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ABSTRACT: The exhalant jet flow of mussels in conjunction with currents and/or other mussels
may strongly influence the mussels’ grazing impact. Literature values of mussel exhalant jet velocity vary considerably and the detailed fluid mechanics of the near-mussel flow generated by the
exhalant jet has hitherto been uncertain. Computational modelling of this phenomenon depends on
knowledge of the velocity distribution near the exhalant siphon aperture of mussels to provide
appropriate boundary conditions for numerical flow models. To be useful such information should
be available for a range of mussel shell lengths. Here, we present results of a detailed study of fully
open mussels Mytilus edulis in terms of filtration rate, exhalant siphon aperture area, jet velocity,
gill area and body dry weight, all as a function of shell length (mean ± SD) over the range 16.0 ± 0.4
to 82.6 ± 2.9 mm, with the corresponding scaling laws also presented. The exhalant jet velocity was
determined by 3 methods: (1) measured clearance rate divided by exhalant aperture area, (2) manual particle tracking velocimetry (PTV) using video-microscope recordings, and (3) particle image
velocimetry (PIV). The latter provides detailed 2-component velocity distributions near the exhalant siphon in 5 planes parallel to the axis of the jet and the major axis of the oval aperture, and
hence estimates of momentum and kinetic energy flows in addition to mean velocity. Data obtained
on particles inside the exhalant jet of filtered water was verified by the use of titanium dioxide seeding particles which were de-agglomerated by ultrasound to a size range of 0.7 to 2 µm prior to addition, to avoid retention by the gill filter of the mussels. We found that exhalant jet velocity was
essentially constant at ~8 cm s−1, and independent of shell length. Based on geometric similarity
and scaling of mussel pump-system characteristics we found that these characteristics coincide
approximately for all sizes when expressed as pressure head versus volume flow divided by shell
length squared.
KEY WORDS: Filtration rate · Exhalant siphon area · Particle image velocimetry · Particle tracking
velocimetry · Exhalant jet velocity · Velocity field · Allometric equation · Scaling law
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INTRODUCTION
Filter-feeding bivalves process large amounts of
ambient water to acquire the food needed for sustaining life, and extensive literature deals with the
amounts of water pumped through the gills of a mussel and the efficiency by which suspended particles
are retained (Møhlenberg & Riisgård 1978, 1979, Jørgensen 1990, Riisgård 2001a, Riisgård & Larsen
2010). Nevertheless, there is considerable variation

between published values of the exhalant jet velocity
of mussels (Jørgensen et al. 1986, 1988, André et al.
1993, Newell et al. 2001, Stamhuis 2006, Maire et al.
2007, Frank et al. 2008, MacDonald et al. 2009, Troost
et al. 2009), and little is known about the detailed
fluid mechanics of flow near a mussel that is generated by the flow through the exhalant siphon appearing as a well structured jet (André et al. 1993, Green
et al. 2003). This flow in conjunction with a possible
imposed external flow from currents or other mussels
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will influence the grazing impact and thus the concentration distribution of food particles reaching the
inhalant aperture; hence affecting the feeding conditions of the mussel. Of particular interest is the undesirable phenomenon of re-filtration where part of the
once filtered and exhaled water reaches the inhalant
aperture of either the same or other mussels. This has
been studied to some extent for mussel beds where a
number of attempts have been made to model phytoplankton concentration gradients caused by dense
beds of filter-feeding bivalves in relatively strong currents with a high degree of turbulence (Wildish &
Kristmanson 1984, 1997, Fréchette & Bourget 1985,
Fréchette et al. 1989, O’Riordan et al. 1993, Butman
et al. 1994, Mann & Lazier 1996, Herman et al. 1999,
Jonsson et al. 2005, Tweddle et al. 2005, Lassen et al.
2006). Moderate currents may generate enough turbulence in the benthic boundary layer to increase the
supply of food to the filter feeders by turbulent mixing. However, the additional ‘biomixing’ induced by
the filter feeders themselves (Larsen & Riisgård 1997)
has not yet been included in any model. Similar considerations may also be important for dense populations of mussels in nature (Riisgård et al. 2004, 2007)
and in aquaculture systems (Newell et al. 1998,
Angel et al. 2002, Petersen et al. 2008, Maar et al.
2008, Plew et al. 2009, Duarte et al. 2010). Further
progress in understanding and optimizing such systems relies on computational modelling and supporting experiments.
It is therefore of interest to describe the exhalant jet
of Mytilus edulis in terms of its oval shape at the
siphon aperture, its velocity, spreading rate, penetration, and breakup. One aspect of this issue is the
velocity distribution near the exhalant aperture,
which is needed to provide appropriate boundary
conditions for numerical flow models and to estimate
the actual flows of momentum and kinetic energy
that are important for biomixing and mussel pump
modelling. To be useful such results should be available for a range of typical mussel sizes, for example
in terms of shell length. Several experimental techniques exist for measuring velocities: Particle Image
Velocimetry (PIV), Particle Tracking Velocimetry
(PTV), Laser Doppler Anemometry (LDA) and hotfilm anemometry or thermistor probes (for a minireview of techniques used for analysing flow in
zoobenthos see Riisgård & Larsen 2005). In the present study we have chosen 2-component PIV to investigate the exhalant flow of M. edulis because of the
ability of the method to map a 2-dimensional field of
velocities simultaneously, thereby providing insight
into complicated flow structures in a convenient way.

Secondly, we have used PTV based on manual tracking of entrained particles by microscope video recordings to further characterize the exhalant jet. As a
third approach, mean exhalant jet velocities were calculated from measured clearance rates divided by
aperture area.

MATERIALS AND METHODS
Experimental mussels
Blue mussels Mytilus edulis were collected in
Kerteminde Fjord, Denmark, and acclimated in the
laboratory at the Marine Biological Research Centre,
University of Southern Denmark, for 1 wk prior to the
experiments. The mussels were kept in aerated flowthrough tanks supplied with seawater from the fjord
inlet. During the experimental period water temperature and salinity were 11.6 ± 0.2°C and 19.8 ± 1.2 psu
(means ± SD), respectively.

