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Experimental Investigation of Forces and Geometry
of a Net Cage in Uniform Flow

Pål Furset Lader and Birger Enerhaug

Abstract—A scale model of a flexible circular net with different
weights attached to the bottom was tested in a flume tank. Global
forces and net deformation were measured for different steady cur-
rent velocities. Three different sizes of bottom weights were used in
the tests. The results from these tests are presented and discussed
with the emphasis on the dependency between the forces and the
geometry. Comparison is also made to empirical based formulas
for calculation of drag and lift forces on net structures. Findings
show that i) the forces on, and deformation of a flexible net struc-
ture are mutually highly dependent on each other; ii) estimates
of global forces on a flexible net structure calculated using simple
drag formulas derived from stiff net panel experiments give large
errors when compared to experimental measurements; iii) numer-
ical models taking into account the dependency between force and
deformation should be used to obtain accurate estimates of forces
on flexible net structures; and iv) the forces on a flexible net struc-
ture are dependent on Reynolds number, and their dependency are
similar to that of a regular cylinder.

Index Terms—Flexible structures, hydrodynamics, hydroelas-
ticity, marine structures.

I. INTRODUCTION

major constraint to aquaculture development is the shortage
of suitable water space. In Norway, as well as in other countries,
this has resulted in an increasing number of fish farms being in-
stalled offshore on locations exposed to waves, wind and cur-
rent. This move toward offshore locations implies that future
fish farms most likely will be in the form of large-scale offshore
installations, rather than small near-shore farms, and that future
farms will be far more exposed to sea loads than most of to-
days aquacultural installations. The oil and gas industry have
over the last decades developed technology for installing struc-
tures on highly exposed offshore locations. Aquaculture instal-
lations are, in contrast to most oil and gas installations, highly
flexible hydroelastic structures. Hydrodynamic forces acting on
such a structure affect the shape of the structure, and the al-
tered shape affects the hydrodynamic forces. This complex in-
teraction between load and shape is a typical feature of hy-
droelastic structures, and makes the understanding of the geom-
etry and forces of net structures very complex and challenging.
Before designing, building, and installing offshore aquaculture
structures, an understanding of the complex mechanics involved
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must be achieved trough both experimental investigations, and
numerical modeling.

References [1] and [9] developed formulas for drag and lift
forces on net structures based on measurements of forces on
stiff plane net elements in steady current. These formulas are
valid only for a limited range of Reynolds numbers and solidity
parameter.

Finite-element models for analysis of the net structure have
been developed by several authors. One approach is to model
the individual twines in the net using truss elements [3], [11],
[8]. Alternatively, the net can be modeled using super elements.
[5]–[7] developed a dynamic three–dimensional (3-D) model,
based on the load description of plane elements from [1]. The
model is initially validated using the results of steady state tests
in a flume tank [5], and it is the experimental results from these
tests that are presented and discussed in this paper.

II. EXPERIMENTAL SETUP

The experiments were conducted at the North Sea Centre
Flume Tank in Hirtshals, Denmark (Fig. 1). This tank is a ver-
tical-type circular water channel driven by four impellers, with
an observation section of 21.3 m 2.7 m 8 m (length height

width). The maximum velocity of the uniform flow is 1 m/s.
The model was composed of a hoop (or ring), a net and a

number of weights attached to bottom of the net (Fig. 3). The top
of the net was mounted on the hoop so that it took the form of a
cylinder with open top and bottom. The hoop was kept in a fixed
position during each test. The weights were suspended around
the bottom opening of the net, to stretch the net and maintain
its shape under the influence of water flow (current). The hoop
was made of stainless steel and had an overall diameter of 1.46
m and a rod diameter 0.025 m. The forces and deformation of
the netting cylinder were the focus of this study, and the hoop
itself was thus designed to have no deformation. The fullscale
diameter of the net cylinder is assumed to be 10 m, and the scale
is thus 1 : 7.1.

