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In trawls intended for harvesting marine zooplankton the mesh size and twine thickness may be as

small as O(10�4 m), the porosity less than 0.5 and the appropriate Reynolds number O(100
�102). The

flow locally through the meshes varies strongly with the Reynolds number in this range, and the entire

flow field, filtered volume and drag of such nets therefore depend strongly on the net parameters and

towing velocity.

This paper presents a simplified model for the flow through and forces on inclined permeable

screens based on pressure drop considerations. For conical nets the model provides simple expressions

for the filtration efficiency and drag as functions of twine diameter, mesh opening, porosity, taper angle

and flow (towing) velocity. Comparisons with test tank measurements of typical plankton nets show

good agreement.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Limited commercial fishing for red feed (Calanus finmarchicus)
is currently being developed in Norway, and in recent years there
has been an increase in international fishing for Antarctic krill
(Euphausia superba) in the Southern Ocean. A Calanus finmarchicus

individual is typically 0.5 mm thick and 2–3 mm long when it is
harvested, while an Antarctic krill is roughly 10 times bigger.
Other small zooplankton may also attract commercial interest in
the future. The fishing gear used to catch these species is fine-
meshed trawls, having low taper angles and large filtering
net areas and being towed at low velocities, typically at 0.5 m/s.
Except for empirical relations for the filtration performance
and clogging rate of small net samplers used in oceanographic
research, no satisfactory model for the flow through such
nets exists. In future harvesting of zooplankton by means of
trawls it will be important to optimize catch and fuel efficiency
and catch quality; hence improved hydrodynamic models are
needed.

The flow through the main part of traditional fish trawls is
usually considered uniform and undisturbed by the trawl. The
porosity of such trawls is relatively high, typically b40.8, and the
Reynolds number based on twine diameter Red is of the order
O(103

�104). The drag forces are approximated by summing the
drag on the individual twines and knots, using the cross-flow
principle for undisturbed flow (towing) velocity and suitable drag
coefficients. Several authors indicate that this approach is
ll rights reserved.

jøsund).
permissible for bZ0.7, depending also on other net parameters
(Hoerner, 1952, 1965; Koritzky, 1974; Paschen and Winkel, 1999;
Fredheim, 2005). A model for the flow through trawls of high and
intermediate porosities is developed by Fredheim (2005), model-
ling the twines and knots as line and point sources, respectively,
and invoking a velocity defect model for the wakes of the
individual twines. Fredheim (2005) states that compared with net
panels and net cages, changes in the geometry of a given net cone
do not seem to have a large influence on the drag force on the
cone, and that the relative pressure variations in front of and
inside a trawl are small. The geometry and towing resistance of
trawls are often studied in model tests. Different scaling
methodologies and empirical corrections exist for the building
of the model scale trawl and for the scaling of velocities and
forces, but Reynolds scaling is seldom possible and Reynolds
number effects are usually neglected (see e.g. Fridman and
Carrothers, 1986; Ward and Ferro, 1993; O’Neill, 1993; Ferro
et al., 1996; Hu et al., 1999).

In trawls intended for Calanus finmarchicus the mesh size and
twine thickness will both be of the order O(10�4 m), the porosity
bE0.5 and Red=O(100

�102). The boundary layer outside the
twines, i.e. the region of viscous displacement and reduced
velocity, generally increases in thickness with decreasing Rey-
nolds number. For high Reynolds number the boundary layer is
very thin compared with the twine diameter, while for very low
Reynolds numbers the region of viscous displacement may extend
several diameters outside the twine. Due to the low taper angle
the normal velocity component just in front of the net wall may
be very low and combined with the very thin twines in such
netting, the resulting Reynolds number Red becomes very low.
Due to the close spacing between the twines, the entire flow field,
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Symbols

A0 projected screen area in the direction of U; for a trawl/
net cone A0 equals the mouth area

Ascreen total screen (net) area
CD overall drag coefficient in the direction of U, normal-

ized by U and A0

CL overall lift coefficient in the direction transverse to U,
normalized by U and A0

