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Verification of the catenary—application to the warp of a towing net

Satoru Inoue' ", Kazutaka Ohba?, Kimiaki Nagamatsu'and Yoritake Kajikawa'

Abstract : Many methods have been used for the shape approximation of the warp of a trawl. Catenary
approximation is one of them. However, as many studies about catenary approximation of a warp have
been carried out aboard vessels, it is difficult to standardize experimental conditions. We verified the

catenary-application to the warp of a towing net under various conditions using a circulating water tank.

We used cord weighted with lead weights and a cone net as the actual warp and a towing net. In the tank,

we took photographs of the cord in the flow, changing the length and the weight of the cord and the veloc-
ity of the flow. From the photograph we measured the depth of the net. We also calculated the depth by
the catenary and compared it against the measured depth. After rectifying for the effect of the billowing of

the cord by the flow, the variance between the measured depth and the calculated depth became about 2

%. Therefore it is considered that the current verification of the catenary-application to the warp of a

towing net is appropriate.

Key words : catenary, catenary-application, warp, towing net , trawl,

circulating water tank, hyperbolic function.

Introduction

For the efficient operation of a trawl, it is important to
know the depth of a net and the length of warp which is
reeled out to set the net at certain depth. Nowadays, many
kinds of instruments are in use in order to measure the
depth of a trawl net. However it is useful if the depth of a
net and the length of warp can be independently calculated.
Many methods have been used for the shape approximation
of awarp.' " Catenary approximation is one of them.
However, in studies about the catenary approximation for
warps, as the equation of the catenary curve involves a
hyperbolic function previously it has been difficult to
calculate the shape. For example, they had to use a com-
puter or transform the catenary into some other equation,
which requires much processing.” ®’ Furthermore, as pre-
vious studies examined using an actual ship it was difficult
to assess various controlled conditions.®’ In such studies,

although the measured values are very valuable, setting of

the experiment conditions is difficult. On the other hand,
experiment using a circulating water tank sometimes shows
difference from the actual value. However, setting of the
experimental conditions is easy and it makes it possible to
confirm the measurement in detail. By using a circulating
water tank it is possible to precisely measure parameters
affecting net hydrodynamics which then allows comparison
with actual ship derived data. Consequently, as the first
step, we verified the catenary-application to the warp of a
towing net under various conditions using a circulating

water tank.

Catenary curve and warp of trawl

When a piece of flexible rope is supported at two points:
I and I, the rope hangs down in a perpendicular plane
which involves the points due to gravity. Let’s determine
the shape of this curve, which is called a catenary.

Consider a balance of an arc with length S from the
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lowest point of a curve A to any particular point P (x,y)
along the curve in Fig. 1. Suppose that the tensile force at
point A and P are Tv and T respectively, and an angle be-
tween a tangential line to this curve drawn at point P and »
axis is ¢ . Forces acting on the arc AP are To, T, and the
weight of the rope between A and P : wS (wis the weight
per unit length of the rope). These three forces maintain
the shape of the arc.

The force T can be broken down into a horizontal com-
ponent and a vertical component. Thatis, T can be ex-
pressed T cos¢ + T sing.

But since To has only a horizontal component and wS has

only a vertical component,

Tcos$ = To, Tsin¢ =wS

wS
To

Cotan g =

Suppose that To is equal to wa ,°’ that is

To= wa (1
g_wS_us_S

tan ¢ = T,  wa a
= atan¢ (2)

As Fig. 1 shows, a indicates the length of AO.

When we solve equation (2) in relationship to x and y,°’
the equation (3) and (4) are finally derived as a catenary
curve which is the shape of the rope that hangs down be-

tween two points : T and II .

§=—5 (€7 — e ¥) = qsinhy 3)
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Fig. 1. A coordinate axis in the case of a piece of flexible
rope which is supported at two points: I and 1I.

Next, let's consider the case of correspondence of this
catenary curve to the warp of a towing net. Fig. 2 shows
the case of approximation of the catenary curve to the
warp of a towing net in the sea. In the figure, the length of
warp is S, drag force on a netis To, water depth is h,
horizontal distance is x.

In this study, 7o, S, and w are given as known data. In
order to calculate the water depth (h), these data are sub-
stituted for above equations. The algorithm can be repre-
sented as a flow chart as follows. Present scientific electro-
nic calculators are commonly equipped with a hyperbolic
function.'” Therefore these calculations can be done with

relative ease.

h=y—a

Experimental method

We used the circulating water tank of National Fisheries
University. It is a tank of horizontal circulating type with
one impeller. Dimensions of the whole tank are 13.6m in
length, 5.1m in width, 1.9m in height with a water capac-
ity of about 50 m®. Dimensions of the observation channel
are 6m in length, 2.2m in width, 1.2m in height, where
we are able to generate the maximum velocity of steady
flow 1.2m/s by a remote controlled operator.