Filtration rate
Filtration rates were measured as the volume of
water cleared of suspended particles per unit of time.
The reduction in the number of particles as a function
of time was followed by taking water samples (10 ml)
at fixed time intervals from an aquarium containing
mussels in well-mixed seawater, to which algal cells
Rhodomonas salina were added, and measuring the
particle concentration with an electronic particle
counter (Elzone 5380). The algal cells had a diameter
of ~6 µm and were therefore retained by the gills of
the mussels with 100% efficiency (Møhlenberg &
Riisgård 1978). The filtration rate (F ) was determined
from the exponential decrease in algal concentration
as a function of time using the usual clearance formula (e.g. Coughlan 1969, Jørgensen 1990):
F = (V/t × n) ln(C0/C t) = V/n × b

(1)

where C0 and C t are initial and terminal concentrations of particles, V = water volume in aquarium, t =
time, n = number of mussels and b is the slope of
the regression line in a semi-ln plot for the reduction
in algal concentration with time in a well-mixed
aquarium, hence:
F = V × b/n

(2)

A control experiment without mussels showed that
sedimentation of algal cells was insignificant. In all
experiments, the algal concentration was kept below
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4000 Rhodomonas cells ml−1 (equivalent to 5 µg chl a
l−1, Clausen & Riisgård 1996) which is below the
threshold concentration for pseudofaeces production
and incipient saturation reduction of filtration activity
(Riisgård 2001b).

Exhalant siphon area and shell opening degree
Exhalant siphon cross-sectional area (ESA) was
measured by 2 methods (M1, M2). M1: a ruler was
placed in the transparent experimental plastic aquarium close to the mussel and, from digital photos, the
maximal (2a) and minimal (2b) widths of the oval exhalant opening (Fig. 1C) were measured manually
with a ruler. The ESA was subsequently calculated using the formula for an ellipse: ESA = πab. M2: the exhalant cross-sectional area was cut from an enlarged
paper photo and ESA was determined by multiplying
the weight of the cut of paper with a measured conversion factor (i.e. weight of one area unit of paper). Mussel shell opening degree (SOD) was defined as the distance between the shells just below the exhalant
siphon aperture (Fig. 1C), and it was measured manually from a digital photo by using a ruler placed in the
experimental tank next to the mussel.
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Gill area, body dry weight, and condition index
To measure the gill area, mussels were cut open
and seawater was added to one of the shells to allow
the gill to unfold so that its outline could be drawn
on a piece of transparent film (Arkwright). The area
of a single gill layer (i.e. 1 lamella) was measured
from the weight of the drawing on the transparent
film, and this value was subsequently multiplied by 8
(2 W-shaped gills, each with 2 demibranchs with 2
lamellae of same size, e.g. Jørgensen 1990, his Fig. 2)
to obtain the total gill area (G) of the mussel.
Dry weight of the soft body (W, mg) was measured
after drying it in an oven at 90°C for 24 h. The condition index (CI) of the mussels was calculated as:
CI = W/L3

(3)

where L is the shell length (cm).

Exhalant jet velocity from clearance rate and
particle tracking velocimetry
The mean velocity of the exhalant jet (Ve) was calculated as:

Fig. 1. Mytilus edulis. (A) Experimental setup used for particle image velocimetry (PIV), consisting of a water filled transparent plastic aquarium with the
mussel positioned at the bottom, a laser sheet for illuminating the fluid in a
plane aligned with the axis of the jet, and a digital camera. (B) Coordinate system at aperture of mussel: center line of the jet is x-axis, laser sheet is positioned in 5 x,y-planes spaced 1.0 mm apart from z = –2 to + 2 mm. (C) Photo of
mussel showing maximal (2a) and minimal (2b) widths of the oval exhalant
aperture and shell opening degree (SOD); B = byssus threads; G = glue for
fixing mussel to bracket post

Ve = F/ESA

(4)

In addition, paths of naturally occurring particles (< 40 µm) near to
the exhalant siphon region of a
30 mm shell length actively feeding mussel Mytilus edulis, fed algal cells Rhodomonas salina, were
recorded using a video camera and
a 50 half-frames-per-second video
recorder (Panasonic NV-FS200
HQ) attached to a horizontal dissecting microscope (Wild M3C)
placed in front of an observation
chamber holding the mussel.
Video frames could be copied to
paper by means of a video graphic
printer (Sony UP-860 CE), and the
relative movements of particles
were traced from their position in
successive frames, with time intervals of 0.1 or 0.02 s. The main purpose of the video recordings was to
trace the path and measure the
speed of particles close to the exhalant siphon opening as a different
method of obtaining exhalant jet
velocities.
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Experimental setup for particle image velocimetry
Particle Image Velocimetry (PIV) was utilized for
measuring the velocity field in the area of the exhalant jet from a mussel in still water as shown in the
schematic setup in Fig. 1A. The PIV method has been
described in detail by e.g. Raffel et al. (2007), and
used in studies of bivalves by Stamhuis (2006), Frank
et al. (2008), and Troost et al. (2009). A camera takes
2 consecutive images of the particles moving with the
fluid in the plane illuminated by a laser sheet. The
displacement between the images determines the
velocity given the time interval between the frames.
The double cavity YAG laser (New Wave Research
Solo 120XT-15 Hz) emits 2 short (5 ns) pulses every
250 ms. The emitted energy in each pulse is 24 to
60 mJ. Frequency doubling transforms the light to
the wave length 532 nm. The laser optics generates a
laser sheet with a beam waist of 2 mm, which is further reduced to 0.5 mm by a lens with a focal length
of 237 mm. The laser was mounted on a traversing
bench allowing positioning of the laser sheet relative
to the mussel which was fixed to a bracket post with
2-component styrene monomer glue (Plastic Padding,
‘Chemical Metal’) to avoid movement. Prior to the
experiment, metal sheets placed at the rear, back,
and bottom surfaces of the tank were painted black
in order to avoid reflections of laser light. A Dantec
HiSense PIV/PLIF camera was mounted on a tripod
resting on the floor. The camera has a focal length of
62 mm and a CCD chip with resolution 1280 × 1024
measuring 8.75 × 7.00 mm. The camera was connected to a camera controller (Dantec HiSense) and
synchronized with the laser using a timer box (Dantec); all connected to a computer utilizing the Dantec
software DynamicStudio ver. 3.00. In order to operate
the camera in daylight, it was fitted with a green filter that only transmitted scattered laser light.
A small particle size is needed to resolve the exhalant flow because 50% of the particles with diameter
1.0 µm are retained by the mussels and nearly all the
particles are retained for diameters > 2.0 µm (Møhlenberg & Riisgård 1978). Titanium dioxide (TiO2) particles, previously used by Frank et al. (2008), were used
as seeding in the following way. A small amount of
TiO2 powder was suspended in ethanol and diluted
with water. To break up agglomerated particles, an ultrasound device (Struers Metason 200 HT) was used.
The suspension of particles was kept in a glass bottle
and treated with ultrasound in a water bath for 60 min.
A sample of the resulting contents of the bottle was examined under a microscope which showed the typical
particle size to be within the range of 0.7 to 2 µm. A

