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Design of efficient fish nets by means of small-scale

hydrodynamic models is of relatively recent origin in the

United States. While investigators have developed basic

equations for modeling flow around fish nets by considering

the intertia and gravity forces as primary forces, they assume

that the elongation of twines and ropes in the net is negli-

gible. However, the shape of the fish net and, therefore,

the forces acting on it are affected by the stretching of

twines and ropes under load. In order to permit the correct

numerical transfer of model observations to the prototype, it

is necessary to establish special hydrodynamic model laws

which take the stress-strain characteristics of the model and

prototype materials into consideration. Such model laws were

developed in this study.

These developed model laws were verified by full-scale

ocean tests and by laboratory experiments. A movable bed was



constructed in the laboratory flume in order to obtain uniform

velocity profiles similar to the uniform velocity profiles in

the prototype. Experiments conducted in the flume yielded

results comparable to those of the field tests, thereby,

confirming the validity of the developed model laws.

Using the model approach, a beam trawl was designed

to harvest deep-water shrimp. The results of laboratory

tests and field trials indicated that a substantial decrease

in the overall drag force was achieved with the designed beam

trawl in comparison to a conventional otter door trawl. The

major benefit of the reduction in the drag force would be a

decrease in the fuel consumption of the trawler.



CHAPTER 1

INTRODUCTION

1.1 Statement of Problem

The manufacture of nets and trawls is an art which

has been handed down from father to son through generations.

Fishing gears of the past were designed by trial and error.

Nowadays an attempt is being made to supplement this empiri-

cal approach with analytical theory and with physical tests

in the laboratory and in the oceans

.

The optimum performance of a fish-trawling operation

depends on the efficiency of the gear and the behavior of

fish. Therefore, any research program of gear design should

include the biological study of fish reaction. The compo-

nents of one such program are shown in Figure 1.1.

The major physical elements of a fishing operation

are the net, the otter doors, the sweep- lines, the towing

warps, and the ship or the trawler as indicated schematically

in Figure 1.2. The design of these elements is an iterative

process, an outline of which is given by Dickson (1971) and

is shown in Figure 1.3.

From Figures 1.1 and 1.3, it can be seen that fish

biology should also be considered in the iterative design







Trawler available

Estimate wind conditions

Estimate current conditions

Estimate weather conditions

-*• Determine towing speed

Calculate propeller thrust

-»- Calculate permissible trawl drag

Estimate trawl size -*

-v Choose mesh sizes -^

*" Choose material -<

* Choose twine sizes <

— Determine trawl drag

Consider bottom conditions

Determine rigging to suit bottom conditions

Consider fish species

— Consider fish sizes

— Consider catch size

Determine any special rigging to handle catch

Determine handling system for trawl and trawler

— Consider most vitial environmental conditions,
particularly light and temperature

— Consider stage in fish life cycle during the
fishery

Estimate proximity of fish to bottom and
vertical distribution

Consider any special ecological conditions

Decide on trawl shape

Decide on rigging requirements to achieve
shape

— Determine trawl size

Figure 1.3. Iterative procedure in trawl and trawler
design and selection.

Source: Dickson, 1971



of a trawl and a trawler. However, these aspects are beyond

the scope of the present investigation. Also, the inter-

action of the propulsive system of the trawler with the

performance of the trawl is itself a major study. Therefore,

the current research focuses attention on the engineering

behavior of the gear. This behavior of the gear can be

studied (1) by analytical approaches, (2) by physical tests

in the ocean and (3) by model experiments in the laboratory.

Analytical gear design requires a knowledge of the

hydrodynamic resistance of the net, bottom friction of the

otter doors and the behavior of the rigging under different

towing conditions. The literature on mathematical modeling

indicates that this design procedure involves long and

tedious numerical computations. Further analytical approaches

to these problems are to be made before this approach may be

considered practical.

Ocean tests of fishing gear are expensive and time

consuming. Determination of the shape of the net under

various conditions is cumbersome because underwater observa-

tions of the net depends upon the clearness of water. The

outcome of field tests also depends on such factors as

weather conditions, shark problems, etc.

Another method of designing the fish net is by small-

scale model experimentation in the laboratory. Hydraulic

models and laws governing their use have been applied suc-

cessfully to the problems of dams, spillways, energy



dissipators and ships. The hydraulic model has proved to be

a powerful research tool even in the study of fluvial phe-

nomena (Graf 1971) , where the interaction between water and

sediment is considerably more complex than the case of nets

and trawls. Therefore, the fishing industry may reap sub-

stantial benefits through improved net structure and improved

performance derived from the hydraulic model concept in net

and trawl research.

Physical model tests in the laboratory offer various

advantages over ocean tests. Costs: Whereas field testing

for one net may require $5 , 000, laboratory costs may be only

$500, with fewer logistic problems such as weather and ship-

time (Hillier 1974). Visual observation: It is possible to

detect easily the deficiencies in net design and to implement

modifications immediately. Time factors: A model test

requires by far less hours than a field test. At least a

week is needed to conduct a particular aspect of a gear test

in the ocean whereas the laboratory tests covering the same

modifications can be done in a day. However, model test

results should be extrapolated with caution because of scale

effects of the models. Therefore, an ideal gear design

would be a method which combines the analytical approach

with model and full-scale experiments.

Summarizing, a simple method is necessary to design

and to test efficient fishing gear. Though not satisfactory,

existing mathematical analyses can be applied to the initial



and preliminary gear design. At the present time, however,

physical scale modeling in the laboratory seems to be the

only reliable alternative tool in the evaluation of gear

performance. Development of such a tool is the general

objective of the present investigation.

1.2 Objectives

The specific objectives of the research are a review

of literature on mathematical and physical models of fishing

gear and their deficiencies, the development of adequate

model laws and the verification of the developed laws and

procedures by field and model tests.

The presentation of the objectives is as follows.

The gear and the behavior of its elements under fluid motion

are introduced in Chapter 2. In Chapter 3, the literature

on mathematical analyses of fishing gear, physical modeling

in the laboratory and full-scale field experiments is

presented. The pitfalls in the existing analyses are

brought out. Development of adequate model laws is pre-

sented in Chapter 4. To verify the model laws, prototype

experiments were conducted in the Gulf of Mexico as explained

in Chapter 5. Chapter 6 illustrates the model experiments in

the hydraulic flume. The validity of model laws is given in

Chapter 7. Using the model approach, a special beam trawl

was designed for deep-water shrimping. The design and

testing of this trawl in the laboratory and in the field

are given in Chapter 8. Conclusions on the experimental
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results in the laboratory and in the field are presented in

Chapter 9. Suggested future research is mentioned also in

the same chapter.



CHAPTER 2

COMPONENTS OF A GEAR

In Chapter 1 the main components of a gear were

briefly mentioned and shown in Figure 1.2. Their physical

structure and behavior, when towed through water, are

described below.

2.1 Net

A net consists of three sections, namely cod end,

belly and wings (Fig. 2.1). Each section may be of different

netting twine and may have different mesh dimension. The

net is usually treated by dipping it in a solution of tar

to give greater resistance to wear, tear and aging due to

storage in the sun.

2.1.1 Netting Twine

Netting twine may be of a natural fiber such as

cotton and coir, or of synthetic polymers like nylon

(polyamide) and polyethylene. Single yarns are plied

together and twisted to make a netting twine (Fig. 2.2).

The voids in a twine depend on the amount of twist and the

diameter of plied yarns. Nylon is widely used in the United

States in making a net.
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The cross-sectional shape of twine and plied yarns

may be approximated by a circle (Fig. 2.2). The solid area

of a twine consisting of three plied yarns may then be

found from the expression

where

A , . , = 0.508 D 2 (2.1)solid v

A , . , = Area of solid mass
solid

D = Diameter of the netting twine

Therefore, the ratio of solid area to the total twine area

and porosity in the twine are equal to 0.646 and 0.354,

respectively.

Properties of the twine that are specially important

in the fishing industry are density, tenacity, tensile

strength, knot strength, loop strength, elasticity, tough-

ness, stiffness, water absorption, resistance to heat,

sunlight, seawater and mildew. The definition and determi-

nation of these properties are described by von Brandt and

Carrothers (1964) . Additional information on characteris-

tics of fishing twines and their testing may be found in

the bibliography which is given in Appendix A.

The elastic behavior of a netting twine under a load

is described by its stress-strain curve or load-strain curve.

Figure 2.3 shows the relationship between load and strain of

man-made fibers used in making nets . This relationship for
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polyamide netting twines of different linear density is

drawn in Figure 2.4. It can be seen from Figures 2.3 and

2.4 that the fibers do not obey the linear Hooke ' s law.

However, a nonlinear law is expressed by

a = A e
B (2.2)

where

a = Stress

e = Strain

A and B are constants which may be derived from the log-log

plot shown in Figure 2.5. The value of stress is obtained

by dividing the load by the original solid area of the

twine. This definition of stress is used without exception

in this study.

2.1.2 Mesh

The basic structure of a net is the mesh. A mesh

is defined by Kawakami (1964) as a rhombic opening enclosed

by four bars of twine of equal length firmly knotted at the

four corners . Since one bar is common to two meshes and

one knot to four meshes, a mesh consists of two bars and a

knot. The area of a single mesh depends on the angle

between two adjacent bars (Fig. 2.6). This angle may be

changed by different hanging or mounting of the webbing to

the frame line. The surface area of a mesh can be calcu-

lated from the geometry of the mesh and is given by the

simple formula
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Figure 2.6. The mesh,
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A . = 2M2 sin d> cos
mesh

A , = Surface area of the mesh
mesh

(2.3)

M = Bar length

2(j> = Total angle between two adjacent bars

The weight of one dry mesh W, in air, is the sum of

the weight of its two bars and the knot.

W - 21^-1 (M-p'-yJ 1

nDf
k iWv (2.4)

where

Y = Unit dry weight of twine

1-p' = Porosity of the twine

D, = Diameter of the knot
k

1-p' = Porosity of the knot

M = Length of twine included in one knot

Since the density of the fiber is unaltered by

tightening of the knots,

ttD 2 ttD 2

k
K

and

D
k

= D

fit

1/2

(2.5)

(2.6)

From Equations (2.3) to (2.6), the apparent weight,

w, of one mesh in water per unit area is obtained:
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direction normal to the panel. The component of this force

to the current is the drag force. The magnitude of drag

force is calculated by

F = c
Db • ^ \ + c

D k • ^r \ < 2 - 10 >

where

F = Drag force

C = Drag coefficient of bar

CL. = Drag coefficient of knot
Dk °

p = Density of water

V = Velocity

A = Projected area of bars ona plane normal
to current

A = Projected area of knots ona plane normal
to current

The first and second terms in Equation (2.10) represent the

drag to the bars and knots, respectively.

The values of drag coefficient for the bar and the

knot depend on the Reynolds number of the bar and knot,

respectively. The Reynolds number is defined as

R = — (2.11)
e v

where

v = Kinematic viscosity of water

L = Characteristic length

Kowalski and Giannotti (1974) consider the bar length as the

characteristic length. In the turbulent region where the
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Reynolds number is greater than 20,000, a value of 2.02 for

C is given. Taking the diameter of the knot as the

characteristic length, a value of 0.47 for CL, is shown.° Dk

For a net panel placed normal to the current, the

drag on the panel is

F = C .
fiji . a . • S (2.12)

D panel z surface

where

C , = Drag coefficient of the panel
D panel °

A = Total projected area on a plane normal
surface

to the current

S = Solidity, the projected solid area per
unit surface area of the panel.

The values of S and CL . are
D panel

= [

2MD +
I K

M 2 sin 2<j)

(2.13)

and

(C . A. N. + C n , N. A,
)

P _ ^ Dk k k Db b b J ,n u\
D panel " " AN, + AN

k k b b

where

N, = Number of knots
k

N, = Number of bars
b

Fridman (1973, p. 63) considers the diameter of the

bar as the characteristic length and defines the Reynolds

number as
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R n = — (2.15)
eD v .

From the results of the laboratory experiments, he estab-

lishes a relation between R „ and C . (Fig. 2.9). The
eD D panel °

values of C , were averaged from the drag coefficients
D panel ° °

for net panels with ^ values ranging from 0.0024 to 0.1500.