Figure 3 shows a view of the experimental apparatus
from the top of the tank. According to the characteristics

of the tank, which were previously examined, " we set up
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Fig. 2 . Application of catenary to the warp of a trawl.
The dashed line which shows the sea bottom is
different from the abscissa in Fig. 1.
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a three component load cell (LSM-20KBS, Kyowa Dengyo
Co.) at a point in the observation channel. The point was
shifted 20 cm to the channel wall from the center of the
channel, which had the least velocity change in the water
depth direction. We attached a piece of cord weighted with
lead weights, which we regarded as the warp, to the lower
end of a support rod of the three component load cell.
Hereafter we call the cord “lead cord”. The lower end of
the support rod equates to the stern of the trawl in Fig. 2.
We further attached a cone net, which we regarded as the
trawl net, to the end of the lead cord. The cone net used
was a flock remover of a domestic washing machine. We

made its specific gravity 1.0. In this study, we are going

to compare the measured depth of the end of the lead cord
with the calculated depth by the catenary. Therefore we
took a photograph of the point of the end of the lead cord
in the flow using a digital camera ; Optio33LF (PENTAX),
effective pixels is 3.2M. We also adjusted the position of
the three component load cell upstream and downstream in
order to set the end of the lead cord at the center section
where the velocity distribution of the channel had been me-
asured.

The lead cord is a piece of nylon thread 0.5mm in di-
ameter inserted through many small pieces of lead. We
made the length of the lead cord five (S1 ~S5) as shown

in Table 1. We also changed the weight per unit length of

Fig. 3. View of experimental apparatus from the top of the circulating water tank. (a) three component
load cell (b) lower end of a support rod (c) lead cord (d) cone net

Table 1 Properties of the lead cord : string with many small pieces of lead weights

Weight per Diameter of Length of Number of
Length(m) unit length lead weights lead weights lead weights
(g/m) (mm) (mm) per 10 cm

S1 0.75 wl 9.0 1.12 5.4 16
S2 1.00 w2 11.5 1.19 5.3 16
S3 1.25 w3 13.5 1.73 5.2 16
S4 1.50 w4 17.9 1.81 5.3 17
S5 1.75 wbH 23.2 2.10 5.2 17
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the cord five (w1 ~w 5 ) for each length. In total, we
used 25 pieces of the lead cord. We changed the velocity at
5 ~ 7 speed levelsin range of 5.7~389cm/s for each
cord.

Figure 4 shows the photographing of the position of the
lead cord end by a digital camera using a LED lamp. The
distance between the lens on the camera and the glass of
the tank is about 85cm. In order to get exact measurements
of the position of the end of the lead cord, we applied the
photograph on the screen of image-editing software and
measured the position of the end of the lead cord, that is,
the depth. At the measurement, considering the size of the
cone net (10cm in diameter), we stood a scale 15¢m apart
from the end of the lead cord to the tank wall as shown in
Fig.4. When we stood the scale apart from the cord,
however, there may be some reading errors according to
the position of the lens. We have to set the lens and the
end of the cord at the same level in order to avoid the read-
ing errors. Therefore, we attached a LED on the top of the
camera and set up the position of the camera to overlap the
red light of the LED which was reflected in the glass of the
tank with the end of the lead cord.

In order to confirm the accuracy of reading of the photo,

we hung a small sinker (target) in the water without flow
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and stood a scale at two points (just the point of the target;
position of 0 cm and the point of 15¢m behind the target)
to take photos. It is considered that no reading errors
occurred by the discrepancy of the position of the camera
at the position of 0 cm. We compared the depth of the
target measurements at six distances between at 0 cm
(which is considered to be the true depth) and at 15¢m be-
hind the target.

In this water tank, there are slight changes of velocity at
each measuring point. The point of the end of the cord that
is the depth of the cone net changes according to the
change of velocity. Therefore we previously investigated
the relation between the inverter frequency of the motor of
the tank and the velocity at each measuring point. Then we
got the velocity value which affected to the cone net from
the aforesaid relation.

On the other hand, for the accurate drag force on the
cone net is needed at the catenary-application. We mea-
sured the drag force on the cone net using the three com-
ponent load cell besides taking photos. It was supposed
that the drag force might change because of clogging of the
meshes of the cone net. Then we measured the drag force
three times; at the beginning, midway and the end of the

experiment. We got the drag force for each S1 ~S5 and

Fig. 4. Photographing of the position of the lead cord end by a digital camera us-

ing a LED lamp.
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w1l ~w5, assuming the value to be To, we substituted
them into catenary with S and w. After that, we calculated
the depth and compared it with measured depth by taking

photo.