sufficient amount of suspended particles were added
to the observation aquarium to ensure a particle concentration of 10 µg l−1. An aperture of f-number = 4.0
was chosen for the camera. The TiO2 particles turned
out to be sufficiently bright, despite their small size.
Further, clearance rate experiments with Rhodomonas
salina and with and without TiO2 particles added to a
5 l aquarium containing 5 mussels (mean ± SD shell
length = 32.20 ± 0.94 mm) were conducted to evaluate
if the TiO2 particles affected the filtration rate. Neither
0.1 nor 0.2 mg TiO2 l−1 (i.e. 10 and 20 times the concentrations used in the PIV experiments) had any influence on the filtration rate, which was measured to be
30.4 ± 1.8 ml min−1 ind.−1. During PIV experiments,
the mussels were fed R. salina algal cells. After each
new addition of algal cells (up to 4000 cells ml−1) the
concentration in the observation aquarium, which
was kept strongly mixed in the relatively short periods
between PIV measurements (performed in stagnant
water), was followed by taking samples (10 ml) at 5 to
10 min intervals using an electronic particle counter
(Elzone 5380). Thus clearance rates (F ) could be calculated and used along with estimates of ESA determined from digital photos of the exhalant opening to
estimate the exhalant jet velocity (Ve), which was subsequently compared with the PIV measurements.
Because of the high Stokesian drag due to their
small size and despite their high density (ρp = 4.26 g
cm−3) the TiO2 particles closely follow the water flow
to give correct measured velocities. However, during
periods of no flow some settling of particles was observed. The terminal settling velocity is calculated as:
Vp = (gdp2/18ν) (ρp/ρ−1)

(5)

where g denotes the acceleration of gravity, and ν
and ρ the kinematic viscosity and density of seawater,
respectively. For diameters in the range dp = 0.7 to 2
µm for particles assumed to be spherical, Vp = 0.9 to
7.1 µm s−1. Furthermore, the ability of particles to follow changes in velocity is given by the characteristic
time constant:
τp = (ρp/ρ) (dp2/18ν)

(6)

which takes the corresponding small values of τp =
0.95 to 0.12 µs.

Measurement procedure for particle image
velocimetry
Prior to the velocity measurements, the length
scale of the camera image was calibrated with a ruler
placed near the mussel. For this, the green filter was
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temporarily removed from the camera and then the
laser sheet was adjusted to intersect the exhalant
siphon and aligned with the jet axis (x) and the major
axis (y) of the oval aperture. To do this, milk diluted
with sea water was fed through the inhalant orifice to
visualize the exhalant jet and the camera was
focused on the laser sheet. Batches of typically 100
image pairs were used for analysis. Batches were
taken at various locations across the oval aperture,
with a spacing of 1 mm along the minor axis (z)
(Fig. 1B). For each z-position, the filtration rate (F ) of
the mussel in question was determined by measuring
the exponential decrease in concentration of algal
cells in the observation aquarium at 5 to 10 min intervals and using Eq.(2).

Data processing for particle image velocimetry
To obtain velocity from the displacement of particles
recorded in image pairs, the adaptive correlation with
50% overlap for an interrogation area of 32 × 32
pixels, available in the Dynamic Studio software, was
used, yielding a resolution of 79 × 63 velocity vectors.
The adaptive correlation is a variation of what is
known as multiple pass interrogation with hierarchical
grid refinement (Raffel et al. 2007). Velocity vectors
were then validated by the moving average method.
Care was taken to ensure that the maximum movement of the particles was < 30% of the size of the interrogation area by limiting the time interval between
the consecutive frames. After the screening, the
vector average field as well as root mean square (rms)
fields were calculated from the set of typically 100 vector fields. In the subsequent analysis, the data are referred to by the coordinate system shown in Fig. 1B.
Here, the center line of the jet from the exhalant aperture of the mussel is oriented along the x-axis and the
laser sheet is positioned in either of 5 x,y-planes
spaced 1.0 mm apart from z = –2 to + 2 mm along the
minor axis of the oval aperture. Based on observed
SDs in the range of 0.1 to 0.2 cm s–1, the estimated uncertainty is ~2% on mean velocity vectors and ~15%
on rms-velocities.
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to fully open their valves within ~10 to 60 min, and
this response was also reflected in increased filtration
rates (F ) (and thus steeper slopes of the linear regression lines) in the clearance experiments (Fig. 2,
Table 1). Thus, data for the 5 groups of fully open and
maximum filtering mussels (Table 2) could be separated from not fully open mussels with reduced filtration rate (Table 3). From Table 2 it appears that the estimated velocity (means ± SD) of the exhalant jet (Ve)
in maximum filtering mussels was 8.3 ± 1.7 cm s−1
when Method 1 for estimating exhalant siphon area
(ESA) was used and 6.4 ± 1.9 cm s−1 when Method 2
was employed. It is notable that the Ve seems to be
independent of mussel shell length (Fig. 3). From
Table 3 it appears that simultaneously measured F
and ESA at 60 to 80% reduced SOD result in lower
Ve (4.3 ± 1.0 cm s−1) compared to that of fully open
mussels (8.3 ± 1.7 cm s−1) (Table 1).
The flow patterns and speeds obtained by PTV in
the zone between inhalant and exhalant water of a
35 mm shell length mussel (20°C) are shown in Fig. 4.
The exhalant jet is invisible because all particles in
the inhalant water have been restrained by the gills,
but particles in the ambient water close to the jet
were accelerated, indicating an Ve of about 8.7 cm s−1
at a distance of ~15 mm above the exhalant aperture,
which is in good agreement with the estimated velocity (Table 2, Method 1). Similar flow patterns for entrained particles are seen for a 56 mm shell length
mussel (12°C) in Fig. 5 where the highest observed
speeds were somewhat lower. Fig. 6 shows the fluorescein-visualized exhalant jets from a mussel. When
the dye was sucked in through the inhalant opening
as a very thin current from the dosing-pipette tip, only
a thin ray of the jet was visualized, and this indicates
that the flow is laminar through the mussel-gill filter
pump (i.e. no mixing and dispersion takes place inside
the mussel). The spreading of the jet is clearly visible
(Fig. 6A) with a spreading half-angle of about 9.5°.
The filtration rate as a function of shell length (L),
gill area (G) and body dry weight (W ) are shown in
Fig. 7, Fig. 8, and Fig. 9, respectively. Further, the
ESA, SOD and W, all as a function of L, are shown in
Fig. 10, Fig. 11 and Fig. 12, respectively. Finally, F as
a function of SOD and ESA are shown in Fig. 13 and
Fig. 14, respectively.