The netting cylinder was made up of two panels which were
joined together in the center line of the cage. Each panel was
81 meshes high and 125 meshes wide. With joining meshes in-
cluded, the total number of meshes in circumferential direction
was 252. The netting material was nylon with a mass density of
1130 . The netting was knotless of the Raschel type with
a nominal bar length of 16 mm and twine thickness of 1.8 mm
(Fig. 2). The netting itself was not scaled, and ordinary full-scale
netting was used. For the meshes mounted directly to the hoop,
the tension applied increased the bar length from 16 to 18 mm.
Mounted as square meshes, the solidity ( ) of the netting was
0.225. The solidity is defined as the projected area of the twines
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Fig. 1. The North Sea Centre Flume Tank in Hirtshals, Denmark. The
cross-section area of the measurement section is (8� 2.7 m).

divided on the total circumscribed area of the nett. The net then
formed an open vertical cylinder with diameter 1.435 m and
height ca. 1.44 m.

Three sets of 16 weights with nominal mass values of 400,
600, and 800 g were used in the tests. The weights were made
of steel and had cylindrical shapes with a diameter of 0.04 m.
Three different weight modes (WM) where tested (Table I). The
size of the weights corresponds to full scale values of 10, 15, and
20 kg per meter around the circumference of the cylinder.

The general setup is shown in Fig. 3. The hoop with net was
positioned in the center line of the tank, approximately 0.9–1.0
m below the surface. The hoop was held in place with four pair
of lines to balance the forces from weights and hydrodynamic
loads. The equilibrium position of hoop and net was achieved
by minutely adjustments of the length and tension in each of the
eight lines. Eight load cells using strain gauge technology were
used to measure the load in each line. The hydrodynamic forces
on the model were found by first calculating the directional unit
vectors for all the eight lines. The time series of each force com-
ponent were then found by multiplying the time series of the
eight tensile forces with its appurtenant direction unit vector.
The , and force component for each line were summed
up into three time series representing the total forces in , ,
and direction. These forces represent the reaction forces that
are needed to balance all the hydrodynamic forces acting on the
model. The drag force acting on the hoop itself was measured
by running the hoop without the net, and the drag forces on the
bottom weights were established by attaching one weight to a
thin line and measure the angle of the line as the weight was
exposed to current. These forces were then subtracted form the
total forces on the model, and the presented measurements of
lift and drag are thus the forces acting on the net itself.

The model was subjected to six different current velocity
cases ( , 0.13, 0.21, 0.26, 0.33, 0.52 [m/s]). Flow
speed was measured with a Høntzsch Vane wheel A, which is
commonly referred to as a “propeller log.” The principle of mea-
surement is that a vane wheel rotates at a speed proportionally
to the flow velocity. Because of its little weight, the vane wheel
rotational speed adapts quickly to velocity increases. Since the
vane wheel is mounted in a nozzle, it measures what can be con-
sidered as the horizontal component of the actual flow speed.

Fig. 2. Netting geometry parameters.

In an aquaculture application, the internal volume of the net
structure is influencing the fish health and well being, and it
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Fig. 3. Model and general setup.

is therefore important to study how the volume is reduced due
to current exposure. An estimate of the net geometry was es-
tablished by measuring the positions of eight markers on the
net. The placing and numbering of the markers are shown in
Fig. 4. The positions of the markers were measured by a re-
mote controlled video system with an accuracy of . The
position of the markers are used to calculate the volume reduc-
tion of the net cylinder. An estimate of the volume reduction
is calculated by considering the volume of two prisms with cor-
ners 01-03-05-21-23-25 and 21-23-25-41-43-45. The volume of
these prisms can be estimated by

(1)

where is the area of the triangle spanned by the points
, , and , and is the coordinate of point . The volume

reduction coefficient ( ) can be calculated from

(2)

where is the volume of the prisms when the net cylinder is
unexposed to current.

