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Abstract

We created a model physical system to investigate the role of blade rigidity in setting forces and rates of mass
exchange for a blade exposed to unsteady flow in a vortex street. Using a combination of experimental and
theoretical investigations, we find that, broadly, both the forces and the mass exchange are higher for more
flexible blades. Below a critical value of the dimensionless blade rigidity, inertial forces from the rapidly
deforming blades become significant, increasing both the time-averaged and instantaneous forces on the blade.
Mass transfer is also affected by blade rigidity. As blades deform, they alter the relative fluid motion at the blade
surface, affecting mass fluxes. We developed a novel experimental method that simulates nutrient uptake to a
blade using the transport of a tracer compound into polyethylene models. Through these experiments and
modeling, we demonstrate that increased blade flexibility is associated with increased mass transfer to blades.

Kelp blades alter their morphology via the process of
phenotypic plasticity, which is the process through which
the manifested traits of an organism adapt to changes in
environmental stimuli, such as changes in light or nutrient
availability, changes in mechanical stresses, changes in
temperature, and so forth. In kelp blades, the length, width,
and thickness of the blades, as well as the overall
characteristics of the shape (e.g., rectangular, tapered,
undulatory, etc.) can change over the timescale of the kelp
life cycle in response to hydrodynamic conditions (Druehl
and Kemp 1982; Koehl et al. 2008). For kelp, two of the
most important environmental constraints on blade devel-
opment are nutrient flux and hydrodynamic drag. Blades
must acquire nutrients directly from the surrounding water.
Furthermore, in the coastal ocean, kelp blades can be
exposed to strong currents and waves that can break blades
or dislodge entire fronds from the substrate. For this
reason, documented observations of kelp blade morphol-
ogy are traditionally grouped into two categories: ‘‘ex-
posed’’ and ‘‘sheltered,’’ which describe the blades’ general
exposure to rapid flow and high drag forces from waves
and currents, and to slow flow and reduced drag forces,
respectively (Koehl et al. 2008).

In sheltered environments, some blades have undula-
tions, or ruffles, along the flow-parallel edges (Koehl and
Alberte 1988; Koehl et al. 2008), and this morphology,
which can promote flapping, has been suggested to increase
flux at the blade surface at the expense of also increasing
drag forces (Koehl and Alberte 1988). In sheltered
environments, however, drag forces are generally lower
and may not be an important factor. In the same study, the
morphologies observed at exposed sites (e.g., thicker,
narrower, more strap-like blades) exhibited both less
flapping and lower drag forces per unit blade area. Gerard
and Mann (1979) also observed clear differences in blade
thickness between flow-exposed and flow-sheltered sites in
Laminaria longicruris. The thickness of the flow-exposed
blades was more than three times the thickness of the flow-
sheltered blades. The trend of thicker blades at exposed

sites has also been documented in the following macroalgae
genera: Agarum (Duggins et al. 2003), Durvillaea (Cheshire
and Hallam 1989), Ecklonia (Wernberg and Thomsen
2005), Eisenia (Roberson and Coyer 2004), Gigartina
(Jackelman and Bolton 1990), Laminaria (Parke 1948;
Sjotun and Frederiksen 1995; Duggins et al. 2003),
Macrocystis (Hurd et al. 1996), and Pachydictyon (Haring
and Carpenter 2007). Moreover, the same behavior has
been observed in seagrass blades of various species (Peralta
et al. 2006).

Changes in blade thickness (h) can have significant
effects on the mechanical properties of the blade. The blade
stiffness in tension is directly proportional to the blade
cross-sectional area, and thus is linearly proportional to
blade thickness. However, for a blade with a nominally
rectangular cross section, the bending rigidity is propor-
tional to the cube of the blade thickness. Thus, changes in
thickness have a more pronounced effect on the structure’s
resistance to bending than its strength under tension. The
blades of Macrocystis not only have an increased thickness
at exposed sites, but they also exhibit longitudinal
corrugations (Fig. 1a). These corrugations are fundamen-
tally distinct from the ruffles or undulations observed in
species at sheltered sites. The peaks and troughs of the
corrugations run parallel to the edges of the blades,
whereas undulations or ruffles are oriented perpendicularly
to the blade edges (see fig. 1b in Koehl et al. 2008). At flow-
sheltered sites, these corrugations are either entirely absent
(Hurd and Pilditch 2011) or greatly reduced in amplitude
(Hurd et al. 1996). When present, corrugations are regular
in amplitude and wavelength, and generally extend almost
the full blade length, but at points along the blade
individual peaks end, split, or merge with other peaks
(Fig. 1b). From previous studies of corrugated materials
(Lau 1981; Briassoulis 1986), we propose that the primary
function of blade corrugations is to increase blade flexural
rigidity. This idea is explored in detail later in the paper.
We anticipate from previous studies of flapping flags
(Michelin and Smith 2009) that changes in rigidity will
affect the degree of blade flapping, which in turn may affect
the mean and peak drag on the blade. In addition, based on* Corresponding author: jtr@alum.mit.edu
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previous flux observations (Koehl and Alberte 1988), we
anticipate that changes in flapping amplitude may also alter
the rate of chemical flux to the blade surface.

When kelp blades can move relative to the flow, the
relative fluid velocity at the blade surface and the frequency
of the blade motion can affect flux to the blade. Modeling
by Stevens and Hurd (1997) and by Stevens et al. (2003)
indicated that periodic accelerating flow at the blade
surface can greatly enhance flux at the blade surface.
Huang et al. (2011) suggested that passive flapping by kelp
blades in uniform flow could also enhance nutrient flux.
Denny and Roberson (2002) created copper model blades
and measured heat flux while mechanically oscillating the
blades at different frequencies. They found that increases in
blade frequency and increases in the mean flow speed, both
of which increase the relative fluid velocity at the blade
surface, also both increased scalar flux at the blade surface.
There have been many studies of nutrient flux to kelp
blades that support the finding that simply increasing fluid
velocities increases the rate of mass flux at the blade
surface. These studies have used a variety of experimental
methods, oftentimes using live kelp blades. Some studies
have placed live kelp blades in laboratory flumes and
measured rates of NO{

3 and NHz
4 uptake to blades by

monitoring the decrease in nutrient concentration in the
flume (Gerard 1982b; Hurd et al. 1996). Koehl and Alberte
(1988) placed live blades in a flume to measure carbon
uptake rates, which help determine rates of photosynthesis
in flow. Hepburn et al. (2007) measured kelp growth rates
and tissue nitrogen concentrations in situ to determine the
effects of waves on nutrient uptake. In all of these studies,
the rate of mass flux increased with increasing fluid
velocities, up to the point at which the kelp nutrient
requirements were satisfied.