RESULTS
Estimated velocity of the exhalant jet from
filtration rate and particle tracking velocimetry
Addition of algal cells to the aquaria with initially
unfed groups of Mytilus edulis stimulated the mussels

Velocity fields from particle image velocimetry
Data from 1 (logbook number 503) of 4 successful
PIV experiments for mussels of decreasing shell
length are shown in Table 4 along with the concen-
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Fig. 2. Mytilus edulis. Clearance rate experiment samples from the 5 shell sizes of mussels (Table 1). The slope b of the linear
regression line for each experiment, started from 10 to 60 min after addition of algal cells to the tank, is shown

tration of algal cells (C ) and filtration rate (F ) found
from clearance measurements at each position (z) of
the laser sheet, as well as the water temperature (T ).
In the example of a single recorded particle image
(Fig. 15A), the seeding particles appear as bright
spots and the exhalant aperture and part of the shell
can be seen to the lower right. The velocity vector
field (Fig. 15B) shows the coordinate system and the
extent of the field while the contour plot of turbulent

kinetic energy (k ≈ 0.75 [<uu> + <vv>], Fig. 15C) illustrates the well-defined shear layers bounding the
spreading exhalant jet.
The profiles of axial velocity Vx across the jet at the
distance x = 5.0 mm from the exhalant aperture are
shown for experiment #503 in Fig. 16. It can clearly
be seen that the velocity is greatest at the centre
plane (z = 0 mm) and then decreases in off-centre
planes. The exhalant opening along the major axis
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Table 1. Mytilus edulis. Individual filtration rate (F ) calculated from clearance rate experiments. V = water volume in tank, n =
number of mussels in tank, L = shell length (mean ± SD), W = body dry weight (mean ± SD), CI = condition index (mean ± SD),
b = slope of regression line in clearance rate experiment (Fig. 2). aMaximum filtration rate values used in Table 2, breduced
filtration rate values used in Table 3
Experiment #
1a
1b
1c
1d
2a
2b
3a
3b
4a
4b
5a
5b
5c

V (l)

n

L (mm)

W (g)

CI (g cm–3)

b (min–1)

F (ml min–1)

F (l h–1)

24
24
48
48
9
9
14
14
4
4
1.5
1.5
1.5

2
2
2
2
2
2
4
4
4
4
4
4
4

85.2 ± 0.1
85.2 ± 0.1
82.6 ± 3.0
82.6 ± 3.0
63.8 ± 0.2
63.8 ± 0.2
49.3 ± 0.6
49.3 ± 0.6
26.1 ± 0.6
26.1 ± 0.6
16.0 ± 0.4
16.0 ± 0.4
16.0 ± 0.4

2.85 ± 1.380
2.85 ± 1.380
2.78 ± 0.712
2.78 ± 0.712
1.88 ± 0.193
1.88 ± 0.193
0.74 ± 0.091
0.74 ± 0.091
0.08 ± 0.016
0.08 ± 0.016
0.03 ± 0.004
0.03 ± 0.004
0.03 ± 0.004

4.6 ± 2.2
4.6 ± 2.2
4.9 ± 0.7
4.9 ± 0.7
7.2 ± 0.8
7.2 ± 0.8
6.2 ± 0.8
6.2 ± 0.8
4.7 ± 0.5
4.7 ± 0.5
6.2 ± 0.7
6.2 ± 0.7
6.2 ± 0.7

0.0137
0.0141
0.0032
0.0105
0.0248
0.0323
0.0214
0.0200
0.0259
0.0295
0.0046
0.0108
0.0133

164
169
77
252
112
145
75
70
26
30
2
4
5

9.84
10.14
4.62b
15.12a
6.72
8.70a
4.50a
4.20
1.56b
1.80a
0.12b
0.24
0.30a

Table 2. Mytilus edulis. Shell length (L), body dry weight (W ), condition index (CI), gill area (G), maximum filtration rate (Fmax),
exhalant siphon cross-sectional area (ESA), shell opening degree (SOD), and estimated velocity of exhalant jet (Ve = F/ESA).
Means ± SD; n = 2 to 9. aestimated from ESA Method 1; bestimated from ESA Method 2

1d
2b
3a
4b
5c

Fmax (l h–1)

G (cm2)

ESAa (cm2)

ESAb (cm2)

SOD (mm)

Vea (cm s–1)

Veb (cm s–1)

15.1
8.7
4.5
1.8
0.3

88.6 ± 5.0
52.6 ± 0.6
28.8 ± 3.0
6.3 ± 0.4
3.5 ± 0.7

0.519 ± 0.133
0.241 ± 0.020
0.128 ± 0.011
0.086 ± 0.022
0.011 ± 0.003

0.582 ± 0.159
0.265 ± 0.032
0.197 ± 0.041
0.105 ± 0.029
0.019 ± 0.0001

9.2 ± 1.2
6.0 ± 0.9
4.2 ± 0.3
3.3 ± 0.4
2.8 ± 1.0

8.1
10.0
9.8
5.7
7.8

7.2
9.1
6.3
4.7
4.5

Mean ± SD

8.3 ± 1.7

6.4 ± 1.9

Table 3. Mytilus edulis. Experimentally measured reduced
filtration rate (Fred), exhalant siphon area (ESA), shell opening degree (SOD), estimated velocity of exhalant jet (Ve =
F/ESA). Percentage reduction compared to maximum value
is indicated in brackets. aEstimated from ESA Method 1.
Experiment #

1c
4a
5a

Fred
(l h–1)

ESAa
(cm2)

4.62 (31) 0.342 (66)
1.56 (88) 0.079 (92)
0.12 (46) 0.009 (82)

SOD
(mm)

Vea
(cm s–1)

7.35 (80)
2.67 (81)
1.70 (61)

3.8 (46)
5.5 (96)
3.6 (57)

Mean ± SD 4.3 ± 1.0

has a cross section that is not symmetrical, so that the
centre is not well defined but rather judged by eye
during the positioning of the laser sheet. For the centre plane (z = 0 mm), profiles of Vx and transversal
velocity (Vy) at axial positions along the jet from x = 5
to 15 mm are shown in Fig. 17. The change of these
profiles with downstream distance (due to viscous diffusion and entrainment) illustrates the spreading of
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F (M1)
F (M2)

10

Ve (cm s–1)

Experiment #

Q (M1)
Q (M2)

8
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2
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100

L (mm)
Fig. 3. Mytilus edulis. Exhalant jet velocity (Ve) as a function
of shell length (L), calculated from clearance rate (F) and PIV
flow rate (Q) measurements using siphon area (ESA) determined by 2 methods (M1, M2, Table 5). Multiple measurements (n = 2 to 5) were made on 35.0, 38.6, 56.6, and 64.5 mm
mussels, and for these individuals mean ± SD is plotted. The
ratio of ‘model equation’ F = 0.0022L2 (Fig. 7) and ‘model
equation‘ ESA = 0.000085L2 (Fig. 10), which expresses the
‘model jet velocity‘ Ve = 7.2 cm s−1 is indicated as a dashed
line. This value should however be increased by 15% to
8.3 cm s−1 due to a reduction in effective ESA (see main text)
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Fig. 4. Mytilus edulis. Flow patterns and speeds in
the transition zone between inhalant and exhalant water (20°C) of a 35 mm long mussel. Time interval between each d or 6 symbolizing a particle
is 0.1 s (5 video frames) and 0.02 s (1 frame), respectively. A video graphic print of the observed
region of the mussel is inserted

