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Abstract
To avoid exceeding the Chinook salmon (Oncorhynchus tshawytscha) bycatch
limit in the North Pacific walleye pollock (Gadus chalcogrammus) trawl fisheries, a novel bycatch reduction device design was developed to permit escapement from the trawl before entering the codend (an ‘excluder’). An observation
made from previous salmon excluder trials is that the escapement rate of salmon
was higher for lower towing velocities. In addition, salmonids are known to react to changes in water velocity and tend to orient toward areas of low velocity.
Therefore an excluder was designed with the aim of facilitating escapement and
attracting salmon to the escape area by generating low flow velocity regions.
The flow field in and around the excluder design was analysed using ‘Reynolds
averaged Navier-Stokes’ (RANS) computational fluid dynamics methods. A porous medium approach was used to represent the netting in order to simplify
flow simulations. Based on the simulation results, configurations for a 1:2 scale
excluder model were selected for testing in a flume tank. Simulation and measurement results showed qualitatively good agreement.
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Introduction
In the commercial walleye pollock (Gadus chalcogrammus) fisheries in the Gulf
of Alaska and Bering Sea and Aleutian Islands, bycatch allowance of Chinook
salmon (Oncorhynchus tshawytscha) is limited and exceeding this amount has
the potential to close the pollock fishery every year (Fissel et al. 2016). Given
that total annual catch of pollock is over a million metric tons (Ianelli et al.
2013, Witherell & Armstrong 2015), ways to reduce salmon bycatch are urgently sought.
Behavioural differences between salmon and pollock may allow for the implementation of a bycatch reduction device (BRD) in the trawl that allows most of
the salmon (bycatch species) to escape while retaining most of the pollock (target species). It was observed that pollock rarely swim forward in the trawl or only do so for short distances, while salmon have been observed actively swimming forward in a towed trawl (Gauvin & Paine 2004). To use this difference in
behaviour to increase salmon escapement, a BRD requires an escapement portal
that is accessible to salmon swimming in the direction of tow, and that the trawl
is towed at a velocity that correlates to the swimming abilities of salmon. Following this approach, several ‘salmon excluder’ designs have been tested with
mixed success (Gauvin & Gruver 2008, Gauvin et al. 2011, Gauvin et al. 2013,
Gauvin et al. 2015). Notable in the results of these excluder trials is a trend of
higher escapement rates with slower towing velocities. Trial tows in the Bering
Sea were conducted at speeds of 1.5 to 2.2 m/s and in the Gulf of Alaska at
speeds of 1.3 to 1.5 m/s (Gauvin 2016). Given that the cruising speed of adult

salmon is approximately 1.2 m/s (Bell 1991) suggests that the towing speed of
the trawl is too fast to achieve desired salmon escapement rates. However, a
slower towing speed might result in poor gear performance for catching pollock
(Gauvin 2016). Thus, we proposed to increase the efficacy of the excluder by
reducing the local flow velocity in the area of the escapement portal while maintaining the towing speed of the trawl to allow for improved salmon escapement
with minimal loss of pollock.
In the shrimp trawl fishery it is established practice to facilitate escapement of
bycatch species using slack water areas in proximity of escapement portals
(Engås et al. 1999, Eayrs 2007, Cha et al. 2011, Parsons et al 2012). However,
catch per haul in the shrimp fishery is in the order of 100 kilograms (He et al.
2007); whereas, the catch per haul in the pollock fishery is in the order of 100
metric tons (Gauvin & Paine 2004). Given this difference in scale, a transferable
mechanism to generate slack water in and around an escape portal is not readily
available for the pollock fishery.

Figure 1
Initial salmon excluder concept, highlighting key elements of the design and intended placement in the trawl.
A new salmon excluder concept was proposed by authors Yochum and Stone for
the North Pacific walleye pollock fishery. It consists of a net funnel, an escapement sector, and a kite-spread collector area (Figure 1). The forward section of
the excluder and the collector are connected via ropes that encircle the funnel
and escapement sector. The two sections are also connected by way of the four
riblines that extend through the entirety of the trawl, including through the funnel. The load introduction in the front part of the excluder section is realized via

a sleeve at the start of the funnel. The funnel and sleeve are designed to create a
wake region (i.e., low flow) in the escapement sector, which should facilitate
(and permit) the salmon to escape out of the trawl.
The choice of netting material for a given funnel geometry is critical to generate
the desired change in water velocity in the escapement area, while also preventing reduced flow and, therefore, catch accumulation in front of the funnel. Consequently, flow simulations with Reynolds-averaged Navier-Stokes (RANS)
methods were completed to investigate the flow field in and around the excluder
using different netting types for the funnel (i.e., twine and mesh size) and configurations. A porous medium approach was used to simplify the netting in the
flow simulation, and the netting was assumed to be rigid.
An experiment with a 1:2 scale excluder model was carried out in a flume tank.
Measurement of flow during the experiment allowed verification and description
of the intended areas of low flow in the excluder model, and a numerical simulation of the flow was compared to the measurements to assess reliability of the
simulation.