CN normal force coefficient due to pressure drop K,
normalized by U and Ascreen

d twine diameter
D source parameter in Koo and James (1973)
F filtration efficiency; F=u0/U
FD drag force
FL lift force
K pressure drop coefficient
K0 pressure drop coefficient for a=901
m mesh bar length
Dp pressure drop
r radial coordinate
R radius of net mouth
RA ratio between open-mesh area and mouth area of a

net; for a net cone of constant taper ratio and porosity
RA=bAscreen/A0=b/sina

Red Reynolds number based on twine diameter
ReD Reynolds number based on mouth diameter
Tg tangential stress coefficient due to streamline deflec-

tion across screen
Tf tangential stress coefficient due to friction along

screen
u0 the average velocity component in the direction of U

of the flow that passes through the screen; for a trawl/
net cone u0 equals the average velocity across the
mouth

u1 normal velocity component just in front of the screen
U undisturbed flow (towing) velocity some distance

upstream of the screen (net)
a taper angle
b porosity; for square meshes b=m2/(d+m)2

g the angle the flow leaving the screen makes to the
normal to the screen

D parameter in Gibbings (1973)
l the ratio of the channel height filled by the screen in

Koo and James (1973)
u kinematic viscosity
r density
t tangential stress
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filtered volume and drag of such nets therefore depend strongly
on the net parameters and towing velocity.

The flow through three-dimensional nets is complex and
difficult to model both theoretically and numerically. The purpose
of the present work is to provide a simplified parametric model
for such flow, so that the effect of varying mesh size, twine
thickness, taper angle and other net parameters can be estimated
in a relatively simple manner, and to provide a theoretical basis
for correct scaling of such nets in model tests. A limited review of
the literature on the filtration efficiency of zooplankton net
samplers is given, along with a summary of basic results for the
pressure drop across permeable screens. The latter are then used
to derive a simplified model for the flow through inclined
permeable screens. For trawls or net sections of general geometry
the resulting equations must be integrated over the net area. For
the simple case of a conical net of circular cross-section and
constant taper angle and mesh parameters, however, the expres-
sions for the overall filtration efficiency and drag follow directly
from those for an inclined screen. Finally, model predictions are
compared with measurements for conical nets made out of typical
plankton netting.
R

R0.7

Fig. 1. Circular net mouth with radius R. The area inside the dashed line equals

half the mouth area. Smith et al. (1968) measure the assumedly representative

mouth velocity at the dotted line (r=0.7R) instead of at the mouth center (r=0).
2. Filtration efficiency of zooplankton net samplers

Zooplankton collecting systems are described in Wiebe and
Benfield (2003) and Harris et al. (2000). A much-used design
parameter for plankton nets is the ‘‘open-mesh-filtering-area to
mouth area ratio’’ RA. Tranter and Smith (1968) find that the
filtration efficiency F increases with RA for RAo3, while it tends to
flatten out for RA43. Harris et al. (2000) recommend that RA be at
least 6 for horizontally towed nets to have a buffer against
clogging of meshes.

Smith et al. (1968) test a series of cylindrical, conical and
cylindrical–conical nets (cylindrical forepart, conical aft) in the
range 3.2oRAo6.4, in addition to one cylindrical net with
RA=1.6. The mouth diameter is 1 m and the towing velocity
1.13 m/s for all cases, and F is taken as the ratio between an
assumedly representative velocity measured inside the net mouth
and one measured outside. The velocity inside the mouth is
measured at a distance of 0.7 REO2/2R from the centre of the
mouth, i.e. at the radial centre of gravity of the mouth area, cf.
Fig. 1. This yields a better estimate of the average velocity across
the mouth than the velocity measured at the very centre. Smith
et al. (1968) find that the initial filtration efficiency is 85–95% for
all but one of the nets, the net with RA=1.6 having an initial
filtration efficiency of only 71%. This shows that high initial
filtration efficiency can be ensured by proper design, and Smith
et al. (1968) and Tranter and Smith (1968) emphasize the
sustained (i.e. after clogging occurs) filtration efficiency as the
main concern for plankton nets. Smith et al. (1968) present
empirical formulas for estimating the minimum RA necessary for
keeping clogging at a satisfactorily low level in waters of different
clarity. They find that the cylindrical and cylindrical–conical nets
have higher sustained filtration efficiency than the purely conical
nets, and attribute this to oscillations in the netting which are
more pronounced in the cylindrical sections. They suggest that
such oscillation can be promoted by designing the net with a low
pressure difference across the net wall (i.e. a low pressure drop),
or by reducing the tension in the netting by means of longitudinal
support webbing (i.e. causing a slack). They further state that the
cylindrical nets were difficult to tow and recover, and therefore
generally recommend cylindrical–conical nets.