Fig. 5. Mytilus edulis. Flow patterns and speeds in the transition zone between (a) inhalant and (b) exhalant water (12°C) of a
56 mm long mussel. Time interval between each dot symbolizing a particle is 0.1 s (5 video frames)
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Fig. 6. Mytilus edulis. Video graphic prints of visualized (fluorescein) exhalant jets from a 56 mm long mussel (12°C). (A) The
whole exhalant jet is seen indicating the spreading of the jet. (B) Only a thin ray of the jet is seen because the dye entered the
inhalant opening as a very thin streak from the dosing-pipette tip. Right side: mm scale
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Fig. 7. Mytilus edulis. Maximum measured filtration rate (F )
(11.6°C) as a function of mean (± SD) shell length. Formula
for dashed line (‘model equation‘): F = 0.0022L2

Fig. 9. Mytilus edulis. Filtration rate (F ) (11.6°C) as a function
of mean (± SD) body dry weight (W )
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Fig. 8. Mytilus edulis. Gill area (G) as a function of shell
length. All means ± SD
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Fig. 10. Mytilus edulis. Exhalant siphon area (ESA) estimated by 2 methods as a function of shell length (L). All
means ± SD. Formula for dashed line (‘model equation‘):
ESA = 0.000085L2
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Fig. 11. Mytilus edulis. Shell opening degree (SOD) as a
function of shell length (L), all means ± SD
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Fig. 12. Mytilus edulis. body dry weight (W ) as a function of
shell length (L), all means ± SD
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Fig. 14. Mytilus edulis. Filtration rate (F) (11.6°C) as a function of exhalant siphon cross-sectional area (ESA, mean ± SD)
measured by Method 1

Table 4. Mytilus edulis. Data from PIV experiment #503
(= logbook number) for L = 56.6 mm shell length mussel. C =
algal concentration, F = filtration rate, z = lateral position,
Temp. = water temperature.
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Fig. 13. Mytilus edulis. Filtration rate (F) (11.6°C) as a function
of shell opening degree (mean ± SD)

the jet. Nevertheless, the axial velocity measured
closest to the aperture at x = 5.0 mm would be a good
estimate of the velocity at the aperture.
The flow rate (Q) in the jet at x = 5 mm for a given
mussel was estimated by integrating the velocity
from the 5 measured Vx profiles over the cross sectional area of the jet. Each profile was taken to correspond to a layer of thickness 1.0 mm and the integra-

Expt #

C
(cells ml−1)

F
(ml min−1)

z
(mm)

Temp.
(°C)

503-01
503-02
503-03
503-04
503-05

3948
4151
3743
3093
3093

151.1
166.4
141.9
153.3
153.3

0.0
1.0
2.0
–1.0
–2.0

16.8
17.3
17.3
17.3
17.3

tion extended from y = –10.0 to +10.0 mm. Table 5
lists this flow rate for each of the 4 shell lengths of
mussels (#502 to #505) as well as the filtration rates
(F ) obtained from clearance measurements. With the
exception of experiment #504, the deviation between
results obtained by the 2 methods is < 26% and may
be ascribed to the fact that integration will include
some entrainment flow. By inspection of Fig. 16 the
exhalant jet velocity is seen to be above 8 cm s−1 over
most of the mid-plane.
The exhalant jet expands and slows down gradually with distance due to entrainment of the surrounding water. The rate of expansion can be estimated
from the angle between the x-axis and the velocity
vector (Vx,Vy) in the centre plane (z = 0 mm). At x =
5 mm, using values from Fig. 17 gives half angles of
approximately arctan(2.8 cm s−1 / 10.0 cm s−1) = 15.6°
in the left, and arctan(1 cm s−1 / 10.0 cm s−1) = 5.7° in
the right half-plane, hence an average of 10.7°. For
comparison, the spreading of the jet visualized by
flourescein (Fig. 6A) and that suggested by regions of
high turbulent kinetic energy in the shear layers
(Fig. 15C) both indicate a half-angle of 9.5°.
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Fig. 16. Mytilus edulis. Velocity profiles Vx(y) at 5 z-positions
through the exhalant jet at a distance x = 5.0 mm from the
exhalant aperture

Fig. 15. Mytilus edulis. (A) Particle image velocimetry image
of captured field (32 × 25.5 mm) showing seeding particles
in the jet flow, the exhalant siphon and part of the shell to
the lower right. (B) Averaged vector field of the exhalant jet
of experiment #503 (only every third vector is shown for clarity). (C) Contour plot of turbulent kinetic energy, k ≈ 0.75
(<uu> + <vv>), (excluding noisy region near aperture)
showing jet spreading by shear layers

Fig. 17. Mytilus edulis. Velocity profiles Vx(y) (a) and Vy(y)
(b) at 5 x-positions from the exhalant aperture. The profiles
are shown for the center plane (z = 0 mm) at the middle of
the exhalant jet. The error bars show ± 2SD
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Table 5. Mytilus edulis. Velocity of exhalant jet (Ve) calculated from exhalent siphon area (ESA), filtration rate (F ) from
clearance rate experiments, and flow rate (Q) from PIV measurements (experiments #502 to #505). aEstimated from ESA
Method 1; bestimated from ESA Method 2
L
(mm)

ESAa
(cm2)

ESAb
(cm2)

82.6
63.8
49.3
26.1
16.0
64.5
64.5
64.5
56.6
56.6
36.8
36.8
35.0
35.0
35.0
35.0
35.0
49.7
49.7
44.0
55.7
57.0

0.519
0.241
0.128
0.086
0.011
0.328
0.487
0.433
0.459
0.357
0.304
0.318
0.254
0.246
0.291
0.159
0.134

0.582
0.265
0.197
0.105
0.019
0.327
0.467
0.437
0.434
0.454
0.350
0.312
0.266
0.283
0.322
0.168
0.175
0.274
0.213
0.198
0.261
0.310

Q
(ml min−1)

198.6 (#502)

167.5 (#503)
106.4 (#504)
107.2 (#505)

F
(ml min−1)
252.0
145.0
75.0
29.5
5.0
211.5
168.2
173.9
143.6
160.7
81.2
60.9
83.6
85.4
86.2
49.3
68.4
85.4
85.4
65.8
108.9
114.4