Methods
Porous Medium Approach
RANS methods are widely used and well documented for solving engineering
flow problems (e.g., Pope 2009 or Ferziger & Peric 2002). However, RANS
flow simulations of nets and trawls require simplifications. The computational
cost to resolve every mesh of the netting is too high to solve using existing computers or clusters. A practical approach was proposed by Patursson et al. 2010.
For this approach, the meshes of the netting are not resolved; instead a ‘porous
medium’ is implemented that replicates the hydrodynamic properties the netting
exerts on the fluid. According to Taylor & Batchelor 1949, the hydrodynamic
properties to be identified are a pressure loss over the netting and a flow deflection induced by the netting. Following Schubauer et al. 1950, the flow deflection
may be described by a tangential stress.
For the implementation of a porous medium, the incompressible Navier-Stokes
equation (summation notation) is extended by a source term Si
ui  ui u j 
 2 ui 1
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t
x j
x 2j 
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where ui xi , t , u j x j , t  for i, j  1, 2, 3 denote the velocity components and xi , x j
for i, j  1, 2, 3 denote the directions of the coordinates. In Fi the external force

and pressure forces are grouped together. The source term Si represents a stress
(or pressure)  i per distance and has to be determined for every direction xi .
The porous medium approach was adapted by various scientists (Breddermann
2011, Zhao et al. 2013, Bi et al. 2014, Breddermann 2015, Breddermann 2017)
for flexible marine structures like aquaculture sea-cages and plankton nets. Differences in the approaches pertain to how the hydrodynamic properties of the
netting are taken into account and limitations in the application to complex geometries.
Patursson et al. 2010 and Zhao et al. 2013 used experimental data to determine
the source term. However, their approaches were limited to cases where the angle between incident flow direction and net panel or object was known in advance. Bi et al. 2014 enhanced the above mentioned approaches and introduced
a transformation matrix to allow for more complex shaped geometries with net
panels oriented at arbitrary positions. This transformation is applied between a
global coordinate axis and the normal vector of the net panel. This gives only an
estimate of the true angle of attack of the net panel, which creates inherent error
in the source term.
Breddermann 2017 presented a transformation that takes into account incident
flow direction and net panel orientation. Computation of the flow requires the
source terms to be in a global coordinate system that is associated to the flow
solver with the directions global xi . However, the hydrodynamic properties of a net
panel (e.g., pressure loss over the panel and flow deflection or lift and drag coefficient of the panel) are given in a local coordinate system aligned to the net
panel, Figure 2.

Figure 2
Local coordinate system aligned to the net panel [Breddermann 2017].
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where k is a dimensionless pressure loss coefficient, cl is a linear pressure loss
coefficient, and cq is a quadratic pressure loss coefficient. The stresses in the
tangential direction may be expressed according to Vaisman & Gol'dshtik 1978
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where S denotes the solidity of the netting and  is an anisotropy coefficient.
Deducing k and  from given lift and drag coefficients from netting is uncomplicated. Also, the expression proposed for local i may change as required to fit
data at hand for netting material.
As can be noted from Equations 3 and 4 for the calculation of the local source
terms, the local velocities are required. Because the fluid solver provides the velocities in its global coordinate system, a further transformation is necessary.
Switching to vector notation,
 globalS1 


global
S   globalS 2  ,
 globalS 3 
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the necessary transformations are expressed as follows:
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T denotes the transformation matrix for which
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holds true and is given by
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The components of the normal unit vector of the netting panel are denoted by ni ,
and t Ai and t Bi denote the components of the unit vectors tangential. The normal
unit vector and its components are usually provided by the fluid solver. The first
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The second tangential unit vector is constructed by a rotation of the first tangential vector by  2
tB  R t A .

(11)

For the rotation of  2 , the rotation matrix R is given by
 n12

R  n2 n1  n3
n3 n1  n2


n1n2  n3
2
2

n
n2 n3  n1

n1n3  n2 

n2 n3  n1 
n32 

(12)

and it follows for t B
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At this point all necessary components of the transformation matrices are identified. The fluid solver used for this study was ANSYS CFX and the above equations have been implemented in a "CFX Expression language (CEL)" routine.

Table 1
Domain specifications.
Type

1:1 scale excluder
1:2 scale flume
tank configuration

Geometry Domain shape
Domain size
No. of grid
modelled
(length x extent) elements
[m]
x106
quarter
quarter of cyl- 100 x radius 25
7.6
inder
half
cuboid
50 x 4 x 4
12.3

Table 2
Netting specifications.
Section of device

1:1 scale excluder, funnel,
Ultracross netting,
1:1 scale excluder, funnel,
Eurocross netting
1:1 scale excluder, funnel,
Ultracross netting
1:1 scale excluder netting
1:2 flume tank configuration, forward section and
funnel
1:2 flume tank configuration, sleeve, collector, intermediate section between
excluder
and
codend
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Computational Set Up
Two computational domains were set up for this study. One was based on a preliminary net plan of the excluder in 1:1 scale. The number of meshes were converted to dimensions assuming a constant hanging ratio of 0.3. The simulations
served to assess the excluder design in general and to determine the effect of different funnel nettings on the flow field. Flow simulations were conducted prior
to the experiments in the flume tank. The second set up was modelled to replicate the 1:2 scale configuration that was tested in the flume tank and thus served
for validation purposes. The netting material was assumed to be rigid; changes
in the netting geometry due to fluid loads were not considered. The domains as

well as the boundary conditions are depicted in Figure 3. The domain specifications are given in Table 1. Specifications of the netting are given in Table 2. The
pressure loss coefficient k ( cl and cq , respectively, Eq. 3) and the anisotropy
coefficient  for the nettings were deduced by the expression for lift and drag
given in Løland 1991:
cdrag  0.04   0.04  S  1.24  S 2  13.7  S 3  cos in ,

(14)

clift  0.57  S  3.54  S 2  10.1  S 3  sin 2in .