Carrothers and Baines (1975) present an empirical

equation to compute the value of C , for R „ > 500.n r D panel eD

C
D panel = j^

6

g
for S < 0.1 (2.16)

If the axis of the net panel is inclined at an angle

a with the velocity vector, the corresponding drag coeffi-

cient of the net panel can be found experimentally.

Carrothers and Baines (1975) analyzed the experimental

results of various investigators and concluded:

C' . = Cn . sin 2 a (2.17)
D panel D panel

where

C , = Drag coefficient for the panel
D panel ^^ = 9QQ

C' . = Drag coefficient when the panel is
v inclined at an angle a with the

velocity vector

For values of a approaching 90° , Tauti (1934)

approximates the value of sin 2 a and gives an expression

for the drag coefficient.

C' , = C . sin a (2.18)
D panel D panel
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Miyake (1927), Revin (1959) and Kanamori (1960) verified this

approximation by laboratory experiments. Giannotti (1973)

has conducted wind tunnel tests on two different net frames

and given results which support this approximation.

However, at low values of a, the component of

resistance normal to the net becomes small. The predomi-

nant force will be the component parallel to the frame.

Carrothers and Baines (1975) have found that Equation (2.18)

predicts low values of drag coefficient for low values of a

and, therefore, cannot be applied to compute the drag force.

For this case, Kawakami and Nakasai (1968) determined the

magnitude of the force acting along the length of the panel

by

F ' C
D panel ("I") " [S " '» »] '

COS
"

iUW

where

C , = Drag coefficient for the net panel
D panel c ° nv for a =

Equation (2.19) considers the resistance of the knots to the

flow to be small compared with the resistance of the bars.

2.1.4 The Cod End

The cod end is the tail of the net where the catch

is collected. It has a thicker twine and smaller mesh

compared with the other parts of the net. To protect the

cod end from wear and tear, soft strands of twines known

as chaff are attached to each knot.
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During a tow, Kowalski and Giannotti (1974) consider

the cod end a hollow cylinder with its longitudinal axis

parallel to the flow. To compute the drag force acting on

the cod end, they suggest:

F . = (0.82)cod
,v 2

A
4~ cod 1

+
°f

pV 2

2

N -tt-MD + N, ttD
b k k

1 - n (2.20)

where

VM
eM

F . = Drag
cod

d ,
= Diameter of the cylindrical cod end

cod

C = Friction coefficient

n
:

= Factor which considers rate of fish filling
in cod end: nj = for t = 0, and xi\ = 1

for t >

Equation (2.20) holds good for Reynolds number,

greater than 10 7 and with an aspect ratio greater

than 2. The aspect ratio is the ratio of the length to the

diameter of the cylindrical cod end.

2.1.5 Belly

The belly refers to the top and the bottom tapered

part of the net extending from wing to wing and from the

hanging lines to the cod end. The shape of the belly

during a tow is complicated. Kowalski and Giannotti (1974)

approximate the belly by a conical net with an elliptical

mouth, where the major axis of the ellipse is given by the
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wingspread and the minor axis by the headline height. They

compute the resistance of the belly to the flow by Equation

(2.18).

2.1.6 Wings

The wings are the sides of the net, tapered along

the top seam and straight along the bottom seam. The wings

facilitate the required mouth opening of the net.

2.2 Ropes

2.2.1 Headrope

After the sections of the net are sewed, the top

portion of the net is hung on a headrope (Fig. 2.10). The

headrope is a combination rope of steel and manila. The

floats are attached to the headrope when a larger mouth

opening is required.

Fridman (1973, p. 73) analyzes the shape of the

headrope under towing conditions. He assumes a catenary

shape for the rope and presents a procedure to compute the

magnitude of the tension along the length of the rope.

The resistance of a rope lying at an angle a to the

flow is computed by

F = C [sin 3 al f^l H I (2.21)

where

— \j OJ-ll LI r\

rope D rope [
J [ I

H = Diameter of the rope
r

l = Length of the rope
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C! = Drag coefficient of the rope when it isDrope -,. ,. t .,_
r
rilying perpendicular to the flow

The value of C is given as 1.1 by Kowalski and
D rope to J

Giannotti (1974), whereas, Fridman (1973, p. 56) offers a

value ranging from 1.2 to 1.3. The resistance of the head-

rope can be computed by Equation (2.21).

2.2.2 Floats

To achieve a larger fishing height, floats are

attached on the headrope. They may be hollow cast aluminum

or plastic spheres or solid bodies made of plastic foams.

The drag acting on the floats is determined by

F„_ = N • C ct_ .
£Vi

. A , (2.22)

where

float f D float 2 f

N = Number of floats

C! r ^
= Drag coefficient for spherical float

D float ° r

A = Projected area of float to a plane
normal to flow

For a single spherical float, Fridman (1973, p. 51)

expresses a value of 0.475 for C __ when the floatr D float

Reynolds number is greater than (2.0) (10 5 ). The float

Reynolds number is defined as

VD
R f

= —

-

(2.23)
ef v

where

D = Diameter of the spherical float



31

However, if the floats are grouped together, there is an

interaction of flow between the floats and, for this case,

Fridman gives a value of 0.93 for C° D float

2.2.3 Ground or Footrope

The bottom portion of the net is hung on the foot-

rope. Sinkers are attached to the footrope to keep the net

in contact with the bottom. Spacing and weight of the

sinkers vary with the type of the net.

Kawakami and Suzuki (1959) and Suzuki and Kawakami

(1960) studied the shape of the footrope during a tow and

its load distribution. The resistance of the footrope to

the flow are the drag and friction forces. The magnitude

of the drag force may be computed from Equation (2.21) if

the angle between the rope and flow direction is known.

However, the magnitude of the friction force depends on the

bottom condition and the material of the rope. Fridman

(1973) estimates the friction force as

F r . . = f • W (2.24)friction

where

F,. . = Friction force
friction

W = Apparent weight of the rope

f = Coefficient of friction between the
soil and the rope

The values of f for two different bottom conditions

and for different materials are given in Table 2.1. The
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coefficient of friction is dependent on the angle between the

flow direction and the rope. Fridman (1973) establishes a

graphical relation between a and f.

TABLE 2.1

VALUES OF COEFFICIENT OF FRICTION

Material
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2.4 Doors

The doors in a trawl provide the all -important fish-

ing spread of the net. The doors of the bottom trawls used

in Florida are rectangular in shape. They are wooden boards

reinforced with iron strips and no attempt on streamlining

is made. At the lower edge of the door, a heavy metal shoe

plate is fitted for stability and for protection of doors

against the hard bottom. The towing warp is connected to

the doors by a chain and a shackle arrangement. If the

sweeplines are used in the net, they are connected to the

backstops of the door by shackles

.

Figure 2.11 shows the equilibrium condition of the

door. The forces acting on the door are the tensile force

in the towing warp R± ; the hydrodynamic force, R2 ; the

tensile force in the sweepline, R 3 ; the apparent weight of

the door, W; and the friction of the door against the bottom,

F. The governing equations for the equilibrium conditions

are

EX = EM =
x

EY = EM =
y

EZ = EM = (2.25)
z

where

EX, EY and EZ = Sum of components of all forces
of x, y and z directions,
respectively
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Figure 2.11. Equilibrium condition of door

Source: Fridman, 1973
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EM , EM and EM = Moment of forces about x, y and
z axis, respectively

The equilibrium condition of the doors is detailed by Crewe

(1964) and by Fridman (1973)

.

The resistance of the door to the flow arises from

the drag of the door and the component of the friction force.

The hydrodynamic drag of the doors is

-
!.:..

, l^T-} A (2.26)

where

door Ddoor 2

F, = Drag force acting on doors
door °

C ,
= Drag coefficient for door

D door °

A = Area of door

The drag coefficient for the door depends on the

door Reynolds number which is defined as

R A
= —

i

(2.27)
ed v

where

I = Length of door

It also depends on the angle of incidence of the flow, the

shape of the door and the ratio of the length to height of

the door. For R . > (0.8) • (10 6
), Fridman (1973, p. 276)

ed

presents the values of the drag coefficient for oval and

rectangular doors with angles of incidence ranging from 20°
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to 40°. The C values vary from 0.5 to 1.0 for a
D door

rectangular door. This range agrees with the trials of

Crewe (1964) and Scharfe (1959)

.

The friction force of the door against the bottom

depends on the apparent weight of the doors and the soil

condition. Literature on the evaluation of this friction

force is scarce. As a first-order approximation, the magni-

tude of the friction force may be evaluated from Equation

(2.24) and by using Table 2.1

2.5 Towing Warp

Towing warps are steel wire ropes, the diameter of

which depends on the towing power of the trawler and the

type of trawl. Length of the warps is determined by fishing

conditions, trawl type and drum capacity.

Drag force acting on a towing warp is a function of

its (warp) shape which, in turn, is determined by the system

of forces acting on it. The hydrodynamic drag F of a

straight circular cable inclined at angle a to the flow is

i (.;,. • 1^-1 • fsin 2 a] • (h I 1 (2.28)

where

2
J.11 LX J.JLA,

)
I

J [ r r

C = Drag coefficient for warp
D warp °

For steel cables, the value of C is 1.1
D warp

(Fridman 1973, p. 57). However, if the frequency of the

vortices forming behind the cable is equal to the natural
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frequency of the cable system, the value of C will ben J J D warp

greater than 1.1. Literature on the evaluation of this

value is not presently available and research is wanting.

Figure 2,12 shows the forces acting on a towing cable

system. The tangent at any point to the cable makes an

angle a to the incident flow. Therefore, the towing

velocity can be resolved into V sin a and V cos a as the

normal and tangential velocity components, respectively.

Let F be the drag force per unit length of the cable when

the cable lies normal to the flow and F be the drag force

when the cable is tangential to the flow. For the flow

system represented in Figure 2.12, the force acting normal

to the cable is F sin 2 a. Similarly, the force tangential
n

to the cable is F cos 2 a. But Streeter (1961) approximates

the value of F cos 2 a to F cos a to fit the experimental

data. The forces acting on an element of length ds are

given in the free body diagram of Figure 2.12. By resolving

these forces in the tangential and normal direction, the

equilibrium condition of the cable system is obtained.

dT
f

—3— + F cos a - w sin a =
ds t

T r tt- - F sin 2 a + w cos a =
f ds n

xz = cos a; -3~ = s i-n a (2.29)
ds ds

where
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w = Weight of cable per unit length

T, = Tensile force per unit length

The solution of Equation (2.29), for the values of

z, y, a and T as a function of the length of the cable,

yields (Streeter 1961)

T. =
f

= T - F
t
z + wy

In
w sin a - F cos a

F sin 2
a + w cos a

da

T cos a

F sin 2 a + w cos a

da

y =
T sin a

F sin 2 a +
da

w cos a

(2.30)

The magnitude of the tension T in the warp at the

point of attachment to the door can be computed by assuming

that the warp lies in the vertical plane z - y (Fig. 2.12).

T n =.
net , F

,

-ts + door + r (2.31)

where

F = Drag of the net
net &
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F, = Drag of the door
door °

F = Vertical component of tension in cable
v which is given as

F = W + F , - N, , (2.32)
v v door Da

where

W = Apparent weight of door

F , = Vertical component of hydrodynamic
v door . .resistance

N, ,
= Reaction of the bottom to door

bd

From Figure 2.12, it is seen that the hydrodynamic

drag of the warps is computed by the following expression:

F = Ti cos on - T cos a (2.33)
warp *

The power required to pull one cable is, therefore,

given as

P = TiV cos a (2.34)

where

P = Power

V = Towing velocity

Ti = Cable tension



CHAPTER 3

LITERATURE REVIEW

3.1 Mathematical Modeling of Fish Nets

The computation of drag force of a fish net by

analytical approach is known as mathematical modeling of

nets. An estimate of the magnitude of drag at a given speed

determines the capability of a trawler to tow the net at

that speed. Also, if the net is to be physically modeled

and tested, an estimate of drag is necessary to design the

force measuring instruments. However, published research

papers dealing with the calculation of drag on fish net by

mathematical models are scarce. The main features of one

approach found in the literature are described below.

Giannotti (1973) assumes the total resistance of a

fish net to a current to be equal to the sum of the indi-

vidual resistances of the components of the net. This

assumption neglects the effect of the interference between

components. The fish net is divided into two major sections,

namely, cod end and belly. The minor components include

foot- and headropes and floats . The shape of cod end is

assumed to be cylindrical and the drag acting on the cod

end is computed by Equation (2.20).

