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ARTICLE INFO ABSTRACT

Keywords: Hydrodynamic characteristics are needed to optimize the design of kelp aquaculture systems. To support this
Macroalgae hydrodynamics need, the objective of this study was to resolve both the normal and tangential drag forces acting on a dense
Aquaculture physical model aggregate of kelp blades using full-scale physical model tests. The physical model was designed to match the

Reconfiguration of kelp

exposed length, individual blade flexural rigidity, the number of blades per unit width, the mass/length of
Saccharina latissima

biomass, and the aggregate mass density of kelp cultured at the University of New England experimental
aquaculture lease site in Saco Bay, Maine USA. Tow tests were conducted at the United States Naval Academy in
a tank with the dimensions of 116m x 7.9m X 4.9m. The large tank size enabled the use of the full-scale
physical model, minimizing dynamic similarity issues. In a series of tests, the model was towed in orientations
both aligned and perpendicular to the tow direction. Horizontal and vertical reaction forces were measured for
five tow speeds, along with the deflection of the dense kelp aggregate. With these datasets and the wet weight
biomass per length of the model, normal and tangential drag forces were calculated. Drag components were
processed into corresponding normal and tangential drag-area values. The drag-area representation was chosen
since reference areas were ambiguous for both the actual kelp and model. At the higher speeds, the total hor-
izontal drag in the aligned configuration were slightly lower than for the perpendicular orientation. Normal
drag-areas as a function of tow speed ranged from 2.36 m?/m to 1.39 m?/m for the aligned case and from 2.49 to
1.88 m?/m for the perpendicular case. Tangential drag-areas as a function of tow speed ranged from 0.264 m?/m
to 0.0325 m?/m for the aligned case and from 0.213 to 0.0415m?/m for the perpendicular case. A transition
from a bluff body to a streamlined body occurred as the tow speeds increased. To investigate this transition,
horizontal components of the normal and tangential drag forces were reconstructed with the results of the tow
tests. The reconstructed forces were obtained using a force balance system of equations with drag-area values for
tow speeds less than 0.25 m/s extrapolated from the experimental datasets. For both aligned and perpendicular
orientations, the model-aggregate reconfigured at a threshold of 0.25m/s. We defined the threshold for re-
configuration as the tow speed at which the horizontal component of tangential drag equaled or exceeded the
horizontal component of the normal drag. The drag-area results from this study can be incorporated into a
dynamic fluid-structure interaction model representing kelp aggregates as a finite element beam prescribed with
in-situ values of length, volume, mass density and flexural-rigidity of kelp material.

1. Introduction high yield (e.g. > 20 kg/m) if Laminariales (kelp) systems employ either
individual or arrays of kelp lines/structures. Optimization of such sys-

The development of a large scale macroalgae aquaculture industry tems provides an engineering challenge to characterize and quantify the
will depend upon maximizing yield per cost. Maximizing yield implies hydrodynamic behavior of a unique material, in this case, densely
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seeded and compliant kelp. Single blade reconfigurations of flexible
algae (Gaylord and Denny, 1997; Boller and Carrington, 2006; Luhar
and Nepf, 2017) have been shown to reduce the frontal area making it
more streamlined. Buck and Buchholz (2005) examined the drag
characteristics of both single and clumps of blades (13 blades per
clump) of Saccharina latissima (sugar kelp), examining the hydro-
dynamic responses of kelp with drag force expressed as a function of the
tow velocity squared, adjusted with a “figure of merit” term described
by Vogel (1984). Buck and Buchholz (2005) showed that the angle of
the blades changed with increasing current velocities, becoming nearly
horizontal at high speeds. Another important observation was a re-
duction of drag values per blade in the aggregated, 13 blade config-
uration. Thus, the hydrodynamic behavior of aggregated kelp cannot be
estimated by superimposing the behavior of individual blades. The
work of Vettori and Nikora (2019) was similar to that of Buck and
Buchholz (2005) using single blades of S. latissima but with an addi-
tional focus on the effects of turbulent flow at blade scales. Model ex-
periments were also conducted by Vettori and Nikora (2018) employing
single blades of polyethylene as a proxy material with drag force also
represented in a unidirectional form.

In this study, the unidirectional representation of hydrodynamic
force is expanded to resolve normal and tangential components of drag
on aggregates of kelp. Since the angle between the compliant kelp
material and the fluid velocity vector can change in a dynamic flow
regime, determining each component is necessary to calculate in-
stantaneous, time-averaged, and maximum drag on the kelp in un-
steady flows. Furthermore in aquaculture applications, yield of seeded
sugar kelp can be 8 kg/m (Kim et al., 2015) to values exceeding 17 kg/
m while having over 330 plants per meter (Augyte et al., 2017).

The hydrodynamics of dense aggregates of kelp may have implica-
tions beyond the single blade dynamics. Therefore, the objective of this
study was to characterize the components of drag force on a full- scale
model having numerous kelp blades. A robust proxy model was de-
signed to represent the attributes of kelp grown at a University of New
England experimental aquaculture lease site in Saco Bay, Maine in the
USA. Tow tank experiments were conducted at the United States Naval
Academy (USNA). Tow tank test results yielded a set of normal and
tangential drag-area values relative to component velocities. With the
force components, a threshold point was determined representing the
transition from normal to tangential drag dominance.

