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Abstract
The netting of the fish farm, with biofouling or not, was simulated using the porous-media fluid model. The porous
coefficients for both clean and biofouled netting were calculated from the drag and lift forces that acts on corresponding clean
or biofouled plane net, consequently the relationship between the porous coefficients and the features of the netting as well as
the biofouling is established. In this study, both constant and tidal currents through a fish farm, consisting of 2×4 full-scale net
cages, were investigated numerically. Effects of cage height, incidence angle of the current and level of biofouling on the
netting on the flow field in vicinity region of the fish farm were presented and discussed. Compared with constant current,
tidal current produces different flow pattern downstream from the fish farm. Overall, the height of the wake region
downstream from the fish farm increases with increasing cage height. The attenuation in flow velocity both inside the net cage
and in the wake region increases as the level of biofouling increases. With respect to the incidence angle of the tidal current,
the optimal orientation of the fish farm can be determined in certain tidal current from an ecological perspective.
Keywords: Net cage, biofouling, tidal current, flow field, numerical simulation.

Introduction
China has become the b iggest exporter of aquatic
product in the world owing to the rapid expansion in
its fish production particularly fro m aquaculture
(FAO, 2014). To ensure a steady supply of aquatic
products, efforts must be paid to aquaculture in fish
farm. The environmental conditions inside and around
the fish farm are important for the welfare and
development of the fish. The optimal locality fo r fish
farming should provide optimal water quality for the
caged fish, ensure sufficient water exchange through
the fish farm and minimize environ mental impacts,
such as the erosion of the bottom sediment. Therefore,
shifting the aquaculture in fish farm fro m inner bay to
offshore is becoming inevitable trends. When
deployed in offshore, the fish farm tends to be
exposed to the tidal current instead of the constant
current (Cornejo, Sepúlveda, Gut iérrez, & Olivares,
2014; Wu et al., 2014; Xu, Hou, Dong, Zhao, & Guo,
2017). Thus, the study on tidal currents through the
net cages is of great importance.
Similar to other marine structures, the netting of
the net cage in fish farm suffers fro m the effects of
biofouling in the open sea (Figure 1). Biofouling, the
accumulat ion of marine organis ms, is prone to lead ing

to rapid occlusion of the netting mesh (Braithwaite,
Carrascosa, & McEvoy, 2007), which may causes the
following disadvantages: i) biofouling communit ies
acting as disease reservoirs can increase disease risk
to the farmed fish (Fitridge, Dempster, Guenther, &
de Nys, 2012), ii) the hydrodynamic forces acting on
the net cage are dramatically increased, which
increases the risk of structural failure and fat igue
damage of the net cage (Klebert, Lader, Gansel, &
Oppedal, 2013), iii) the biofouled netting is easily
deformed in currents and thus causes negative effect
on the effective volu me for the farmed fish and iv) the
attenuation of currents through the net cage is
increased, which decreases the water exchange and
oxygen supply inside the net cage. The water flow
inside and around the fish farm is critical fo r efficient
and sustainable aquaculture production. Thus, the
investigation on flow through a fish farm in t idal
current has great significance for aquaculture.
A large nu mber of researches have been worked
on determining the flow field inside and around the
net cages. Aarsnes, Rudi, and Lø land (1990)
conducted a series of physical-model experiments to
investigate the flow velocity in net cages as well as
the drag force and the deformation of the netting.
Johansson, Juell, Oppedal, St iansen, and Ruohonen
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Figure 1. Images of the biofouled nettings of the net cage in fish farm.