41
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Giannotti approximates the belly by a conical net

with an elliptical mouth where the major axis of the ellipse

is given by the wingspread 2a, and the minor axis by the

headline height 2b. To compute the drag force acting on

net panels, he conducted wind tunnel experiments on two net

panels and presented an empirical formula on the form

F = [C_ . sin a + 0.005 1 f^H [A • S
[ D panel

J [ I
J \ surface

(3.1)

Applying Equation (3.1) to an elementary surface area of the

elliptical cone and integrating it over the entire surface,

the drag force acting on the belly is obtained.

F. .. = f^S-l(S) f(C_ . Trab) + 0.005ttbelly
I

2
J [

K D panel ;

x ^ab + a^b^l < 3 - 2 >

where

F,
n 1

= Drag force
belly °

c = Length of net

The second term in the radical of Equation (3.2) is

very small compared to the first term. Therefore, this

equation shows that the length of the net does not have any

major effect on the drag force. Giannotti (1973, p. 56)

also infers that "the flow essentially sees only a projected

area as it passes through the cone, and the aspect ratio of

the cone has no effect on the drag force." If the drag on
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the belly is independent of the net length and depends only

on the projected area of the net to a plane normal to the

flow, it is to say then, that the shape of the net does not

affect the drag force which is not true. Therefore, the

basic equation (3.1) should not be applied to computing the

drag force on the belly.

The angle of incidence of the flow in the belly

varies from tan-1 (a/c) to tan -1
(b/c) . For practical cases,

the value lies in the range from 2° to 30°. As discussed in

section 2.1.3 for this range, Equation (3.2) will predict

low values of drag force because of the low prediction of

projected solid areas. When a net panel is inclined at a

small angle, a, Equation (3.1) estimates the projected solid

area to be in the order of fSA r • sin a] . But the
v surface '

actual value of the projected solid area is in the order of

fSA ] since the projected area of an inclined cylindri-
v surface^ r j j

cal bar is in the same order of area of the cylindrical bars.

Therefore, Equation (3.1) is not the proper form of equation

in evaluating the magnitude of the drag force.

The resistance of minor components, footrope, headrope

and floats has been calculated by equations given in section

2.2. The total resistance of the net is, therefore, the sum

of the resistances of the cod end, belly, footrope, headrope

and floats.

As Giannotti predicts very low values of drag force,

his approach is not adequate. Hence, an adequate method of
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finding the forces on and of testing fish nets is necessary.

At present, physical model testing seems to be the only

alternative and appropriate method of testing fish nets.

3.2 Physical Modeling of Nets and Trawls

Laws relating to the construction of hydraulic models

and the interpretation of the results of model tests are

described below.

3.2.1 Forces in a Fluid Flow

The forces acting on an element of fluid in a flow

can be classified under active and reactive forces. Active

forces include inertia, gravity, viscous, elastic, surface

tension forces and, in rare cases, compressive forces.

Reactive forces are the pressure forces.

Inertia force arises from the acceleration and

deceleration of fluid mass. By Newton's second law of

motion,

F. . = m" • a (3.3)
iner tia

where

m" = Mass

a = Acceleration

The gravity force if calculated by

F . = m" • g (3.4)
gravity &
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where

g = Acceleration due to gravity

Viscous resistance to shear is the property of the

fluid which varies directly with the velocity gradient

normal to the direction of flow. Viscous forces, thus,

depend on the motions in a system at an instant of time

and feedback to modify the motions at succeeding instants

of time

.

Surface tension force exists at interfaces between

fluids, whether liquid and liquid, or liquid and gas. The

value of surface tension is the energy required to increase

the surface area one unit.

Elastic forces in a fluid occur by virtue of change

in volume. Reactive forces result from the active forces.

The equilibrium condition is, therefore (Fig. 3.1),

F +F. +F . +F
n

.+F
gravity viscous surface elastic pressure

tension

+ F. .
= (3.5)

inert la

3.2.2 Similitude

To model a hydrodynamic flow system, the prototype

and the model should satisfy the following three types of

similarity.

Geometric similarity—Two objects are said to be

geometrically similar if the ratios of all homologous
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gravity

pressure

inertia

^elastic

^surface tension

Figure 3.1. Force polygon of a fluid flow.
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dimensions are equal. Thus, geometric similarity involves

only similarity in form.

Kinematic similarity—Two flow motions are kine-

matically similar if the patterns or paths of motion are

geometrically similar, and if the ratios of the velocities

of the various homologous flow particles are equal.

Dynamic similarity—This is the similarity of forces

Therefore, the force polygon in the model must be geometri-

cally similar to the force polygon in the prototype. This

requires that the force scale must be the same for all

forces

.

3.2.3 Model Scales

The term model scale refers to a quantity in the

prototype divided by the corresponding quantity in the model,

Greek letters are used for the model scales while the sub-

scripts p and m refer to the prototype and model, respec-

tively.

The fundamental model scales are:

L
Length scale A =

jf-
(3.6)

m

T
Time scale t = «£ (3.7)

m

F

Force scale K =
F

(3-8)
m

in which L, T and F stand for a characteristic length time
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and force. All other model scales may be derived from the

fundamental scales.

Velocity scale:

V L /T
_P_ = P, P = A
V L /T tm mm (3.9)

Pressure scale:

P' F /L 2

P _ P P

P
m F /L 2

m m

(3.10)

Mass scale:

L /T
P P J

L /T
m m

KT '

A
(3.11)

Inertia force scale:

3 ,2
p 1/ • L /T" p .1

K = P P P P „ P .
A

inertia 3 T /rp 2 2
p L • L / i p tmm mm m

(3.12)

Gravity force scale:

P L g P o

K = P P P = _E . a
3

gravity T 3

P L g pm m°m m

(3.13)

Viscous force scale
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Surface tension scale:

L
= TT

'

T* " (T x < 3 - 15 >surface (J L U
m m m

tension

Elastic force scale

K
= ^ • A

2 (3.16)
elastic K

in

where

u = Dynamic viscosity of fluid

= Surface tension

K = Bulk modulus of elasticity

Dynamic similarity condition requires that

inertia gravity viscous
tension

(3.17)

From Equations (3.12) to (3.17),

P ,
l+P „ V i 2 k

= -£.A_=_EL. A
3 = _j>.A_ = m

A
2

(3 18)
D T 2 D U T K

The length scale, A, can be selected at will but all

other unknown scales are to be solved as a function of A

.

Equation (3.18) is actually three equations. They cannot

be simultaneously solved for the unknown time scale, t,

unless a suitable fluid satisfying these equations is found
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by chance. Therefore, the usual procedure is to neglect

minor forces in the flow under consideration.

3.2.4 Model Laws

The ratio of the gravity force per unit mass to the

inertia force per unit mass is Lg/V . The inverse of this

ratio is called the Froude number. Therefore,

F = JL
r

/gL

Inertia force
Gravity force (3.19)

The Froude number is an important parameter whenever gravity

is a factor which influences fluid motion. In such a case,

the Froude number in the model and prototype must be the

same

.

The inverse of the ratio,

Viscous force/mass _ uV/pL 2
p ,~ ~

n x

Inertia force/mass V2/L P VL
K-i.tv)

is the Reynolds number. It is important when viscous forces

influence fluid motion. To model such fluid motion, the

Reynolds number should be kept the same in the model and

prototype.

The relationship between the inertia and pressure

force defines Euler number E .

Inertia force = P L
3

• L/T 2

= pV 2

Pressure force L 2 P' P'

Therefore,

,2

E.. = ^T (3.21)
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If the predominant forces are inertia and surface

tension, the Weber number should be kept constant both in

the model and the prototype. The Weber number W is defined

as :

W Inertia force ._ V 2 /L
n Capillary force O/pL 2

W = ^L-t (3.22)
n U

If similitude with respect to elastic force is to be

insured, the Cauchy number or Mach number should be kept the

same in the prototype and model. This is defined as:

Inertia force = P L
3

• L/T 2
_ (L/T)

2

Elastic force L2E' • L/L E'/p

2

C = M 2 = £^_ (3.23)
a a E '

where

C = Cauchy number
a J

M = Mach number
a

E' = Modulus of elasticity

In short, the predominant force scale ratios and the model

laws are

:
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inertia gravity

Froude Model

Reynolds Model

Weber Model

tension

Cauchy Model

(3.24)

3.2.5 Derived Model Scales

In all the cases mentioned above, if the length

scale, A, is chosen, depending on L he predominant forces,

the time scale can be found from the model law. Then, the

model scale ratio for any derived quantity can be solved.

For example, in the case of Froude ' s model law

which considers the gravity and inertia forces as predomi-

nant forces, the inertia and gravity force scale ratio

should be equal. From Equations (3.12) and (3.13), the Lw,

scale , t , is

:

(3.25)

When g = g , the corresponding velocity scale is

:

P _. A
(3.26)

Similarly, the force scale ratio is obtained as
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_£ . L = _£ . a
3

(3.27)

and so on.

Scales for derived quantities for different model laws

can be obtained in a similar fashion. Table 3.1 summarizes

the basic and derived scales for the model laws considered

above (Christensen 1975a)

.

3.2.6 Limitations

In model studies, the following limitations are

usually encountered.

Reproduction limit—As the size of the model decreases,

the magnitude of the predominant forces in the model decreases

significantly, such as, by the cube of the length scale in the

case of Froude modeling. If the model is small, a surface

tension force may become large enough to be of the same

order of magnitude as that of the active forces since sur-

face tension force is proportional to the first power of the

length scale. In this case, extrapolation of model results'

to prototype conditions, where surface tension forces are not

predominant, will be incorrect. However, this difficulty can

be overcome by using the Weber model law in deriving the

model scales, in which case, the Froude model law, of course,

will be violated.

Cavitation limit—When atmospheric pressure is not

reproduced in the model, cavitation phenomena in the proto-

type are not reproduced correctly in the model.
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Wave limit—If waves are to be reproduced correctly

in the model, wave velocities in the model should be greater

than 0.755 ft/sec corresponding to the minimum capillary

wave velocity.

Laminar- turbulent limit—The model should not be so

small that the flow in the model becomes laminar while the

corresponding prototype flow is turbulent. By obeying

Reynolds' model law, this limit can be avoided.

Subcritical and supercritical limit—Sometimes it

is necessary to use a different scale for the vertical

dimension than for that of the horizontal dimension. This

is known as vertical distortion. Where subcritical and

supercritical flows of the prototype are to be reproduced

properly, the Froude model law should be used.

Sediment transport limit—If a sediment transport

phenomenon is to be modeled, the sediments cannot usually

be scaled down to the length or depth scale. E.g., if

normal sand is the prototype bed material and if it is to

be scaled down to a realistic scale, say, X = 50, then clay

or silt should be used in the model. But clay and silt

behave differently than sand due to their cohesive proper-

ties. Therefore, special model laws are usually needed for

these types of models (Christensen 1975b)

.

Roughness limit—Small wall and bed roughness in the

prototype cannot be reproduced correctly in a small model.

Christensen and Snyder (1975) present a procedure to model

the roughness elements by distortion.
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3.2.7 Model Laws Applied to Fish Net

Tauti (1934) has applied the hydraulic model laws to

fishing nets by assuming: (1) that the elongation of the

netting twine is negligible, (2) that the netting twines are

flexible, (3) that Newton's law of hydrodynamic resist-

ance is valid for every portion of the net irrespective of

its Reynolds number and (4) that any change in the form of

the net occurs so slowly that the external forces acting on

each element of the net can be considered to be in quasi-

equilibrium. Considering an element of the net with area, A,

and circumference, S' (Fig. 3.2), he examines the forces acting

on it under equilibrium conditions. From assumptions (1)

and (4), the forces are gravity, drag and webbing tensile

forces

.