Tranter and Heron (1967) test net samplers with mouth
diameters 0.12–0.57 m, and make measurements and observations
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of the filtration efficiency and the flow pattern through and
around the samplers. The nets in these tests are conical and have a
flare attached in the front, i.e. an expanding solid (fiberglass) cone
in front of the net, cf. Fig. 2c. Tranter and Heron (1967) and
Tranter and Smith (1968) present visualizations of the flow
pattern through samplers with and without flares. In flow through
and around an expanding cone in a free flow, there will be an
increased velocity outside the outlet of the cone, and
consequently a reduced pressure across the outlet which tends
to cause a suction of the flow through the smaller inlet. For an
appropriately designed flare this yields a higher and more
uniform velocity across the inlet of the flare than there would
be across the mouth of the conical net alone. The mean velocity
across the inlet of the flare may approach the towing velocity, and
it is also reported to exceed the towing velocity in some cases. In
the literature on zooplankton net samplers, flares are thus said to
increase the filtration efficiency. However, it must be noted that
the filtration efficiency is then determined with respect to the
smaller inlet area of the flare and not with respect to the larger
mouth area of the filtering net. Hence, higher filtration efficiency
for a flared net does not necessarily imply an increased flow or
filtered volume compared with an identical net without flare.
However, it is assumed that the more uniform flow through the
mouth of the flare prevents zooplankton from avoiding the
sampler and that flared samplers provide biologically less biased
samples. Also, flared samplers are better suited for high towing
velocities. Tranter and Heron (1967) find that the effectiveness of
the flares is inversely proportional to the angle of expansion of the
flare (it is indicated that angles less than 3.51 are appropriate) and
proportional to its length. However, they also find that samplers
with flare clog more readily in field experiments than the
samplers without flare. Flares of canvas were also tested but
showed a tendency to collapse. Tranter and Heron (1967) state
that ‘‘contrary to common belief’’ the filtration efficiency of both
coarse and fine nets decreases with decreasing velocity, in
particular for towing velocities less than 0.50 m/s.

Tranter (1967) proposes a formula for the filtration of plankton
nets, based on Taylor and Davies (1944) and introducing an
additional empirical constant. However, the model of Taylor and
Davies (1944) applies to a porous plane screen perpendicular to
an incident flow and it is not directly applicable to a three-
dimensional net. The experimental procedure and quantities in
Tranter (1967) are unclear, i.e. there is no clear distinction
between the pressure drop coefficient and the drag coefficient.
Hence, the formula does not appear to have sufficient theoretical
basis or to be convincingly verified by experiments.
u0

/2-

U

CL CN

CD

T , Tf�

�

��

�

Fig. 3. Sketch of flow through and around an inclined permeable screen.
3. Pressure drop across a permeable screen

Existing literature on flow through permeable screens mainly
considers plane or slightly curved screens that are normal to or close
to normal to an incident flow and fill the entire or greater part of a
channel. The primary application is flow control in test tanks and
wind tunnels, and the solutions are not directly applicable to three-
dimensional net structures. A permeable screen affects an incident
flow in two ways: by a reduction in the static pressure across the
screen and by a deflection of the streamlines towards the normal to
Fig. 2. Idealized net sampler geometries: conical (a), cylindr
the screen, cf. Fig. 3. The netting in trawls generally has a small angle
of incidence to the flow (towing) direction. The screen angle of
incidence a is therefore here defined such that a=01 for a screen
parallel to the flow, a=901 for a screen normal to the flow and
(p/2�a) is the angle the incident flow makes to the normal to the
screen. The angle the flow leaving the screen makes to the normal is
gr(p/2�a). For low porosities, i.e. bo0.5, the flow will approach
and pass more or less normally through the screen (Reynolds, 1969),
while for higher porosities the deflection towards the normal to the
screen becomes gradually weaker. For a screen that does not fill the
entire cross-section of a channel, the flow will to some extent be
blocked by and deflected around it. It is therefore useful to define
three velocities: U—the undisturbed flow (towing) velocity some
distance upstream of the screen, u0—the average velocity component
in the direction of U of the flow that actually passes through
the screen, and u1—the normal velocity component just in front
of the screen. The relation between these three velocities is
u1=u0 sinarU sina.

The pressure drop coefficient K for a permeable screen is
defined by Eq. (2), and K0 is defined as K0=K(a=901). For a plane
screen normal to the incident flow Eq. (3) applies, where CD=CN is
the overall drag coefficient for the screen normalized by the free
flow velocity. A number of models for K0 have been proposed, e.g.
Hoerner (1952), Wieghardt (1953), Carrothers and Baines (1975),
Laws and Livesey (1978), Brundrett (1993) and Wakeland and
Keolian (2003). Here we only include the model of Brundrett
(1993), since it is based on several of the earlier models and
empirical results and covers a wide Red-range. Brundrett (1993)
verifies the model against measurements of Schubauer et al.
(1950) for screens with porosities 0.2obo0.8, and Groth and
Johansson (1988) for screens with porosities 0.6obo0.7. K0

