mean flow velocity. The mean blade vertical position, the mean blade
vertical velocity, skewness and kurtosis of z, and w, were close to 0 along the blade. The
near-zero values of skewness and kurtosis suggest that probability distributions of z;, and w,
fluctuations were close to Gaussian. The free ends of the seaweed blades were selected to be
representative for a detailed spectral analysis, as: (i) both z; and w, showed the highest
correlations with the upstream vertical flow velocity at the blade free end; (ii) blades showed
the maximum excursion at their free end; and (iii) spectrum of blade vertical position was
self-similar along the blade (i.e. the properly scaled spectra obtained at different locations

collapsed).

The normalised spectra S,,;,/02,,, exhibit a spectral ‘hill’ which is localised within a
well-defined range of f1/U,, between 0.2 and 3 (Fig. 8a). Complementary information can
be obtained by analysing the gain factor |H(f)|* = Syp/Sw-up of the upstream vertical
velocity and the blade vertical velocity (Fig. 8b). Three main regions can be identified in
|[H(f)|?: (i) region of large eddies (i.e. f1/U,,, < 0.2) which were not heavily involved in the
blade motions (low |H(f)|?); (ii) region of intermediate size eddies (i.e. 0.2 < f1/ Uyp < 3)
that control blade dynamics (high |H(f)|?); and (iii) region of small eddies (i.e. fI/ Uyp > 3)
showing significant association with the blade movements (relatively high |H(f)|?), likely
caused by eddy shedding effect.

The coherence function yzw_wb between wy,, and wj, was above the significance level

for a range of low frequencies and was dependent on the hydraulic conditions (Fig. 7b). The

coherence function )/ZW_ was statistically significant for f1/U,, < 2, where it did not

wb

exceed 0.5. As the mean flow velocity increased, so did the magnitude of y2 This trend

w—wb"*
reflects the changes in the turbulence structure as the bulk flow velocity grows. The
frequency range at which yzw_wb attained highest values corresponds to the most energetic

region in S,,, (Fig. 8a) and lies between f1/U,, = 0.2 and 0.7 (Fig. 7b). The highest
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magnitudes of yzw_wb for individual blades corresponded to smaller blades (not shown

here).
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Fig. 8 Normalised spectra of the blade vertical velocity (a) and gain factors of the vertical flow velocity upstream of
seaweed blade and the blade vertical velocity (b) as a function of the ratio of seaweed blade length I to eddy wavelength
Uup/f. For each flow scenario (Run 1, Run 2, Run 3), the curves represent averaged values across the data for five blades.
Vertical dashed lines represent the limits of the spectral ‘hill” region (a) and the limits of the regions describing different
interactions between upstream vertical velocity and blade vertical velocity (b)

The presence of a seaweed blade significantly modified the characteristics of the
downstream flow region by reducing its total kinetic energy although enhancing its
turbulence-related component. Compared to the conditions upstream of a blade, mean
streamwise velocity decreased by 10-20%, standard deviations of streamwise and vertical
velocities were amplified by 40-100%, and turbulent kinetic energy (TKE) increased by 50-
200%. It was verified that these effects were not due to the DMD influence and were
associated with the blades. The strongest effects were recorded for the cases of large and
ruffled blades. The effects of blades on the downstream wake turbulence were further
investigated by using the gain factors (i.e. |H(f)|* = Sy_as/Su—up and |H()|* =
Sw-as/Sw—up) of the streamwise (Fig. 9a) and vertical (Fig. 9b) flow velocities upstream and
downstream of a seaweed blade. The scale ranges where turbulence enhancement occurred

coincided for u and w, being confined from f1/U,,,, = 3 to 40.
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Fig. 9 Gain factors of the streamwise (a) and vertical (b) flow velocity components upstream and downstream of seaweed
blades as a function of the ratio of seaweed blade length [ to the eddy wavelength Uup/f. For each flow scenario (Run 1,
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Estimation of the thickness of the diffusion boundary layer at the blade surface

The cross-correlation and spectral analyses showed that the blade frontal projected area was
not significantly correlated with the approach velocity and drag force (Vettori 2016).
Therefore, we can assume that the drag force acting on the blades was primarily due to
viscous friction, while the pressure contribution was of secondary importance. This is
physically reasonable for streamlined bodies such as seaweed blades. We can express the

mean drag force F,; on the blade as:

