
Introduction
In this study, a numerical modeling was conduct-

ed to investigate the hydrodynamics of submersible
aquaculture cage system, consisting of a modified
gravity cage in irregular waves and current. It
builds on a past study(Kim, 2006) that included
mooring loads analysis of the submersible
aquaculture cage system in regular waves and
currents using finite element method. In both cases,
the system is analyzed using two mooring
configurations. The first consists of a single point,

high tension mooring that passes through the cage,
while the second mooring configuration consists of
the same single point component with three
additional anchor legs connected to the upper rim.
The numerical model uses the finite element
analysis approach described by Tsukrov et al.
(2003, 2005). The results of past model simulations
have compared well with both physical model tests
and field measurements for a variety of cage/
mooring configurations and conditions(DeCew et
al., 2005; Fredriksson et al., 2003a, 2003b, 2003c,
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2005). A summary of many of the numerical
modeling case studies can be found in Fredriksson
et al. (2003d). Though the results of the model
should only be considered approximate, insight can
be gained regarding the tension in mooring compo-
nents and the motion response of the fish contain-
ment structure. 

The objective of this study is to determine the
cage motion and mooring tension characteristics of
a specific submersible aquaculture cage with two
different mooring designs in response to extreme
irregular waves with and without a co-linear
superimposed current. A numerical model was
constructed, simulations were performed and
spectral response results obtained. 

Materials and methods
The submersible aquaculture system that was

analyzed consisted of a modified gravity cage with
three primary structural components. The compo-
nents consist of a monitoring float, an upper frame
and a lower frame. The general cage dimensions
are provided in Kim(2006). The volume of the cage
is maintained by having flotation at the top and
weight on the bottom of the structure. The total
volume of the system is modeled at approximately
1,800m3. The general configuration of the cage
with the primary structural components is shown in
Fig. 1. In this analysis, the system model incorpo-
rates the cage with two mooring configurations.
The first configuration consists of a single, high-
tension mooring line that passes from the surface
through the cage and is moored at the bottom. The
second configuration is the same as the first except
three additional anchor legs are attached to the
upper frame. In each configuration, the cage can be
submerged through an arrangement of pulley
systems. Detailed schematics of the two mooring

configurations are also provided in Kim(2006). 
The three point mooring incorporated bridle lines

connected to compensator floats. The system is
designed so that the floats would sit at the surface
with the cage, and be pulled underneath the water
when the cage was submerged. Mooring lines
connect the compensator floats to the seafloor. The
centralized high tension mooring component(used
in the single point system) remained to facilitate
submerging the cage. The nodes at the base of both
the single point and three mooring leg systems
were modeled as fixed points. 

Due to the octagonal shape of the cage, the bridle
lines were distributed around the rim. This orien-
tation allowed the line absorbing the tension to
distribute the load to the rim. The mooring line
length was set to have a 4:1 scope, with a length of
200m in water 50m deep. The compensator floats
are placed at the point where the bridle lines are
connected to the anchor legs. The bridle lines are
connected to the upper rim to the compensator
floats, joining the mooring line approximately 25m
from the center of the cage rim. 
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Fig. 1. Construction details of the submersible aqua-
culture cage system. The system was at the surface(left)
and submerged(right) in a single point mooring.
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The mooring lines are made of high strength
polyethylene rope(Dyneema). The containment net
of the cage is made of square type Nylon netting
(Td 210 60) with mesh size of 60.6mm.

Numerical model
Background

Numerical model simulations were performed
using a finite element computer program developed
specifically for marine aquaculture applications,
Aqua-FE. The program is described in Tsukrov et al.
(2003, 2005). Wave and current loadings on truss
and buoy elements were introduced by utilizing the
Morison equation(Morison et al., 1950). The algo-
rithm employs a nonlinear Lagrangian formulation
to account for large displacements of structural
elements. In addition, the unconditionally stable
Newmark direct integration scheme was adopted to
solve the nonlinear equations of motion. Hydrodyna-
mic forces on the structural elements are calculated
using the Morison equation modified to account for
relative motion between the structural element and
the surrounding fluid as described by Haritos and
He(1992).

High level of care must be exercised when
modeling the nets of the aquaculture cage. The
numerical modeling approach uses a net element
that is constructed to reproduce the drag, buoyancy,
inertial and elastic forces that are exerted on the
structure by waves and currents. A modeling
technique was developed, called the Consistent
Net Element , that considers these important
forces, since direct finite element modeling of all
the strands is impractical. The detailed approach is
described explicitly in Tsukrov et al.(2003).