The area of the projection of the cylinder onto a plane orthog-
onal to the incoming current is called the effective exposed area
( ). Due to the deformation of the cylinder, is dependent
on the current velocity, and decreases with increasing current.
When considering the drag force on the net cylinder the effect

TABLE I
WEIGHT MODES

Fig. 4. Placing and numbering of markers on the net cylinder. The coordinate
system has its origin at the center point of the hoop, withx axis in the direction of
positive current, and z axis upward. The cylinder was assumed to be symmetric
about the xz-plane, and only measurements on one side were conducted.

of changing should be taken into account. is estimated
from the position of the marker points by

(3)

where and is the and coordinates of point , respec-
tively. The exposed area reduction coefficient ( ) can now be
calculated

(4)

where is the effective exposed area when the cylinder is
unexposed to current.

III. RESULTS AND DISCUSSION

A. Deformation

The deformation of the net cylinder as it is exposed to cur-
rent is qualitatively described in Fig. 5. From these images the
increase in deformation with increasing current velocity can
be clearly seen. It can also be observed that increased bottom
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Fig. 5. The deformation of the net cylinder for different weight configurations and current velocities.

weights have a tendency to preserve the geometry. A more quan-
titative description of the deformation is given in Figs. 6 and
7, where estimates of volume and exposed area reduction are
shown. Due to the nature of the measurements technique and
calculations of these estimates they have an uncertainty of ap-
proximately .

Both the volume and exposed area reduction show the same
qualitative features: For low velocities ( ) the defor-
mation is moderate ( ), but for higher velocities the defor-
mation becomes substantially larger. The cylinders capability
to deform due to increased velocity also increases for higher
velocities. However for weight mode 1 it can be seen that the
relationship between the velocity and the deformation seems to
have an inflection point between 0.26 and 0.33 m/s, and that the
cylinder responds less to increased velocity above this point. For
increasing velocities the volume and exposed area goes asymp-
totically toward zero, and since the second derivative for low
velocities is negative, an inflection point must also exists for the
other two weight cases. Unfortunately, it is outside the velocity
area studied here. The position of such an inflection point would
be important when deciding on the size of the bottom weights
for a fish cage.

B. Force

The drag and lift forces are shown in Figs. 8 and 9. For a
stiff net panel it can be assumed that the drag ( ) and lift ( )
forces are proportional to , and can be expressed as [9]

(5)

(6)

Fig. 6. Exposed area reduction coefficient for the net structure with different
weight modes as a function of current velocity.

Fig. 7. Volume reduction coefficient for the net structure with different weight
modes as a function of current velocity.
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where is the density of water, is the total circumscribed area
of the net, is the current velocity, and are the drag and
lift coefficients, respectively, given by

(7)

(8)

where is the solidity of the net, and is the angle of attack.
is zero when the flowdirection is normal to the panel. The

equations are limited to in the range 0.13 – 0.32.
For flexible structures, as the net cylinder studied here, the

global forces are not proportional to for all velocities. As
can be seen from Fig. 8, the drag force seems to have a linear
relationship with for velocities higher than 0.2 m/s. This is
due to the deformation of the cylinder, which starts to become
significant when exceeds 0.2 m/s.

When the net structure is flexible the relationship between
current velocity and global forces becomes complex since the
forces and deformations mutually depend on each other. The
force coefficients (7)–(8) depend on net solidity and angle of
attack. Both these properties are dependent on the net structure
geometry and deformation. Different areas in the net structure
have different effective angle of attack, and the effective solidity
may be altered due to different tension and compressions in the
net.

The difference in drag force for the three weight modes are
insignificant for velocities below 0.3 m/s, but the tendency
for higher velocities seems to be that the drag increases with
increasing bottom weight. This is because increased bottom
weights results in decreased deformation of the structure, and
thus higher drag force.