generally increases with decreasing Reynolds number and
decreasing porosity. For very low Reynolds numbers viscosity
dominates and K0�1/Red. For high Reynolds numbers the
Reynolds number dependency vanishes and K0 can be approxi-
mated by a function of the porosity only. For inclined screens
(01oao901) Schubauer et al. (1950) demonstrate that Eq. (5)
describes the pressure drop well for aZ451. Carrothers and
Baines (1975) find that measured K for ao451 exceeds that
predicted by Eq. (5). However, as pointed out by O’Neill (1993),
their model applies to high Reynolds numbers only and therefore
fails to account for the strong increase in K0 as Red(u1=u0 sina)
drops below O(102). Hence we here assume that Eq. (5) is
applicable for small values of a also, given that the Reynolds
number dependency of K0 is properly accounted for. Deflection of
streamlines implies a tangential stress Tg due to change of
ical–conical (b) and flared (c). Cod-end details left out.
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momentum, as given by Eq. (6) (Taylor and Batchelor, 1949). For g
the best available model appears to be that of Gibbings (1973)
(see also Laws and Livesey, 1978), cf. Eq. (7). Gibbings (1973)
demonstrates that his model compares well with the measure-
ments by Dryden and Schubauer (appendix to Taylor and
Batchelor, 1949), which lie in the range K0o5�6 for aZ451
and RedoO(100). As for Eq. (5) we here assume that Gibbings’
model applies for lower angles of incidence also, but ideally a
verification of the model beyond the given range or a more
general model should be sought.

The models for K0 and K are basically independent of mesh
geometry, i.e. they are not derived for one particular mesh type
only. Still, the measurements that pressure drop models are
correlated with usually pertain to square meshes, so some
variation may be expected for other mesh geometries. Variations
and imperfections in twine diameters and porosity may also have
a significant effect. Brundrett (1993) provides an approximate
expression for the error due to variations in twine diameter, and
suggests that it can be used as an approximation for all screen
dimensional errors and dirt build-up (e.g. marine growth or
clogging). The expression for Tg in Eq. (6) is derived from basic
momentum considerations and has general validity, but it
requires that the deflection is known. When deriving the
expression for the deflection g, however, Gibbings (1973) assumes
that only twines parallel to the axis of deflection contribute, hence
Gibbings’s model has more limited validity and accuracy.

Several models exist also for the normal force coefficient CN as a
function of pressure drop (see Koo and James, 1973; Løland, 1991;
O’Neill, 2006). Such models originate in the source model of Taylor
(1944) and Taylor and Davies (1944), but in their original model CN

decreases as K exceeds 4 and vanishes for K-N (Graham, 1976).
Following the same basic approach, but arguing that the source
strength is related to the free flow velocity U rather than u1, Løland
(1991, 1993) derives Eq. (8) for two-dimensional flow past a plane
screen requiring that CN-2 as K-N, i.e. the commonly accepted
drag coefficient for a solid plate in two-dimensional flow (Hoerner,
1965). Løland (1993) finds that his model compares well with
measurements presented in Graham (1976) for values of K up to
102. Koo and James (1973) propose Eq. (9) for two-dimensional
flow, where l is the ratio of the channel height filled by the screen
and D is an implicitly given source parameter. Their model yields
CN-1 for a solid plate in infinite flow (l=0), hence comparing
better to three-dimensional flow since the drag coefficient for a
solid circular disk or square plate is 1.2, also for values of K up to
102 (Graham, 1976). Løland (1991) demonstrates that his model
gives comparable results to Koo and James’s for Ko10 when l=0
and for Ko102 when lE0.15.

Combining Eqs. (4) and (8) or (9) in Eq. (3) now yields an
estimate of the filtration efficiency of a plane permeable screen
normal to a uniform incident flow.

Red ¼
u1d

u
ð1Þ

K ¼
Dp

ð1=2Þru2
1

ð2Þ

1

2
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4. A simplified model for the flow through inclined screens

In Eq. (3) the filtration efficiency for a plane screen normal to
the incident flow is expressed as a relationship between the force
coefficients associated with U and u0, respectively. In order to
establish a corresponding relation for an inclined screen we do the
same, but include the tangential forces and force coefficients also.
This means that we establish two equivalent expressions for the
drag force on the screen: one using force coefficients associated
with u0 and one using force coefficients associated with U. It is
assumed that filtration is evenly distributed over the screen area.
Separation from outer edges and global wake effects are neglected.