(2007) found 33~64% attenuation in flow velocity by
field measurements at four fish farms. Harend za,
Visscher, Gansel, and Pettersen (2008) conducted
laboratory experiments with PIV (particle image
velocimetry) technique to study flow through the netcage models at varioius inclination angles.
Rasmussen, Patursson, and Simonsen (2015) studied
the wake structure of a fish farm in t idal current using
the acoustic doppler current profiler (ADCP) and the
minimu m water exchange velocity was found. A mong
the numerical works, Shim, Klebert, and Fredheim
(2009) presented the flo w field inside and behind a
net cage with various porosities using the porous ju mp med ia model. Zhao et al. (2013) p roposed a
numerical model based on a porous -media fluid
model and the flow fields around tandem net cages
were simu lated. Cornejo et al. (2014) nu merically
studied the flow-velocity distribution downstream
fro m a salmon farm in semidiu rnal current. Chen and
Christensen (2016) developed a numerical model
based on OpenFOAM to study steady current flow
through plane net panels and circular fish cages.
While, the above studies relate to flow through
the net cage or fish farm, there is paucity of research
taking the biofouling problem into account. Swift et
al. (2006) carried out field measurements with
1m×1m p lane nets accumulated by various amounts
of biofouling and the drag force acting on the
biofouled netting was discussed. Gansel, McClimans,
and Myrhaug (2012) conducted physical-model tests
on six cy lindrical nettings using PIV technique to
study the average flow fields around net cages with an
attempt to analyze the biofouling effect. Gansel et al.
(2015) measured drag forces on both clean and
biofouled nettings in laboratory experiment and the
relationship between net solidity and drag was
assessed. Lader et al. (2015) performed field tests to
investigate the growth characteristics of hydroids
growing on a net and conducted laboratory
experiments to study the hydrodynamic drag on the
fouled twines by using fabricated models of net
twines with artificial hydroid fouling. Through the
review of literature, there is paucity of dedicated and
conclusive study on the flow field around the
biofouled netting. Hence this study aims to investigate
the flow field a round a fish farm consisting of 2×4
full-scale net cages. Three scenarios were considered:
(i) net cages with various heights in both tidal and

constant currents; (ii) net cages with various levels of
biofouling in a semi-diurnal current and (iii) biofouled
net cages in various incidence angles in a semidiurnal current.
Description of Numerical Model
In this study, a three-dimensional nu merical
flu me was built mainly based on the Navier-Stokes
equations with the capacity to generate constant
current, semi-diurnal and diurnal t ides. Both the clean
and biofouled netting of the net cage were simu lated
using the porous-media flu id model. Described by the
same set of governing equations, the net-cage model
and the numerical flume can be coupled.
Governing equations review
In the present numerical model, the governing
equations comprises the Navier-Stokes equations
coupled with the realizable k–ε model, wh ich have
been described in details in our previous studies (Bi,
Zhao, & Dong, 2015; Zhao et al., 2013), thus a brief
review is given here. Navier-Stokes equation are




ui
0
xi

(1)