Input parameters
The numerical model was used for a total of 12

simulations. Static simulations were first performed
to verify system stability. A simulation was per-
formed for each of the mooring configurations with
the cage at the surface and submerged. Forced
environmental input consisted of an irregular wave
profile with and without a superimposed co-linear
current with a magnitude of 0.5m/s. To obtain an
irregular wave profile in the numerical routine, a
spectrum is decomposed into multiple frequency
components. The spectrum chosen was a form of
the Joint North Sea Wave Project(JONSWAP)
spectrum(Hasselman et al., 1973; Goda, 2000)
described as 

S(f) αHS
2Tp

4 f 5 exp[ 1.25(Tpf) 4 ]γ Y (1)

where
Y e[ (T

p
f 1)2/2σ2]

0.0624α _____________________________
0.23 0.0336γ 0.185(1.9 γ) 1

and
σa f fpσ {σb f fp

and fp is the frequency at the spectral peak(1/Tp).
Parameters γ and σ are used to adjust the height
and width of the peak of the curve, respectively. In
this study, the default shaping parameters used are
provided in Table 1, along with an Hs of 8.64m and a
Tp of 12.73 sec, which were chosen according to the
design waves data of the coastal areas in the
southern sea of Korea during the past 20 years(see
http://www.kordi.re.kr). The current of 0.5m/s is
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Table 1. The JONSWAP parameters used to shape the
input spectrum

Parameter Value

Hs(m) 8.64
Tp(sec) 12.73

γ 3.3
Power off 5

σa 0.2049
σb 0.0785



consistent with depth and water at of 50m depth. 
In addition to the wave input parameters, the

numerical model requires all of the geometric and
material properties of the fish cage and mooring
system. The parameters include the mass density,
Young s modulus and cross sectional area of each
element component. The cage and mooring
component material and geometric properties used
in the numerical model simulations are provided in
Kim(2006).

Cage motion response locations
For each simulation, motion response datasets

were acquired to characterize the motion of the cage.
The node locations for the monitoring float, and
upper and lower rims chosen are shown in Fig. 2. 

In the first set of dynamic simulations, the
submersible fish cage was analyzed using the
single point mooring. In this configuration, the
cage was modeled at the surface and submerged.
Simulations were performed using irregular waves
with and without the co-linear current of 0.5m/s.
The numerical model representation of this system
is also shown in Kim(2006), which includes the
locations of the elements. The submersible
aquaculture fish cage motion response(surge, heave

and pitch) was examined. The cage motion
response locations analyzed were consistent for
each of the load cases. In addition to the motion
response results, mooring line tension was obtained
from the stress calculated in each of the elements.

The same motion response datasets were
obtained for the cage using the single point
mooring in the submerged configuration. In
addition to the motion response datasets, two
mooring line tensions from two locations were
calculated using the numerical model. The tension
values from above and below the cage were
acquired. Similar numerical model simulations
were performed using the single point mooring
with three anchor legs. Motion response datasets
were also generated for the same cage locations as
previously described. For the three point mooring
in the submerged configuration, the same motion
response datasets were obtained. 

Data analysis
Numerical model simulations were conducted

using irregular waves. Irregular waves(and the
system response) can be described by a spectrum in
the frequency domain in terms of units proportional
to energy per frequency band. The wave elevation
auto-spectrum is typically described by the
significant wave height and the dominant wave
period. In a statistical sense, the significant wave
height is often estimated from the Hmo and is
calculated from the zeroth moment of the spectrum,

mj ∫0
∞f jG(f)df, where j 0 n (2)

in the case where j=0 and G(f) is the one sided
wave elevation auto-spectral density. The zeroth
moment of the spectrum is also the area under the
spectral curve equal to the variance. If the spectrum
is narrow banded and the wave heights follow a
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Fig. 2. Schematic of the node locations where the motion
data was analyze.

Monitor float node locations
Upper rim
node location Upper rim

node location

Lower rim
node location

Lower rim
node location



Rayleigh probability distribution(Ochi, 1998), the
Hmo is obtained from, 

Hmo 4 mo (3)

In deep water, the Hmo is approximately equal to the
average of the top third wave height (Shore
Protection Manual, 1984), which is the significant
wave height(Hs) used in the JONSWAP spectrum.
The dominant wave period, Tp, is one over the
frequency where the maximum energy in a spectrum
occurs.