DISCUSSION
Allometric equations and scaling
The experimentally measured filtration rate (F ) and
gill area (G) are both near proportional to the square
of the shell length (L), i.e. F = aL2 (cf. Fig. 7) and G =
aL2 (cf. Fig. 8), and these expressions can therefore
be used in future modelling of the blue mussel Mytilus edulis. Further, it was found that the body dry
weight (W ) is proportional to L3 (Fig. 12), implying
that L is proportional to W 1/3, so that F = a (W 1/3)2 =
aW 2/3 = aW 0.67 which is in good agreement with the
actually determined exponent b = 0.72 (Fig. 9). It
should, however, be remembered that the relationship between body weight and shell length (cf. the
condition index, Table 2) is not constant, but varies
from population to population and during the year
due to spawning in spring, growth during summer,
and starvation during winter (Dare 1976, Riisgård
2001a, Filgueira et al. 2008).
The equations for filtration rate as a function of
shell length or body dry weight are in good agreement with the formulae mentioned by Riisgård
(2001a, their Table 1). Thus, the filtration rate of
Mytilus edulis as a function of shell length was mea-

Vea (Q)
(cm s−1)

Veb (Q)
(cm s−1)

10.1

10.1

6.1

6.4

5.8

5.1

7.0

6.7

Vea (F )
(cm s−1)

Veb (F )
(cm s−1)

8.1
10.0
9.8
5.7
7.8
10.7
5.8
6.7
5.2
7.5
4.5
3.2
5.5
5.8
4.9
5.2
8.5

7.2
9.1
6.3
4.7
4.5
10.8
6.0
6.6
5.5
5.9
3.9
3.3
5.2
5.0
4.5
4.9
6.5
5.2
6.7
5.5
7.0
6.2

sured by means of the ‘suction’ method by Kiørboe &
Møhlenberg (1981) who found F = 0.0012L2.14, which
is nearly identical to the present equation (Fig. 7).
Flow rates (Q) obtained by integration of PIV-velocity
profiles are in fairly good agreement with filtration
rates measured in clearance experiments (Table 5),
and the exhalant jet velocities measured by PIV
(Figs. 16 & 17) are in reasonably good agreement
with the ‘model jet velocity’ of Ve = 8.3 mm s−1 (Fig. 3).
Given the observed large spreading angle of the jet,
a certain amount of discrepancy may be ascribed to
entrainment of ambient fluid into the jet.
The effect of adding algal cells to the ambient
water of unfed mussels (cf. Fig. 2) is a well described
phenomenon (e.g. Riisgård & Randløv 1981, Newell
et al. 2001, Riisgård et al. 2003, 2006) which in the
present work was used to evaluate the effect of
reduced shell opening degree on exhalant jet velocity (cf. ‘reduced filtration rate values’ in Tables 1 & 3).
Compared with fully open mussels, the exhalant
jet velocity was reduced in mussels with reduced
shell opening degree (and smaller exhalant siphon
cross-sectional area). Jørgensen et al. (1988) studied
the relationship between ‘passively controlled’ (by
means of a binding screw) and ‘actively’ (by the mussel) reduced shell opening degree, area of exhalant
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siphon aperture, and filtration rate in Mytilus edulis
of different sizes. It was found that the relations
between shell opening (or siphon area) and filtration
rates were similar for ‘passively’ and ‘actively’ controlled valve gape. For fully open M. edulis, Jørgensen et al. (1988, their Table 3) found that a filtration
rate of 41 ± 3.6 ml min−1 was correlated with a siphon
area of 12.9 ± 1.0 mm2 (means ± SD), and thus the exhalant jet velocity was estimated at Ve = 41/12.9 =
5.3 cm s−1 which is comparable to, although slightly
lower than, that estimated in the present work
(Table 2). Jørgensen et al. (1988) concluded that reduced shell opening degree is correlated with retraction of the mantle edges and siphon, and that this results in a reduction in width of the gill-interfilament
canals and thus in the distance between opposing
bands of water-pumping lateral cilia, and further,
that this distance is the main factor in determining
the pump pressure and filtration rate in M. edulis.
For fully open Mytilus edulis, exhalant siphon area
versus shell length scales approximately as ESA ∝ L2
(Fig. 10) and filtration rate (or pumping rate Q for
100% retention) scales as F or Q ∝ ESA ∝ L2 (Fig. 14).
Based on these observations the theory of geometric
similarity may serve to show that the exhalant jet
velocity is essentially independent of mussel shell
length. To show this, consider the pump and system
characteristics of a mussel subject to zero backpressure (e.g. Riisgård & Larsen 1995, their Fig. 1a), replotted schematically as pressure head versus scaled
volume flow Q/L2 (Fig. 18). In M. edulis the pump
characteristic of the leaky viscous ciliary pump follows a linear decrease of pressure head delivered
with increasing volume flow (pumping rate) (Jørgensen et al. 1986, their Fig. 3):

Δp = Δp0 (1 – Q/Qmax) = Δp0 [1 – (Q/L2)/(Qmax/L2)] (7)
The maximal (so-called shutoff) pressure head at
zero flow (Δp0) is essentially independent of shell
length of mussel over a considerable range of larger
sizes since the ciliary pump is generic in terms of
basic pump units, consisting of approximately (Jones
et al. 1992) identical gill-filaments with water pumping lateral cilia of the same length and with a beat frequency independent of shell length (i.e. area-specific
pumping rate of the gills is independent of mussel
shell length; same exponent b ≈ 2 for F and G as a
function of L, see Figs. 7 & 8). Therefore, the maximal
volume flow (Qmax, at zero pressure head) is assumed
to scale by shell length according to area of gills, i.e.
Qmax/L2 ≈ constant. As a consequence, pump characteristics for mussels of different shell length would all
fall on the same line in a plot of pressure rise versus
Q/L2, as shown in the schematic Fig. 18.
The system characteristic is the sum of a linear contribution from viscous flow resistance and a quadratic
contribution from the so-called kinetic loss due to the
exhalant jet flow. The main contribution to the former
(about 1/3 of the total pressure drop according to the
example of Jørgensen et al. 1986, their Table 3) stems
from the viscous flow through the gill-interfilamental
canals. Treated as flow between parallel plates of
generic (i.e. constant) spacing λifc and length Lifc, the
frictional pressure drop is:
Δpf = 12μLifcuifc兾λifc2 ∝ Q兾L2

Pressure head

System

OP

Kinetic

Viscous

Scaled volume flow, Q/L2
Fig. 18. Schematic of Mytilus edulis pump and system characteristics intersecting at the normal operating point OP.
System characteristic is sum of linear viscous and quadratic
kinetic resistances