2. Methodology
2.1. Design of the physical model

2.1.1. Approach to determine geometric and material properties

To determine the hydrodynamic characteristics of a section of
densely grown kelp, a comprehensive set of towing tank experiments
were performed using a full-scale physical model. The design of the
physical model was based on the nominal characteristics of S. latissima
cultivated on a 60 m kelp line in Saco Bay, Maine, USA (Fig. 1a). The
seeded line was deployed in November 2015 and harvested in early
May 2016 yielding kelp up to 3m in length with an estimated 15 kg of
biomass per meter of line (Fig. 1b). With this level of biomass, it was
clear that the model would have to incorporate numerous blades, an
exact number not known at the time but to include up to 330 per meter
as recently cited in Augyte et al. (2017). Buck and Buchholz (2005) did
performed tow tests with a clump of 13 blades, but used samples of
actual kelp. In the present study, the goal was to build a robust proxy
model maximizing the number of blades to best represent the yield
found in Saco Bay. A full-scale, proxy model approach was chosen to
reduce issues associated with dynamic similarity and to acquire ex-
perimental replicates difficult to obtain with actual kelp due to material
degradation.

When this study was initiated, S. latissima product from the Saco Bay
aquaculture site was unavailable as it was out of season. Therefore,
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three samples of wild kelp were collected from Saco Bay to supplement
six cultured samples obtained from a nearby farm to the north. The
intent was to represent a range of kelp flexural rigidity and mass density
(prelp) values described by Stewart (2006) and Luhar and Nepf (2011)
as dominant material response parameters. Flexural rigidity was de-
fined as EI with the modulus of elasticity (E) multiplied by the second
area moment of the cross-section (I). The mass density was defined
simply as the mass (m) of a sample divided by its volume (V). Both the
wild and farm samples were kept in flowing seawater.

Cantilever beam tests were performed within a day of collection
(minimizing deterioration) to determine the flexural rigidity of the
samples assuming the material under its own weight was linear elastic.
Since it was imperative that the tests be done immediately, the simple
beam test (Demes et al., 2011) was employed acknowledging that the
technique assumes a stiff cross section. From mechanics of materials
(e.g. Goodno and Gere, 2020), the flexural rigidity of a blade sample
(Oblage) Was therefore estimated from

wi*
80blade (@)

with [ as the length of the deflected portion of the sample from its
distributed weight (w)

Flexural Rigidity = EI =

Preip8V
w =
I 2

Obtaining the second area moment values of the kelp samples was
an issue since cross-sectional area characteristics were not regular
shapes, a concern described in Rominger and Nepf (2014). To simplify
the approach, it was assumed that the stiffest part was a rectangular
section within the meristematic portion of the blade, from which
samples were cut with a rectangular cross section,

1
Icross—section = _b[3, 3)

12
where b is the width and t is the thickness of the sample.

From the field collected kelp, the length (L) and width (b) were
measured on each side and averaged. The thickness (t) of the sample
was measured at 8 locations that included the corners and midpoint
positions, and were also averaged. The volume (V) was then calculated
and the mass of each of the samples measured and used to calculate the
mass density (pyep), from which the weight per length (w) of each
sample was determined with Eq. (2). It is important to note that the
wetness of the sample is a strong source variability with this approach.
Therefore it was decided to keep the actual kelp samples “wet” but not
dripping prior to taking measurements. Eq. (3) was used to find the
second area moment (I) with the cross-sectional dimensions. The can-
tilever beam test was performed to measure the deflection (8pjage) as a
function of the distributed weight with the EI values calculated using
Eq. (1). Knowing the second area moment (I) of the sample, the mod-
ulus of elasticity was then estimated. Resulting values were compared
with those published in Section 3.1.1.

2.1.2. Kelp aggregate model design parameters

The design of the kelp aggregate for the tow experiments considered
several proxy material types including various elastomers such as
chloroprene (neoprene), isobutene-isoprene (butyl), and polyurethane
rubber. Other materials such as polyvinyl chloride film and flat poly-
ethylene, plastic tubes were also considered. Flexural rigidity (EI) for
each of the materials was calculated based on manufacturer specifica-
tions. Once the proxy material was chosen, the EI was verified using the
Peirce (1930) method with a plane angle of 41.5° as applied by Henry
(2014) for macroalgae. With the proxy material, the design of the full
-scale kelp aggregate model was built based on the (1) exposed length,
(2) individual blade flexural rigidity, (3) maximum number of blades
per unit width that could fit on the mount, (4) mass/length of biomass
and (5) the aggregate mass density.
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Fig. 1. (a) Saco Bay, Maine (USA) is located in the western Gulf of Maine. (b) In 2016, the kelp line in Saco Bay was harvested at an estimated biomass of 15 kg/m.