The wave elevation auto-spectrum is calculated
from the measured times series using a discrete
form of 

1Sxx(f) lim  ___ X(f)X*(f) (4)
T ∞ 2T

where Sxx(f) is the two sided, auto-spectral density
function, X*(f) is the complex conjugate of X(f) and
T is the record length. The two sided auto-spectral
density function is continuous for all frequencies
between ∞ and ∞. In standard observational
practice, however, the one sided auto-spectral
density function, Gxx(f), is used, where,

Gxx(f) 2Sxx(f)  0 f ∞ (5)

Note that Gxx(f) could be the same term used in
equation (2). For the irregular wave simulations,
linear transfer functions were calculated as a
function of frequency using auto- and cross-spectral
methods. In the frequency domain, the system
forcing can be described in terms of energy density
as the Gζζ(f) that is wave excursion auto-spectrum
(m2/Hz), Gηη(f) that is wave elevation auto-spectrum
(m2/Hz), and Gθθ(f) that is wave slope auto- spectrum
(rad2/Hz).

The wave excursion and slope auto-spectra are
calculated from the wave elevation auto-spectrum

using the following relationships,

Gζζ(f) Gηη(f) [tanh(kd)] 2 (6)

and 

Gθθ(f) Gηη(f) (k)2 (7)

respectively, where k k(f) according to the
dispersion relation.

Likewise, the auto-spectral motion response in
surge, heave, pitch and tension response in the
mooring line are calculated using Gss(f) that is
surge response auto-spectrum(m2/Hz), Ghh(f) that is
heave response auto-spectrum(m2/Hz), Gpp(f) that is
pitch response auto-spectrum(rad2/Hz) and Gtt(f)
that is mooring element tension response auto-
spectrum(kN2/Hz). 

To obtain the linear transfer function using the
auto-spectral technique between the forcing and the
response, the following calculations are made:

Gss( f ) 1_
2

Hss( f ) [______] (8)Gζζ( f )

Ghh( f ) 1_
2

Hhh( f ) [______] (9)Gηη( f )

Gpp( f ) 1_
2

Hpp( f ) [______] (10)Gθθ( f )

Gtt( f ) 1_
2

Htt( f ) [______ ] (11)Gηη( f )

where Hss( f ) is surge transfer function, Hhh( f ) is
heave transfer function, Hpp( f ) is pitch transfer
function and Htt( f ) is mooring element tension
transfer function. 

Results and discussion
Hydrostatic analysis

The first set of numerical model simulations
were performed without wave and current loadings.
In each of the simulations, the buoyancy of the
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cage created vertical motion as the mooring lines
stretched, pre-tensioning the components. The
static simulation results for each mooring element
are provided in Table 2. The static tension in the
single(vertical) mooring element is primarily due to
the buoyancy of the cage and the monitoring floats.
The static tensions in the three point mooring
components are due to the buoyancy of the com-
pensator floats.

Dynamic analysis
Once the static simulations were complete,

irregular wave simulations were performed with
and without the 0.5m/s co-linear current. The time
series generated by the numerical model was
processed to obtain the wave elevation auto-
spectrum. The dominant wave periods were slightly
less than the input values because of the wave
frequency resolution used to generate the time
series.

Dynamic simulations were also performed for
the entire submersible fish cage and mooring
system using the environmental parameters and
geometric and material properties previously

Fig. 3. The motion response time series of submersible fish cage at the surface and submerged for random wave
conditions with 0 and 0.5m/s in a single point mooring.
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Table 2. Static tensions in the mooring element calculated using the model 

Configuration
Static tension(kN)

#1 #2 #3 #4 #5

Single point mooring: Surface 25.45
Single point mooring: Submerged 23.50 5.28
Three point mooring: Surface 25.80 0.82 1.06 1.06
Three point mooring: Submerged 26.52 5.28 1.52 1.71 1.71
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Fig. 4. The mooring tension response for the random wave conditions at 0 and 0.5m/s. The system was at the surface and
submerged in a single point mooring.
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Fig. 5. The wave spectrum parameter input and the motion spectral results at 0 and 0.5m/s. The system was at the surface
and submerged in a single point mooring.
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described. Numerical model results for the four fish
cage and mooring system configurations were
obtained for the surge, heave and pitch motion of
the upper ring and the tension in the mooring
elements. 

Simulations were performed using the JONSWAP
wave spectrum with and without the superimposed
co-linear current of 0.5m/s. The simulations were
performed for a duration of 400 sec. Examples of
the time series results for the motion and mooring
tension of the cage at the surface and submerged
for the single point mooring are shown in Fig. 3
and Fig. 4.