The lift force seems to be more dependent on the bottom
weight than the drag force. For velocities below 0.4 m/s the lift
in the weight mode 3 case is significantly less than the other two
cases, while it is significantly higher for velocities of approxi-
mately 0.5 m/s. The lift forces on the cylinder are dependent of
the local angles ( ) of the incoming current to the nett structure
and are proportional to (8). This means that the largest
lift force is when . For the angle of
the incoming current is larger for weight mode 1 and 2 than for
weight mode 3 because they are more deformed, but for a major
part of the net structure it is less then (as can be observed
from Fig. 5). When the velocity increases to 0.5 m/s the major
part of the net structure of weight mode 1 and 2 has an angle of
incoming current which is higher than , and consequently
experiences a decrease in lift force relative to weight mode 3.

The formulas proposed by [9] are valid for stiff net panels
in a steady current. In Fig. 10 a comparison of drag force esti-
mates calculated using (5) and (7) and measurements is shown.
The comparison is conducted using weight mode 2 (16 0.6
kg). The drag force is calculated by using (5) where is the
area of the net (equals two times the exposed area since
the cylinder has both a front and a rear side), and the angle
of attack ( ) is assumed to be zero. is then found from

. The drag force is calcu-
lated using three different approaches: 1) The exposed area is as-
sumed to be constant equal to , and the front of the cylinder
has no shielding effects on the rear side. 2) The effect of the

Fig. 8. Drag force on the net structure with different weight modes as a
function of current velocity.

Fig. 9. Lift force on the net structure with different weight modes as a function
of current velocity.

Fig. 10. Comparison of measured drag force with calculated drag force using
the formulas found by [9].

changes in exposed area is taken into account using the mea-
sured values. No shielding effects. 3) Shielding effects is taken
into account by assuming the current velocity on the rear side of
the cylinder to be 0.8 times the incoming current velocity (based
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Fig. 11. Effective drag coefficient calculated from the measurements of drag
force and effective exposed area for different Reynolds number. The twine
diameter is used as the characteristic diameter in the Reynolds number. The
drag coefficient calculated using (7) [9] is shown for comparison (dashed line).
The drag coefficient found by [9] was based on measurements with a Reynolds
number in the area 1400–1800.

on measurements of the current inside the cylinder). When com-
pared to the measured drag force the calculations all deviate
considerably from the measurements, and overpredict the drag
force. This shows the difficulty of using crude calculations based
on simple formulas when calculating the forces on flexible net
structures. Possibly the only way to obtain good estimates of
forces is to use numerical models which take into account the
dependency between the deformation and the forces.

Another problem with using (7) and (8) is that they are in-
dependent of Reynolds number ( ). The net structures basic
components are the twines, and the net can be assumed to be
made up of an array of cylinders, even though the twine connec-
tions have considerable contributions on the forces for solidity
above 0.3 [2]. The drag force on cylinders are dependent on ,
and the drag force on net structures are thus also dependent on

[2]. Based on the drag measurements and the measurements
of exposed area, an estimate of effective drag coefficient can be
made using (5). The net area in the equation is the measured
exposed area. The drag coefficients as a function of Reynolds
number are shown in Fig. 11. The drag coefficient calculated
using (7) is also shown in the figure (dashed line). As expected,
the drag coefficient shows a dependency on which is sig-
nificant. For low the drag coefficient shows an increasing
tendency as also found by [4], not unlike drag coefficients on
regular circular cylinders [10]. For in the range 200–800,
the drag coefficient from (7) overpredicts the drag force, as ob-
served earlier in Fig. 10.

IV. CONCLUSION

The forces on, and deformation of a flexible net structure are
mutually highly dependent on each other.
Estimates of global forces on a flexible net structure cal-
culated using simple drag formulas derived from stiff net
panel experiments give large errors, when compared to
experimental measurements.
Numerical models taking into account the dependency be-
tween force and deformation should be used to obtain accu-
rate estimates of forces on flexible net structures.

The forces on a flexible net structure are dependent on
Reynolds number, and their dependency are similar to that
of a regular cylinder.
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