  uiu j 
 u u 
ui
P


    gi 
   t   i  j   Si
t
x j
xi
x j
 x j xi 

(2)
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pressure; k represents the turbulent kinetic energy; u i
and u j are the average velocity co mponent,
respectively; gi is the gravity acceleration; i, j=1, 2, 3
(x, y, z); and S i is an addit ional item for the
description of both clean and biofouled netting.
The realizable k–ε model (Shih, Liou, Shabbir,
Yang, & Zhu, 1995) is introduced to close the
equations, where k equation is
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In the equations, Gk is the turbulent kinetic
energy generated by the average velocity gradient. Gb
and YM due to buoyancy and compressibility are not
necessary when modeling inco mpressible fluid with
no temperature fluctuations, hence Gb = 0 and YM = 0.
C2 , C1ε and C3ε are constants; S is the modulus of the
mean rate-of-strain tensor; σk and σε are the turbulent
Prandtl number; and S k and S ε are user defined source
terms. The model constants are C1ε = 1.44, C2 = 1.9, σk
= 1.0 and σε = 1.2 for the realizab le k–ε turbulence
model (Shih et al., 1995).
The governing equations are solved using
commercial code ANSYS FLUENT 15.0 where the
fin ite volume method (FVM) is adopt for
discretizat ion. The p ressure interpolation and
mo mentu m equation are discretized using secondorder upwind scheme. The iteration of coupling
between pressure and velocity uses the SIMPLEC
(Semi-imp licit Method for Pressure-lin ked Equationsconsistent) algorith m. In this study, the time step is set
to 200 s for the time discretization.
Net-cage model considering biofouling effect
A typical net cage comprises the float collar,
sinkers, mooring system and the netting which forms
the main space for aquaculture. As the most part of
the float collar is above the free surface of the water
and the sinkers and mooring system are relatively
small-scale co mponents. Thus, only the netting is
simu lated in this numerical model and the cylindrical
netting is divided into 16 plane nets around the
circu mference and one bottom net (Bi et al., 2015).
Both the clean and biofouled netting of the net cage
were simu lated using the porous -media flu id model
and the corresponding porous coefficients were
determined fro m the hydrodynamic forces acting on
the plane-net sheet which are correlated with the
features of the biofouled netting (Bi et al., 2015; Zhao
et al., 2013).
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The porous-media fluid model is a hypothetical
model that acts in the same way as the water-b locking
effect fo r both clean and biofou led netting by setting
the porous coefficients. Inside the porous media, S i is
calculated by the following equation:
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where Cij is given by
 Cn 0 0 
(7)
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where Cij is porous-coefficient matrices, Cn is the
normal-resistance coefficient, and Ct is the tangentialresistance coefficient. The source term fo r the
mo mentu m equation is zero outside the porous med ia.
It should be noted that the unit of the porous
coefficient is m-1 . The calculat ion process of the
porous coefficients for the net-cage model is listed in
Appendix A.
Numerical flume and boundary conditions
The coordinate system for the numerical model
is set as follows: x is positive along the flo w d irection,
y is perpendicular to the flow d irection on the
horizontal plane and z is upward (Figure 2). The
dimensions of the numerical flu me are 2000 m long,
1000 m wide and 50 m depth. The computational
domain is discretized with structured grid with a
resolution of 1~5 m inside and in the vicinity of the
fish farm.
Both the upstream and downstream boundaries
of the numerical flu me are described by the velocity
inlet which produce currents in opposite directions.
The flow velocity o f the semi-diurnal current is
imposed using UDF (user defined function) as the
following formula:
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where u m is the maximu m velocity and T is the

Figure 2. Computational domain of the numerical model and computational mesh around the net cages.
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period of the semi-diurnal current which is 12 h. The
water level is modeled using zero-shear-stress wall
without rise and fall, where two facts are considered:
i) the net cage is prone to floating on the free surface
and ii) the alternating current induces limited
variation in water depth with a lo w current velocity.
The bottom of the nu merical model is def ined as noslip-wall and the wall function is adopt to simu late the
viscous of the fluid near the surface. The lateral
boundary conditions of the numerical flu me are
described by zero-shear-stress wall boundaries.
Numerical Simulations
Tidal currents through a fish farm, co mprising
2×4 fu ll-scale circu lar net cages with a diameter (D)
of 40 m and a depth (H) of 25 m, are simulated. The
center-to-center spacing is 80 m (equal to 2D)
between two neighboring net cages. The flow fields in
the vicinity of the fish farm are d iscussed with
different cage heights, incidence angles of the current
and levels of biofouling on the netting.
Numerical model description
Both tidal and constant currents through the fish
farm with the incidence angle of 0° was investigated
numerically with different cage heights: H/h 0 =0.1,
0.3, 0.5, 0.7 and 0.9. Besides, tidal currents through
the fish farm at 0° were modeled with different levels
of biofouling. Tab le 1 shows the porous coefficients
for the netting model with a thickness of 1 m
corresponding to both clean and biofouled nettings.
The porous coefficients were mainly determined by
the field measurements of Swift et al. (2006) together
with the empirical formu las by Aarsnes et al. (1990),
which has been described in details in our previous
work (Bi et al., 2015). To analyze the effect of
incidence angle on the flow field, t idal currents
through the fish farm at 0°, 22.5°, 45°, 67.5° and 90°
were investigated numerically without considering the
effect of biofouling. All the numerical simu lations
were performed in a semi-d iurnal current for a
maximu m velocity of 0.1 m s −1 which is considered as
a low current velocity (Johansson et al., 2014). The
water depth (h 0 ) is 50 m.