It is useful to relate the force coefficients to the projected area
of the screen in the direction of the incident flow. The relationship
between the total screen area Ascreen and the projected area A0 for
an inclined plane screen is given by

Ascreen

A0
¼

1

sina
ð10Þ

The force coefficients associated with u0 are K for the force
normal to the screen and Tg for the force parallel to the screen, cf.
Eqs. (5) and (6). However Tg only includes tangential stress due to
streamline deflection. There will also be a frictional stress Tf along
the screen proportional to the square of the velocity component
parallel to the screen. From Fig. 3 it follows that the average
absolute velocity across the screen for a flow passing at an angle g
to the normal is u0 sin(a+g), and that the component of this
absolute velocity along the screen is u0 sin(a+g)cos(p/2�g).
Hence the total tangential force coefficient will be of the form
Tg+Tf sin2(a+g)cos2(p/2�g). For the limit case g=0 the flow passes
normally through the screen, and there is no tangential velocity or
frictional stress while Tg attains its maximum value. For the other
limit case g=(p/2�a) there is no deflection, hence Tg=0 while the
frictional stress coefficient becomes Tf cos2(a).

The drag force on the inclined screen can now be expressed by
the pressure drop and tangential stress coefficients associated
with u0 as given below

FD ¼
1

2
ru2

0Ascreen

�
K sinaþðTgþTf sin2

ðaþgÞcos2ðp=2�gÞÞcosa
�
ð11Þ

FD

ð1=2Þru2
0A0
¼ K sinaAscreen

A0
þðTgþTf sin2

ðaþgÞcos2ðp=2�gÞÞcosaAscreen

A0

¼ Kþ

�
TgþTf sin2

ðaþgÞcos2ðp=2�gÞ
�

tana ð12Þ
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Fig. 4. Sketch of flow through and around a conical net.
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For U the available coefficient from the literature is CN(K), e.g.
as given by Eqs. (8) and (9), and represents the force normal to the
screen. The tangential force coefficients associated with U must be
included separately. For want of explicit coefficients we now
argue that the each type of force must have the same value
whether it is associated with U or u0, and that corresponding force
coefficients can be related by the filtration efficiency F. By this is
meant that although Tg and Tf are basically associated with u0,
they can also be associated with U if multiplied by F2. This also
implies that we assume that filtration is governed by the pressure
drop and that considering only K and CN will also yield a
reasonable approximation for F, cf. Eq. (16). However, for small
angles of attack the tangential forces will be of greater relative
importance both for the drag and the filtration, hence the
tangential terms should be retained.

The drag force can now be expressed in terms of U as in Eq.
(13), yielding Eq. (14) as an approximate model for the drag
coefficient CD(K, Tg, Tf, y) for the inclined screen. The correspond-
ing lift coefficient for the screen is given by Eq. (15)

FD ¼
1

2
rU2Ascreen

�
CNðKÞ sinaþF2ðTgþTf sin2

ðaþgÞcos2ðp=2�gÞÞcosa
�
ð13Þ

CD ¼
FD

ð1=2ÞrU2A0

¼ CNðKÞ sinaAscreen

A0
þF2ðTgþTf sin2

ðaþgÞcos2ðp=2�gÞÞcosaAscreen

A0

¼ CNðKÞþ
F2
�

TgþTf sin2
ðaþgÞcos2ðp=2�gÞ

�
tana ð14Þ

CL ¼
FL

ð1=2ÞrU2A0
¼

CNðKÞ

tana �F2ðTgþTf sin2
ðaþgÞcos2ðp=2�gÞÞ ð15Þ

Combining Eqs. (12) and (14) now yields the implicit relation
Eq. (16) for the filtration efficiency of an inclined plane screen. Eq.
(16) must be solved iteratively since K is a function of the actual
Reynolds number at the screen and therefore depends on F. For
the limit case a=01 we obtain CN(K)-0 and F-1, and for a=901
we obtain Tg cosa-0, F-O(CN/K) and CD=CN

F ¼

ffiffiffiffiffiffi
u2

0

U2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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ðaþgÞcos2ðp=2�gÞÞ=tana
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vuut
Fi ¼ f Red;i�1 ¼