2.2. Tow experiments

2.2.1. Experimental setup

The tow experiments were conducted in the Hydromechanics
Laboratory at the USNA in a fresh water basin with the dimensions of
116m x 7.9m X 4.9 m. The large tank size enabled the use of full-scale
models. Two models were constructed, one with mounted-kelp and the
other representing a tare (mounted-tare). The tow carriage mount
configurations are show in Fig. 2. The mounted-kelp and -tare models
were attached to the tow carriage with vertical struts and force blocks
to measure both horizontal and vertical forces. Two sets of tests were
conducted with the models. The first tests were done with the mounted-
kelp and -tare models aligned to the direction of the tow and the second
tests were done with the models perpendicular to the direction of the
tow. During the experiments, the carriage was towed the length of the
tank at increasing speeds of 0.25, 0.50, 0.75, 1.00 and 1.25m/s. Ten
replicate datasets from the horizontally mounted force block were ob-
tained for the aligned and eleven replicate datasets were obtained for
the perpendicular orientations.

As described in Fredriksson et al. (2010), each force block consisted
of a 102mm “block” made of ARMCO 17 —4PH stainless steel with
flexures sensitive to forces along one axis. Motion is sensed by a wa-
terproof, variable reluctance displacement transducer powered by a
Validyne CD 19A amplifier. The amplifier produces an analog DC vol-
tage (10V) that is proportional to the force applied to the gage. The
voltage is sampled with a 16 bit PC-based analog-to-digital system at
50 Hz. Each force block was calibrated at the Hydromechanics La-
boratory at the USNA to a full-scale load of 178 N. The standard

Fig. 2. Both the mounted-kelp and -tare models were attached to a vertical strut
with force block transducers and connected to the towing carriage in the large
tow tank facility at the U.S. Naval Academy. The vertical force block is not
shown on the figure.
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instrumentation bias of the force block instruments are 0.25% of the full
calibrated load equal to 0.445N.

2.2.2. Uncertainty estimates

Uncertainty estimates of the velocity dependent force block mea-
surements followed the approach described in Schultz (2005) done for
tow tank datasets. In this approach, two-tailed t; values were obtained
(Coleman and Steele, 1995) at the 95% confidence level for degree of
freedom values of 9 and 10 for the aligned and perpendicular tow or-
ientations, therefore yielding t, values of 2.228 and 2.262, respectively.
Degree of freedom values were taken as one less than the number of
replicates (n) for each set of tests. With the t; values, measurement
precision was calculated as the standard error of the mean

)
- S
n—-1

N C)]
where f; are the force block values and F as the mean. Instrument bias
values were taken as standard from the manufacturer as 0.445 N (Sec-

tion 2.2.1). Total error was estimated from the root of the measurement
precision and instrument bias squares as described in Moffat (1988).

Measurement Precision =

2.2.3. Force balance and coordinate transformation

During the tow tests, horizontal and vertical reaction forces were
measured with the force blocks at each model attachment shown in
Fig. 3(a) and (b). To resolve the normal and tangential drag compo-
nents on the flexible structure from the measured forces, force balance
and coordinate transformations calculations were conducted. In this
procedure, a global coordinate system was set at the attachment loca-
tion such that the X-axis was aligned with the attachment bar and the Y-
axis perpendicular to the attachment bar with the forces measured
along each axis defined as Fx and Fy, respectively. This orientation was
chosen to be similar to the definition by Faltisen (1991) with respect to
moving ships. During the tow tests, three replicates were obtained from
the force block mounted at a 90 degree angle to measure vertical forces
upwards. This was defined as the Z-axis. Since a set of vertical forces
were measured for both the aligned and perpendicular orientation, the
datasets were defined as Fz, and Fz, respectively (also shown in
Fig. 3(a) and (b).

(a) Aligned Orientation

(b) Perpendicular Orientation
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Fig. 4. Force balance diagram of a beam section of the physical model away
from the attachment point and the free end. At steady state, resolving the force
balance in the local x-direction yields the normal drag force per unit length. The
force balance in the y-z plane is orthogonal and identical.

Force balances were then defined (Fig. 4) for a local section of the
kelp model away from the attachment point and the free end in steady
flow. Since no curvature was observed at this midpoint section during
the tests, the shear force (V) and bending moment (M) in this region of
the aggregate were assumed to be zero. Defining the diagram with a
local coordinate system having the x-axis normal and the z-axis tan-
gential to the aggregate (x—z plane), the force balance resolves the
normal component of drag (fpy) per unit length as

fDx = (paggregateAcg - fB )COS (GX) 5)

With paggregate @s the mass density of the composite aggregate material,
fg is the buoyant force per length and 6, as the angle from the hor-
izontal. Since the normal drag force is distributed, per unit length on a
section of the model, A. is the cross sectional area of the aggregate
based only on volume. The same approach was applied in the y-z plane,

ny = (paggregateAcg - fB )cos (Qy) (6)

with 8, as the corresponding angle from the horizontal.