Results and Discussion
Effect of Cage Height
Figure 3a presents the tidal current fields inside
and around the fish farm with different cage heights in

the ebb tide with a free stream velocity of 0.1 m s −1 .
As the net cages cover more and more water colu mn,
the height of the wake reg ion downstream fro m the
fish farm increases with increasing cage height.
However, there is no significant variation in the
length of the wake for different cage heights. In
contrast, the length of wake increases and the flowvelocity-reduction
region
shifts
downstream
progressively with increasing cage height in constant
current at 0.1 m s −1 (Figure 3b).
Due to the blockage of the netting, the flow
velocity continuously decreases in the flow direct ion
till the downstream boundary of the fish farm with
different cage heights in both tidal and constant
currents (Figure 4). Then, the flow velocity starts to
increase in the wake of the fish farm which is attribute
to the fluid recovery mechanis m. Overall, the flow
velocity inside the fish farm is insensitive to the cage
height in different conditions. For flo w velocity
downstream fro m the fish farm, the variation trend
shows no significant difference for different cage
heights and the maximu m reduction is ranging fro m
35.5% to 39.0% in tidal current. In contrast, the flow
velocity decreases progressively as the cage height
increases in constant current. The maximu m
attenuation in flo w velocity fro m 35.7% to 46.9% can
be found in the wake of the fish farm. For cage height
H/h 0 =0.1, there is noticeable fluctuation in flow
velocity inside the downstream net cages wh ich may
negatively impact the welfare of the fish.
The numerical results of flow velocity through
the fish farm in constant current are co mpared with
the results from fo rmulas derived by Løland (Aarsnes
et al., 1990) (Figure 4b ). The fo rmulas, based on
theoretical work co mbined with experimental data,
are as follows:
nc

u  u0  ri

(9)

i 1

where ri is the flow velocity reduction factor
which is given by

ri  1.0  0.46Cd

(10)

where n c is the number of netting for water flo w
through and Cd is 0.175 for the netting without
biofouling as shown in Table 1. The results show a
good agreement between the present model and
Lø land's formu la at various positions in the fish farm.

Table 1 Drag coefficients of the nettings and corresponding porous coefficients for different numerical cases
Case no.
1
2
3
4
5

Solidity
0.121
0.547
0.502
0.743
0.566

Biofouling level
No fouling
Light
M edium
Heavy
Extremely heavy

Cd
0.175
0.260
0.318
0.513
0.599

Cn (m−1)
0.197
0.307
0.388
0.708
0.881

Ct (m−1)
0.127
0.198
0.250
0.457
0.568
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(a) T idal current

(b) Constant current
Figure 3. Numerical results of flow fields within and around net cages with different cage heights on the vertical plane through the cage
center.
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(a) T idal current
(b) Constant current
Figure 4. Numerical results of flow velocity along the horizontal centerline of the net cages with different cage heights.