ðFi�1U sinaÞd
u

� �
ð16Þ

5. Application of the model to conical nets

For a trawl or net section of general shape Eqs. (11)–(16) can
be integrated over the net area to give the overall filtration and
drag. For a circular net cone, however, axial symmetry and
constant taper angle implies that Eqs. (14) and (16) describe the
overall filtration and drag directly and that the lift force is zero, cf.
Figs. 3 and 4. For K0, K, Tg, g and CN we use the expressions given
by Eqs. (4)–(8). Løland’s model for CN is chosen over Koo
and James’ model because it is derived for two-dimensional
flow and therefore suited for application to cones and trawls,
recalling that Koo and James’ model is found to compare better
with flow past three-dimensional plane screens (cf. Section 3).
The value of Tf is difficult to specify with any accuracy. Wang and
Matuda (1988, see O’Neill and O’Donoghue, 1997) find that
Tf=0.02–0.04 for diamond-meshed netting with low mesh
opening angles, i.e. relatively low porosities. Although their
results probably apply to coarser netting than typical plankton
netting, and it is unclear if they also include tangential stress due
to deflection, we assume that Tf=0.02 is a reasonable choice for
the frictional stress coefficient. Tf is likely to increase with
increasing roughness and decreasing Reynolds number, i.e. with
increasing twine diameter and angle of incidence a (i.e.
decreasing length of net) and decreasing velocity. Clogging and
end effects, e.g. due to accumulated catch in the cod-end, are not
considered here. The former may be accounted for by reducing
the net area or as suggested for dirt build-up by Brundrett (1993),
while the latter will have little influence on the upstream flow
except in the vicinity of the catch in most cases.

The ratio between the open mesh area and mouth area of a
circular net cone of constant taper ratio and porosity is RA=b/sina,
cf. Eq. (10). Fig. 5 shows how the filtration efficiency varies with RA

and U according to Eq. (16), for a conical net with typical plankton
mesh parameters. It shows that the common design
recommendation for plankton net samplers cited in Section 2, i.e.
that RA should be greater than 3–6, is indeed reasonable and
sufficient in many cases. However, the figure also shows that this
approach may be misleading, e.g. when the Reynolds number is low.
6. Comparisons with measurements

In Figs. 6–15 Eqs. (14) and (16) are compared with
measurements from Enerhaug (2005), who tests eight different
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nets at three current velocities U=0.13, 0.58 and 0.83 m/s in a
flume tank 8 m wide, 2.7 m deep and 21.3 m long. The flume tank
has a bottom conveyor belt running at the same speed as the
nominal water velocity, hence avoiding a bottom boundary layer.
The nets are made out of synthetic monofilament fabric with
square mesh openings 143mmrmo950mm, twine thicknesses
105mmrdo315mm and porosities 0.23mmrbo0.57mm. All
nets have a mouth diameter of 0.8 m. The taper angle a varies
from 4.51 to 151, hence the lengths of the nets vary from 1.5 to
5.1 m. The nets are centred at a cross-section of the tank, with the
net mouth at the same longitudinal position for all nets, and kept
in place by a system of pre-tensioned lines. The circular front
openings of the nets are ensured by stiff circular hoops 8 mm
thick and 30 mm wide. Velocities are measured by a Höntzsch

Vane Wheel at several locations at the cross-section of the net
mouth, inside and outside the mouth, as well as at one position
upstream of the net and at one position inside the net at 3/4 of the
net length, both approximately at the centreline of the net. The
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mouth velocity u0 in Enerhaug (2005) is taken as the average of
the measured velocity at three different positions at the cross-
section of the mouth and a distance O2/2 R from the centre of the
mouth, i.e. as the average from three different positions along the
dashed line in Fig. 1. The undisturbed velocity is taken as the
average of the velocities measured at the exact same positions
without any cone in the tank, hence assuming reproducibility
rather than flow uniformity. Only the in-line (x) component of the
velocity is measured. The drag is found from load cells in each line
after subtracting the pre-tensioning in the lines.
Figs. 6 and 7 show how the filtration and drag vary with taper
angle and velocity for four nets with equal mesh parameters but
different taper angles. The parametric model compares well with
the measurements, except for the filtration efficiency at the
intermediate velocity U=0.58 m/s and the drag coefficient at the
lowest velocity U=0.13 m/s. In the former case the measured
filtration efficiencies vary in an apparently inconsistent manner,
while in the latter case the measured drag coefficients are
distinctly higher than the calculated ones. Qualitatively the
calculated values behave reasonably. Figs. 8 and 9 show how
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the filtration and drag vary with velocity for two nets of equal
porosity (b=0.57) and taper angle (a=61) but with different twine
thicknesses. The parametric model compares well with the
measurements for the filtration. For the drag coefficient the
model agrees well with the measured one for the thinner twine
d=105mm at the two higher velocities, but underestimates it for
the thicker twine. For the lowest velocity the drag coefficient is
underestimated for both twine thicknesses. Figs. 10 and 11 show
how the filtration and drag varies with velocity for four nets of
equal taper angle (a=61) but with different porosities and twine
thicknesses. Again the comparison is quite good for the filtration,
but with some discrepancy for the case b=0.57, d=305mm. The
model also compares quite well with the measured drag
coefficients at the two higher velocities, except for the net with
b=0.57 and d=305mm, for which it underestimates the drag
coefficient. This is the same case as is underestimated in Fig. 9.
Figs. 12 and 13 show how the filtration and drag vary with
velocity for two nets of equal taper angle (a=91) but with different
porosities and twine thicknesses. The calculated filtration effi-
ciencies are somewhat higher than the measurements, but
qualitatively the comparison is good. The calculated drag
coefficients compare quite well with the measured ones for the
two higher velocities but are underestimated for the lowest
velocity. Fig. 14 shows the same cases as Fig. 6, except that the
tangential forces are neglected when calculating the filtration
efficiency. It shows that the tangential terms have little influence
on the filtration in this case, even though they constitute most of
the total drag, cf. Fig. 15. The calculated filtration efficiency is
slightly reduced when neglecting the tangential terms. Finally,
Fig. 15 shows that the drag for these nets in this taper range is
governed by the streamline deflection, except at low taper angles
where friction becomes important. At higher taper angles CN will
dominate the drag.

