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Introduction

Knowledge of the behavior of the trawling gear is important in
evaluating the performance of a trawler-trawl gear systen. Knowing
the drag of the trawl gear makes it possible to match gear to a trawler
for optimum efficiency or to design an optimum propeller, It also
means that it can be determined whether or not a given trawler can tow
a new trawl gear at a required speed. A method of calculating this
drag is described {as well as a computer modell. Use ig made of pre-
vicusly developed calculations and experimentally cbtained results on
the drag of flat panels of fishing netting.



CALCULATION OF TRAWLING GEAR DRAG
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Figure 1. Components of typical trawl gear.

Basis of the Theoretical Model

A typical trawling gear is made up of several components.
These are: (1) the net bag; (2} the cod end; (3) lines
associated with the net bag which include the wing bridles,
bridle lines, rib line, door legs, footrope, headline, and
hanging line: (4} ground warps; (5) floats; (6) doors, and
{7) towing warps.

These components are shown in figure 1. The total re-
sistance of the trawling gear is assumed to be egual to the
sum of the individual resistances of its components. This
assumption neglects the effect of interference and component
interaction which could make the flow past each component
different from the free flow situation. The two, main con-
tributors to the total resistance are the doors and the net
bag and, since these two are set apart from each other, little
or no hydrodynamic interference or interaction between them
should exist. Consequently, the error introduced by treating
each component separately will only be due to the smaller com—
ponents, and these contribute a minor portion of the overall
resistance,



The drag ferce acting on the towing warps, however, can-
not be calculated as an independent gquantity, Since the
latter is highly dependent on cable configuration which is, in
turn, dependent on the forces acting at the ends of the cables,
the analysis ¢f the hydrodynamic¢ resistance of the towing warp
requires the solution of the eguations of equilibrium for a
towed cable., (onsequently, the problem is attacked by lumping
the first six components of the gear into one body which is
attached to cone end of the warp and the effect of this body is
represented by a force component of known magnitude and direction,
The upper end of the warp is fixed to the vessel and the force
there is unknown both in magnitude and direction. The application
of the eguations of equilibrium for a towed cakle allows solving
for the two unknowns which are then combined with the known
force at the trawl end in order to estimate the hydrodynamic
drag force acting on the warps of the gear,

Geometry of Hets

Figure 2 shows a typical net panel of n x m meshes and
figure 3 shows a typical mesh net, The hanging coefficient of
a net is given by

=

Suppose that a long narrow rectangular strip of webbing n
meshes lohg and m meshes deep is "hung" (joining pieces of
netting together and attaching them to the ropes) by a hanging
coefficient , Let the net be made of uniform meshes of
stretched length 2Lb. For one mesh, eguation 1l gives

-
]

2Ly, - 24§
o, (1- ‘f )
If the total length of the net is Lt then

lt = 2an (L - }- )
where n is the total number of meshes in the "length" direction.
On the other hand, since a mesh is a parallelogram, the "depth”
of the net, 4 _, can alsc be found. Let the depth of the mesh
opening be dericted by d so that



or

Subgtituting

2

d=21h« 2§ -¥9

The depth of the net is dt = nd

>
d =2 2f-—}
o-om,

where m is the number of meshes in the "depth" direction.

From figure

3
c056=;,_=1..f

Lb

and

]
o

BV )

Thus the angle & and the hanging coefficient F can be used
interchangeably,

The surface area of a mesh is given by

2
= g inf
Amesh 2Lb cos sin

The length of the net panel is
lt = 2an (1 - E ) = 2nL,_ cos®
The depth ©of the net panel is
a =2 2§ - § % = 2mn_ sine
v T Amh, b1 5 MLy,

The total number of meshes in a rectangular net is 2mn so that
total surface area of a panel is
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Figure 2. Typical net panel of n » m meshes.

Figure 3. Typigal mesh.



Most nets used in the fabrication of trawls are tapered.
For this purpose, net manufacturers have established a termino-
logy to indicate the degree of tapering which, in turn, allows
one to determine the number of meshes in a tapered net, Figure
4 shows that two sides of a mesh make what is known as a point
and the one side of the next mesh which runs in line is called
a bar. The cut combining the two is referred to as one point,
one bar. This operation would decrease the size of the net by
one mesh every six rows, The upper or lower edge of a mesh
{clean side} is called a mesh, and the side of the next mesh
running in line is known as a bar., The cut combining the two
is referred to as one mesh, one bar, Table 1 lists a few of the
principal cuts,

Figure 5 shows a uniform sheet of netting which has been
cut and used as a trawl panel and its final shape is shown in
figure 6. COriginally, the panel was a rectangle 188 meshes long
and 25 meshes deep, The panel was then cut in a 2B-1P pattern
for which Table 1 indicates a loss of 1 mesh in 4 rows. The cut
is applied to both sides of the panel 50 that the actual loss
is 2 meshes in 4 rows. Since there are 2m rows in a panel it
follows that 50 rowa is equivalent to 12-1/2 groups of 4 rows
each. Consequently a 2B-1P cut results in a total loss of 25
meshes, and if one starts with 188 meshes at the top of the
panel one is left with only 1é3 meshes along the bottom, The
original number of meshes in the panel was 2mn, or 9400, and
after the cut is made only 9375 meshes are left.

M
ONE
NT
ON R
E
AR ONEPOINT
WO BARS

Figure 4. Typical cuts found in nets.