This provides confidence that the proposed numerical
model can simu late the flow field inside and around
the fish farm accurately.
Using the proposed numerical model, this study
also compares the non-dimensional flow velocity
downstream fro m the fish farm in constant current,
semi-diurnal and diurnal t ides with the same intensity
(Table 2). The flow-velocity reduction in constant
current was very large, fo llo wed by diu rnal tide, and
semi-diurnal t ide had the least effect. Thus, the flow
pattern around the fish farm can be different in
different current conditions.
The vertical d istributions of the tidal velocity are

shown in Figure 5, wh ich are strongly sensitive to the
variation in cage height. As expected, there is
noticeable attenuation in flow velocity inside the
downstream net cages with different cage heights.
Due to mass conservation, the flow velocity
progressively increases along the water depth and
then decreases after reaching the peak value. The
numerical results indicate that the net cage with the
height of H/h 0 =0.7 produces the maximal peak value
of flow velocity beneath the fish farm. When the cage
height reaches H/h0 =0.9, the attenuation in flow
velocity in the net cage is lo wer than that with other
cage heights and marginally increase in flo w velocity
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is observed beneath the net cage. This means that an
increase in the cage height plays an important role in
the flow velocity beneath the fish farm wh ich is
associated with the erosion of the seabed sediment
(Wu et al., 2014).

to the effect of positive wake (i.e. a high velocity area
upstream of the fish farm, defined by Cornejo et al.
(2014)). The attenuation in flow velocity is
pronounced, approximately 40%~60%, in the positive
tidal current as water passes through seven layers of
netting before reaches the monitored point. Ho wever,
much less reduction is observed during the inversion
of current direct ion because water passes through only
one layer of netting which produces much less
blockage.
To show horizontal changes in flow field under
tidal current, flow-velocity d istributions within and
around the net cages are plotted in the ebb tide with a
free stream velocity of 0.1 m s −1 . Figure 7 shows the

Effect of Biofouling on Fishing Net
Figure 6 shows the Eulerian record of t idal
velocity at the center of the most downstream net
cages. In all cases, the flow velocity inside the net
cage vary periodically corresponding to the tidal
current. After the first period, the flow velocity
increases marg inally in the t ime domain, wh ich is due

Table 2 Non-dimensional flow velocity u/um downstream from the fish farm in different current conditions.
Current condition
Semi-diurnal tide
Diurnal tide
Constant current

u/um
0.669
0.569
0.541

0

-0.2

z / h0

-0.4

-0.6
H/h0=0.1
H/h0=0.3
H/h0=0.5
H/h0=0.7
H/h0=0.9

-0.8

-1
0

0.2

0.4

0.6

0.8

1

1.2

u / um

Figure 5. Numerical results of flow velocity along the vertical centerline of the downstream net cages with different cage heights.
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Figure 6. Time-series comparisons of tidal velocity at the center of the downstream net cages with different levels of biofouling.
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flow field on the horizontal plane 12.5 m below the
water surface which is considered to represent the
flow pattern around the net cages. There are
noticeable flow-velocity reductions within and
downstream fro m the net cages at various levels of
biofouling. Overall, the attenuation in flow velocity
both inside the net cage and in the wake reg ion
increases as the level of b iofouling increases. In
contrast, the flow velocity increases between two
rows of net cages and at the flanks due to mass
conservation (Kristiansen & Falt insen, 2012),
resulting fro m the presence of the net cages. The
maximu m flow velocity could be raised by
approximately 23% between two ro ws of net cages,
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while it is appro ximately 13% at the flanks of the fish
farm. Overall, the higher the amount of biofouling,
the greater the effect on the flow field (Figure 8).
A non-dimensional flo w velocity u/u m is
introduced to describe the variation in tidal current
field which is defined as the rat io of a local flow
velocity to the free-stream velocity. As flo w through
the biofouled netting, the flow velocity continuously
decreases in the reg ion of fish farm but then increases
in the wake of the fish farm at various levels of
biofouling (Figure 9). The flow-velocity reduction
region (wake) extends for appro ximately 20 t imes of
cage diameter downstream fro m the fish farm in all
cases. It is intuitive that larger current velocity causes

Figure 7. Numerical results of flow fields within and around net cages with different levels of biofouling on the horizontal plane 12.5 m
below the water surface.
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Figure 8. Numerical results of flow velocity along the lateral centerline of the downstream net cages with different levels of biofouling.