The gravity force is the apparent weight of the

elemental area of the net and is expressed as:

• - £,(Ofp. - P.l D • fe + c, (5)

2

] (3.28)

where

flU) -
^ sin 2d)

= Funct:i-on depending on degree of
slackness of netting

Ci = -^q— /p'/p' - Constant which depends on type
k * of knot and its tightness

w = Apparent weight of net per unit
surface area
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PROTOTYPE

MODEL

fm"r

Figure 3.2. Force polygon in the model and
full-scale net.
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The resistance r acting on a unit area of the webbing

is expressed by

r = f 2 U) fg+ C 2 [g) 1 V2 (3.29)M l M

where

f 2 (<j)) = Function which depends on incident angle
of the current and half of the angle
between two adjacent bars

Geometric similarity requires that a an <p should be

the same in the model and the prototype and dynamic simi-

larity yields

:

T S '

w A r A f p F
P P = P P = P « _E » K n imw A r A T S' F

K U- Ju;
mm mm f m m

m

where

t
f

F = Total force acting on net

Tauti sets the twine diameter scale to be equal to

the bar length scale.

D M

m m

He gives the scales of the area and the circumference to be

equal to the square of the length scale and the length

scale, respectively. From Equations (3.28) to (3.31),

Tauti gets

:



A Z
A,

fp
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Using the dynamic similarity concept, Dickson (1959)

argues that the velocity scale ratio should be dependent on

the linear scale A instead of the mesh length ratio. Neg-

lecting the small density difference between the prototype

and the model fluid, he presents:

V

/ = rx (3.36)
m

Fridman (1973) considers the diameter of the bar as

the characteristic linear dimension and reasons that the

drag coefficient for the net is independent of the linear

length of the net. Therefore, he supports the model laws

developed by Tauti.

Kawakami (1959) extends the results of Tauti to

model ropes, floats and sinkers. He considers two cases of

modeling of ropes. In the first case, the rope is used as

the main part of the net, the reduction ratio is equal to

that of the main body of the net, i.e.,

I

j-* = A (3.37)
r
m

In the second case, the rope length is independent of the

size of the main body of the net, as in the case of the

towing warp of a trawl.

In both cases, Kawakami (1959) considers the three

forces acting on a rope: The hydrodynamic force, the

apparent weight of the rope, and the tension in the rope.



63

He also assumes the elongation of the rope to be negligible.

He expresses the hydrodynamic resistance r acting per unit

length of the rope as

:

r = r sin 2 a • H -V 2 (3.38)
r
Q

where

r = A constant
r

H = Diameter of rope
r r

a = Angle between rope and current

The apparent weight of the rope per unit length w is given

by

Till

w = -r- f Y - y ) (3.39)
r 4 *• ' r W

in which

Y - Specific weight of rope

The force ratios must be equal in order to satisfy

the dynamic similarity. From Equation (3.35),

V
P

V

2

(3.40)

where

I = Length of rope

T = Tension in rope
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For the first case, where the rope is used as a main

body of the net,

= A

Substitution of Equations (3.38) and (3.39) in (3.40)

yields

:

H

and

Y r
" Y w (V /V

)
P P = P m

Y
r - Y w X

m m

(3.41)

For the second case where the rope length is independent of

the size of the net,

= A ± A (3.42)

Kawakami gives

:

and
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A— (3.43)
, 2

Therefore, the diameter and density of the rope in

the model should be chosen to satisfy Equations (3.41) or

Equations (3.43).

To model floats and sinkers, Kawakami (1959) analyzes

the forces acting on them which are the apparent weight and

the hydrodynamic resistance. Denoting the number of floats

or sinkers per unit length of rope by n, the apparent weight

w, per unit length, is calculated by

w = ki E 3

fY ' - Y ] n (3.44)

where

ki = A constant depending on the shape of float
or sinker

E = Diameter

Y ' = Specific weight of material
s

The hydrodynamic resistance is expressed in the form,

r
a

k 7 E
2

V 2 n (3.45)

where

r = Hydrodynamic resistance per unit length
of rope

k 2
= A constant
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From the dynamic similarity condition and from

Equations (3.35), (3.44) and (3.45),

_R =
fv L1

i
P £

n A

and

P _ (3.46)

Therefore, the floats and sinkers of the model should satisfy

Equation (3.46). In cases where Equation (3.46) cannot be

satisfied, an approximation should be made in considering

the forces acting on floats or sinkers. Neglecting the

hydrodynamic resistance force compared to the apparent

weight, the similarity condition yields:

I

Y " Y
s w
2 P_
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and of the net such as density p, viscosity p, specific

weight of twine y and elastic properties. These variables

and the functional relation can be expressed in the form:

S'= ffp, L, V, m, t, M, D, F, g, e, u
x , u 2 ,

y* (3.48)

Using Buckingham's Tf theorem, Fridman (1973) derives

the following dimensional numbers:

S'_ srfV M Vt P V 2 pVL F

where

^ = Elastic displacement

1 = Hanging coefficients
u 2

&a
e = Unit elongation of the twine

Therefore, for the complete similarity condition, the follow-

ing terms should be the same for the model and for the

prototype

:

1. M/L and

2. D/L or these terms can be grouped into single

one term, D/M

3. Vt/L which is the Strouhal number

V 2

4. —,—f-, a modified Froude number
Y"gL'

5. VL/v, the Reynolds number

ft
F

7. K, U! , u 2 , e (geometry of the net)
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Fridman (1973) analyzes each term in detail and

determines whether it is possible to keep the term constant

both in model and prototype. He derives the model laws and

scales considering only the major forces acting on the net,

which vary from case to case.

3.2.9 Model Experiments

Model experiments are conducted in hydraulic flumes

generally by two different methods. In the first method,

the water is at rest and the net is towed by a carriage

moving on rails. In this case, the length of the flume

must be sufficient to allow enough time to conduct the tests

while not accelerating or decelerating. If the behavior of

the net is to be visually observed and photographed, the

sides of the flume should be transparent. Few such tanks

are available in the U.S.A. for testing of nets.

In the second method, the net is stationary and the

water flows through it. This facilitates visual observa-

tion of a conveniently stationary net. In this case, the

water velocity varies from zero, at the bottom of the flume,

to a particular value at the top of the water surface. The

mean velocity of water in the flume is found by the Froude

model law. However, the variation of velocity with depth

follows a logarithmic law (Nikuradse 1933) :

y
- 8.48 + 2.5 In

|£|
(3.30)
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where

V = Friction velocity

y = Depth from bottom

k = Equivalent sand roughness

v = Velocity at distance y from the bed

Literature on model experiments (Appendix C) indicates that

most of the tests on fixed nets are conducted in flume where

the velocity distribution of water follows Equation (3.50).

But in the prototype, the net is pulled through stagnant

water which means that the profile of water velocity with

respect to the trawl is uniform. Therefore, the relative

velocity has the same value at all distances from the bed.

To satisfy similarity conditions, the same velocity distri-

bution should be obtained also in the model. The uniform

velocity distribution can be achieved by constructing a

movable bed which can be moved at a velocity probably equal

to the spatial mean velocity.

The Chamber of Commerce at Boulogne- sur-Mer , France,

owns and operates a flume in which such a movable bed is

constructed. The details of the flumeare reported by World

Fishing (1972). However, this flume was used as a simple

observation tank rather than a testing tank. Therefore, in

the literature, quantitative test results of model experi-

ments of fish net, using a uniform velocity distribution

from the bed to water level, are not found, so far.
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3.3 Prototype Experiments

Any model law should, of course, be verified both by

model and field (prototype) experiments. Reports on field

tests of fishing gear detail the parameters measured and the

instrumentation used in the tests. A substantial list of

such reports is found in Appendix D. The parameters measured

in the field tests can be grouped under the following head-

ings: (1) Linear dimensions, such as net spread and height;

(2) Angles, such as angle or attack, tilt, etc.; (3) Forces,

warp tensile force and (4) Velocity, such as towing speed

and current velocity.

The instruments to measure these parameters can be

grouped under two divisions: (1) Decktype instruments and

(2) Underwater instruments. Decktype instruments that are

used on the ship deck include warp tensile load cells, warp

declination and divergence meters, and ship's speed log.

Underwater instruments are generally batterypowered and

self-recording. Some of the underwater instruments are

load cells that measure door spread, tensile force on head-

and footropes , net height, etc.

de Boer (1959) used a differential manometer to

measure the net opening. Motte et al. (1973) describes an

accoustical transducer to measure the linear dimension of

door spread and net height.

The forces in the footrope and headrope can be

measured by a self-recording load cell. One such load cell
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is described by Nicholls (1964) . He also gives a method of

finding the loads acting on netting twines. The principle

of this method is the same as the Brinnell Hardness test, a

hardened steel used to give an indentation in a relatively-

soft metal plate.

The angles measured in a full-scale field test are

the angle of attack, the pitch, and the heel of the doors.

If a rod is attached to a door and suspended to move in

horizontal and vertical directions, the free end sliding

over the ground will adopt the towing direction of the door.

This is the principle underlying the angle of attack meter

used by de Boer (1959) and Nicholls (1964) . The warp

divergence and dip angles can be measured by a protractor

and indicator arrangement as described by Motte et al.

(1973).

The towing speeds of the trawler, with respect to

the water and with respect to the bottom, can be obtained

by a conventional ship's taffrail log and navigational

instrumentation.

3.4 Pitfalls in Existing Physical Model Laws

The existing model laws described in section 3.2.7

do not consider the effect of elongation of the netting

twine under load. If the geometric similitude is to be

satisfied, the strain of the twine in the model and in the

prototype should be the same. However, if the same netting
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twine material is used, both in the model and in the proto-

type, strain cannot be the same because of the high change

in the order of magnitude of forces in the two cases. There-

fore, the geometric similarity will not be satisfied in this

case and predictions of prototype linear dimension from the

model results will be erroneous. Thus, adequate model laws

that take the elongation of twine into consideration should

be developed.

These model laws should be verified both by field

and model data. While conducting the model experiments, it

is emphasized that the velocity of water should have the

same distribution from top to bottom as in the field experi-

ments, i.e. , in most cases, be constant. It will not be

adequate to set the mean velocity of water in the flume as

the desired velocity. Because the mean velocity occurs at

a point whose distance is 0.368 times the depth of flow from

the bed if a logarithmic velocity distribution is assumed.

This means that the water velocity below that point will be

less than the required velocity. This distance is crucial

for model tests of bottom trawl since the major portion of

the model lies in that region. Therefore, the model drag

forces will probably be less than the actual forces.

Consequently, the projection of model test results to

prototype conditions may not be correct.

In short, the model laws which take the elongation

of netting twine into consideration should be verified by
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tests in the flume where the velocity distribution is uniform

from top to bottom as in the case of field experiments.

Such tests are conducted and will be explained in subsequent

chapters

.



CHAPTER 4

DEVELOPMENT OF MODEL LAWS

4.1 Froude Modeling

To model a flow through and around a trawl, the

predominant forces acting on it must be considered. The

predominant forces are due to gravity, inertia and the

viscosity of the water. The viscous forces will have the

least influence on the model if its twine is not thin.

Therefore, it is assumed that this type of force has

negligible effect on the trawl and that the predominant

forces are due only to gravity and inertia. As discussed

in section 3.2.4 to model such a flow field, the Froude

model law is required.

Equating the inertia and gravity force scales, the

time scale ratio is obtained as given by Equation (3.25).

The model scale ratios for other derived quantities can

then be expressed in terms of the fundamental model scales

(Table 3.1).

4.2 Mesh-Twine Distortion

While the principal dimensions of the prototype

trawl (length and width of the net) are reduced by the

74
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length scale A, it is not advisable to reduce the twine size

by the same length scale. Such a reduction will, in most

cases, result in such low values of the model Reynolds

number, which is based on twine diameter, that viscous

forces may predominate in the model but not in the proto-

type. This may happen in spite of the fact that the length

scale used in net and trawl models is usually approximately

one order of magnitude smaller than the length scales

usually used in models of rigid hydraulic structures. The

problem may be overcome by using a larger twine size and

compensating for the twine distortion by also distorting

the mesh size in such a way that the hydrodynamic drag

forces acting on any section of the prototype trawl and the

corresponding section of the model have the correct force

scale

.