Kelp blades are highly flexible and deform easily in flow.
Previous studies of flexible flags in flow (Zhang et al. 2000;
Eloy et al. 2008; Manela and Howe 2009) suggest that the
flexural rigidity of the kelp blades can control the response
of the blade to flow and thus affect the relative fluid
velocity at the surface of the blade. In the first part of this
study, we investigate the effects of blade flexural rigidity on

the blade drag force. In the second part of this study, we
investigate the effects of blade flexural rigidity on mass flux
at the blade surface. In our experiments, we deploy flexible
model blades of generic morphology in a carefully designed
flow field and measure the blade drag force and the rates of
mass flux at the blade surface. To measure flux at the blade
surface, we develop a novel experimental method for the
transfer of an organic compound between the moving water
and the model blades. By using model blades rather than
live blades, and by retaining control over the structural
properties of the model blades, we can precisely vary
the flexural rigidity. Ultimately, we seek to explain the
documented morphological trends in kelp blades in the
context of our experimental drag and flux results.

Methods

Model blades were placed in a water channel in which x
and z represented the streamwise and vertical coordinates,
respectively (Fig. 2). The blades can be modeled as a
slender, inextensible beam of width (b), length (l), elastic
modulus (E), density (r), and second moment of area (I).
For a rectangular cross section, the second moment of area
is

I~
bh3

12
ð1Þ

Fig. 1. (a) A photo of a Macrocystis blade, showing the longitudinal corrugations running the full length of the blade. (b) A cut
section of a Macrocystis blade, showing the corrugation structure. The cutaway shows the regularity of the corrugation wavelength
and amplitude.

Fig. 2. A flexible blade of length l in a vortex street created
by a bar of height (D). The bar spans the flume width (B). The
blade has width b % B. Blade position is described by f 5 {x, z}.
The fluid velocity upstream of the bar is U‘. The local unit normal
and unit tangent vectors (n̂ and t̂, respectively) are shown at an
arbitrary point along the blade.
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For a corrugated cross section, the second moment of
area is approximated by

I~
a2hb

2
1z

p2a2

8 lc=2ð Þ2

 !
ð2Þ

where (a) is the corrugation amplitude and (lc) is the
corrugation wavelength (Lau 1981). Importantly, corruga-
tions present a method of increasing bending rigidity that
can be accomplished by changing shape, rather than by
adding material in order to increase blade thickness.

We define a curvilinear coordinate system in which s is
the distance along the blade, h is the angle formed between
the blade and the x-axis, and f 5 {x, z} is the blade
position vector (Fig. 2). The motion of the blade can be
described by the large-amplitude equation of motion for a
slender, flexible beam in fluid flow (Alben and Shelley
2008; Michelin et al. 2008):

rbh
L2

Lt2
f~{

L
Ls

EIhssn̂n½ �z L
Ls

T t̂t½ �zF ð3Þ

The subscript s indicates a partial derivative with respect
to s, the distance along the blade. The local unit normal
and unit tangent vectors for the blade surface are denoted
by the bold symbols, n̂ 5 {2sin h, cos h} and t̂ 5 {cos h, sin
h}. The acceleration of the blade (the left hand side of Eq.
3), is a function of the fluid forcing (F), the internal tension
in the blade (T), and the blade’s resistance to bending (the
first term on the right-hand side of Eq. 3). The time
coordinate is denoted (t). The fluid-forcing term (F)
describes the complex interactions between the moving
fluid and the blade motion. Most simply, this fluid-forcing
term includes the combined effects of the fluid drag force,
the added mass of the fluid, and the angular acceleration of
the fluid as it interacts with the blade curvature (i.e., the
Coriolis-type force; Datta and Gottenberg 1975).

We rescale the governing equation using the blade length
l as the characteristic length scale, and the advection
timescale, l/U‘, as the characteristic timescale, where U‘

is the open channel water velocity, i.e., ŝ 5 s/l, f̂ 5 f/l, and t
5 tU‘/l. The force terms are scaled with the characteristic
hydrodynamic drag, rf U2

?bl, with rf the fluid density. With
this scaling, the governing equation in dimensionless

form is

m
L2

Lt2
f̂f~{g

L
Lŝs

hŝsŝsn̂n½ �z L
Lŝs

T̂T t̂t
� �

zF̂F ð4Þ

where F̂ and T̂ are the dimensionless fluid forcing per unit
blade length and the dimensionless internal tension in the
blade, respectively:

F̂F~
F

rf U2
?b

ð5Þ

T̂T~
T

rf U2
?bl

ð6Þ

After collecting terms, the dimensionless governing
equation reveals two governing parameters:

m~rh
�

rf l ð7Þ

g~EI
�

rf bU2
?l3 ð8Þ

Physically, m represents a ratio of blade inertia to fluid
forces, which includes fluid inertia and drag; g represents
a ratio of blade rigidity to fluid forces (Michelin et al.

2008). The blade’s boundary conditions are f̂(0,t) 5 0,

h(0,t) 5 0, hŝ(1,t) 5 0, hŝŝ (1,t) 5 0, and T(1, t) 5 0.

Parameter ranges for Macrocystis—Hurd and Pilditch
(2011) provided morphological observations (Table 1) that
can be used to calculate the dimensionless parameters g and
m for Macrocystis blades. At flow-sheltered sites, the
characteristic velocity is less than 6 cm s21 (Kregting
et al. 2008; Hurd and Pilditch 2011). At flow-exposed sites,
Hurd and Pilditch do not provide a velocity value. We note
that at flow-exposed sites, the combination of wave orbital
velocities and currents makes it difficult to determine
whether the mean, the root mean square (rms), or the
maximum velocity is relevant to the kelp. For the purposes
of this study, we select a flow-exposed velocity value of
0.50 m s21, but with an uncertainty of +0.45 m s21 to
account for possible high-velocity events (Duggins et al.
2003). For the flow-sheltered site, we use a velocity of
0.05 m s21 with negligible uncertainty, consistent with the

Table 1. A summary of Macrocystis blade morphology observations from Hurd and Pilditch
(2011) documenting the measurements of blades from flow-exposed and flow-sheltered sites. The
blades at the flow-sheltered sites had no corrugations. The elastic modulus of algal material was
reported by Hale (2001).