Bi and Xu / Turk. J. Fish. Aquat. Sci. 18: 705-716 (2018)
712
larger wake (Cornejo et al., 2014). Besides, the net
in the fish farm are very similar for cases 4 and 5. It
solidity and the number of the net cage in the fish
suggests that the flow velocity will not consistently
farm are also considered to be factors affecting wake
decrease with increasing level of biofouling. As flow
formation, wh ich will be further studied in future. For
through the clean net cage is also presented, the sole
the clean net cages, the maximu m attenuation in flow
effect of the biofouling on the flo w field can be
velocity is 38.3% wh ich is monitored at
derived by subtracting the effect of the clean net cage
approximately equal to the cage d iameter downstream
from that of a biofouled one.
fro m the center o f the downstream net cage. In
contrast, as the level of biofouling increases, the
Effect of Incidence Angle of the Current
maximu m attenuation in flo w velocity fro m 51.0% to
70.1% can be found in the v icin ity of the downstream
The tidal current fields inside and around the fish
net cage. However, the variat ion of the flow velocity
farm in the ebb tide with a free stream velocity of 0.1

1
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Figure 9. Numerical results of flow velocity along the horizontal centerline of the net cages with different levels of biofouling.

Figure 10. Numerical results of flow fields within and around the fish farm with different incidence angles on the horizontal plane 12.5 m
below the water surface.
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be beneficial to the water exchange. Moreover, flow
velocities are similar inside all the cages of the fish
farm, which indicates that the incidence angle of
67.5° has advantage in provid ing a uniform flow
environment for the caged fish. On this basis, the
optimal orientation of the fish farm can be determined
in certain tidal current from an ecological perspective.
As current flows through net cages in a fish
farm, especially when considering the biofouling on
the net, the flow velocity is attenuated in the vicinity
region due to the shield ing effect of the netting. Thus,
the hydrodynamic loads acting on and the water
exchange of the net cage will be changed
correspondingly. Besides, the investigation on the
flow field downstream fro m the fish farm has
implication for integrated mu lti-trophic aquaculture
(IMTA, shown in Figure 13) configurations which
consist of fin fish cages, inorganic ext ractive species
(such as kelp) and organic extractive species (such as
shellfish). The flo w field downstream fro m the finfish
cage is essential to predict the transport of dissolved
nutrients and the hydrodynamic performance of
IMTA.

−1

m s are shown in Figure 10. The nu merical result
indicates that the incidence angle of the tidal current
can affect the flow fields within and around the net
cages significantly. As the incidence angle increases,
the positive-wake region upstream the fish farm is
prone to increase, while the attenuation in flow
velocity downstream fro m the fish farm tends to
decrease. Compared with the tandem net cages, the
staggered ones present more noticeable blockage
effect on incoming flow, wh ich results in an
uniformly distributed wake downstream fro m the fish
farm. When the incidence angle reaches 90°, the tidal
current produce similar flo w pattern around the fish
farm with that of 0°, because the net cages become
tandem again. As expected, the attenuation in flow
velocity downstream fro m the fish farm at 90° is
smaller than that at 0° because of less tandem net cage
in the flo w direction (Figure 11). For 0° incidence
angle, the flo w velocity is attenuated by
approximately 37.1% in the wake, while it is
increased between two ro ws of net cages by 14.4%
and at the flanks by 5.4% due to mass conservation.
In contrast, the flow field shows the least variation in
flow velocity downstream the fish farm with the
incidence angle of 45°, which indicates the min imal
impact on the environment.
The flow velocity at the center of the net cage is
monitored to present the flo w field inside a net cage
among the fish farm (Figure 12). A mong the five
incidence angles, the non-dimensional flow velocity
u/u m inside the net cage is ranging from 0.64 to 1.03.
Inside most of the net cages, noticeable attenuation in
flow velocity exists due to the blockage effect (or
shadowing effect) of the netting. Ho wever, there is no
reduction even has slightly increase in flo w velocity
inside some downstrea m net cages, because of the
interaction between the wakes fro m different
neighboring net cages. For the incidence angle of
67.5°, relatively larger flow velocities (0.96~1.03) are
monitored inside the net cages, which is considered to