(8)

where the interfilamental water velocity is directly
proportional to the ratio of volume flow to gill area,
hence the scaling uifc ∝ Q/L2. The latter contribution
(about half of the total) is the kinetic energy loss in
the exhalant jet flow:
Δpkin = ½ρVe2 ∝ (Q兾L2)2

Pump
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(9)

where the exit velocity equals the ratio of volume
flow to exhalant opening area, hence the scaling Ve ∝
Q/L2. The remaining contributions (about 1/6 of the
total) come from minor losses of inhalant flow and viscous resistance in the boundary layers in the flow
from mantel cavity out through the exhalant opening.
These contributions probably scale less well with relevant velocities as Q/L2.
From the foregoing considerations it follows that
the operating points of Mytilus edulis of different
shell length will coincide in the scaled plot of characteristics in Fig. 18, hence specifically the magnitude
of the kinetic head loss will be the same and consequently also the exit velocity Ve from the exhalant
opening.
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Exhalant jet velocity
The velocity of the exhalant jet has been studied by
3 methods for fully open mussels. Mean values of
velocity were obtained indirectly from measured
clearance rate divided by aperture area (Ve = 8.3 ±
1.7 cm s−1, Method 1, Table 2), which are of the same
order of magnitude as directly observed local velocities by particle tracking (up to 8.7 cm s−1) and particle
image velocimetry (~ 8.6 to 11.1 cm s−1). All available
data on Ve obtained in clearance and PIV measurements are placed together in Table 5 and depicted in
Fig. 3 along with the ‘model jet velocity’ found as the
ratio of ‘model equation’ for F (Fig. 7) and the ‘model
equation’ for ESA (Fig. 10): Ve = F/ESA = 7.2 cm s−1,
which may be used as a shell length independent
constant in future modelling. This value should, however, be increased by ~15% to 8.3 cm s−1 due to a
reduction in effective ESA (see below). The lower
mean values obtained by area Method 2 deserve an
explanation. In Method 1, the area of the oval aperture is underestimated due to its more rectangular
than elliptical shape, giving a high value of velocity,
which fortuitously proves to be a good estimate. In
Method 2, the area is probably quite accurate, but to
use this it should be taken into consideration that
flow from the large mantel cavity into the exhalant
siphon involves the formation of thin viscous boundary layers along the walls such that the velocity distribution in the jet leaving at the aperture consists of a
core of rather uniform velocity V0 surrounded by
boundary layers in which the velocity drops to zero.
Thus the effective area for estimating the mean jet
velocity Ve is the actual area minus the perimeter of
the aperture multiplied by the displacement boundary layer thickness, δ1, which may be evaluated
approximately as for flat plate flow from (Schlichting
1979, p. 141 therein),
δ1 = 1.72 (νLs/V0)½

(10)

where ν (= 0.01 cm s ) is the kinematic viscosity of
seawater and Ls (≈ 0.2 cm) the length of the siphon.
Taking V0 ≈ 8 cm s–1 gives δ1 = 0.027 cm and, for
experiment 1d of Table 2, this leads to a reduction in
effective area of ~15%, so Method 2 would more correctly lead to Ve = 8.28 cm s–1, which is in good agreement with the other results. Hence, in accord with
the derived scaling laws, it is concluded that the
exhalant jet speed for fully open mussels is approximately independent of shell length, in agreement
with the scaling derived.
To help the development of models for biomixing
(cf. Larsen & Riisgård 1997) due to exhalant jets from
2

–1

mussels, possibly aiding the supply of food particles
by turbulent mixing, it is of importance to know the
kinetic energy flow delivered by such jets to the
ambient water. But as a consequence of the non-uniform velocity distribution emerging from natural
apertures, as found in the present study (Figs. 16 &
17) and by Troost et al. (2009), it is not possible to estimate the momentum and kinetic energy of the exhalant jet given only volume flow F and aperture area
ESA, hence mean velocity Vx,m (= F/ESA). For the
ideal case of a perfectly flat velocity profile at Vx,m,
the flow of momentum and kinetic energy per unit
mass are simply Vx,mF and ½Vx,m2F, respectively. Correct results, obtained by integration of measured profiles of experiment #503 over the aperture may be
written as C2Vx,mF and C3½Vx,m2F, respectively,
where we find the correction factor to be C2 = 1.4 and
C3 = 2.2, respectively, at x = 5 mm, which illustrates
the magnitude of corrections to be expected. It is also
of interest to note the measured levels of turbulent
kinetic energy in the shear layers of the jet (Fig. 15C)
of up to ~2 ×10−4 m2 s−2. Although this is no indication
of the turbulence level in the far field (not studied), it
is noted that Wiles et al. (2006, their Fig. 5) measured
similar levels 2 to 3 cm above mussels at low wave
height that produced less turbulence.
The velocities of the exhalant jet obtained in the
present study (Figs. 3, 16 & 17) may be compared to
those recorded in recent studies by Stamhuis (2006),
Maire et al. (2007), Frank et al. (2008), MacDonald et
al. (2009), and Troost et al. (2009). Using PIV, Stamhuis (2006) measured the exhalant velocity in Mytilus
edulis to be only ~0.5 cm s−1. Maire et al. (2007, their
Fig. 8A) measured the maximal velocity of exhalant
water in Mytilus galloprovinciales using a hot-film
probe, and the maximal velocities were between 3.30
and 4.60 cm s−1 when the probe was placed 2 mm
from the aperture in the axis of the centre of the exhalant siphon. Frank et al. (2008) reported average
velocities of 4.32 ± 0.39 cm s−1 (mean ± SD) and a
maximum velocity of 12.31 cm s−1 in one type of
experiments (‘animal-generated flow velocities’),
whereas the average maximum excurrent velocities
were found to range from 1.7 to 3.8 cm s−1 in another
type of experiments (‘mussel feeding study’). The filtration rate (or clearance rate) as a function of the
exhalant siphon area has been measured for a 60 mm
shell length M. edulis by MacDonald et al. (2009,
their Fig. 3A). A suggested line for the relationship is
F = 10 × ESA, and thus the velocity of the exhalant jet
= slope of line = F (l h−1 g−1)/(10 × ESA (mm2)) = 0.28
× F (cm3 s−1)/(0.1 ESA (cm2)) = 2.8 cm s−1. Finally, the
average exhalant jet velocity in M. edulis was calcu-
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lated to be 18.5 cm s−1 by Troost et al. (2009) using an
‘average’ exhalant siphon cross-sectional area of
0.06 cm2 for a mussel ~4.0 l h−1. According to the present Fig. 7, a mussel with this filtration rate has a
shell length of about 40 mm, and according to Fig. 10,
the corresponding exhalant siphon cross-sectional
area would be 0.1 cm2, or ~1.6 times larger than the
value used by Troost et al. (2009). Overall, the exhalant jet velocities in the present study are in fairly
good agreement with both Frank et al. (2008) and
Troost et al. (2009).