Exposed morphology Sheltered morphology

Blade thickness, h (mm) 0.470 0.425
Elastic modulus, E (Pa) 53106 53106

Blade length, l (m) 0.62 0.52
Corrugation amplitude, a (mm) 1.37 —
Corrugation wavelength, lc (mm) 3.08 —
Bending rigidity, EI, formula

E
a2hb

2
1z

p2a2

8 lc=2ð Þ2

 !
Ebh3/12

Bending rigidity/width, EI/b (Pa m3) 4.431023 3.231025
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observations from Hurd and Pilditch (2011). The fluid
density is set at rf 5 1030 kg m23 and the typical blade
density is r 5 1040 kg m23 (Hale 2001).

In Table 2, we calculate the values of g (the nondi-
mensional rigidity term) for the exposed morphology at
the exposed flow velocity and for the sheltered morphol-
ogy at the sheltered flow velocity. For the sheltered
morphology, the flexural rigidity, EI 5 Ebh3/12, and for
the exposed morphology, we calculate EI using Eq. 2,
which includes the contribution of corrugations on the
blade flexural rigidity. For comparison, we also calculate
the value of g for the sheltered morphology at the
exposed flow velocity. This calculation allows us to
understand how a blade with the sheltered morphology
would respond to the flow-exposed velocities. We also
calculate the values of g at the flow-exposed velocity of
0.95 m s21 to account for the possibility of high-velocity
events at these sites. The values of the parameter m for
live kelp blades are always small compared with unity
(e.g., m # 1 3 1023), indicating that the inertia of the
blade has a negligible effect on blade motion. This
parameter is not considered further.

Models for mass flux—The fluid motion at the surface of
kelp blades affects the rate at which the blades acquire
nutrients from the surrounding water. Within the turbulent
boundary layer at a fluid–solid interface there is a thin layer
of fluid with thickness (dn), called the viscous sublayer, over
which the diffusion of fluid momentum is controlled by the
kinematic viscosity of the fluid. Within this sublayer, there
is a diffusive sublayer (db). Transport across the diffusive
sublayer is controlled by molecular diffusion, which is a
much slower process than turbulent diffusion in the bulk
of the flow, and therefore this thin layer is the limiting
step in mass transfer to the solid interface. In a steady,
uniform flow, the thicknesses of the viscous sublayer
(Schlichting 1962) and the diffusive sublayer (Boudreau
and Jorgensen 2001) can be modeled using the shear
velocity at the surface (u*).

dn~
5n

u�
ð9Þ

db~dnSc{1=3 ð10Þ

The shear velocity is formally defined using the shear stress
(tw) at the solid interface: u* 5 (tw/rf)1/2, but can also be
described empirically using the mean flow velocity as u* 5
[1/20 to 1/5]U‘ (Schlichting 1962). The Schmidt number, Sc

5 n/DW, is the ratio of kinematic viscosity (n) to molecular
diffusivity of the species in water (DW). From Eqs. 9 and
10, as the fluid velocity (U‘) increases, the diffusive
sublayer becomes thinner, increasing the rate of mass
transfer to the blade surface. The primary assumption of
this model is that this diffusive sublayer is steady in
thickness. The transfer velocity (K) for mass transfer across
a steady diffusive sublayer (D.S.L.) can be written as

KD:S:L:~
DW

db

ð11Þ

In systems with strong turbulent motions, eddies in the
flow can transport dissolved species directly to the blade
surface, stripping away the diffusive sublayer in a process
known as surface renewal (S.R.). When the diffusive
sublayer is completely renewed in a periodic manner, the
transfer velocity at the interface can be written

KS:R:~2

ffiffiffiffiffiffiffiffiffi
Dw

pTR

r
ð12Þ

where TR is the time between surface renewal events
(Higbie 1935; Danckwerts 1951). In between these surface
renewal events, the diffusive boundary layer regrows over a

timescale set by the diffusion coefficient, TD~d2
b

�
DW . If

TR , 0.5TD, then mass transfer can be approximated by
Eq. 12. When the renewal period is long, i.e., TR . 6TD,
then the turbulent motions that renew the boundary layer
have negligible effect on mass transfer and flux can be
modeled using the steady diffusive sublayer model (Eq. 11).
For intermediate ratios of TR/TD, the transfer velocity can
be modeled as in Stevens et al. (2003).

Ledwell (1984) suggested a variation on the surface
renewal model, in which the transport of mass from the
bulk of the fluid towards a solid surface is described
directly from the normal velocity at the surface. In
Ledwell’s model, the normal velocity (w9) is approximated
from conservation of fluid mass at the surface (z 5 0). It
takes the Taylor expansion of the normal velocity (w9)

w’ zð Þ~{ +|v’ð Þz~0z{ L+|v’=Lzð Þz~0z2z . . . ð13Þ

in which = 3 v9 is the two-dimensional velocity divergence
in a plane parallel to the surface. Higher-order terms in the
expansion have been neglected. At a solid interface, the first
term is zero, and the normal velocity approaching the
interface scales with z2. The eddy diffusivity in the fluid, Dt,
can be modeled as a product of the velocity scale (given by
Eq. 13) and a mixing length, taken to be the distance from
the interface, z, giving Dt , (h= 3 v9/hz)z50z3. The
turbulent diffusivity defines a distance from the surface at
which eddy motion, represented by Dt, controls the flux
toward the surface, from which Ledwell (1984) derived the
following transfer velocity for a solid–liquid interface:

K~
3
ffiffiffi
3
p

2p

L
Lz

+|v’ð Þ
� �1=3

z~0

D
2=3
W ð14Þ

A version of the Ledwell model for fluid–fluid interfaces
has been successfully used to describe interfacial gas

Table 2. Calculations of the dimensionless blade flexural
rigidity (g) based on the observations of Hurd and Pilditch (2011)
summarized in Table 1. The exposed morphology value of g is
calculated using Eq. 2.

Exposed
morphology

Sheltered
morphology

Exposed U‘50.50 m s21 7.131025 8.831027

U‘50.95 m s21 2.031025 2.531027

Sheltered U‘50.05 m s21 — 8.831025
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transfer at the ocean surface; however, no studies have yet
verified this model for mass flux at solid–liquid boundaries.