This force balance approach, however, could not resolve the tan-
gential per unit length components (f;,, and szp) since the local tension
(T) along the aggregate could not be measured. Instead, the total tan-
gential drag forces (Fp,, and Fp,) were determined with a force

Fig. 3. Tests were conducted in aligned
(a) and perpendicular (b) orientations
with respect to the centerline of the
tank. The coordinate system of X, Y and
Z were defined by the orientation of the
kelp-model attachment bar with the
aligned axis as X and the perpendicular
axis as Y to obtain the Fx, Fy. The cor-
responding vertical components were
defined as Fz, and F, for the aligned
and perpendicular sets of measure-
ments.
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Fig. 5. Transformation of coordinates to calculate Fy,, from the measured Fx
and Fy, forces. The coordinate transformation in the Y-Z plane is orthogonal
and identical.

transformation (Fig. 5) from the resultants (Fz, and Fg,) of the force
block measurements and corresponding angles (wy and wy),

Fra = F3 + F,, ()

and
wy = arctan(an)
Fx ®
Frp = [F} + F}, ©)
and
F
oy = t(f)
Fy (10)
Then coordinate transformation was done with
T
STk an
And
T
Y=o 8 a2

also shown in Fig. 5. The tangential forces (Fp,, and Fp,,) were then
calculated and converted to per unit length of kelp model (Lye, = 3 m)
along the blade axis for the aligned and perpendicular orientations with

Fpg, Frasin(§,)

for = =
Pea Lkelp Lkelp (1 3)
and
Fsz FRpSin (gy)
fogp = T = ——2

Lkelp Lkelp (1 4)

2.2.4. Data analysis

Each tow test included the five speeds running the length of the tank
for about 110s. Time series datasets for each speed were obtained for
approximately 20s. Acceleration of the tow carriage between each
speed took about 2 s, from which steady state conditions from the force
block measurements were achieved after 4 s. For each setting, force and
tow speed pairs were obtained by time averaging approximately 10 s of
the steady-state values assuming the tow segment was a stationary
process. Representative values at each speed were then ensemble
averaged assuming ergodicity. With the ensemble averages, the
mounted-tare values were subtracted from the mounted-kelp values to
obtain kelp-only Fx, Fy, Fz, and Fz, in the aligned, perpendicular and
vertical orientations, respectively. The force blocks were set to zero at
the beginning of each tow so the wet weight of the mounted-kelp and
-tare values were removed from the Fz, and Fz;, datasets. This was done
to isolate the hydrodynamic forces, especially in the vertical direction
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since the wet weight had been measured.

In addition to the force datasets, digitized video was also captured
to quantify the deflected angle of the compliant kelp model. Individual
frames at each speed were used to measure the deflected angle scaled
within a computer aided design (CAD) program when steady state
conditions were achieved. The deflected angle was measured down
from the horizontal axis of the global coordinate system to a line par-
allel to the leading edge of the kelp model aggregate.

With the datasets obtained from the force blocks, normal and tan-
gential drag force components on the model kelp aggregate were de-
termined. Drag force representations can take multiple forms for sub-
merged, compliant macrophytes (Statzner et al., 2006) similar to S.
latissima. In this case, normal and tangential drag forces were used to
calculate the corresponding drag-area (Hoerner, 1965) for each com-
ponent. This approach was taken because reference areas were am-
biguous since not all blades were 100% exposed to the flow, similar to
observations of cultured kelp in Saco Bay (see Fig. 13 in Section 4.1).
The drag-area values, per unit length of kelp model, were calculated as

()
Dx — 7 5’
2P Us 15)
A (o)
Dzqg — 7 5’
EpwUZa (16)
(py)
Spy = 7 U2
7Pw Yy 17)
and
o o o)
2y T 1 ’
U’ (18)

with units of length. If a reference area and length can be defined, non-
dimensional drag coefficients can be calculated from the drag-area
values.

In Egs. (15)-(18),

Uy = Usin(6y) (19)
and
U, = Ucos(8y) (20)

are obtained from the aligned orientation, while

U, = Ucos (6,) 21)
and
U, = Usin(6,) (22)

are obtained from the perpendicular orientation. Representing drag in
this manner with relative component velocities is consistent with ap-
proaches described in Casarella and Parsons (1970) which is necessary
for calculating drag in unsteady flows and for use with configurations
not tested in the tank.

3. Results
3.1. Kelp aggregate model final design

3.1.1. Proxy material

From the wild and cultured kelp, rectangular sections were cut from
the two sets of samples. The average length, width and thickness values
for the wild samples were 13.85+0.06, 6.12+0.14 and 0.11 =0.01 cm.
The average length, width and thickness values of the cultured samples
were 12.95+0.09, 2.34+0.06 and 0.04+0.01 cm. With each of the
samples “wet but not dripping,” the mass density characteristics were
bracketed between 1.46 + 0.04 and 1.26 + 0.27 g/cm? for the wild and
cultured kelp samples, respectively, with the results provided in
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Table 1
Average geometric and material properties with standard deviation values
measured from the S. latissima samples and physical model.