(15)

In the simulations fresh water was selected as the fluid. The inlet fluid velocity
for the 1:1 scale excluder section was 1.8 m/s and 0.91 m/s for the 1:2 scale
flume tank configuration.

Figure 3
Computational domains. On the left side the 1:1 scale excluder section is depicted. Not marked is the opening boundary condition. On the right the 1:2 scale
flume tank setup is depicted. Not shown are the side (wall boundary condition)
and the top (opening boundary condition).
Flume Tank Experiments
Experiments were conducted in the flume tank of the Fisheries and Marine Institute of Memorial University (Winger et al. 2006) in March 2019 to test the
salmon excluder design (Figure 4). The flow velocity was approximately 0.91
m/s. Velocity readings were taken at several transects in the excluder section
with a Valeport Electromagnetic Current Flow Sensor (Model 802, 3.2 cm discus) mounted at an hand-held probe support.

Figure 4
1:2 scale excluder in the flume tank.

Results
To evaluate the effect of different funnel netting, velocity information was sampled at three transects depicted in Figure 5: in front of the funnel in the netting
tube, at the funnel entrance and at the funnel exit. The velocity data was normalized by the undisturbed inlet velocity and is given in Figure 6. Figure 7 provides
a comparison of the results from the simulation and flume tank experiments. The
velocity data is normalized by the flume tank velocity.

Figure 5
Sampling positions to collect water velocity data within the excluder.

Figure 6
Velocity profiles at positions depicted in Figure 5.

Figure 7
Starting points of arrows mark the sampling positions. Top: Velocity readings of
the flume tank experiment normalized by the flume tank velocity. Bottom: Results of the CFD simulation normalized by the inlet velocity. Numbers denote
the deviation in percent to the flume tank experiments. Negative values indicate
a slower velocity in the simulation result.

Discussion
Fluid simulation and flume tank experiments showed that the proposed salmon
excluder concept is successful from a hydrodynamic point of view. The desired
wake region develops around the funnel, where salmon escapement is intended,
and the flow field at the funnel entrance is not slowed down considerably. The
graphs in Figure 6 indicate that there is no major difference in the flow field of
the Eurocross and Ultracross netting options that were simulated with the solidities of approximately 0.3. According to the formulation of Løland (Eqs. 14 and
15), it is the solidity which governs the hydrodynamic properties. Thus, differences are not expected. The use of the Ultracross netting with a solidity of 0.5
results in a more pronounced deceleration of the flow at the funnel entrance,
which may increase the likelihood of catch accumulation in front of the funnel.
At the funnel exit, the flow fields are similar again and accelerated in comparison to the undisturbed flow velocity.
Comparing the wake region around the funnel in Figure 7, the flow simulation
overestimates the change in water flow in the desired wake region (i.e., predicts
slower water than was observed in the flume tank). Because the flow velocity in
the center is in good agreement with the measurement, we conclude that the
flow rate in and out of the funnel and through the funnel netting is predicted reasonably. However, since the extent of the wake region is overestimated, it seems
that the flow through the netting is deflected more than predicted. Hence, it is
assumed, that the anisotropy coefficient  , which will affect the flow deflection,
is not well captured. Furthermore, it is assumed that the opening of the meshes
and hence, the solidity, is fixed for the complete net. This simplification might
not be reasonable because the opening of the meshes might differ considerably
according to the loads acting on the mesh. Since the opening of the meshes governs the solidity and in succession the hydrodynamic properties, it is of importance to develop the presented porous medium approach further and include
the solidity as a local variable.

Conclusion
Computational fluid simulations showed qualitatively good agreement with
measured data collected in the flume tank. These results will help chose appropriate netting prior to the construction of the excluder for full scale trials or
model tests. However, quantitatively the measurement and simulation results
differed noticeably. To capture the flow deflection more accurately, experiments
to determine lift and drag of net panels are necessary. These data will help validating if the formulations used are applicable to the netting investigated.

A future task should be the further development of the porous medium approach. Extending it by a local solidity, the fluid solver and a structural solver
can be coupled, where the structural solver predicts shape and solidity based on
a simulated flow field. Processing the structural and the fluid solver in a loop
will result in a more realistic approximation of the investigated net and flow
field.
Disclaimer: The scientific results and conclusions, as well as any views or opinions expressed
herein, are those of the author(s) and do not necessarily reflect those of NOAA or the Department of Commerce.
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