Next, using the time series results, the spectral
representation of the wave input, motion response
in surge, heave and pitch and the mooring tension
responses were calculated. The calculations were

Table 3. Significant motion response of submersible fish cage calculated using the model under irregular waves

Configuration
Surge(m) Heave(m) Pitch(rad)

0m/s 0.5m/s 0m/s 0.5m/s 0m/s 0.5m/s

Single point mooring: Surface 4.02 4.16 2.56 1.93 0.10 0.10
Single point mooring: Submerged 3.34 3.27 0.33 1.07 0.04 0.05
Three point mooring: Surface 3.27 1.87 2.90 2.99 0.12 0.17
Three point mooring: Submerged 3.31 1.91 0.26 0.77 0.03 0.09

Fig. 6. The mooring tension spectral results at 0 and
0.5m/s. The system was at the surface and submerged in
a single point mooring.
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Table 4. Significant tension response in the mooring line
calculated using the model under irregular waves

Configuration
Mooring tension(kN)

0m/s 0.5m/s

Single point mooring: Surface
Element #1 116 163

Single point mooring: Submerged
Element #1 68.58 77.86
Element #2 22.52 16.68

Three point mooring: Surface
Element #1 116 128
Element #2 46 133
Element #3 8.17 7.39
Element #4 8.28 7.40

Three point mooring: Submerged
Element #1 72.6 83.5
Element #2 22.6 22
Element #3 2.26 38.97
Element #4 1.83 0.76
Element #5 1.87 0.75
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performed using equations (4) and (5) to obtain the
wave elevation(Gηη), surge(Gss), heave(Ghh), pitch
(Gpp) and mooring element tension(Gtt) response
spectra. The input wave spectrum was used with
equations (6) and (7) to calculate the wave
excursion(Gττ) and wave slope(Gθθ) spectra.

Examples of the wave spectrum parameter input and
the motion and mooring tension spectral results of
the cage at the surface and submerged for the single
point mooring are provided in Fig. 5 and Fig. 6.

The wave parameter input, the fish cage motion
response and the mooring tension response spectra
were used with equations (8), (9), (10) and (11) to
obtain the surge, heave, pitch and mooring tension
linear transfer functions. Examples of the motion
and mooring tension transfer function plots of the
cage at the surface and submerged for the single
point mooring are provided in Fig. 7 and Fig. 8. 

In addition to the transfer function calculations,
the motion and tension response was characterized
by the zeroth moment of each spectral response
using equation (2) and (3). The results for equation
(2) called the significant response, are provided in
Tables 3 and 4 for the fish cage surge, heave, pitch
and the mooring element tensions. The Table 3 and
4 show the motion and tension response differences
between the wave input with and without a 0.5m/s
co-linear current. The surge motion was prominent
for surface and submerged condition in the single

Fig. 7. The motion transfer function results at 0 and 0.5m/s for the surface and submerged in a single point mooring.
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and three point mooring configuration. The heave
motion of the fish cage submerged below 15m of
the mean water line was smaller 87% and 91% than
those at the surface for the single and three point
moorings, respectively. Currents hardly influenced
the oscillatory motion of the cage except surge
motion for the three point mooring. 

Mooring line tensions in both wave and current
exceeded by 1.4 to 1.6 times to those calculated
using wave only. Mooring line tensions of the fish
cage submerged was smaller by 42% and 47% than
those at the surface for the single and three point
mooring configuration, respectively. 

It is important to note that the results of the
model tests are approximate. The model does have
limitations especially with regard to element
shading. For example, the model applies the input
conditions(for each time step) to every element
regardless of the location. A cage in the ocean,
however, can be subject to component shadowing,
where one component(the net for example) is in the
wake of another. This effect has been observed in a
similar cage deployed in the Gulf of Maine
(Fredriksson et al., 2003d) where current velocities
were reduced by as much as 10% as it passed
through the net. This phenomenon has also been
investigated through a series of tank tests and
analytical approaches by Lφland(1991).

Conclusion 
A numerical model analysis was performed to

analyze the motion and mooring tension response
of submersible fish cage systems. Using a Morison
equation type model, simulations of the systems
were conducted with the cage at the surface and
submerged. Irregular waves(JONSWAP spectrum)
with and without a co-linear current with a
magnitude of 0.5m/s were forced into the model as

input parameters. Surge, heave and pitch dynamic
calculations were made, along with tension
responses in the mooring lines. Results were
analyzed in both the time and frequency domains
and linear transfer functions were calculated. The
surge motion was prominent for surface and
submerged condition in the single and three point
mooring configuration. Further verifications by
physical model tests and field measurements are
needed in order to more accurately analyze
hydrodynamic characteristics of the cage system. 
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