Parameter Wild samples Cultured samples  Physical model
(average values) characteristics
Number of 3 6 10
samples
Length (cm) 13.85 + 0.06 12.95 * 0.09 25.54 = 0.14
Width (cm) 6.12 £ 0.14 2.34 + 0.060 7.41 = 0.05
Thickness (cm) 0.11 + 0.01 0.04 + 0.01 0.0213 =+ 0.004
Volume (cm®) 9.60 * 0.29 1.17 + 0.24 4.03 = 0.07
Second area 7.44 = 0.93 1.25 + 0.1 5.97+0.30 (10™-6)
moment a4 1073
(cm*)
Mass (gram) 141 1.44 = 0.22 3.66 + 0.05
Mass density (g/ 1.46 + 0.04 1.26 + 0.27 0.900, LDPE
cm®) 1.379, Model
w (N/m) 0.99 * 0.01 0.11 + 0.02 0.141 * 0.01
Flexural Rigidity 7.86 £ 1.77 1.31 = 0.20 2.19 + 0.38 (107°)
(Nm?) 10~ 1"
Modulus of 10.58 + 0.20 1.28 = 0.43 367 = 63
Elasticity
(MPa)

Table 1. Though not known at the time, these values were higher than
those measured at 1.092 + 0.091 g/cm3 by Vettori and Nikora (2017).
The flexural-rigidity results (EI) represented a range of 2 orders of
magnitude, 7.86 = 1.77 (10~°) and 1.31 + 0.20 (107) Nm? (Table 1),
but was expected since the wild samples were much more robust than
the delicate cultured samples. The modulus of elasticity values derived
from the cantilever beam tests had a tighter range with values between
10.58 + 0.20 and 1.28 + 0.49 MPa (also provided in Table 1). These
results were similar to Vettori and Nikora (2017) for S. latissimi with
modulus of elasticity values of 3.73 * 2.71 and 4.71 + 1.81 MPa using
two independent techniques. The first value cited by Vettori and Nikora
(2017) was acquired with the Peirce (1930) methodology derived for
flexible cross-sections, and the second value with linear elastic stress/
strain experiments.

Based on this field information, candidate material types as de-
scribed in Section 2.1.2, along with size and amount available were
examined. Since it was chosen to build the model to be representative of
kelp at high yield (15kg/m), numerous lengths of proxy material for
the full-scale model tests was needed. It was found that 6 mil
(t = 0.02cm), low density polyethylene (LDPE) flat tubing with a
nominal width of 7.62cm had the best potential for matching the
flexibility characteristics while obtaining the amount needed since it
could be purchased in 152 m rolls. Ten samples were cut with a length,
width and thickness of 25.54 +0.14, 7.41 £0.05 and
0.0213 = 0.004 cm, respectively. The volume, second area moment and
mass values of the samples were obtained with results provided in
Table 1. The mass density was calculated at 0.900 g/cm® similar to
standard values ranging from 0.912—0.955 and a mean of 0.923 g/cm>
(www.matweb.com). Note that the mass density would have to be in-
creased to match that of the actual kelp samples. From the same ma-
terial source, modulus of elasticity values are published with a range of
190-520, with a mean of 320 MPa. With such a large range, the mod-
ulus of elasticity value was verified experimentally by first obtaining EI
using the Peirce (1930) method with a plane angle of 41.5°. This
yielded a value of 2.19 (10~ °) Nm? which was within the range of the
wild and cultured kelp samples. With the experimental EI value and the
measured second area moment, the modulus of elasticity was then
calculated to be 367 MPa, comparing well with published values.

Recent work has also shown that choosing the proxy material with a
rectangular shape has similarities to exposed condition morphology. In
particular, the cultured kelp samples collected as part of this study has
since been characterized as “skinny kelp” by Augyte et al. (2017) that
typically grows in a distinct exposed environment at a nearby Maine
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(a)

(b)

Fig. 6. (a) The full-scale, mounted-kelp model with the dimensions of 1
m X 3m and with a dry mass of model blades equal to 16.11 kg. To achieve the
dry mass requirement, three stainless steel washers were taped to the strips. (b)
A side view of the mounted-tare model and (c) the front view of the mounted-
tare model.

site. It is generally described as having flat blades with lengths between
1.8-4.4m, widths 1.6-5.0 cm, and thicknesses from 1.1 to 1.5 mm,
terming the morphotype “Saccharina latissima forma angustissima.” With
further genetic analysis and field experimentation, Augyte et al. (2018)
claimed enough differentiation to warrant speciation as Saccharina
angustissima, though S. angustissima and S. latissima are able to freely
hybridize in a laboratory setting. S. angustissima likely represents an
extreme in phenotypic plasticity and therefore supports the assumption
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(a) U=0.00m/s

(e) U=1.00m/s
-
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(b) U=0.25 m/s

(d)U=0.75 m/s

Fig. 7. Deflected angle 6, for the aligned orientation at each of the five towing speeds.

that the samples originally obtained represent the more flexible range
of potential characteristics. The exposed kelp found by Buck and
Buchholz (2005) was described in a similar manner with blades being
more streamlined, having few undulations along the fringes. The geo-
metry was represented as a ratio between blade length and width with
three distinct growth phases such that with lengths greater than 2m,
the width of the kelp was nominally 20 cm. The LDPE proxy model fit
with these two similar exposed site morphologies. With the proxy ma-
terial, the design of the full-scale kelp aggregate model was built based
on the (1) exposed length, (2) individual blade flexural rigidity, (3)
maximum number of blades per unit width that could fit on the mount,
(4) mass/length of biomass, and (5) the aggregate mass density.