It can also be noted that the drag measurements show a small
but consistent increase in CD as the velocity increases from
U=0.58 to 0.83 m/s in Figs. 9, 11 and 13, while the parametric
model predicts a slow decrease except for the low porosity case
b=0.23 in Fig. 11. The drag measurements further show a distinct
increase in CD as the velocity decreases from U=0.58 to 0.13 m/s.
The parametric model shows a similar behaviour, except for the
low porosity case b=0.23 in Fig. 11, until UE0.1 m/s where CD

drops off towards a value of about 1.5 as U-0.
7. Discussion

As cited in the introduction, Tranter and Heron (1967) state
that ‘‘contrary to common belief’’ the filtration efficiency of both
coarse and fine nets decreases with decreasing velocity. The
blockage effect in trawls has for long been debated in the fisheries
research community as well as among fishermen, and it is still a
common perception that blockage generally increases as towing
velocity increases. One likely reason for this is that while square-
meshed plankton nets maintain their form and porosity well as
the towing velocity and tension in the netting changes, other
effects come into effect for more deformable (and common) mesh
and net geometries. For instance, the porosity of a traditional
diamond-meshed trawl section may decrease as towing velocity
increases due to stretching and closure of meshes, in particular in
cod-ends and extension pieces where the drag of the accumulated
catch governs the net geometry (O’Neill and O’Donoghue, 1997).
This may very well reduce the filtration efficiency in this part of
the trawl. However, the global geometry and front opening of a
traditional trawl may also change as towing velocity changes, so it
is not straightforward to evaluate if changes in e.g. catch
efficiency experienced by fishermen should be ascribed to a
geometry change itself or to changed flow conditions due to the
changed geometry. For plankton nets, clogging of the net walls
may strongly influence filtration, and the clogging rate also varies
with velocity. Fig. 5 shows that the design recommendations
commonly used for plankton net samplers are indeed reasonable,
but also that they may result in low filtration efficiency if used for
very low Reynolds numbers and excessive drag, and in impractical
design if used too conservatively.

The parametric model presented in this paper is compared
with measurements of filtration and drag in Figs. 6–15. For the
filtration the qualitative agreement is generally good while
quantitatively the parametric model tends to overestimate
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filtration in some cases. For the drag coefficient the comparison is
also reasonable, but with three distinct discrepancies.

First, while the predicted drag coefficients compare well with
the measured ones for U=0.58 and 0.83 m/s, except for the case
b=0.57 and d=305mm in Figs. 9 and 11, they are clearly lower
than the measured ones for U=0.13 m/s. In the experiments the
cones were pre-tensioned to maintain their form and orientation
and to prevent dynamic variations during the test, and this
tensioning force was then subtracted from the measurements.
The pre-tensioning was equal for all three values of U. However,
while the pre-tensioning was much less than the measured drag
for U=0.58 and 0.83 m/s, it was higher than the measured drag for
U=0.13 m/s. Hence the relative uncertainty in the measured
values is considerably higher for U=0.13 m/s than for the other
two velocities. Also, the drag due to the stiff hoop maintaining the
front opening of the nets is not subtracted from the measured
values, but it is estimated to constitute approximately 3% of the
drag.