Figure 4.1 shows a prototype section of a net and

its corresponding model section. The drag force acting on

a section due to the flow velocity V, relative to the

trawl, is computed by calculating the drag force acting on

the bars and on the knots. The drag force acting on a

twine may be written:

Similarly, the drag force acting on a knot is given by

.21

F = C ^H
knot Dk 2

ttD,
k

T (4.2)
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Figure 4.1. Idealized mesh and twine in prototype

and model.
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where

D, = Diameter of knot
k

It is assumed that the diameter of the knot is proportional

to the diameter of the twine. The total solid areas of the

bars and the knots on which the drag force is acting may be

written

:

A
b

- :ld)

and

M 4"

(4.3)

(4.4)

From Equations (4.1) to (4.4), the total drag force

F, acting on the prototype section, is computed from

F = Cl
P

L

H
I PJ

L D p V z + c 2
P P P P

L
p

M
I PJ

D
2
p V 2

P P P
(4.5)

where

cj and c 2 = Constants of twine and knot,
respectively

If the Reynolds number based on the twine diameter is not

small, both in the model and in the prototype, then the

drag coefficients will have the same value in the model

and in the prototype. Therefore, the constants Cj and c 2

also remain the same for the model. The drag force in the

model is expressed as

:

2

F - c L D p V" + c 2m m ra m * D
2
p V

2

m m m
(4.6)
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ciL D D
z

P P 4- c T 2 _P
F M 2 p M2
P P__ P

F
9
D

T 2 m , T 2
CiLm5r + c 2 L

D:
r

m ffi

(4.7)

But, the drag force and gravity force scales must be equal

to satisfy the dynamic similarity condition. Therefore,

from Equations (3.26), (3.27) and (4.7),

where

D D
c + -H

PJ
= 1 (4.8)

D
C + jj-

c = Cj/c2 = A constant

The mesh scale, X„, and twine scale, \_ , are defined
M D

and

M
= __P

M M

D
_ P

(4.9)

D D
(4.10)

Substitution of Equations (4.9) and (4.10) into (4.8), yields
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D
D A M D

M M

D

M
-^K- = (4.11)

The solution of -— is
A
M

A
M

(4.12)

c +

(4.13)

Equation (4.13) gives a negative value for -— which is not
A M

possible. Therefore, the only solution of Equation (4.11)

is given by Equation (4.12), i.e.,

A
D = A

M
(4.14)

which is independent of the constant c.

Tauti (1934) has applied Equation (4.14) in deriving

the model laws, but he has chosen the result as an arbitrary

value instead of a necessary condition. Equation (4.14) is

also consistent with the findings of Fridman (1973) who

derives the condition from dimensional analysis. A special
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case of Equation (4.14) occurs where both scales are equal to

one indicating that the same twine and mesh size may be used

in both model and prototype. However, the model twine size

is determined from the elastic properties of the prototype

twine material.

4.3 Elongation of Twine

As discussed in section 2.2.1, the stress-strain

relationship of netting twines is expressed in the form:

a = A E
B

(4.15)

in which

a = Stress corresponding to the strain e

A and B = Constants which are properties of the considered
twine

The stress-scale is, therefore, obtained:

B

A e
p

mm m

Geometric similarity requires that the strain in the model,

e , is equal to the corresponding strain in the prototype,

£ .

P

Equation (4.15) is valid within the strain ranges

normally encountered in nets and trawls, and the dimension-

less exponent B is nearly the same in most net and trawl

materials (Fig. 4.2). A representative value is B = 0.9.
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Figure 4.2. Typical stress-strain curve for
polyamide twine.
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The dimensional constant A varies substantially from material

to material. Therefore, Equation (4.16) reduces to:

a A
_£. = _E
a A

(4.17)
m m

The average stress on a twine oriented in the

direction of flow may be evaluated by considering the number

of twines existing in a prototype length L (Fig. 4.3). The

total area on which the total drag force F acts is calcu-

lated to be U c 3 D
2

, where c 3 is a constant. Therefore, the

average stress is obtained as:

fel c 3D*
(4.18)

and, hence, the stress scale is:

F
_£
F

L
C3

IE J^ _Ji
L M c,
m p J

\* m
M

(4.19)

Because of the requirement of geometric similitude c
3

and
m

c
3

must have the same value. Therefore, Equation (4.19)

P
becomes

:

o

a
(4.20)
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The substitution of Equation (3.27) and (4.14) into (4.20),

yields

:

a p
A
2

-* - -B- • f- (4.21)
m m M

From Equations (4.17) and (4.21),

(4.22)

from which the basic length scale X is to be determined.

Equation (4.22) shows that the length scale cannot

be chosen arbitrarily. Once X and the material for the

prototype and model are chosen, the model dimension is

fixed by them. From Equation (4.22), the corresponding

mesh number scale:

L
_R

N M .

n =_P = _E=^L (A ?3)

m __m M

M~
m

where

N = Number of meshes in a given length, L

4.4 Modeling of Ropes

Ropes (such as headrope, footrope, etc.) are to

be considered. The active forces on such ropes may be

classified in three categories: (a) forces transferred

from the webbing due to the hydrodynamic drag on the
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webbing and the catch contained in the trawl, (b) gravity

and buoyancy forces acting directly on the rope itself

not including such forces on floats or sinkers directly

attached to the rope and (c) hydrodynamic drag on the rope

itself not including the drag on any floats or sinkers

which may be attached directly to the rope. Categories

(b) and (c) are usually of a smaller order of magnitude

than A which must follow the general force scale given by

Equations (3.27) .

Consider for instance a headrope with diameter H

in which the tensile force is F (Fig. 4.4).

H

F

k L

F

Figure 4.4. Headrope

The corresponding stress in the rope is:

F

p c kn<

(4.24)

and

k m

(4.25)

in prototype and model, respectively. The constant, c^ , is
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a shape factor assumed to have the same value in prototype

and model because of the geometrical similitude.

The combination of Equations (4.2), (4.17), (4.24)

and (4.25) yields the rope size scale:

H p A
A = -E. = -£- • -1
H H Jp A

3/2
(4.26)

In cases where the elastic deformations of the ropes

are small, compared to the deformations of the webbing (that

is, when steel ropes or ropes with steel cores are applied)

the requirement e = e may be neglected and normal scaling

(i.e., application of the A scale for the rope sizes) may be

used.

4.5 Modeling of Floats and Sinkers

£2^:

Figure 4.5. Attachments in a rope.

Let N floats of diameter E be attached to the length

L of the headrope (Fig. 4.5). The buoyant force acting on

these floats is:

\ = N
f
C E

3

( Y ' - y)f 5
(4.27)
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where

c
g

= Another constant shape factor

Y ' = Unit weight of dry float material

Y = Unit weight of water

The corresponding hydrodynamic drag force acting on these

N floats may be expressed as:

F = N r
c E

2
P V

2

r b
(A. 28)

where

A constant

The force scale of these two forces must be the

same, that is,

B

(4.29)

;iven together with Equation (3.25) for the time scale:

A
E
= K
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The two force scales in Equation (4-29) must also be

equal to the general force scale given by Equation (3.27).

This requirement results in the formula:

(

N
f
-N

£
m p ^

2

(4.31)

from which the number of floats in the model may be determined

when the float diameter scale is found from Equation (4.20).

Equations (4.30) and (4.31) may also be used for sinkers.

4.6 Modeling of Doors

The major dimensions of the door such as length and

weight should be reduced by the basic length scale A . Some-

times it is not possible to reduce the thickness of the

boards exactly to a scale of A . In such cases, the thick-

ness of the shoe in the door should be chosen to satisfy

the weight scale ratio given by Equation (3.27).

The bracing and its connection arrangement should

be modeled properly to the length scale. Care should be

taken that the center of gravity of the model door is in

correspondence with the center of gravity of the prototype

door

.

The model laws developed in the preceding discussion

are verified by force and stress measurements , by observa-

tion of model behavior in the flume, and by comparison with

measurements and observations from divers in the ocean of

the corresponding prototype trawl.



CHAPTER 5

PROTOTYPE FIELD TESTS

5.1 Parameters Measured

When embarking on the verification of any hydro-

dynamic model law, it is necessary to decide what parameters

should be measured and compared in the field and in the model

experiments. These parameters should be representative of

the functional behavior of the model system. Two major

parameters representing the geometry of the net are, in this

case, the vertical opening and the horizontal spread of the

net and doors. In general, the greater the vertical opening

means the smaller the horizontal spread. In some cases, a

large horizontal spread is desired to cover more fishing

ground for such species as lobster, flounder and shrimp. In

other cases, a large opening may be required to catch higher

swimming fish such as butterfish.

Another important parameter is the total drag acting

on the gear. Drag increases as the towing velocity of the

net increases. It consists of: (1) drag due to the net

(hydrodynamic)
, (2) drag due to the doors (hydrodynamic and

bottom friction and (3) drag due to towing cables (hydro-

dynamic) . The magnitude of the total drag may be measured

as the tensile force in the towing cable.

89
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Also, in order to evaluate the distribution of load

from the net to the footrope and headrope, it is necessary

to measure the load in these ropes at strategic points. It

is also desirable to observe the load in the twine itself

so that an idea of the magnitude of stresses and strains in

the twine may be obtained.

The relative velocities of the vessel with respect

to the water and the bottom are important parameters because

the behavior of the net depends on the speed at which it is

being dragged. Because of currents caused by wind or tidal

action, the speed, relative to the water, may not be equal

to the speed of vessel and net with respect to the ocean

bottom. It is, therefore, necessary to conduct the field

experiments in such a way that the influence of this speed

discrepancy is eliminated.

5.2 Net and Towing Site

The basic net chosen for the test was manufactured

by the Burbank Net Shop, Fernandina Beach, Florida. This is

a trawl widely used by the Florida shrimp fleet. This net

was towed by the twin trawler Captain Gene , belonging to the

University of Georgia Marine Extension Center. The specifi-

cations of the net are given in Table 5.1. The corresponding

net and door diagram are shown in Figures 5.1 and 5.2,

respectively. Because of the clearness of the water near

Shell Island in the Gulf of Mexico, the towing site was done

in that area (Fig. 5.3).
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TABLE 5.1

SPECIFICATIONS OF BURBANK FLAT NET

Item
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Figure 5.3. Site of prototype field study.
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5.3.1 Warp Tension Measurement

The tension in the towing cables (warps) was measured

by a strain gage embedded in a steel bolt. The maximum

capacity of the load that could be measured by this bolt was

20 tons. A strain indicator with two channels of input and

output (for strip recording) was built and calibrated up to

3 tons by means of static loading. This bolt was attached

to the rail block on one end and clamped to the towing cable

between the rail block and the towing block on the other end

(Fig. 5.5).

As the net is being dragged through the water, eddies

created by the turbulent flow of water around the towing

cables and doors induce vibrations in the cable. Since it is

the time-mean values of the observed parameters which are of

interest, it is desirable to record continuously the load in

the cables in a strip chart recorder. The recorder used was

a Hewlett-Packard Strip Chart Recorder Model 7100B. It has

two channels and two independent pen drives. The speed of

the chart may be varied in twelve steps ranging from 1 in/hr

to 2 in/sec. Figure 5.6 shows the bolt, the attachments and

the recorder.

Ideally, the tension in both the warps towing the two

doors should be measured. However, since the vessel used was

a twin- type trawler, attempts to tow only one net with each

warp on starboard and port side of the vessel created navi-

gational problems. Therefore, the tension was measured in
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only one combined cable of the two warps as shown in

Figure 5.4.

5.3.2 Underwater Load Cell

Two types of load cells were used underwater, one

with a 0-1500-lb range and the other with a 0-2400-lb range.

The load cells are battery powered and waterproofed. Each

cell is housed in aluminum tube canisters, sealed by o-rings,

and with a hook on each side for attachment. This load cell

has a Rustrak recorder. The chart speed is slow enough to

use this load cell for more than 3 hours without reloading.

A view of the load cell with its power source and recorder

is shown in Figure 5.7.

Two, 1500-lb load cells were attached to the foot-

rope and headrope at the midsection of the rope (Fig. 5.8).

One, 2400-lb load cell was installed between the top of one

door and the headrope by means of shackles. The other

2400-lb load cell was attached to the bottom end of the other

door and the footrope. These locations are shown in Figure

5.4. Figure 5.9 shows the connection of the load cells to

the doors

.

5.3.3 Twine Load Cells

The twine load cell is a very small diameter, thin

walled tube. The tube is slipped over the twine and bonded

to it by a special high-temperature adhesive (epoxy) .
The

dimensions of the load cell are small enough to permit

installing one into a bar of the prototype mesh (Fig. 5.10).
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Figure 5.7. Underwater load cell
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Figure 5.8. Attachment of underwater load cell to

the footrope and headrope.
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Three sizes of this type of load cells are available; 2-lb

range, 10-lb range and 20-lb range. Two-lb range load cells

were used. Four load cells of this type formed four meshes

(Fig. 5.11).