3.1.2. Kelp aggregate model specifications

With the kelp proxy material chosen as LDPE, the design items
described in Section 2.1.2 were addressed. The model length (item 1)
was set to 3m based on maximum values from the kelp line shown in
Fig. 1. The individual blade flexural rigidity (2) was discussed in Sec-
tion 3.1.1 and having the values provided in Table 1 where LDPE tube
was found to be in the range of the samples measured at that time. The
model width was set at 1 m for which it was found that 178 plastic
strips could fit on the mounting bar, maximizing item (3) though still
less than found in-situ. To increase the mass density, three stainless steel
washers were added to the top, middle and bottom sections of the 3-

meter strips of LDPE. Point masses were used to minimize the influence
on the flexural rigidity of the LDPE. Mass values were first determined
with 10 individual strips fabricated with washers and tape obtaining a
value for each blade equal to 88 + 1.9 g. With 178 plastic blades fitting
on the 1 m bar, the total mass of the aggregate model was estimated
from the 10 samples as 15.66 kg (satisfying item 4). This required
534 m of LDPE plastic tube. Once all 178 of the model blades were
completed, the mass of the entire aggregate was verified from measured
mass values both in and out of water as 4.45 and 16.11 kg. By knowing
that the tank water mass density was 997.7 kg/m>, the volume of the
aggregate was determined as 0.01167 m>. Then the mass density of the
model aggregate (item 5) was calculated at 1379 + 20kg/m>
(Paggregate)- A mount was then attached to the rod for the force blocks.
The 1m X 3m mounted-kelp model is shown suspended from a crane in
Fig. 6 (a). In addition to the full-scale, mounted-kelp model, a second
model representing the mounted-tare, was also built. Aligned and
perpendicular views of the tare are shown in Fig. 6(b) and (c) showing
an 8.38 cm distance between the rod and the clamp to secure the LDPE
strips. The mounted-tare included the same bar, clamp and force block
mount with 178 shortened plastic strips. The shortened plastic strips
were included with the bar clamp since the clamp was needed for the
mounted-kelp model. The shortened plastic strips were also included in
an effort to decouple the hydrodynamic influence of the rigid mount
when removing the hydrodynamic drag measurements of the mounted-
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(a) U=0.00 m/s

(e) U=1.00 mys
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(b) U=0.25 m/s

(flu=1.25m/s

Fig. 8. Deflected angle 8, for the perpendicular orientation at each of the five towing speeds.

tare from the mounted-kelp model to obtain kelp-only datasets.
Additional field datasets have been collected at the Saco Bay site
since the 2015-2016 season that further justifies the number of LDPE
proxy model strips. For example, during the harvest of 2018, samples
were taken from cultured kelp to characterize yield. Results of sampling
from two, 10 cm locations yielded 43 and 49 blades, respectively. In
April of 2019, a value of 35 blades was found on a 10 cm section at the
same site further distinguishing the yield of the aquaculture system
from single blade experiments and supporting the technique to max-
imize the number of blades, as practically possible, used on the model.

3.2. Towing experiments

3.2.1. Deflection angles

As described in Section 2.2.4, the model kelp aggregate angle at
each speed was estimated from a captured video frame during the
steady-state portion of the tow and quantified with a CAD program. The
results (6, and 6)) are shown in Figs. 7 and 8 for the aligned and per-
pendicular orientations respectively. The figures show the angles
formed at each origin (defined in Figs. 4 and 5) from the horizontal axis
to a line parallel to the leading edge of the aggregate. Deflected angle
values, 6, and 6,, were similar with differences of 0.7, 0.3, 1.8, 0.5 and
0.8 degrees at each of the increasing speeds between the orientations.
The Figures also show the reconfiguration of the kelp aggregate model

with increasing speed with the largest change occurring between 0 and
0.25m/s.

3.2.2. Drag force and area results

From the horizontally mounted force blocks, ensemble averages
were calculated from the 10 and 11 replicate datasets for the aligned
and perpendicular orientations to obtain the mounted-kelp and —tare
results as shown in Fig. 9(a) and (b). The mounted-kelp and —tare da-
tasets were then processed to obtain kelp-only, Fx and Fy results re-
presenting both orientations as shown in Fig. 9(c). The mounted-kelp
and —tare total error values (eqn. 4) were then determined using the
methodology described in Section 2.2.2 with results provided in
Table 2.

The mounted-kelp and -tare datasets for each orientation show
force differences due mostly to the frontal area of the mount. When this
component is removed, the kelp-only datasets in Fig. 9 (c) for each
orientation show similarities at speeds between 0.25 and 0.75. At
speeds greater than 0.75, the results in the perpendicular orientation
(Fy) increase more than those in the aligned orientation (Fx). One
possible explanation is that the aligned shape becomes more stream-
lined with less area from 178 blades exposed to the flow. The blades
associated with the perpendicular orientation, seem to maintain side-
view shape and exposed area with increasing speed. The results from
both orientations in Fig. 9 (c) indicate that there must exist an inflection
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Fig. 9. The horizontal force results in the X- (a) and Y-directions (b) associated with the aligned and perpendicular orientations, respectively. The kelp-only datasets
are shown in (c). Both datasets in (c) suggest a transition from 0 to 0.25m/s due to the kelp aggregate becoming more streamlined.