Laboratory experiments—We constructed six model
blades out of thin, rectangular sections of low-density
polyethylene (LDPE), ultrahigh-molecular-weight polyeth-
ylene (UHMWPE), and aluminum (width, b 5 3.0 cm;
length, l 5 30.0 cm), of different thicknesses, in order to
vary the blade flexural rigidity and thus vary g. We selected
thicknesses of h 5 50, 100, 150, and 250 mm (LDPE) and h
5 500 mm (UHMWPE). The sixth blade, with thickness h
5 1000 mm, was cut from Aluminum 6061. For each
thickness, we measured the blade flexural rigidity (EI) with
a cantilevered bending test. Short lengths of blades
(between 3 and 8 cm) were clamped horizontally in air.
The blade sections deflected under their own weight, and
the deflection at the free end (dmax) was used in the
linearized Euler-Bernoulli beam equation to estimate
flexural rigidity:

EI~
qbl4

sec

8dmax
ð15Þ

where qb 5 rbhg is the weight per unit length of the blade
section (g is the gravitational acceleration constant), and
lsec is the length of the blade section. The six model blades
have values of flexural rigidity that span approximately six
orders of magnitude, including the range of values relevant
to kelp (Table 3). The values of m range from 1.7 3 1024 to
9 3 1023. When m % 1, solid inertia can safely be neglected
when compared with fluid inertia, which is consistent with
the observed values of m for kelp blades found in the
environment.

We placed the model blades in a water channel of 38 cm
width and 22 cm depth. A regular Kármán vortex street
was created at mid-depth using a 1 cm thick bar of height D
5 2.5 or 5.0 cm that spanned the width of the channel. The
vortex street provides a single scale of periodic turbulence

that enables simpler interpretation of blade motion.
Whereas the turbulence in open channel flow is broadly
distributed over a range of scales and frequencies, the
structures in the Kármán vortex street are closely centered
around a specific scale and frequency. We measured the
vortex street wavelength using particle image velocimetry
(Rominger 2014). For D 5 2.5 cm, we measured a
wavelength of 6D, and for D 5 5.0 cm, we measured a
wavelength of 4D (Table 4).

In the water channel, the model blades were attached to
a slender clamp, which held the blades horizontally at the
centerline of the vortex street and a distance Dx 5 4D
downstream of the bar (Fig. 3). Below the channel false
bottom, the clamp was attached to a load cell (Futek
LSB210), which recorded the streamwise forces on the
clamp plus the model blade at 2 kHz for 300 s. The clamp
force was measured separately and subtracted from the
total force to give the force on the blade alone. The load
cell strain measurements were calibrated with a series of
known weights over the range 0–0.006 N, and responded
linearly over this range with an error of approximately 9%.

We recorded the instantaneous blade postures with a
charge-coupled device camera (DALSA Falcon 1.4M100)
at 40 frames per second for 30 s. For these recordings, the
blades were illuminated with two 60 W incandescent light
fixtures mounted below the glass flume bottom. A black
canvas shroud was hung on the back side of the flume to
provide a contrasting background to the polyethylene
blades. The velocity was characterized from vertical,
lateral, and streamwise transects measured using a Nortek
Vectrino acoustic Doppler velocimeter. The upstream
velocity was U‘ 5 0.20 m s21 for all cases, and was both
steady and spatially uniform away from the channel
perimeter (i.e., u(x, y, z, t) 5 U‘).

To measure flux to our model blades, we selected two
blade thicknesses, h 5 50 mm and h 5 250 mm, which
spanned the range of g for Macrocystis (g 5 4.4 3 1026 and
g 5 5.2 3 1024, respectively) and which exhibited clear
differences in blade motion. We filled the flume 3 d prior to
the experiments to allow the water temperature to reach the
room temperature of 23.5uC. We then injected 70 mL of
dibromochloromethane (CHBr2Cl) in the flowing water
and allowed it to fully mix over the entire flume volume
(2.2 m3). When fully mixed, the concentration of CHBr2Cl
in the flume was near 80 mg L21.

After the flume was fully mixed, we inserted a model
blade into the vortex street for a duration of time, Texposure,

Table 4. The experimental flow parameters for both vortex
streets. The vortex street wavelength and Strouhal number (St)
change because of the change in flow blockage, which increases
from 12.5% to 25% from D 5 2.5 cm to D 5 5.0 cm.

U‘ (m s21) D (cm) l (cm) f (Hz) St

0.2 2.5 15 1.2 0.15
0.2 5.0 20 0.8 0.20

Table 3. The experimental blade parameters for the six different blades. The upstream
velocity (U‘ 5 0.2 m s21), blade width (b 5 0.03 m), and blade length (l 5 0.30 m) were held
constant for all of the blades.

Material h (mm) EI/b (Pa m3) m g

LDPE 50 4.83102661.831026 1.731024 4.431026

LDPE 100 2.53102560.631025 3.331024 2.331025

LDPE 150 4.13102561.131025 5.031024 3.831025

LDPE 250 5.63102461.031024 8.531024 5.231024

UHMWPE 500 8.33102361.531023 3.431023 7.731023

Aluminum 6061 1000 6.0310061.23100 9.131023 5.63100
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long enough that CHBr2Cl diffused into the model blade to
a measurable concentration, but short enough that the
concentration inside the LDPE blade did not reach
equilibrium with the surrounding water. After this expo-
sure time, we removed the blade from the flow and dried
the blade with a Kimwipe to remove residual flume water
from the blade surface, then inserted the blade into a clean
40 mL amber vial (Qorpak) that was filled with clean water
(18 MV at 25uC) and then sealed. In the sealed vial, the
CHBr2Cl repartitioned between the LDPE and water
phases, ultimately reaching equilibrium. The vials were left
for at least 7 d on a shaker table to allow for equilibrium to
be reached. This procedure was repeated for increasing
time intervals of exposure in the flume with a new LDPE
strip used for each new exposure time (Table 5). During
each blade exposure trial, the concentration in the flume
water was also measured.

After the flume samples were removed from the shaker
table, we calculated the mass of CHBr2Cl in the
LDPE indirectly, by measuring the CHBr2Cl concentration
in the water (CW,vial). Because the total mass of CHBr2Cl
remains constant in the sample vial, the initial mass in the
LDPE (i.e., the mass accumulated during the experiment) is
the sum of the final mass in the LDPE and the final mass in
the water:

MPE~KPEW CW ,vialVPEzCW ,vialVW ð16Þ

where we have used the polyethylene water partition
coefficient (KPEW) to find the concentration in the
polyethylene, CPE,vial 5 KPEWCW,vial.