Results and discussion

Figure 5 shows the results of the taking photos of a
small sinker (target) at two points (position of 0 cm and
15¢m ) changing the depth to six distances. The
measurement at position of 0 cm is plotted on the abscissa
and at position of 15¢m is plotted on the ordinate. It clear-
ly showed a linear relation between both measurements.
Furthermore, as the regression coefficient of the straight
line indicates 1.0, we decided that there is no difference in
the measurement in the case of standing the scale 15 c¢cm be-
hind the end of the lead cord. We made the reading value
from the photo actual measurement value without any cor-
rection.

Results of measurements about inverter frequency and
velocity at eight measuring points at intervals of 10cm at
the water depth ; 20~90 ¢m at the center section of the
channel showed that the velocity was proportional to the

inverter frequency respectively. We derived linear
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Fig. 5 . Relationship between measurements at 0 c¢m and
measurements at 15 cm behind a target. © means
the coefficient of correlation.

equations which showed relationship between frequency
and velocity at each measuring point. Then at each mea-
sured depth, using the equation near the depth, we derived
the velocity on the cone net substituting the frequency into
the equation respectively.

There was a linear relation between the squared value of
the velocity on the abscissa and the drag force on the cone
net on the ordinate. Therefore, as described above, we de-
rived the velocity from the frequency at first, and secondly
the drag force namely 7o from the velocity, at last the
depth; calculated value, by substituting into catenary. The
temporal change of the drag force was not measured.

Originally, for the catenary, the external force on the
cord is only the weight of the cord which affects vertically
as referred to earlier. But in this study (the same as for
the warp of a trawl), we should consider the flowing water
pressure as another external force on the cord. That is the
effect of billowing of the cord by the flow. Therefore, as
shown in Fig. 6, we let the cord be straight as a matter of
convenience, and considered the flowing water pressure ; F»
acting on the cord. Namely, we made the measured di-
ameter of lead of the cord (see Table 1) the diameter of
the cord. We considered the velocity ; Vsinf acting on
the cord. For this velocity, we used the average velocity of
the corresponding depth. We used the drag coefficient Co=
1.2 regarding the cord as infinite length cylinder. Then the
lift component ; F. (=F» cos 0 ) acts to decrease of weight
of the cord and the drag component ; F» (=F» sin ) acts
to increase of drag force on the cone net. Furthermore we
newly let “w—F./S” the weight per unit length of cord
and “To+Fv” the drag of the cone net. Figure 7 shows
the results of measured value by taking photo and calcu-
lated value of the depth for the five lengths of the lead cord

for the weight per unit length of the cord (w1 ~w5) for

Fig. 6 . Normal force exerted on the cord which is assumed
to be a straight line. The force is resolved into the
drag component and the lift component.
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Fig. 7. Relationship between the measured value (M) by taking photo and the calculated value (C) by
catenary of the depth for the five lengths of the lead cord for the weight per unit length of the cord
(w1l ~w5) for each length. The calculated value is resolved by incorporating the effect of the bil-
lowing of the cord by the flow. The straight line shows M=C.

120




Verification of catenary-application to warp 261

each length. The measured value : M is plotted on the
abscissa and the calculated value : C is plotted on the
ordinate. The straight line in the figure shows C=M. If
the measured value is approximate to the calculated value,
it is plotted near the straight line. We showed the average
value of the ratio of calculated value to measured value :
C/M on the bottom-right corner. If both values are the
same, C/M becomes 1.0 and the variance between C and M
must be 0 %. From Fig. 7, the ratio varies a little with S
increasing; however there are no distinct changes of C/M
for the difference of the length and weight of the cord.

Consequently, the average of C/M becomes 1.02 which
makes the variance between C and M less than 2 %. It is
considered that the current verification of the catenary-
application to the warp of a towing net is appropriate.

This time, we rectified the decrease of the weight caused
by the billowing of the cord without considering of the
weight of the cone net. However in the actual trawl, the
weight of the net must be considered. Therefore in the
actual case, maybe we don’t have to rectify the decrease of
weight caused by the billowing of the cord.

Incidentally, the average of C/M without considering the
effect of the billowing becomes 1.07 which makes the
variance between C and M 7 %. That means we might be
able to calculate the depth within a few percentage in the
actual case. In that calculation, as shown in the flow chart,
they can be done with relative ease using a scientific elec-
tronic calculator. We also show the effectivity of using the
scientific electronic calculator in the approximate calcula-
tion of the catenary for the application to the warp of a
towing net.

Anyway, in future, we hope to discuss the case of con-
sidering the weight of the net including otter boards and
furthermore verify this method of estimating the catenary

relationship using actual ship derived data.

Conclusion

Using an experiment in a circulating water tank we veri-
fied the catenary-application to the warp of a towing net
under various conditions. We also suggested the effectivity
of using the scientific electronic calculator in the approxi-

mate calculation of the catenary.
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