1
Fg = ;f j TdAdt = p Aot (11)
T Awet
Fq
w, = (12)
pWAwet

where T is the instantaneous local viscous shear stress at the blade surface, u, is the blade-
scale shear (or friction) velocity defined as u, = (t4,/pw )%, T is averaging period, and 7,
is the blade-averaged and time-averaged viscous stress. From the estimate of u,, the thickness
64 of the DBL was calculated according to the conventional diffusion theory and considering
that molecular diffusivity D,,,; of the most important solutes for photosynthesis in water is of

the order of 10 m?/s (e.g. Boudreau and Jorgensen 2001), i.e.:

_1/3 v/ v Y3y
5, = 8,5,"Y/3 = 10u_(D l) ~ (13)
* mo *
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where 8, = 10v/u, is the thickness of the viscous sublayer, and S, is the Schmidt number
representing the ratio of the momentum diffusivity to the substance diffusivity. The
application of Eq. (13) assumes that the flow around the blades is turbulent, with the presence
of the viscous sublayer at the blade surface. This assumption is justified by two arguments:
(1) the transition to turbulent boundary layer over seaweed blades is likely to occur at much
smaller Reynolds numbers than conventionally perceived for flat plates (Re~10°; Hurd and
Stevens 1997, Roberson and Coyer 2004); and, most importantly, (2) the flow regions in the
vicinity of blade surfaces are already fully turbulent in our experiments (except for thin
viscous sublayers at blade surfaces), as they are strongly influenced by the ambient flow
which is fully turbulent. These two reasons would be also applicable for typical field

conditions.

The data analysis shows that u, and §; were not influenced by the blade dimensions,
depending mainly on the flow velocity, i.e. u, increased and §,; decreased as the mean flow
velocity increased (Table 3). The obtained estimates of §; are in agreement with values
reported in Hurd and Pilditch (2011) for the blades of M. pyrifera from a wave-sheltered site
(i.e. 6 = 0.07-0.7 mm at U, = 0.008-0.045 m/s).

Table 3 Estimates of the normalised shear velocity and the thickness of the diffusive boundary layer at the surface of
seaweed blades

Gl1 G2 G3 G4 G5
u, 5, w5, w5, w5, w4
Up (mm) Uyp @mm) Uyp @mm) Uyp @mm) Uy, (mm)
Run 1 0.15 0.067 0.19 0.057 0.17 0.052 0.16 0.057 0.17 0.061
Run 2 0.13 0.023 0.14 0.022 0.15 0.020 0.13 0.023 0.15 0.019
Run 3 0.11 0.017 0.11 0.010 0.11 0.016 0.13 0.015 0.11 0.016

Note that the values in Table 3 relate to the mean shear velocity and mean (time-
averaged) thickness of the DBL. Taking into consideration that the probability distribution of
the drag force is near-Gaussian, the coefficient of variation o,;/F,; changes within a narrow
range of 0.04 to 0.09, and following an approach similar to Eqgs. 11 and 12, we can deduce

that the thickness of the DBL varies in time within approximately £+ 10% of its mean value.

Discussion

During the 80-minute experiments the parameters Cy, 0.4, Sks, and S; decreased in time

with most of the reduction occurring within the first 20-30 minutes (Fig. 4), after which time
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they became largely time-independent. These changes indicate that blades adjusted to the
conditions in the flume facility relatively quickly. As reported by a number of authors (e.g.
Boller and Carrington 2006), drag reduction occurs via blade reconfiguration, which seems to
act via compaction of blade ruffled edges in the case of S. /atissima. This mechanism cannot
be measured using the video analysis technique applied in this study but can be visualised in
the insets of Fig. 10. There are two factors that could have driven blade compaction in our
case: a decrease in stiffness of seaweed material when exposed to freshwater that can
facilitate reconfiguration, and/or action of the flow in which the blade is immersed. When
exposed to salinity variation seaweeds regulate their turgor pressure to achieve a new steady
state through osmotic adjustment (Kirst 1989, Hurd et al. 2014). In the present case, we
expect that freshwater was absorbed by seaweeds leading to an increase in turgor pressure
that was counteracted by release of metabolites such as mannitol (Reed and Wright 1986,
Niklas 1992). This physiological response could have impacted on seaweed biomechanics
and led to a reduction in stiffness. However, we suggest that blade acclimation to the flow
hydraulics is the main factor to consider in the present case. In fact, results show that the drag
reduction, estimated with the drag coefficient, depended on the hydraulic conditions, with a
minimum reduction in ‘Run 1’ (in which case the mean flow velocity was similar to typical
flow velocity observed at the collection site) and a maximum reduction in ‘Run 3’. Blades
achieved reduction both in the mean drag and in the amplitude of drag fluctuations. The
obtained results suggest that compaction can be a key mechanism in ‘tensile plants’ (sensu

Nikora 2010), similar to considerations of Vogel (1989) for the case of tree leaves.