The partition coefficient between water and the LDPE
strips (KPEW) for CHBr2Cl was measured with an
equilibration experiment. We placed clean model blades
in 40 mL amber vials that contained a known initial
concentration of CHBr2Cl in the water phase (CW,i). Upon
reaching equilibrium, we remeasured the concentration of
CHBr2Cl in the water phase (CW,measure). Because the total
mass of CHBr2Cl remains constant throughout the
partitioning experiment, the partition coefficient could be
determined from mass balance:

KPEW ~
CW ,iVW {CW ,measureVW

CW ,measureVPE

ð17Þ

in which VW is the volume of water in the vial and VPE is
the volume of the polyethylene blade. The values estimated
from this method were KPEW 5 300 6 30 for h 5 50 mm
and KPEW 5 100 6 15 for h 5 250 mm.

During each blade flux measurement, the CHBr2Cl
concentration in the flume water sample was analyzed as
well. The concentration in the flume water (CW, flume) was
used to calculate the theoretical equilibrium mass in the
polyethylene, MPE,‘ 5 CW, flumeKPEWVPE. The decrease in
concentration in the flume water was negligible over the
course of the series of experiments. Specifically, the
concentration in the flume decreased by 2% over a period
of 4 h, whereas the longest experimental time point was
20 min (Table 5).

We measured the concentration of CHBr2Cl in the vial
water (for both the vials containing LDPE strips and vials
containing flume water samples) using a purge and trap
(Tekmar LSC 2000) in concert with a gas chromatograph
and electron capture detector (GC-ECD; Perkin Elmer
Autosystem XL). Vial water samples of 5 mL volume were
injected into the purge and trap for purge times of between
0.25 and 1.00 min (depending on the anticipated water
concentration). The purge and trap was held at a standby
temperature of 30uC and the desorb was set at 225uC for
2.00 min. After each sample, the trap was baked for

Fig. 3. The experimental setup for the drag and flux experiments. The blade is located at mid-depth and mid-width in the flume, in
the centerline of the vortex street. The blade is mounted to a slender clamp, which is fastened to the load cell beneath the flume
false bottom.

Table 5. The experimental exposure time intervals for the
LDPE strips in a vortex street, in the flume containing
80 mg L21 CHBr2Cl.

Texposure 50 mm LDPE times (s) Texposure 250 mm LDPE times (s)

15 60
30 120
60 180

120 300
180 600
300 900
600 1200
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10.00 min at 230uC. After desorption, the purge and trap
injects the purged portion of the sample directly into the
gas chromatograph column (Agilent DB-624 column with a
1.80 mm film and 0.320 mm bore, 60 m in length). The
initial column temperature was set at 40uC, and was held at
40uC for 0.50 min before being increased at a rate of 10uC
min21 until it reached a temperature of 200uC. The GC-
ECD output was calibrated with a series of CHBr2Cl
standards of concentrations between 0.04 and 80 mg L21

and at purge times of between 0.25 and 4.00 min. We
measured multiple water samples ($ 3) from each
experimental vial in order to calculate the instrument
uncertainty.

With the time series of normalized mass acquired over
specified exposure times, we constructed an equilibration
curve, from which we extracted a transfer velocity.
However, as mass transfer to the polyethylene is a
function of both the transfer velocity through the fluid
and diffusion inside the polyethylene, extracting the
transfer velocity required modeling the diffusion within
the LDPE blade. We solved the one-dimensional (z)
diffusion equation over the blade thickness (Eq. 18). We
neglected lateral and longitudinal diffusion within the PE
based on the fact that the lateral and longitudinal
diffusion timescales are long compared with the vertical
(z) diffusion timescale, i.e., h2/DPE % l2/DPE and b2/DPE,
with DPE the molecular diffusion coefficient within the
LDPE. We assumed the following boundary conditions:
no net flux at the strip centerline because of symmetry (Eq.
19) and a prescribed transfer velocity, K, at the strip
surface (Eq. 20).

LCPE

Lt
~DPE

L2CPE

Lz2
ð18Þ

LCPE

Lz

����
z~0

~0 ð19Þ

DPE

LCPE

Lz

����
z~h=2

~DCK ð20Þ

where CPE is the concentration of CHBr2Cl within the
LDPE and DC is the concentration difference between the
surface of the blade and the bulk of the fluid.

We solved Eqs. 18–20 using an implicit finite difference
(FD) method. To calculate the experimental transfer
velocity for each model blade (h 5 50 mm and h 5
250 mm), we used the FD model to find the transfer velocity
that minimizes the sum-of-squares error between the model
and the experimental data set. This process was repeated
for the bounds of the 95% confidence interval (C.I.) on the
diffusion coefficient within the LDPE, producing a
different experimental transfer velocity for each modeled
diffusion coefficient.

Results

Blade motion and drag force—The instantaneous blade
postures extracted from the digital images (Fig. 4) show
that as g decreases, the oscillation amplitude increases. This
trend is evident in both the instantaneous postures and the

Fig. 4. Selected instantaneous postures observed in the (a) D 5 2.5 cm and (b) D 5 5.0 cm vortex streets overlaid for one vortex
period. Relative blade rigidity (g) increases from left to right. When present, the postures were selected to demonstrate the asymmetric
oscillations. The rms envelope of blade postures about the blade’s mean posture, based on the full 30 s record, is shown by the bold
dashed lines. The blade at g 5 5.6 3 100 exhibits a slight downward bias in its mean posture because of its weight (material is Aluminum
6061). Note that the vertical axis is exaggerated.
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rms envelope of the entire 30 s record, indicated by the
dashed lines in Fig. 4. For the most flexible blades, i.e., g ,
1 3 1024, we observed instances in which the blades
oscillated asymmetrically, either in the upper half or the

lower half of the vortex street, whereas for the more rigid
blades, the oscillations were primarily symmetric about the
vortex street centerline. The asymmetric oscillations were
generally observed over only 1 or 2 vortex periods before

Fig. 5. (a) The measured rms amplitude of blade motion at s 5 1 normalized by D, plotted against the relative blade rigidity (g). The
scaling predicted from the balance of fluid torque and the elastic bending moment is shown with the solid line. Below g 5 1 3 1024, Dzrms

saturates near the vortex street height. (b) Measured, time-averaged drag coefficient vs. relative blade rigidity (g). The slope of CD vs. g
shows a clear transition near g 5 1 3 1024. (c) The rms streamwise acceleration measured at s 5 1. (d) The average, instantaneous peak
drag coefficient on the blade over a vortex street cycle as a function of g. The data for D 5 2.5 cm (l/D 5 12) is plotted with the gray
symbols and lines, and the data for D 5 5.0 cm (l/D 5 6) is plotted with the black symbols and lines.