The leads from these load cells were connected to

the terminals of a multichannel cable. These connections

were waterproofed. The multichannel cable was, in turn,

attached to a nylon rope to avoid damage to the cable during

towing. The other end of the cable was connected to a

channel selector switch placed on the vessel. The load could

be read from a calibrated strain indicator meter. These

instruments are shown in Figure 5.12.

5.3.4 Trawler Speed

The trawler speed was measured in three different

manners. In the first method, a Lionel Taffrail Log was

used. This log gives the distance traveled in nautical

miles and from the time taken to travel that distance, the

trawler's speed with respect to the water was calculated.

In the other two methods, propeller meters were used. One

propeller meter was the conventional precision Ott micro-

current meter widely used in the laboratory. The other

propeller meter was the more crude direct reading field

type manufactured by General Oceanics (Model 2030)

.

In each run, velocity measurements were taken while

the trawler was traveling with and against the current.

The average of these two velocity measurements would give
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the velocity of the trawler thereby, eliminating the influ-

ence of the current with respect to the ocean bottom. This

is, of course, only correct when it is assumed that the

current, with respect to the ocean bottom, does not change

during the two runs . Due to the short time needed for

making the two runs, this assumption must be considered

valid, in this case.

5.3.5 Net Dimensions

The vertical opening and the horizontal spread of

the net were measured by divers by means of a nylon line

held between the doors and between the footrope and headrope

.

This method proved successful at low speeds but was imprac-

tical at higher speeds because of difficulties in position-

ing the diving sled at these speeds.

Two buoys were attached to the doors . The horizontal

distance between these buoys, measured during trawling,

represents the horizontal opening of the net. The location

of each float was determined by triangulation from the deck.

In order to observe the net profile, a 14-ft boat

equipped with an echo sounder (Benmar) , traveled over the

net taking soundings . The difference in the readings between

the ocean bottom and the top of the net would then give the

vertical opening of the net.

5.4 Test Procedure

A course line was set parallel to the beach by means

of three buoys. The distance between the end buoys was
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determined by triangulation from the beach. The net was towed

in a straight line defined by these buoys in all runs. The

distance between the outer buoys was found to be 2.4 miles.

Two series of tests were conducted. In the first

series, the net was not fitted with floats on the headline

except for one attached above the load cell to compensate

for the weight of this instrument. In the second series of

the test, twenty-one floats were attached to the headline.

Each series of tests consisted of three runs. In each run,

the net was towed at a constant velocity or speed of the

vessel with respect to the water obtained by a fixed engine

rps) . The rpm chosen for the runs were 1100, 1300 and 1500.

The vessel was set along the course line defined by

the buoys. Time was noted at the beginning and end of each

run. During the run, angle measurements were taken from two

points of the deck to the floats attached to the doors. The

net profile was observed by the echo sounder on the small

boat which was riding at the top of the net. The readings

of the ship log, Ott meter, and the other propeller meter

were taken. The output from the bolt load cell attached to

the towing cables was recorded automatically on the recorder.

The time of start and finish of each run were marked on the

chart paper.

Difficulties were encountered with the twine load-

cell readings . It was suspected that the electric system

of the trawler's engine interacted with the electronic
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systems of this strain indicator. Therefore, reliable

readings from these load cells could not be taken.

The length of warp set out in each run remained a

constant 300 ft. And, at the end of each series, the weight

of catch was estimated to be 100 lb. Underwater pictures

and movies were taken by the divers. At the end of each

series, the chart papers were taken out from the underwater

load cells and the start and end of each run were marked on

the chart paper.

During each run, the following parameters were

measured: (1) the speed of the vessel, (2) the total drag

on the towing cable, (3) the drag due to the net alone,

(4) the force in the footrope, (5) the force in the headrope,

(6) the vertical opening of the net and (7) the horizontal

spread of the net. Furthermore, the general shape of the

net was observed by the divers and recorded on 16 mm color

film.

5.5 Test Results

Table 5.2 summarizes the results of Series 1 and

Series 2. The velocity of the trawler was used to compute

the Reynolds number, R _ , of the flow around the twines ofeD

the fish net. By definition,

R - VD /r nR
eD " — C 5 " 1 )

where
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indicating that the flow was in the turbulent range before

the boundary layer transition from laminar to turbulent.

The magnitude of warp tension was plotted against

the speed of the trawler (Fig. 5.13). The relationship

between the warp tension and the speed of the ship was

found to be

:

T = 282 V with floats (5.2)

1.908

T
}

= 118 V without floats (5-3)

where

Tj = Warp tension in lb

V = Speed of trawler in fps

From Equations (5.2) and (5.3), it can be seen that

drag increases as the velocity of the trawler increases.

However, for a given engine rpm, the speed of the trawler

decreases as the drag is increased by attaching additional

floats to the net. Also, Table 5.2 shows that the headline

height reduces as the wingspread increases.

These observations will be compared with the data

obtained from the model testing.
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Figure 5.13. Relationship between warp tension
and trawler speed.



CHAPTER 6

MODEL EXPERIMENTS

6.1 Selection of Scale Ratios

6.1.1 Model Net

The prototype net is made of nylon twine of

diameter D = 0.06 in and with a 2 in stretched mesh (M 1

.

P
v

v
J

A suitable model twine and mesh corresponding to this proto-

type are commercially available and satisfy Equation (4.14)

[x - X
J

. Ace Net Company in Wisconsin manufactures

cotton webbing with 1 in stretched mesh (M 1 and with a

No. 9 cotton twine which has a diameter of 0.03 in [D )

.

This twine was chosen as the model twine, and the twine

diameter and mesh scale ratios are:

A
M
=A

D
=2 (6.1)

The basic length scale A can now be calculated from

Equation (4. 22) .

/A
P

P.

A p '
A
M

m p

if the elastic constants of the model and prototype materials

A and A are known. To find these constants, the stress-
m p

113
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strain curves of the materials should be known. These curves

were obtained by testing the twines in a Tinius Olsen Tension

Testing Machine (Fig. 6.1). During testing, it was noted that

if the twine was secured between two grips (normal procedure)

,

there is a substantial bend in the twine. When subjected to

the tensile force, this bend causes stress concentration in

the grips and gives unreliable results. Therefore, a special

set of grips was designed to eliminate this difficulty (Fig.

6.2). The length of the twine was fixed at 12 in. The twine

was soaked in water for 24 hours before testing. Using a

strain rate of 0.8 percent per second, the twine was tested

until the breaking point. The testing procedure conforms to

the standard procedure for testing twines as outlined by

von Brandt and Carrothers (1964)

.

The stress and strain of the twines were plotted in

a logarithmic paper and straight lines were fitted by method

of least squares (Fig. 6.3). The stress-strain relationship

is expressed by:

a = 99000 e°"
9

(6.2)
P

• 9

o = 840 e (6.3)
m

from which

A = 99000
P

and

A = 840 (6.4)
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By substituting the values of the density for the seawater

at 65°F and for the freshwater at 81°F, the basic length

scale A is obtained:

m 99000
.

1.933
, 2 - 15 2 (6 5)A

7 840 [1.989]
Z 1D -

^ ;

The flume can easily accommodate a model net built to this

length scale. With this length scale ratio, the scale for

the number of meshes in the net becomes

:

n = ~ = 7.6 (6.6)
A
D

Therefore, all meshes in the prototype net should be divided

by n to obtain the model net meshes. The model net corre-

sponding to the field net (Fig. 5.1) is illustrated in

Figure 6.4.

6.1.2 Float Scale

The floats used in the field tests are ellipsoid in

shape. The weight and volume of each float are 0.431 lb and

137 in 3
, respectively. The commercial market does not offer

model floats of the same shape and density; however, spheri-

cal cork floats are readily available in different sizes.

The specific weight of these cork floats is 12.36 lb/ft 3
.

Therefore, the float scale A is found from Equation (4.30).
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- 1 [12.36

t

Y
A. - -^ A = )%3U (15.2) =13.31

Y.
(6.7)

An equivalent diameter of spherical float which has the same

value of the ellipsoid float is calculated from the expres-

ttE
3

volume = —zr~ = 137.3

from which

E = 6.4 in (6.8)
P

It is shown here that the buoyancy which is proportional to

E 3
, which is predominant in this case when compared to the

drag force is, of course, proportional to E 2
. From

Equations (6.7) and (6.8), the diameter of the model float

E , is computed:
m

E = 0.481 in
m

Using a commercially available float, the number of floats

in the model is determined from Equation (4.31).

K.l
2

n = n ?! l12 - 8

T ~ /J -

lis. 2

n = 14.89 (6.9)
m

Therefore, the number of model floats is 15.
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= / = 3TM
= °- 129 in

'
(6 - 14)

_p
H
m

The model net is hung on 0.125 in cotton rope.

In the towing warp, the strain is negligible because

this rope is a steel rope with a very high modulus of elas-

ticity compared to normal nonmetallic ropes. Therefore, in

this case, normal scaling (A scale) is used.

6.1.4 Model Door

The dimensions of the model door are obtained from

the basic length-scale ratio. The weights of the shoe and

the door are computed from the gravity force ratio. The

bracings for the doors are hooked in accordance with the

bracings of the prototype. The center of gravity of the

model door must also be modeled correctly. The dimensions

of the model door are given in Figure 6.6 and Figure 6.7

gives a general view of the door.

All scale ratios derived from the model law are

summarized in Table 6.1. The model net is built to this

specification and is shown in Figure 6.8

6.2 Instrumentation of Model Net

The tensile load in the model trawl was measured at

different locations by small range load cells . These loca-

tions correspond to the locations in the trawl in the

field tests (Fig. 5.4). The ranges of the underwater load
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TABLE 6.1

SUMMARY OF SCALE RATIO

Quantity
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6.3 Description of Experimental Apparatus

6.3.1 Flume

The model tests were conducted in a recirculating

hydraulic flume. The flume consists of two portions: the

main flume which is 120 ft long and a return flume of 140

ft length. The main flume is 8 ft wide and 2.5 ft deep.

The width and depth of the return flume are 4 ft and 3.5

ft, respectively. The depth of water in the flume can be

controlled by a gate (Fig. 6.12) at the downstream end of

the main flume. The gate can be raised or lowered by an

electrically operated gear motor.

Water is pumped from a storage tank to the main

flume by a 70 hp and 12-ft head pump. The pumping capacity

is from to 40 cfs and the flow is regulated by a 30-in

gate valve and a 20-in bypass gate valve. Figure 6.13 shows

the view of the storage tank, the pump and the bypass pipe.

Flow from the pump is determined by a calibrated Poncelet

weir. The head on this weir and the discharge are related

by the curve shown in Figure 6.14. The head on the weir is

measured by electric point gauges as shown in Figure 6.15.

The flow passes through a series of honeycomb structured

baffles which dissipate the energy uniformly. By a combi-

nation of wooden strips placed in front of the baffles, a

uniform velocity distribution across the width of the main

flume can be obtained. The baffles and the weir are shown

in Figure 6.16.
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Figure 6.13. Storage tank, pump and bypass pipe
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Figure 6.15. Electric point gauges for measurement
of the head on the weir.
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The flume is equipped with a trolley operated on

horizontal rails by a variable speed DC motor. The maxi-

mum trolley speed is 2 fps . There is also a carriage in the

trolley which moves across the width of the main flume. With

the combination of the trolley and the carriage, the position

of any point in the flume can, therefore, be located. Pro-

vision is also made on this carriage to support current

meters, point gauges or similar instrumentation.

The test section of the flume is located in the

middle of the main flume. It is 20 ft long, 8 ft wide and

3.3 ft deep. One side of the test section is fitted with

glass panels for visual observation and for photography.

Water in the flume is cleaned periodically by a sand filter

(Fig. 6.17).

6.3.2 Movable Bed

The movable bed consists of two parallel conveyor

belts driven by a 3/4 hp , 110 V DC motor. The rpm of the

motor and, hence, the speed of the belts may be regulated

by a SCR control. The shaft of the motor is connected to

a high torque 5:1 gear reducer. The power from the gear

reducer is transmitted to a driving shaft by means of worm

gears and a drive belt. Figure 6.18 illustrates the mount-

ing of the motor, the gear reducer and the speed control.