Table 2
Horizontal force mean value and total error results for the mounted-kelp and
-tare configurations.

Aligned orientation Perpendicular orientation

Nominal Mounted-kelp Mounted-tare Mounted-kelp Mounted-tare
tow speed  (N) N) N) (N)
(m/s)
Mean Total Mean Total Mean  Total Mean Total
error error error error
0.25 3272 1.872 056 0.492 39.77 1.612 3.90 0.691
0.50 41.60 2.406 2.61 0.527 52.23 1.511 13.05 2.054
0.75 55.72 294 6.18  0.650 76.25 2.049 26.64 3.790
1.00 72.53 3.80 10.59 1.075 111.82 3.580 42.54 4.387
1.25 96.66 4.334 16.51 1.546 157.67 4.933 56.93 5.233

point below 0.25 m/s for the drag to reach zero at 0 m/s.

As described in Section, a second force block was installed on both
the mounted-kelp and —tare models for three of the towing tests in each
orientation. The two additional force blocks were utilized to measure
the vertical forces during the towing tests. Prior to initializing each tow,
the vertical force blocks were also set to zero to remove the wet weight
of the model to isolate the vertical hydrodynamic forces. The vertical
forces were processed in the same manner as the horizontal forces. The
mounted-kelp, mounted-tare and kelp-only results are shown in Fig. 10
(a) and (b). The Figures also include the estimated wet weight of the
model (43.65N) as a positive value for comparison with the measured
vertical force. The difference between the measured vertical force and
the wet weight shows that hydrodynamic force approaches, but never
reaches a point of completely supporting the wet weight.

The hydrodynamic properties of the kelp model were obtained from
the results of the tank tests by applying the force balance principles

with the geometric and material properties (Section 2). With the de-
flected angles, the normal force components per unit length for the
mounted-kelp model, fpy and fpy, were calculated based on the force
balances in Egs. (5) and (6). The Fz, and Fy, forces for the mounted-
kelp model were converted to the tangential components, fp,, and fp,,
by coordinate transformation from Egs. (13) and (14) with the length of
the kelp aggregate model. Drag-areas per length were then calculated
from these force components using Egs. (15)-(18). The force and drag-
area results per unit length of kelp model are provided in Table 3.

4. Discussion
4.1. Transition from normal to tangential drag

The major result in support of the objectives was provided in
Section 3.2.2 where drag forces on the model kelp aggregate were re-
solved into normal and tangential components. The components were
obtained for both the aligned and perpendicular orientations related to
the deflection angles (6x and 6y). This expands on the unidirectional
drag measurement approach of those cited in Section 1. The kelp-only
datasets in Fig. 9 (c) show that the horizontal drag cannot be fit with a
quadratic curve. Furthermore, it shows that there must exist an in-
flection point below 0.25m/s for the drag to reach zero at 0 m/s. It is
evident from Figs. 7 and 8 that the speed range from 0-0.25 m/s con-
tains a transition from normal drag dominance to tangential drag
dominance that is not captured in the horizontal drag only datasets. To
investigate this transition that occurs in the lower speed regime for both
orientations, the horizontal components of the normal and tangential
drag forces were reconstructed with the results of the tow tests. First,
the total horizontal force data values (Fx and Fy) from Fig. 9 (c) were
plotted per unit length as individual black diamonds in Fig. 11. Next,
the horizontal components of the normal (fj,, and f,)) and tangential
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Fig. 10. The vertical force results in the aligned (a) and perpendicular (b) orientations. Also shown is the wet weight of the kelp-model as a positive value calculated

as the difference between the dry weight and buoyancy equal to 43.65N.

Table 3
Force and drag-area results per length of kelp model (Lyeip, = 3 m).
Tow Speed (m/s) Fox (N/m) spx (m?/m) oy (N/m) spy (m?/m) Fogq N/m) SDzq (m*/m) gy (N/m) $Dzp(m®/m)
0.25 13.18 2.36 13.25 2.49 6.70 0.2635 5.50 0.2125
0.50 14.11 1.99 14.13 2.04 10.04 0.0895 9.34 0.0812
0.75 14.33 1.64 14.40 2.46 14.11 0.0382 14.42 0.0525
1.00 14.40 1.39 14.42 1.57 18.60 0.0382 21.19 0.0434
1.25 14.46 1.45 14.48 1.88 25.02 0.0325 32.10 0.00415
(fpe, and szp) drag were obtained using the sine and cosine of the 0= fD)? - [Paggrega,eAcg — fglcos (eyj)- (24)

deflection angles and plotted as individual blue circles and red squares
(also in Fig. 11), respectively. The sum of these components represent
the total horizontal drag. These processed datasets show a possible
intersection of the horizontal components of the normal and tangential
drag forces near a speed of 0.25 m/s.