The effect of reconfiguration on the drag force can be ‘quantified’ using Vogel’s
exponent y in Fy & Ui; ¥ (Vogel 1994). For blades used in our experiments y ranged
between -0.6 and -0.2, consistent with the values reported by previous studies on seaweeds
(e.g. Buck and Buchholz 2005). The mean drag coefficient decreased with the blade
Reynolds number Re;, but showed consistently higher values than those for flat plates (Fig.
5a) because of the effects of ruffles and bullations present on the surface of seaweed blades,
approaching turbulence, and shape of the blades. Blade morphological macro-features affect
the drag force experienced by blades considerably and need to be accounted for when blades
are modelled (Vettori and Nikora 2019). That said, our estimates of the mean drag coefficient
C4 were considerably lower than the values reported in Buck and Buchholz (2005) for blades
of S. latissima from a sheltered site at similar mean flow velocity. At U, = 0.55 m/s our

results show C; = 0.02-0.03, while Buck and Buchholz (2005) reported values of C,; between
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0.04 and 0.1. We suggest that the reason for this be twofold: (i) blades from Loch Fyne had a
slender droplet shape (Vettori and Nikora 2017) that allowed a more efficient reconfiguration
compared to the blades studied in Buck and Buchholz (2005); and (ii) different response of
the blades to a turbulent flow (i.e. the present study) compared to the case when the blades

are towed in still water (i.e. Buck and Buchholz 2005).
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Fig. 10 Dynamics of the mean drag force in time showing seaweed blade reconfiguration via video frames (insets). Data
and images refer to blade G3 at flow scenario ‘Run 3’. Note that images are not representative of the average position of
the blade in the 10-minute records; they are shown to illustrate the folding of blade ruffled edges

Our results reveal that both incoming flow velocities and blade biomechanical
characteristics contributed to the blade dynamics and their contributions depended on both
hydraulic conditions and blade size. The flow action appeared to be predominant in highly

energetic conditions (e.g. higher magnitudes of y? yg and y? Fig. 7) and for smaller

w—wb’
seaweed blades. We acquired the following new insights on how blade dynamics is affected
by turbulent eddies of different sizes. Depending on the effects of the eddies on blade

dynamics, we identified three regions in the domain of relative wavelength of f1/U,:

(1) At low frequencies, i.e. for the range of eddies with wavelength exceeding 5
times the blade length (i.e. f1/U,, < 0.2), blades dynamics is controlled by

flow turbulence and passive flow-blade interactions occur. In other words, the
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blade motions passively follow motions of passing large eddies. This is
reflected by high values of y2 ., y? _  (Fig. 7) and | ;(f,(f)|2 (Fig. 6b).
Eddies of these sizes generate maximum drag fluctuations (Fig. 6a) but are not
involved in active interactions with the blades (Fig. 8).

(11) Blades dynamically interact with the eddies within a relatively broad
intermediate range of wavelengths approximately between 0.3 and 5 times the
blade length (i.e. fl/U,, = 0.2 — 3). Values of the coherence functions tended
to decrease below the significance level in this range (Fig. 7), indicating that
blade motion and drag were not primarily controlled by the incoming flow. The
eddies within this wavelength range are the most efficient at driving blade
dynamics as revealed by high values of S,,;, /0.2, and |H(f)|? (Fig. 8).

(ii1))  The eddies with wavelength smaller than 0.3 times the blade length (i.e.

fl/Uy, > 3) are too small to have considerable effects on blade dynamics. This
is revealed by low values of y? _, and y? _ . (Fig. 7). The sharp increase of

|H(f)|? in Fig. 8b at high frequencies in ‘Run 1’ does not reflect the effect of
small eddies in powering blade motion, but it was rather caused by vortices shed
by the blade free end. Seaweed blades enhanced wake eddies within this range

of wavelengths, i.e. fl/U,,, =3 — 40 (Fig. 9).