Drag, mass flux, and blade rigidity 2035



the blade reverted to oscillations that were approximately
symmetric about the vortex street centerline. Using the full
30 s record, we characterized the oscillation amplitude
using the rms value of the vertical distance from the blade
tip to the vortex street centerline, Dzrms (Fig. 5a), which
was largest for the smallest values of g and decreased as h
was increased. Below g < 1 3 1024, the oscillation
amplitude no longer changes with g but remains constant
because it is limited near the height of the vortex street,
which is the limit of the fluid forcing. When normalized by
the vortex street height, the blade’s amplitude response is
the same for both vortex street heights.

Because solid inertia is negligible (m % 1), we can derive
a scaling relationship between Dzrms and g by balancing the
fluid torque and the elastic bending moment (EIhs). The
vertical velocity component of the vortex street is directly
proportional to U‘ (Alben 2009), and it is this vertical
velocity that deflects the blade vertically. The scale of the
vertical force on the blade is then rf U2

?bl, which exerts
a torque that scales with rf bl2U2

?. If curvature is confined
to a fraction of the blade length, we scale hs using a bending
length scale, lo , l, giving h , Dzrms/lo and hs*Dzrms

�
l2
o .

We consider whether the bending length scale defined
for steady deflection in Alben et al. (2002), lo~

EI
�

rf bU2
?

	 
1=3
, can be applied to this unsteady system.

This formulation yields Dzrms , lg21/3, or Dzrms/D , (l/

D)g21/3, which is plotted with the experimental data in
Fig. 5a. This scaling relationship is consistent with the
observed trends in Dzrms vs. g for g &

> 1|10{4 (Fig. 5a),
which suggests that unsteady responses in the low solid
inertia regime are governed by the same bending length
scale as steady responses.

The normalized drag force has no dependence on vortex
street size, as the measurements in the two vortex streets (D

5 2.5 and 5 cm) are in agreement within uncertainty
(Fig. 5b). This is due to the similarity of the mean velocity
profiles in the vortex street wakes when scaled by D. As the
blade oscillation amplitude in both vortex streets is the
same when normalized by D (Fig. 5a), the blades encounter
the same mean velocity profile, despite having different
absolute oscillation amplitudes.

We next consider the normalized drag, represented by
the blade drag coefficient (CD), defined as

CD~
FD

rf blU2
?

ð21Þ

Above g < 1 3 1024, the measured drag coefficients
decrease gradually as g is increased, following a trend
similar to the oscillation amplitude (Fig. 5a). This result
suggests that above g < 1 3 1024, drag is primarily
determined by blade frontal area, which is proportional to
oscillation amplitude. Below g < 1 3 1024, the drag
increases more rapidly as g is decreased. This occurs despite
the fact that the oscillation amplitude remains constant
below g < 1 3 1024, indicating that in this range drag is no
longer correlated to oscillation amplitude. To explain this
behavior, we analyze the blade acceleration.

In addition to the vertical motion, which we have
characterized by Dzrms, the interaction with the passing
vortices also causes the blade tip (s 5 1) to move both
upstream and downstream. The downstream portion of the
blade motion is constrained by the blade length and the
blade’s inextensibility. As the blade reaches its full length,
streamwise motion at the blade tip is rapidly arrested,
creating a high negative acceleration and a high instanta-
neous tensile force in the blade (Denny et al. 1998).
Although there are large accelerations during upstream
motion, this motion is not constrained by the blade’s
inextensibility and therefore does not produce a corre-
sponding response in the blade’s internal tension. We
characterize these periods of high acceleration with the rms
of streamwise acceleration at the blade tip (Fig. 5c). The
blades with periods of high tip acceleration are also the
blades that show an increase in the time-averaged force on
the blade (Fig. 5b). In Fig. 6, we have plotted the
streamwise position of the blade tip (s 5 1) and have
highlighted the resulting spikes in acceleration. Aside from
occasional aperiodic behavior due to randomness in the
flow field, these acceleration peaks occur regularly at the
vortex street frequency.

We also consider changes in the instantaneous force,
which can cause high mechanical stresses and strains within
the kelp blade that can lead to either blade breakage or
dislodgment of the entire kelp frond (Denny et al. 1998). In
Fig. 5d, we plot the average of the peak drag coefficient
within each vortex cycle. The peak drag coefficients are
significantly higher than the time-averaged drag; however,
they follow the same broad trend as the mean drag
coefficients. Notably, the peak drag (Fig. 5d) is directly
correlated with the tip acceleration (Fig. 5c).

Flux results—Figure 7 presents the best fit between the
measured and modeled mass accumulation within the

Fig. 6. (a) A sample time record of the streamwise (x) blade
tip position and (b) streamwise blade tip acceleration for g 5 2.3 3
1025 and D 5 2.5 cm. Three examples of downstream motions that
are rapidly arrested, producing large negative accelerations, and
that translate into tensile forces are highlighted with the gray bars.
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blade, showing that the best-fit transfer velocity was higher
for h 5 50 mm (g 5 4.4 3 1026) than for h 5 250 mm (g 5
5.2 3 1024; Table 6). That is, the more flexible blade,
which responds to the vortex street with larger amplitude
oscillations (Fig. 5a) has a higher rate of flux. The 95%
C.I.s for the two blade thicknesses, which span two orders
of magnitude, do not overlap, further confirming that the
measured difference is significant. As both blades oscillate
in the vortex street at the same frequency (the vortex street
frequency), it follows that the blade that with larger
amplitude motion has a higher relative velocity. Indeed,
numerical modeling of blade motion in a vortex street
confirmed that more flexible blades have higher relative
fluid velocity at their surface (Rominger 2014).