Velocity fields from particle image velocimetry
The central 3 velocity profiles (at z = –1, 0 and
+1 mm) of Fig. 16 cover the major part of the area of
the oval exhalant aperture (Fig. 1C) (2a ≈ 10 mm, 2b ≈
3 mm) and show axial jet velocities in the range from 6
to 11 cm s–1, with a mean value of ~8 cm s–1 that is in
good agreement with the other results. Note that the
0.5 mm thick laser sheet at positions z = –2 and + 2 mm
barely captures the low velocities at the edge of the
oval jet. Although recorded close to the aperture (x =
5 mm), the profiles in Fig. 16 show thick boundary layers arising from entrainment that continue to increase
in thickness downstream (Fig. 17 a), suggesting rapid
spreading of the jet. The spreading half-angle of ~9.5°
observed from fluorescein-visualization (Fig. 6A) and
turbulence in shear layers (Fig. 15C) far exceeds what
is found in round jets (Kwon & Seo 2005, their Fig. 9).
Here, for Reynolds number Re < 437 and x/d < 20, the
spreading rate in terms of change in radius (r) with
axial position (x) of a round jet is ~dr /dx ≈ 2/70, corresponding to a half-angle of ~1.6°.
Another issue is the complex shape of the velocity
profiles (Fig. 16). Profiles of axial velocity Vx tend to a
‘top-hat’ shape bounded by boundary layers developed in the contraction flow from mantel cavity out
through the exhalant siphon and further diffused into
the ambient through the process of entrainment. Yet,
profiles are asymmetric with higher values at negative y-values corresponding to the side of the aperture of larger width (Fig. 1C), which is to be expected.
A similar effect was observed by Frank et al. (2008),
however, for flow from an aperture with 2 regions of
large width separated by 1 region of narrow width,
leading to a so-called bifurcated (double peaked) jet.
It is thus not meaningful to treat the initial jet as a perfect flat top-hat profile, nor as developed Poiseuille
flow from a circular duct as done by Maire et al.
(2007) who assumed an average velocity being half
of the maximal velocity, which was measured with a
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hot-film probe in the center of the exhaled jet. Rather,
to model the flow near a mussel, one should solve the
complete problem of flow from the mantel cavity
through the exhalant siphon to generate a realistic
asymmetric jet as observed. Yet, preliminary computational studies of jet spreading and penetration have
been performed using the approximate profiles
shown in Fig. 19 for experiment #503. Thus, we have
fitted the Vx-velocity profile closest to the exhalant
aperture to a profile composed of parabolic functions
at the sides and a core of constant velocity in the middle. This is close to the expected flow produced by
the reduction from the large exhalant suprabranchial
cavity into the short exhalant siphon thus emulating
the exhalant flow of the mussel. The result shown in
Fig. 19 (a) is based on the profile,
Vx(y) = [V0兾(y1 – y0)2] [y02 – y 2 + 2y1(y – y0)], y0 < y < y1
(11a)

Fig. 19. Mytilus edulis. Measured velocity profiles (solid) compared to fitted profiles (dashed, from Eqs. 11 & 12) at the center plane (z = 0 mm) at distance x = 5.0 mm from the exhalant
aperture, (a) axial velocity Vx(y) and (b) transverse velocity
Vy(y) ± 2 SD
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Vx(y) = V0, y1 < y < y2

(11b)

Vx(y) = [V0兾(y3 – y2)2] [y32 – y 2 + 2y2(y – y3)], y2 < y < y3
(11c)
where y0 = –8.0 mm, y1 = –4.0 mm, y2 = 1.5 mm, y3 =
5.5 mm, and V0 = 10.0 cm s−1.
The transverse Vy-velocity from the same experiment has been fitted to a function resembling the one
of the jet flow originating from a point source
(Schlichting 1979, p. 232 therein), implying a decay
of form exp(–y 2兾s 2) outside the core of the jet:
Vy(y) = exp(y 2兾s 2) [ey − (h兾4)y 3]兾[1 + (g兾4)y 2] 2 (12)

remains to demonstrate, by computational means,
how such phenomena influence the flow and feeding
conditions for individual as well as groups of mussels.
Another aspect of flow around mussels that has not
been examined here is the ‘jet in cross-flow’ problem
of a vertical exhalant jet being deflected by a horizontal current. This was studied by Ertman & Jumars
(1988) who estimated the excurrent velocity of the
cockle Clinocardium nuttallii to be 9 to 11 cm s−1 and
observed an upwelling from the excurrent jet at the
free surface of a flume, 13 cm above the bed at a freestream velocity of 2.8 cm s−1. Such high values of jet
velocity were also observed by Price & Schiebe
(1978) who, using a hot-film anemometer, measured
excurrent siphon exit velocities of 11 to 14 cm s−1 for
the freshwater clam Anodonta sp.
The present work has emphasized the crucial importance of studying fully open Mytilus edulis in
terms of independently measured PTV, PIV, and filtration rate divided by exhalant aperture area, which
were found to be in good agreement, showing that
the exhalant jet velocity is near constant, at ~8 cm s−1,
and independent of shell length. Further, the PIV
measurements have provided detailed velocity distributions inside the exhalant jet which is important
information because computational modelling depends on such knowledge to provide boundary conditions for numerical flow models. Apart from such
knowledge, it is also of importance to know the distance the exhalant jet can reach in the ambient water,
and such measurements form part of ongoing experimental and modelling studies where the reported
scaling laws in terms of mussel shell length are very
useful tools.

where e = 7.40 s−1, h = 35.4 s−1 cm−2, g = 0.1065 cm−2,
and s = 0.628 cm. The resulting profile is shown in
Fig. 19a.
Judging by the above profiles, the mean spreading
angle of the jet is of the order 10.7°. Preliminary, full
3-dimensional unsteady Large Eddy Simulation
(LES) for a round jet with a parabolic starting profile
and Reynolds number (Re) 400 (not published) have
resulted in a spreading angle of 4.6°, which bears
some resemblance to the experimental results of
Kwon & Seo (2005, their Fig. 4) for a round jet from a
nozzle with some flow development at Re = 437.
However, other LES results utilizing a starting velocity profile with a potential core and boundary layers
(similar to Fig. 19b) have given a spreading angle of
9.6°. Nevertheless, more realistic results require the
consideration of the actual oval shape of the exhalant
aperture, because jets from e.g. elliptical nozzles are
quite different from jets from circular nozzles in
terms of stability, entrainment and spreading rate.
Thus, the instability of shear layers in elliptical jets is
characterized by spatial disturbances that grow
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