These findings suggest that depending on velocity spectra the seaweed blades may achieve an
optimal length range where drag oscillations, which are the cause of seaweed breakage, are
minimized. Blades with length between 0.2 and 3 times the wavelength of dominant eddies
are expected to have a better physical and biological performance because they experience
reduced drag oscillations and enhanced motion, which can boost nutrient uptake at low flow

velocities.

Seaweed canopies/forests have a significant impact on the local hydrodynamics,
attenuating currents (e.g. Jackson 1998, Gaylord et al. 2007, Rosman et al. 2007) and high
frequency internal waves (e.g. Jackson 1984, Rosman et al. 2007). Also individual blades
induce a considerable variation of the characteristics of the flow. The main effect is that of a
reduction in the total kinetic energy (as its main contributor - mean velocity - reduces by up
to 20%) and a magnification of turbulence (TKE enhanced by up to 200%), compared to the
conditions upstream of a blade. Wake turbulence is generated predominantly at small scales

(i.e. fl/Uy, =3 —40, Fig. 9), in agreement with findings from scaled models of kelp forest
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(Rosman et al. 2010). Vettori and Nikora (2018) report that at a distance from the blade free
end equal to 4l the variation in the mean streamwise velocity and TKE is down to 1% and
20%, respectively, for physical models of seaweed blades. Because of their limited size, wake
eddies generated by the blade free end do not actively interact with other (downstream)
blades and are not expected to enhance nutrient uptake within a canopy/forest noticeably. On
the other hand, in dense canopies, the cumulative effects of blades on the flow have
consequences on the hydrodynamics at larger spatial scales. For example, within kelp forests
turbulence level and mean velocity are very low and are likely to be the main limiting factor

for kelp growth (e.g. Rosman et al. 2007).

Blade motion is a primary determinant of seaweed growth because it fosters light
availability and enhances the potential nutrient uptake by reducing the thickness of the DBL
64. For example, Hepburn et al. (2007) reported that oscillatory flow associated with wave-
exposure enhanced the growth of M. pyrifera at low levels of Nitrogen by favouring seaweed
motion. Huang et al. (2011) found that seaweed motion ameliorated fluxes through the DBL
at low mean flow velocities. Measurements of §; on seaweed blades are relatively scarce and
it remains unclear whether seaweed morphology and motion have a significant role in
reducing 6,4 and/or favouring the renewal of the DBL. Hurd and Pilditch (2011) investigated
this issue by estimating §; via measurements of oxygen concentration from an O micro-
optode. A major problem of techniques employed for direct measurements of &, is that they
can be used only while samples are not moving. Therefore, measurements currently available
refer to flow velocities lower than 0.1 m/s and may not be representative of natural
conditions. Indirect estimates of §,; from measurements of the drag force used in the present
study, on the other hand, are advantageous because they can be obtained regardless of blade
motion and are averaged across the whole blade surface area, providing a practical metric at a
blade scale. However, two important points are worth noting: (i) these estimates of 6, are
inherently biased-low as the underlying assumption is that drag is dominated by viscous
friction at blade surfaces; and (ii) this method is not applicable when pressure drag is
significant (unless drag partitioning into pressure drag and viscous friction is possible). Our
estimates of §, indicate that the DBL was thinned as the mean flow velocity increased, from
6q = 0.067 mm at U,,, = 0.1 m/s to §; = 0.010 mm at U,,,, = 0.55 m/s. The values in ‘Run
1’ are within the range of §,; reported by Hurd (2000) for similar mean flow velocities. It is
also worth adding that the blade-averaged thickness of the DBL varies in time insignificantly,

within + 10% of its mean value.
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Conclusions

In this study we explore flow-seaweed physical interactions at a blade scale in a
unidirectional turbulent flow via laboratory experiments. Our results show that blades adjust
to relatively fast flow conditions via reconfiguration mechanisms that allow blades to
considerably reduce both the mean value and fluctuations of the drag force. The dynamics of
seaweed blades is controlled by flow action and blade biomechanical characteristics (the first
is dominant at high flow conditions). Depending on the size of turbulent eddies, blades
interact with the flow differently. Eddies with wavelengths approximately between 0.3 and 5
times the blade length interact dynamically with blades. Even single blades have a substantial
effect on the wake flow characteristics, reducing mean flow velocity and amplifying
turbulence by shedding small eddies from their free end. We also estimated the thickness of
the diffusive boundary layer at the blade surface from the measurements of the drag force and

our values appear to be compatible with values reported from direct measurements.
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