Conclusions
The study investigated tidal current through a
fish farm consisting of 2×4 full-scale net cages with
numerical approach. The flow-velocity d istributions
within and around the net cages are discussed with
different cage heights, incidence angles of the current
and levels of biofouling on the netting. Below are the
main conclusions:
(i) The height of the wake region downstream
fro m the fish farm increases with increasing cage
height. The net cage with the non-dimensional height
of H/h 0 =0.7 produces the maximal peak value of flow
velocity beneath the fish farm. Different flow patterns
are observed in different current conditions. The flow velocity reduction in constant current was very large,
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Figure 11. Numerical results of flow velocity along the lateral direction measured at 200 m (5D) downstream the center of the fish farm
with different incidence angles.
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Figure 12. Flow-velocity distribution within the net cages with different incidence angles measured at the cage center.

Figure 13. Schematic view of the integrated multi-trophic aquaculture (IMTA) configuration.
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followed by diurnal tide, and semi-d iurnal tide had the
least effect.
(ii) The attenuation in flow velocity both inside
the net cage and in the wake region increases as the
level of biofouling increases. The maximu m
attenuation in flo w velocity fro m 51.0% to 70.1% can
be found in the vicinity of biofouled net cages
compared to 38.3% for the clean net cages.
(iii) Fo r the fish farm oriented at different
incidence angles, the staggered net cages are prone to
produce more uniformly distributed wake than the
tandem net cages. The fish farm at 45°, by contrast,
presents the least variation in flow velocity
downstream fro m the net cages. While the fish farm at
67.5° has advantage in provid ing a uniform flow
environment for the caged fish.
The study on flow field in the vicin ity region of
the fish farm is essential to the analysis of water
exchange and nutrient transportation. In addition, the
variation in flo w velocity should be taken into
account in studying the hydrodynamic characteristics
of a net cage or cage array; which provides more
accurate results for the prediction of the mooring line
loads for design of a aquaculture farm. Fro m a wider
perspective, the result of this study has imp licat ion for
the transportation of dissolved nutrients and the
hydrodynamic performance of integrated multitrophic aquaculture (IMTA) configurations.
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Appendi x A. The calcul ation process of the porous
coefficients
The drag and lift forces, Fd and Fl , acting on a
porous medium can be calculated as follows:

Fd  Cn
Fl  Ct

1
 A u u
2

1
 A u u
2

(A1)

(A2)

where λ and A are the thickness and area of the
porous med ia, respectively. The drag and lift forces
that acts on a plane net can also be calculated from the
Morison equation:
1
(A3)
Fd   Cd Au02
2
Fl 

1
Cl Au02
2

where u 0 is the free stream velocity.

(A4)
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The normal-resistance coefficient Cn is
calculated using the least square method by fitting the
drag forces of the plane net oriented normal to the
current at various flow velocit ies. The tangentialresistance coefficient Ct is calculated by Morison
equation with the empirical formu la of lift coefficient
proposed by Aarsnes et al. (1990):

Cl  (0.57Sn  3.54Sn2  10.1Sn3 )sin(2 )

(A5)

where S n is the net solidity and α is the attack
angle that is defined to be the angle between the flow
direction and the plane net in the horizontal plane.
Once Cn and Ct are obtained, the normal and
tangential resistance coefficients for the plane net at
various attack angles can be calculated as follows:

Cn 

Cn  Ct Cn  Ct

cos(2 )
2
2

(A6)

Ct 

Cn  Ct
sin(2 )
2

(A7)
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