The conveyor belt is made of 36 oz orange woven

dacron with a width of 42 in. Each belt moves on an 8 in

diameter pulley drum on either side of the test section.
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The drive shaft on the motor side of the test section is

common for both drums (Fig. 6.19). While on the other side,

the drums run on two independent idler shafts. In this

manner, the tension in each belt can be adjusted independently

The shafts are all rotating in ball bearings attached to the

frame

.

The pulley drum has a larger diameter in the middle

than in the sides to keep the belts on the drum. The belts

are supported by fiberglass sheets placed between the drums

so that there will be no sagging in the belt.

6.4 Test Procedure

6.4.1 Velocity Measurements

Initial experiments were conducted to determine the

effect of the belts on the velocity distribution. The

velocity of the belts was fixed initially at the mean

velocity of the flow. The velocity profile in a vertical

was taken at the midsection of one of the belts, i.e.,

15.5 in away from the center of the cross section. A

conventional laboratory Ott meter was used to measure the

velocity. Velocity measurements were also made at zero belt

speed while maintaining the same discharge and depth of flow.

An example of such profiles is shown in Figure 6.20.

The movable belts give a better uniform distribu-

tion of velocity across the depth compared to the one without

moving belts (Fig. 6.20). The belts act like a pump moving
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right belt.
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water from the bottom to top of the belts through the spaces

between the walls of the test section and the rotating drums.

Efforts were made to cover the empty spaces with aluminum

sheets in the upstream and downstream of the belts in order

to avoid this effect. However, the velocity profiles do not

improve significantly and the belts proved to be unstable on

the drums when these sheets were installed. Therefore, in

order to achieve a uniform velocity distribution, initial

trials were made to run the belts at a slightly higher

velocity than the mean velocity of the flow. By trial and

error, the correct belt speed for a velocity profile approxi-

mating uniform velocity distribution is obtained. The wooden

strips on the baffles were adjusted for the uniform velocity

distribution across the width of the flume. Isovels for the

required model discharges are shown in Figures 6.21 to 6.26.

6.4.2 Experiments on Nets

For every run, the discharge and the belt speed were

set to get the correct velocity distribution. The height of

the net was found by measuring with a point gauge the dif-

ferences in level between the top of the headrope and the

belt (Fig. 6.27). The door spread was measured directly.

Typical net profiles during the tests are shown in Figures

6.28 through 6.31.

The tensile force in the warp was measured with the

300 gram range load cell. The calibration of the load cell

was checked both before and after a reading. Because of the
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Figure 6.27. Point gauge and Ott current propeller
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Figure 6.29. Plan view of net during testing,
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repetitious nature of the force measurements, the steel wire

(towing warp) was replaced for easier handling by a nylon

twine of the same diameter. The differences in the force

measurements with the steel wire and the nylon twine were

negligible. The readings during the test were steady except

when the moving belt seam hit the doors. Therefore, these

readings were not recorded.

The tensile force in the legs (rope between the net

and the door) was measured in the same manner as described

above, and the calibration was checked each time. Figure

6.32 shows the view of the door during a typical test.

A portion of the rope at the midsection of the

headrope was cut and the 5 gram range load cell was attached

in order to measure the tensile force. Because of the

rather substantial fluctuations of the readings, these force

measurements were recorded on the strip chart recorder, and

the average reading was found by planimetering the area of

the chart and dividing the area by the time of the record.

The same procedure was adopted to find the tensile force in

the midsection of the footrope. Table 6.2 summarizes the

model test results with the movable belts.

To compare the effects of movable belts on the

performance of the model trawl, a second set of tests was

conducted. In this set, the belts remained stationary.

The mean velocity of the cross section was set at the
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TABLE 6.2

MODEL RESULTS WITH MOVABLE BEDS



158

required velocity found from the Froude model law. The

experimental procedure described above was repeated and

the same model data were taken. These data are given in

Table 6.3.
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TABLE 6.3

MODEL RESULTS WITHOUT MOVABLE BEDS



CHAPTER 7

DISCUSSION OF RESULTS

7.1 Validity of Model Laws

The Reynolds number R „ = — for each run in theJ eD v

model experiments are calculated and given in Tables 6.2

and 6.3. The corresponding drag coefficients C for the

net panels are found in Figure 2.9 and, also, tabulated

with the values of the Reynolds numbers. The variation

in the values of C is negligible and they are considered

to be equal, indicating that the flow in the model tests

is in the turbulent range. Therefore, the assumption that

the viscous forces in the model trawl may be neglected is

a valid one.

7.1.2 Comparison Between Model and Field Test Results

The results of model tests are converted to prototype

data by using the proper scale ratios given in Table 6.1.

For example, the predicted forces in the prototype experi-

ments are obtained by multiplying the values of the forces

in the model experiments by the gravity force scale ratio k

gravity. The percentage of error between the predicted

values and the measured values is computed by the expression:

160
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„ , c fMeasured Value - Predicted Value] n omPercentage of error =
^ Reared Value

J

(100)

(7.1)

The predicted data of the prototype experiments and the values

of the percentage of error are tabulated in Table 7.1.

The velocities in the model tests were obtained

within 1.2 percent of the required velocity calculated from

the Froude model law. The mean value of the velocity in the

model experiments was computed from the velocity traverse.

Ideally, it is desirable to have a complete uniform velocity

distribution across the depth. Though the present arrange-

ment of the movable belts works satisfactorily, improvements

are desired to achieve the above objective.

All the door spread values are predicted within a

margin of error of 1.3 percent. However, the errors in the

prediction of mouth opening in Runs 2 and 6 are higher than

the other values. These are due to the fluctuations of the

model headrope in the depth plane. But the trend of decrease

in the headline height with the increase of doorspread is to

be noted in the prediction, as observed in the prototype

testings

.

The predicted values of warp tensile force agree with

the measured values with an error of 3 percent except for the

value in Run 2. Contrary to expectations, the former values

are noticeably higher than the latter ones. In the field

experiments, the trawl encountered additional ocean bottom

frictional resistance from discrete roughness element not
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TABLE 7.1

PROJECTED FIELD DATA FROM THE RESULTS OF
MODEL EXPERIMENTS WITH MOVABLE BEDS

Quantity
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reproduced in the model and also additional resistance due to

a small catch (estimated to be about 100 lb) . The model

trawl was not subjected to these resistances in the experi-

ments. It may be fortuitous that the resistance of the

movable belts to the model trawl may have corresponded to

the resistance of the ocean bottom to the prototype trawl

at the test site.

One other explanation for this discrepancy is the

effect of the friction of the towing block on the towing

cable. In the field tests, the tensile force in the towing

cable was measured in a small length of cable near the drum.

Because of the friction between the tow cable and block, the

magnitude of the force in the cable drumside of the towing

block will be smaller than the magnitude of the force in the

cable netside of the block. However, in the model experi-

ments, the warp tensile force was measured without using a

towing block. This absence of the frictional resistance in

the model tests may have counteracted the absence of the

ocean bottom frictional force in the field tests, giving the

correct values of the magnitude of tension in the towing

cable.

The predicted results of the force in the footrope

agree with the measured ones, within a reasonable margin of

error. However, the error in the predicted force in the

headrope is the highest in the whole prediction in Runs 2

and 3. This is due to instrumentation difficulty.
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Observations from the underwater movie during the field studies

show that the load cell got tangled in the webbing near the

headrope, hence giving incorrect readings of the force.

The underwater load cell in the footrope must also have had

the effect of bottom friction, as the paintings from the

cover of the load cell had been worn off during the testings.

Therefore, the effors in the forces of both the head and

footropes are attributed to the measurement techniques

rather than to the model laws.

7.2 Effect of the Movable Belts

The data of the model experiments conducted without

the movable belts have been projected onto the field data by

using the scale ratios given in Table 6.1. These predicted

values and the corresponding percentage errors are tabulated

in Table 7.2. The values of the Reynolds numbers and the

coefficients of drag tabulated in Table 6.3 show that in

this set of experiments as well as in the first set, the

flow in all the runs was in the turbulent range. Therefore,

the influence of viscous forces on the model trawl is fairly

negligible

.

The values of door spread in the experiments conducted

without movable belts are less than those with movable belts.

This is due to the lack of higher velocity of the water

particles near the bed to provide the necessary drag to open

up the net, as in the experiments with movable belts.
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TABLE 7.2

PROJECTED FIELD DATA FROM THE RESULTS OF
MODEL EXPERIMENTS WITHOUT MOVABLE BEDS

Quantity
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Because of the lower values of the door spread the percentage

error is large, implying the necessity of the correct velocity

distribution in the model experiments. The predicted values

of the net height in this case are higher than the observed

values, confirming the inverse relationship between the door

spread and the net height. Therefore, the higher the door

spread, the lower the net mouth opening.

Correspondingly, the predicted values of the warp

tensile force are lower than the measured values, giving a

very high percentage of error. The predicted tensile forces

in these two cases are compared in Figure 7.1. The predicted

values of the force in the legs follow the same trend as

above (Fig. 7.2).

7. 3 Comparison Between Physical
and Mathematical Models

Kowalski and Giannotti (1974) give a numerical method

of predicting the warp tensile force in a trawl. They point

out that the main source of error in predicting the force is

the interaction between the sea-bottom and door. However,

as outlined in section 3.3, in addition to the frictional

effect, the error also lies in the prediction of the drag of

the net. In their development, the basic form of equation in

computing the drag net is incorrect. The observed field data

(Table 5.3) are used to determine the validity of this argument

Numerically, the drag force acting on the net is

calculated by adding the drag of the individual components

given by the formulas that are outlined in section 3.1
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(7.2)

The calculations of F for each velocity observed in the
net

field tests are given in Appendix E.

The corresponding observed values of F _ are obtainedr ° net

from the measured values of the tensile forces in the ropes

between door and net.

F - 2 (F + Fu , 1 (7.3)
net top bottom

where

F = Measured drage force of net
net b

F and F = Measured tensile forces in top and
top bottom bottom rope between door and net

The predicted and measured values of the drag of the

net are tabulated in Table 7.3. The corresponding percentage

of error for each run is also given in Table 7.3.

Table 7.3 shows that the numerical method estimates

very low values of drags. This is due to the improper form

of equation used in calculating the drag of the belly. As

mentioned earlier in section 3.3, further work is necessary

in deriving the proper form of equation to estimate the

drag of the belly.

The values of F _ measured in the field experimentsnet r

are plotted in Figure 7.2 with the predicted values of F
net

(1) by model experiments conducted with movable belts,
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TABLE 7.3

COMPARISON BETWEEN PREDICTED VALUE OF NET
DRAG BY NUMERICAL METHOD AND MEASURED

VALUE IN THE FIELD TEST

Run Number



CHAPTER 8

APPLICATION OF MODEL APPROACH IN
DESIGNING A BEAM TRAWL

8.1 Introduction

The development of model laws and verification of

these laws by both model and field tests have provided a

tool to test and modify the existing trawls. The model

approach can also be used in developing new trawls. Cur-

rently, inshore shrimping along the Florida coast is limited

only to a particular season. In order to provide a year-

round opportunity of employment for fishermen, it is

proposed to harvest and market the deep-water species,

"Royal Red Shrimp." However, the existing conventional

otter door trawls are not adequate for shrimping in deep

water. For, when pulled on muddy and soft bottoms, the

doors tend to dig into the soft bottom and it is difficult

to break the doors loose from the ocean bottom once they

become stuck. They may also collapse while running on

soft bottoms at a lower speed.

In order to overcome these difficulties, a beam

trawl, which provides a constant net spread, is proposed. A

description and design of a beam trawl for this application

171
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and an evaluation of its efficiency by the model approach

are presented in the following.

8.2 Description of the Beam Trawl

The beam trawl (Fig. 8.1) consists of a beam, a pair

of heads and a net comprised of wings, belly and cod end.

The beam gives a constant spread while the heads give

stability to the trawl. The length of the beam depends on

the size of the vessel and type of fish to be caught. The

beam is made of tube sections in three parts . The outer

parts have a lesser diameter than the middle part and they

can be telescoped into the middle section. In this way, the

beam can be stored easily on the deck of the boat. The middle

section of the beam has an eye for the towing warp.