Second, the theoretical model predicts increasing drag coeffi-
cient with decreasing velocity, until the towing velocity drops
below UE0.1 m/s where CD drops off towards a value of about 1.5
as U-0. This predicted drop occurs at lower velocities than were
studied in the experiments. If the drag coefficient in reality
increases consistently with decreasing towing velocity and at the
rate suggested by the measurements, the drag coefficient at e.g.
U=0.01 m/s will be quite high. However, as the towing velocity
decreases the filtration also decreases and the flow will eventually
resemble that past a solid cone, for which the drag coefficient is
1.2–1.4 for ReD4104 (Hoerner, 1965; White, 1988). Here ReD is
the Reynolds number for a solid cone based on mouth diameter
and undisturbed flow velocity. Therefore the transition of CD at
low U towards a value comparable to that for a solid cone is
indeed physically reasonable, also for the low porosity case
b=0.23 in Fig. 11. An increase in the drag coefficient for a solid
cone would not start to take place until ReD drops below 104, i.e.
for Uo0.0125 m/s for a mouth diameter of 0.8 m. This latter effect
is not included in the present model, nor are separation or global
wake effects.

Third, the theoretical model appears to overestimate the effect
of the Reynolds number on the drag coefficient for the case
b=0.57 and d=305mm, cf. Figs. 9 and 11, i.e. it underestimates CD

in this case. One possible reason for this is that a thicker twine
implies a higher roughness and tangential friction force, while the
theoretical predictions are based on a constant friction coefficient
TfE0.020. However, although this may explain some of the
discrepancy, the tangential friction is relatively modest for a=61
(cf. Fig. 15). The present authors believe that a more likely
explanation can be found in the Gibbings’s model (Gibbings,
1973) for the flow deflection g, cf. Eqs. (6) and (7). This model has
not previously been verified for ao451 and it seems plausible to
assume that twine thickness may affect flow deflection and
associated tangential force to a greater extent for small angles of
incidence than accounted for in this model.

Also, the model predictions do not exhibit the small increase in
CD from U=0.58 to 0.83 m/s seen in the measurements in
Enerhaug (2005), cf. Figs. 9, 11 and 13, except for in the low
porosity case b=0.23 in Fig. 11. It remains unclear if this may be
due to measurement uncertainties, since relatively small un-
certainties in the measured velocity will lead to greater relative
uncertainty in the normalized drag coefficient, global wake effects
being neglected in the parametric model, or due to the limited
accuracies in the simplified parametric model. Accuracy in all
cases of course depends on the invoked models for K0, K, CN, g and
Tf. The uncertainty in the model for g seems to be of particular
significance, considering its relative contribution to the total drag
force, cf. Fig. 15.
Hence, some uncertainty remains regarding the drag coeffi-
cient predicted by the present model. For the filtration efficiency,
however, the model performs well irrespective of the uncertain-
ties for the drag coefficient. The reason for this is that the
filtration is governed by the pressure drop, while the tangential
forces only have a secondary effect on the filtration even if they
may govern the total drag, cf. Eq. (16) and Figs. 14 and 15. This
indicates that the pressure drop K and associated force CN(K) are
well predicted by the model, and that the uncertainties for the
drag coefficient are mainly related to the tangential forces.
Consequently, and importantly, the filtration efficiency of an
inclined screen or three-dimensional net cannot easily be derived
from drag measurements alone.
8. Conclusions

This paper presents a parametric model for the flow through
and forces on inclined permeable screens based on pressure drop
considerations. For conical nets the model provides simple
expressions for the filtration efficiency and drag as functions of
twine diameter, mesh opening, porosity, taper angle and flow
(towing) velocity.

Comparisons with experiments with fine-meshed plankton
nets show good agreement between predicted and measured
filtration efficiencies, demonstrating among other things how the
filtration efficiency for a square-meshed conical net increases
with increasing velocity and porosity and decreasing netting
angle to the flow. The agreement between predicted and
measured drag is also reasonable but not equally consistent,
likely due to lack of sufficiently accurate models for flow
deflection and tangential and frictional forces at low angles of
attack. Since filtration is governed by the pressure drop and the
tangential forces only have a secondary effect on filtration, there
is no conflict between the results for the filtration efficiency and
the drag. Another useful conclusion is thus that filtration
efficiency cannot easily be derived from drag measurements
alone.

Hence the theoretical model presented here provides a simple
and reasonably accurate tool for predicting the filtration efficiency
of plankton nets and trawls and how it varies with the towing
velocity and net parameters. To get an equally reliable model for
the drag force it seems necessary to develop improved models for
flow deflection and friction coefficients, especially for low angles
of attack.
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