Discussion

Our measurements have demonstrated that the drag
force on a model kelp blade is a strong function of the
blade flexural rigidity. Specifically, as the nondimensional
blade flexural rigidity decreases, the blade responds to
vortex passage with oscillations of increasing amplitude
(Fig. 5a). Below a critical value of the nondimensional
blade flexural rigidity, blade acceleration forces become
important, and the resulting total force increases sharply
with decreasing g (Fig. 5b). The experiments suggest that
the critical value of g below which blade acceleration forces
become important is g 5 1 3 1024 (Fig. 5b). In Table 2, we
estimate that a sheltered morphology transplanted to an

Fig. 7. The data series of mass accumulation within the LDPE blades normalized by the
equilibrium mass accumulation, MPE,‘ vs. time for both blade thicknesses: h 5 50 mm (g 5 4.4 3
1026) and h 5 250 mm (g 5 5.2 3 1024). The modeled mass accumulation curves use the best-fit
transfer velocities. The curves are plotted with a solid line: h 5 50 mm (g 5 4.4 3 1026), and
dashed line: h 5 250 mm (g 5 5.2 3 1024).

Table 6. The calculated experimental transfer velocities that minimize the sum of squares
error between the modeled and measured time series of mass accumulation. The transfer velocities
were also calculated for the bounds of the 95% C.I. on the LDPE diffusion coefficient. The last
row of the table includes the predictions for the transfer velocities and the transfer velocity ratio
from the simplified model of Eqs. 22 and 24 for D 5 2.5 cm.

DPE (m2 s21) K (m s21) for h 5 50 mm K (m s21) for h 5 250 mm Kh550 mm/Kh5250 mm

10210.3 5.031026 1.931026 2.6
10211.3 5.131026 2.231026 2.3
10212.3 6.231026 4.631026 1.4
Model-predicted 4.931026 3.831026 1.3
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exposed site would fall in the range of g 5 2.5 3 1027 to 8.8
3 1027, which is far below this critical value, suggesting
that the transplanted blade would experience high and
potentially damaging peak forces. In contrast, the exposed
morphology at an exposed site falls in the range of g 5 2.0
3 1025 to 7.1 3 1025, two orders of magnitude larger than
the sheltered morphology at the exposed flow velocity. This
adjustment, depicted in Fig. 8, should reduce both the total
and instantaneous forces on the blade. Interestingly, the
values of g for both the exposed and sheltered morphol-
ogies, at their respective flow velocities, are very close in
magnitude, suggesting that there may be an optimal ratio
of blade stiffness to fluid forcing, towards which the kelp
morphology adjusts. Although lower values of g result in
higher drag forces on the blade, higher values of g could
indicate unnecessary and biologically expensive structural
strengthening. Below, we also consider what advantages in
nutrient acquisition might be associated with lower values
of g.

In a vortex street, the turbulence is narrowly centered
around a single frequency and wavelength. However, our
experiments indicate that the blade responds to each
passing vortex. Therefore, it is likely that similar behavior
could be observed for blades subjected to the spectrum of
turbulent and wave orbital fluctuations in the coastal
ocean, i.e., blades with low flexural rigidity would be
subjected to high inertial forces. Indeed, flexible models of
entire kelp fronds subject to a range of wave frequencies
were observed to experience high inertial forces, often
associated with chaotic motion (Denny et al. 1997).
Further, Denny et al. (1998) examine the response of
organisms across a range of fluid motion and demonstrate
how inertial forces have maximums associated with
particular frequencies.

Our experimental measurements of mass flux suggest
higher fluxes are achieved for the more flexible blade,
which experienced greater blade movement and higher
relative velocity. This is consistent with the results
of Denny and Roberson (2002) and Koehl and Alberte
(1988), who studied flux at the surface of rigid model blades
and of live kelp blades, respectively. Denny and Roberson
oscillated rigid model blades at increasing frequencies and
found that over a certain range of flow speeds, increasing
the frequency (i.e., increasing the relative blade velocity)
increased flux. Koehl and Alberte found that blades that
flapped more had higher rates of photosynthesis, due to
higher rates of carbon uptake at the blade surface.

Together, the mass flux and drag experiments in this
study show that changes in blade flexural rigidity not only
modulate fluid drag forces, but may also affect the rate of
mass flux at the blade surface. Previous observations of live
kelp blades show that blades increase their flexural rigidity
in more flow-exposed environments. At the same time,
there is an increase in the characteristic fluid velocity in
flow-exposed environments. The combined result of the
changes in blade flexural rigidity together with the changes
fluid velocity is that the ratio g remains approximately
constant. By maintaining a higher value of g, the kelp
reduces the drag forces it experiences, but also reduces the
transfer velocity that controls nutrient flux to the blade. It
may seem counterintuitive that kelp would adapt in a
manner that reduces its ability to acquire nutrients.
However, based on previous experimental studies, it has
been found that in flow-exposed environments, kelp can
already acquire nutrients at a rate that exceeds its nutrient
requirements. Indeed, various studies on uptake rates of
different essential nutrients have found that uptake rates
saturate at mean flow velocities between 2 and 6 cm s21

Fig. 8. The measured drag coefficients (from Fig. 5b), plotted on an expanded axis to show
the potential reduction in drag caused by the shift from the sheltered morphology to the exposed
morphology. The red arrow points from the value of g of the sheltered morphology (Sh.) to the
value of g for the exposed morphology (Ex.), both calculated at the exposed flow velocity. The g
values from Table 2 are indicated with the vertical gray bars. The increase in blade flexural
rigidity at the flow-exposed site prevents an increase in drag due to enhanced flapping and inertial
forces in response to turbulence.
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(Gerard 1982a; Koehl and Alberte 1988; Hurd et al. 1996).
This means that at high fluid velocities, nutrients are
delivered to the blade surface faster than the nutrients can
be utilized and/or stored by the kelp. Understanding that
nutrient flux is not a limiting process, we conclude that in
high-flow environments, the kelp adapts its morphology
predominantly to reduce drag.

The formation of corrugations represents a unique
adaptation to flow-exposed environments. As opposed to
the alternative mechanism for increasing blade flexural
rigidity, i.e., increasing blade thickness, the formation of
corrugations can maintain the ratio of blade surface area to
blade volume, which may be important for nutrient uptake.
In addition, with corrugations, the same rigidity can be
achieved with less material, i.e., it is a more efficient
method to increase flexural rigidity. We expect that the
junctions and mergers of corrugations on natural blades
have minimal effect on the enhanced rigidity. Unless all
corrugations abruptly end at the same location along the
blade (which we have not observed), localized weak points
will be distributed and the net effect of the corrugations will
remain a significant increase in rigidity.