The trawl head height is fixed by the type of fish to

be caught. The head is made of a circular plate (Fig. 8.2)

with an iron shoe attached along its lower edge. The width

of the shoe depends on the type of bottom; the softer the

bottom, the broader the shoe. The towing warp is attached

to the front of the trawl head, and provision is made to

change the point of attachment. There are different pad eyes

in the trawl head for the footrope, lazyline and tickler

chains

.

Because of the constant spread, a beam trawl has the

following advantages: the length of warp has much less

influence on the beam trawl than on the otter door trawl;
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interaction between the ocean bottom and the trawl does not

affect the spread in the case of the beam trawl; whereas, in

the case of the otter door trawl, the boards will tend to

close with the result that the footrope tends to dig into the

bottom; and the influence of tidal current is much less on a

beam trawl than on the otter door trawl

.

8.3 Design of the Beam Trawl

8.3.1 Beam

The length of the proposed beam was chosen as 30 ft,

to suit trawlers operating along the coast of Florida. To

reduce the weight of the assembly beam, aluminum was used

instead of steel, wherever possible. The beam was designed

by considering it as a continuous beam simply supported at

three junctions (Fig. 8.3). The load acting on it was

assumed to be uniformly distributed along the length. The

maximum bending moment occurs at the midsection and is given

by:

B.M.= 0.0313 wL 2 (8.1)

where

B.M.= Bending moment in ft- lb

w = Load per unit length in ft/lb

L = Total length in ft

At a towing velocity of four knots, de Boer (1959) reports a

resistance of 3700 lb for a 21-ft beam. By linear interpo-

lation and adding a safety factor, the value of w for a
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Figure 8.3. Continuous beam.
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30-ft beam trawl was calculated to be 400 lb/ft. The design

bending moment for the center section is found from Equation

(8.1) and is equal to 11,268 ft-lb. Using aluminum 6061-T6,

5 in OD tube, the working stess a is calculated by

,M.

Z
m

where

Z = Sectional modulus
m

and is given by

(8.2)

\ K - D 4
°| (8.3)

in which

D = Outside diameter of tube
o

D. = Inside diameter of tube
i

Substituting Equations (8.3) and (8.1) into (8.2), yields:

a = 13.3 kips/in 2 (8.4)

which is less than the maximum allowable stress (35 kips/in 2
)

.

Similarly, the working stress for the side tubes is calculated

to be:

o = 12.33 kips/in 2 (8.5)

which is also less than the allowable stress.

The beam design can be analyzed for the possibility

of vortex-generated vibration. If the frequency of the
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vortices coincides with the natural frequency for the con-

tinuous beam, the drag will be substantially increased. The

natural frequency for a simply supported continuous beam is

:

where

— /E'I/m" (8.6)

E' = Modulus of elasticity

I = Moment of inertia

m" = Mass per unit length

For the midsection tube,

I = ^.l?>^{\§- h
) ft 4

m" = 0.258 slugs/ft

% = 15 ft

E' = (7.22)(10 4
) lb/ft 2

and

0.686 radians/sec

The towing velocity, which may create vortices shedding

at this frequency, was computed by considering the Strouhal

number, S , which is defined as:
n

n
r
D

1
° (8.7)

where

V

n = Frequency of vortices

D = Outside diameter of tube
o

V = Velocity
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When the Reynolds number of the flow is greater than 1000,

Schlitchting (1969) gives a value of 0.21 for S . The towinj

velocity which causes vortices of frequency of 0.686 radians

per second is

:

n D
V = -|-£ = 1.36 fps = 0.8 knots

n

Similarly, for the end tubes, the towing velocity is 0.54

knots. In practice, the net is not towed at such low

velocities. Therefore, this beam will not experience

vortices causing vibrations. The final dimensions of the

beam are given in Figure 8.1.

8.3.2 Trawl Head

The vertical distance between the center of the tube

and the ground was fixed at 29 in which is a normal height

for shrimping. The dimensions of the steel shoe, 1 in thick

and 6 in wide, is the same as for the otter door. All the

dimensions of the trawl head are given in Figure 8.2

The trawl head has different pad eyes to hook the

lazyline, the headrope and the footrope . The tickler chains

are attached by a shackle to the iron shoe. The position of

the towing point may be varied depending upon the bottom

condition.

8.3.3 Net

The net for the trawl is made from No. 15 nylon with

a 2-in stretched mesh. The cutting diagram of the net is

shown in Figure 8.4.
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8.4 Model and Field Experiments

In order to test the efficiency of the beam trawl to

find the reduction in drag compared to the otter door trawl,

a model of the designed beam trawl was built and tested in

the flume. The basic length scale ratio is equal to 15.2.

All other ratios are the same as for the otter door model

and are summarized in Table 6.1. The model was built accord-

ing to these scale ratios and the net diagram (Fig. 8.5).

Cotton webbing of No. 9 thread with a 1-in stretched mesh

was used in making the net. The dimensions of the model beam

and the head were obtained by dividing the corresponding proto-

type dimensions by the length scale ratio.

8.4.1 Test Procedure and Results

The model beam trawl was tested in the flume by the

same procedure adopted for testing the otter door trawl, as

has been described in section 6.4. However, in this case,

only the warp tensile force was measured. The height and

spread of the net were fixed by the beam. The tensile forces

were measured for different towing speeds with a 300-gram

load cell. The values of the forces and the speeds are

tabulated in Table 8.1. The model results of the beam trawl

are projected to the prototype results in Table 8.1.

In order to compare the efficiency of the beam trawl

with that of the otter door trawl, field tests were conducted

in shallow water near St. Andrew Sound, southern Georgia.

The trawler "Golden Isles," which has a double rig, was used.
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TABLE 8.1

MODEL TEST RESULTS OF BEAM TRAWL

Model
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TABLE 8.2

RESULTS OF FIELD EXPERIMENTS

Velocity
(fps) (knots)
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The power P, required to pull the trawl, is calcu-

lated by the expression:

TiV
P =

33,000
(8.8)

where

Ti = Tension in cable in lb

D = Depth of water in ft
w

L = Length of towing cable

V = Velocity in ft/min

For the beam trawl,

P = (1700)(2.84)(60) L f 28
33,000 J

L
[21C

= 8.70 hp

and, for the otter door trawl,

P = 11.46 hp

Therefore, by using a beam trawl instead of an otter door

trawl, the power required to pull the trawl is reduced by

24 percent and the fuel saving should be substantial.

8.5.1 Conclusion

The results of the field tests show that the model

approach can be effectively used in designing a new trawl.
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Onshore field tests of the beam trawl indicate that the

designed trawl is more efficient than an otter door trawl.

Further tests of the beam trawl in deep water are necessary

to evaluate the sea worthiness of the beam trawl.



CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

Taking the stress-strain characteristics of the net

materials into consideration, a new set of model laws were

developed to simulate the flow around nets and trawls. Model

experiments conducted in the flume yielded results comparable

to those of the field tests, thereby confirming the validity

of the developed model laws. Results of the model experi-

ments also indicated that the uniform velocity profiles in

the prototype must be modeled with similar uniform profiles

in the flume in order to obtain the correct numerical trans-

fer of model observations to the prototype conditions

.

The model approach is well suited for development of

new types of trawls as demonstrated by the design of a beam

trawl for harvesting deep-water shrimp. The designed beam

trawl can be towed with substantially less drag compared to

an otter door trawl, thus reducing the fuel consumption of

the trawler.

As discussed in Chapter 7, the existing numerical

method for predicting the drag force acting on the net is

not adequate. Further work is necessary to develop an

equation which estimates the drag force acting on the belly.

At present, model experiments conducted with a movable bed

seem to be the only reliable method of testing fish nets.
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The following abbreviations are used to denote the

name of the journals.

B.F.C. - Bulletin of the Fisheries Research Board of
Canada

B.F.H. - Bulletin of the Faculty of Fisheries, Hokkaido
University

B.F.N. - Bulletin of the Faculty of Fisheries, Nagasaki
University

B.S.F - Bulletin of the Japanese Society of Scientific
Fisheries

B.T.L. - Bulletin of Tokai Regional Fisheries Research
Laboratory

D.H.Z. - Deutsche Hydrographische Zeitschrift

F.F.B. - FAO Fisheries Bulletin

F.I.S. - Fishery Investigation (Supplementary Report),
The Imperial Fisheries Experimental Station

J. A. P. - Journal of Applied Physics , Japan

J.F.I. - Journal of the Imperial Fisheries Institute

J.K.C. - Journal of the Kagoshima Fisheries College

J.O.S. - Journal of the Oceanographic Society of Japan

J.T.F. - Journal of the Tokyo University of Fisheries

M.A.K. - Memoirs of the College of Agriculture, Kyoto
University

M.F.G.W. - Modern Fishing Gear of the World

M.F.K. - Memoirs of the Faculty of Fisheries, Kagoshima
University

P.P.C. - Progress Report of the Pacific Coast Station

R.E.M. - Report of the U.S. Experimental Model Basin

R.T.M. - Report of the David W. Taylor Model Basin
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R.U.M. - Report of the Faculty of Fisheries, Prefectural
University of Mie

T.G.K. - Teiti-Gyogyo-Kai (The World of the Fixed Net
Fisheries)

T.R.F. - Technical Report of Fishing Boat
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CALCULATION OF FISHING NET DRAG
BY THE NUMERICAL METHOD DEVELOPED BY

KOWALSKI AND GIANNOTTI (1974)

The results of the field studies are used in the

following to check the validity of the numerical method of

computing fish net drag. Only a brief summary of the method

pertinent to the present study is described. Other details

are enumerated by Kowalski and Giannotti (1974) . They

assume that the total drag force acting on a net is comprised

of the resistances of: (1) the cod end, (2) the belly,

(3) the headrope (4) the footrope and (5) the floats.

F = F + Fu + F + F.. (E.l)net cod belly ropes floats

where

F = Resistance

The resistances of the components of the net are computed

by equations given in sections 2.1 and 2.2 as summarized

below:

F
pV Z

T7 ,2

x [n^MD + N^] [l - n
x

]
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belly ~D panel I
2

>< Snab
|
|1 - k

F
r

= C sin3 a f^-1 H Irope D rope 1 2 I r r

F
float

N
f

C
D float [2 A

p

All the symbols in the above equations have been

defined in Chapter 2. For the Burbank Flat Net (Fig. 5.1),

the above equations are used to calculate the drag forces.

E.l Cod End

The surface area of a cod end with 178 meshes by 120

meshes is 23.11 ft 2
. For time t > 0, n

l
= 1 and, therefore,

F
cod

= [0-821
I

^|^l V? [23. 11 i

- 18.8/, V-

F
cod

= 18 - 84 V2 (E.2)

E.2 Belly

The solidity S for a 2 in mesh and a 0.06 in thick

twine is calculated from Equation (2.13) and is equal to

0.146. The value of C . is 1.8 (from Equation (2.14))Dpanel n x '

'

For the flat net, the k
1
value is found to be as follows:

k = 6.626
i a
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Therefore

,

F
bel ly

- (0.82J(abV 2 )(l- ^] (E .3)

where 2a and 2b are the door spread and net height, respec-

tively.

E.3 Ropes

The resistances of the ropes to the flow are due to

the drag of the headrope and footrope and the frictional

resistance of the footrope to the ground. The values of H
P

are equal to 0.5 in for both ropes. Assuming an angle of

attack of 90°, the drag on the ropes is calculated as:

Fr„pe= M H^l V2
• K l3 °- ! M

F = 5.10 V 2 (E.4)rope v '

The frictional resistance of the footrope with the

bottom is approximated by

F. . _, = (1.25) W (E.5)
f net ion v '

where

W = Weight of rope



218

The footrope weighs 25 lb and, therefore, a frictional force

of 31 lb should be added to the F
rope

E.4 Floats

The projected area of one float is 0.223 ft 2
. Because

the floats were grouped together, the drag coefficient of the

floats is assumed to be 0.93 (as justified in section 2.2.2).

Therefore, the drag force acting on 21 floats is:

F
float

* 1211
i
0.93

| |^4^l V- • ! 0.223

F
float = ^ 4 - 33

>
V2 < E " 6 >

Therefore, the resistance of the net for different

towing speeds can be calculated from Equations (E.l) to

(E.6). Table E-l itemizes the resistances of individual

components

.
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CALCULATION OF THE NET RESISTANCE
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