To construct the horizontal components for all tow velocities, in-
cluding speeds less than 0.25m/s, the normal drag-area values from
Table 3 were linearly extrapolated as a function of the normal velocity
component. The tangential drag-area values, however, were extra-
plolated as a power function of the tangential velocity component. Both
sets of results are shown in Fig. 12. A system of simultaneous equations
for each orientation was then created based on Egs. (5) and (6) such
that

0 = fDxi - [paggregateAcg - fB]COS (exi) (23)

and

10

This system of equations was iteratively solved for a set of deflection
angles i and j. Note that f, and nyj were also calculated from the
velocity components obtained from the new set of angles and the drag-
area values with Egs. (15)-(22). With these computed values of normal
and tangential drag, the horizontal components were determined and
plotted in Fig. 11. The curves created from this system of equations
show that at very low speeds, normal drag is the dominant contributor
to the total drag. At a threshold near 0.25 m/s for both the aligned and
perpendicular orientations, the horizontal component of tangential
drag equals that of the normal drag. Above this reconfiguration
threshold, tangential drag dominates. The sum of the computed com-
ponents match the values measured from Fig. 9(c), but also include the
transition not measured with the tow tests. The speed threshold is ex-
pected to be at slower speeds for kelp aggregates that are less dense
than the model.

The transition from normal to tangential dominated drag is a
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Fig. 12. The extrapolation of normal (a) and tangential (b) drag-area values for speeds between 0 - 0.25 m/s as a function of component velocities.

streamlining effect that enhances kelp survival in energetic, oceanic
environments. Evidence of the physical model representing the re-
sponse of actual kelp is shown in Fig. 13(a) and (b). The visual
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information first shows a frame shot of tow test video in Fig 13 (a) at
the speed setting of 0.25 m/s for the aligned orientation near the re-
configuration threshold. In-situ aggregate observations are shown on
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Fig. 13. (a) Video frame shot of the kelp model being towed at 0.25m/s. (b)
Submersible video frame shot of a clump of kelp blades obtained near harvest of
the 2017-2018 field season. The kelp line in the Figure has a diameter of
12.7 mm and is made with twisted, 3-strand rope.

Fig 13 (b) made prior to a harvest in May 2018. The field observations
shows a clump of blades on a bare section of the kelp line being de-
flected to a shallower angle. Current velocities at the site are typically
on the order of 0.25-0.30 m/s during the middle of the tide, also when
the frame shot was acquired. For reference, the kelp line in the Figure
has a diameter of 12.7 mm and is made with twisted, 3-strand rope.
From these similar response observations, it became clear that both
normal and tangential drag forces must be resolved to produce high-
fidelity models in dynamic ocean environments with unsteady waves
and currents.

4.2. The basis for a numerical modeling approach

By resolving the normal and tangential drag components with the
tank test datasets, drag-areas values were calculated that are applicable
to unsteady, multidirectional flow. Furthermore, these drag-areas
should be applicable for aggregates of aquaculture grown kelp over a
wide range of lengths, densities, and environmental conditions. The
drag-area values can be incorporated into numerical modeling ap-
proaches, of which several exist (Tsukrov et al., 2003; Berstad et al.,
2012; Cifuentes and Kim, 2017; Berstad and Heimstad, 2019; Knysh
et al., 2020). In these computer models, the normal and tangential drag-
area values can be employed with Morison equation forcing (Morison
et al., 1950) on dynamic structural components. One option is to de-
velop numerical models with beam entities constructed with finite
elements. These beam models can be sufficiently discretized to resolve
bending along the kelp aggregate representation. Geometric and ma-
terial properties for the beam elements of specific kelp morphologies
can be obtained from in-situ measurements of weight both in and out of
water to obtain volume and mass density. Values for EI can also be
obtained for actual kelp. Thus, the formulation described in this paper
enables a dynamic representation of cultured kelp, a necessary step in
the design of optimized kelp aquaculture systems. However, since the
Morison equation technique employed in these numerical modeling
approaches does not typically calculate wake effects, just simply ap-
plying the drag-area results as input does not specifically shed light on
the influence of kelp aquaculture systems in the fluid flow field.
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5. Conclusions

This study resolved both the normal and tangential drag components
acting on a physical model of kelp aggregate using a set of tow tank tests.
The full-scale model was built in an effort to match morphological and
mechanical properties of densely grown kelp from an aquaculture system
in Saco Bay Maine, USA. The model consisted of 178 proxy blades re-
presenting a yield of 16.11 kg/m. The forces from the experimental test
replicates were processed to obtain normal and tangential drag-area
components relative to aggregate angle and speed. The drag-area ap-
proach was applied because reference areas for actual kelp aggregates
are difficult to quantify and have the potential to take multiple forms in
dynamic flow fields of waves and currents propagating from different
directions. In steady flows with increasing speed, a point was identified
that represents the transition from normal to tangential drag dominance,
defining a reconfiguration threshold. This dynamic transition reinforces
the need to resolve the drag components relative to the instantaneous
velocity vector. Many existing computer modeling techniques employ a
multidimensional Morison equation approach to calculate drag forces
from relative velocity components. The drag-area values obtained from
this study can be applied in these models using Morison equation at sub-
meter scales, especially if kelp aggregates are modeled as beam elements.
The sub-meter discretization of a beam allows calculation of drag com-
ponents along a bending finite element to take into consideration ag-
gregate length, EI, volume and mass density, which can be obtained from
in-situ values. Implementing this drag calculation in dynamic numerical
models will enable more accurate prediction of fluid loads on these
systems to further develop the kelp aquaculture industry.
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