We now examine how well the common models for
transfer velocity (Eqs. 11 and 12) describe the values
observed in this study. We first consider the steady diffusive
sublayer. We assume that the leading edge of the blade trips
the boundary layer into a turbulent boundary layer state.
For a mean flow speed U‘ 5 0.20 m s21, u* 5 0.01 to
0.04 m s21, and the laminar sublayer thickness, using Eq. 9,
is Dn 5 1.25 3 1024 to 5 3 1024 m. The diffusive sublayer
thickness (Eq. 10), is between 1.25 3 1025 and 5 3 1025 m.
This thickness produces a transfer velocity of between
KD.B.L. 5 2 3 1025 and 8 3 1025 m s21. These values are
much larger than the measured transfer velocity for the h 5
50 mm and h 5 250 mm blades of between 2 3 1026 and 6 3
1026 m s21 (Table 6). Moreover, the steady diffusive
boundary layer model cannot differentiate between the
two values of flexural rigidity, and thus cannot predict the
observed differences in flux.

We next consider the surface renewal model, assuming
that the vortex frequency determines the frequency of
boundary layer disturbance. For the D 5 2.5 cm vortex
street, f 5 1.2 Hz, or TR 5 0.83 s. For these parameters, the
classic surface renewal model (Eq. 12) predicts a transfer
velocity of KS.R. 5 3.92 3 1025 m s21. This transfer
velocity is an order of magnitude larger than the measured
transfer velocity. A possible explanation for the over-
prediction is that the diffusive sublayer is not completely
stripped with each disturbance, as the model assumes, but
is only partially thinned. In addition, the surface renewal
model cannot differentiate between the two blades in our
experiments, because they oscillate at the same frequency.

Finally, we consider the Ledwell model (Eq. 14), which
connects flux to the surface-normal velocity. This mass
transfer model was developed for a stationary boundary,
but we adapted it here to a moving boundary using the
relative instead of the absolute velocity. Instead of
reconstructing the surface-normal velocity through the
use of continuity, we use observations and scaling to
estimate the surface-normal relative velocity scale, wrel,rms.

We note that flow approaching a solid obstruction diverges
at a distance that scales with the obstruction width. Based
on this, we assume that the length scale of divergence for
the normal velocity approaching the blade will be the blade
width, b. With these adjustments, Ledwell’s model can be
written

K~
3
ffiffiffi
3
p

2p

wrel,rms sð Þ
b2

� �1=3

D2=3
w ð22Þ

We approximate the blade normal velocity from the blade
oscillation amplitude and frequency. By fitting the scale
prediction Dzrms/l , g21/3 to the observed oscillation
amplitude (Fig. 5a), we derived an empirical expression
for amplitude at the blade tip.

Dzrms~
lg{1=3

258
ð23Þ

Combining Eq. 23 with the frequency of oscillation gives
an approximate average blade-normal velocity, wblade 5
(lg21/3)/129. The relative normal velocity at the blade
surface is a combination of wblade and the normal
component of the fluid velocity (wflow). Within the vortex
street, wflow 5 0.4U‘. The two velocity components do not
sum linearly, however, because of the potential for a phase
difference between the blade and fluid motion. For a
conservative estimate, we sum the blade and fluid velocities
in quadrature.

wrel,rms~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2

bladezw2
flow

q
ð24Þ

Using wrel,rms in Eq. 22, we predict the following transfer
velocities: Kh550 mm 5 4.9 3 1026 m s21 and Kh5250 mm 5
3.8 3 1026, and a transfer velocity ratio of Kh550 mm/
Kh5250 mm 5 1.3 (Table 6). The predicted transfer velocities
are within 5% of the experimental value for Kh550 mm and
within a factor of two for Kh5250 mm, which is much better
agreement than produced by either the surface renewal or
diffusive sublayer models. Importantly, the relative velocity
model captures the increase in flux observed experimentally
between the two blades. Specifically, with a decrease in
nondimensional blade rigidity, g, the predicted transfer
velocity increases by a factor of 1.3. Therefore, an
adaptation of the Ledwell model and a simplified
approximation for wrel,rms provide a reasonable prediction
for the transfer velocity to a flexible blade.

For a flat plate oriented parallel to the mean flow
direction, we expect that the mass flux and momentum flux
to the plate should scale similarly. This concept is called the
Reynolds analogy for heat and momentum flux (Reynolds
1874; Deen 1998; Welty et al. 2001). The Reynolds analogy
is specifically valid in cases where there is no form
(pressure) drag, and momentum flux is entirely due to
friction. This analogy has been extended to coral reef
communities (Thomas and Atkinson 1997), in which the
stress exerted on the flow by the reef can be described with
a friction coefficient. In our experiments, not only is form
drag present because of the large-amplitude oscillations,
which present a frontal area normal to the flow, but inertial
forces also contribute to the total measured force on the

Drag, mass flux, and blade rigidity 2039



model blades. The Reynolds analogy has not been extended
to cases where there are inertial forces, and there is
currently no theoretical support for the similarity between
scalar and momentum flux extending to this regime.
However, we can explore the possible extension of the
Reynolds analogy to flexible boundaries using our mea-
surements. The ratio of the drag force, or momentum flux,
for these blades was FD,h550 mm/FD,h5250 mm 5 1.8 6 0.2.
The ratio of the mass transfer velocities was Kh550 mm/
Kh5250 mm 5 2.0 6 0.6, based on the uncertainty in DPE (see
Table 6). The ratios of drag and flux agree within
uncertainty. Therefore, our results provoke the possibility
that there exists a similarity between scalar and momentum
flux for a flexible body moving in flow.

To conclude, this study demonstrates, through a simple
experimental configuration, the role that blade flexural
rigidity plays in altering the drag force and the rate of mass
flux at the blade surface. As the dimensionless flexural rigidity
decreases, blade drag force increases. The dependence on g is
particularly strong below the threshold of g 5 1024. This shift
to higher drag with smaller nondimensional rigidity may
explain the observed shift to a stiffer morphology in flow-
exposed environments. Similarly, as the dimensionless flex-
ural rigidity decreases, mass flux to the blades increases. Both
the diffusive sublayer and traditional surface renewal models
failed to predict the observed mass flux. An adaption to the
Ledwell model, which reflects the relative velocity between the
blade and the fluid, does reasonably well in predicting the
observed mass fluxes. This highlights the importance of
relative velocity, as opposed to current or blade motion
individually, as the better predictor for trends in flux.
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