TABLE 1.

ciuT

All Bars
1P4B

1p2B

1PrlB

2P1B

All points
1M1B

1M2B

LOSS
1 Mesh in 2 Rows
1l Mesh in 3 Rows
1 Mesh in 4 Rows
1l Mesh in 6 Rows
1 Mesh in 10 Rows
Hone
1l Mesh in 3 Meshes

1 Mesh in 2 Meshes

Principal cute found in nets,

cuT

1PlB x 2

1P2B

1PIB x 2

2P1B

1ple

2P1B

2P1B ® 3

1P1B

3PlB

2P1B

5PLlB
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Figure 5. Net panel cut at angle of taper ¢.
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L Mesh in 5 Rows

1 Mesh in 7 Rows

1 Mesh in 8 Rows

1 Mesh in 9 Rows

1 Mesh in 12 Rows

1 Mesh in 24 Rows
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Pigure 6. Typical trawl net panel. #4;=2njLcosl

The resulting angle of taper, ¢, can be evaluated as
follows. The length of any section of one side of netting is

l.ti = ZniLb cosf

where n, is the number of meshes lost on each side as shown in
figure 6. The depth of the netting panel remains unchanged

and is given by

d =2m L sin @
N m

From figure & the angle of taper is given by

-1
% = tan Lti
dt
or
d = tan_l 2n cog &
= it



which reduces to
-1
¢ = tan n, cot &
—=
In the case of the panel of figure &

n, =188 - 163 = 12,5
. 2

and if m = 25 meshes and ¢ = 600,
o

¢ = tan T 12,5 cot 60° = 16
25

The average solidity, S, of a net bag made up of more than
one mesh size can be calculated from

i=N
>  s.q,
. 171
+ - = 3
s = 1% T 89, tsd _1=1 (3}
0 Q

where s. is the solidity of the ith panel, g, is the number of
meshes ' in the ith panel, and Q is the total number of meshes
in the entire bag, The panels of a net baq will have various
shapes or combinations of shapes. Figure 7 shows the most
commonly encountered geometries. For example, if a net bag has
two panels of shape A, one panel of shape B, two panels of shape
C, and two panels of shape D, the average solidity S can be com-
puted as follows. Panels A, B, and ¢ of figure 7 are made of
S5-inch mesh nets and panels D are made of 4 5=inch mesh nets,
The number of meshes in each panel A ig

q = (2 x 50 x 10} + (50 x 50)
3,500 meshes

and two panels will have 7,000 meshes, The number of meshes
in panel B is

]

(2 x 27 = 140} + (2 x 27 % 20)
8,640 meshes

q

A

The number of meshes in each panel C is

2 x 80

g = {20 + 45) x >

= 6,000 meshes



and two panels will have 12,000 meshes. The total number of
S5-inch meshes ias

7,000 + 8,640 + 12,000
27,640 meshes

94

i

The solidity of the ith panel is given by

m
-

_Genn) + (7o)

[ A

2
2Lb cos? sinf

In the case of the 5-inch mesh net panels the solidity is

{(2x2.5x0.1) + (3.1416 x 0.3 x 0,3))/
2 x (2.3)2 x 0.5 x 0.866]
0,1054

wm
It

_ .0 . - . - ,
where 6 = 60, Lb = 2.5 inches, Db 0.1 inch and Dk 0.3 inch.

The number of meshes in panels D is

= {2 x BD x 40) + (2 x 50 x 80}
14,400 meshes

9,

and two panels will have 28,800 meshes.
The solidity of panels D is

S5

L]

[(2 x 2,25 x 0.1) + (3,1416 x 0.3 % 0,3)]/
4

[2 x (2.5]2 x 0.5 x 0.866!
0.1188

o
where & = 60, = 0.1 inch, = 2,25 inches, and = 0.3
inch. Db Lb Dk

The total solidity, 5, of the net bag is

+
5id; T 8,9,
Q

(0.1054 x 27,640) + (0.1188 % 28,800)
(27,640 + 28,800)

I

0,1121
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Figure 7. Common panel geometries.

Empty Area Between the Wings of a Yankee 35

The size of the empty area between the wings of a trawl
net can be estimated from the geometry of the top and bottom
panels, Figure 8 shows the portion of the top panel contain-
ing the wings, The area between the wings is given by

Ae@pty = (ZntLb cosd + an lb cosg) x mlb sing
top (nt + nh) 2 cosB sing lb

(160 + 60) x 2 x 0.5 x 0,866 x(Z.S)2

It

48,800 in?

[l

Figure 9 shows the portion of the bottom panel containing the
wings, In this case one must first find the angle ¢n which in
turn gives AR and CD. From Figure 9 the angle =4 is given by

10



le ¢
The angle n

¢
n

]
n

"1 5 50 x 2,25 x

0

vt Bl

5

tan

2 x 80 x 2,25 x 0.866
tan—l 0,36
20°

is then given by

90° -

70°

The next step is to find the distance EF or GH. From triangle

EEF,

and

tant

EF =2 x 80 x 2,5 % 0,866

= BF = tan 700
EF

2,7475

It follows that

where

then

and

Likewise,

where

GF

GF

CD
D
CcD

T

1l

]

GH + HE + EF
HE + 2EF

2 x 140 x 2.25 x 0.5

= 126,3 inches

= 315 inches

315 + 2(126.3) = 567.6 inches

AB - (AC +BD) = GF -
567.6 - [(2 x 30 x 2.5 x 0,5) x 2]

417,6 inches

HE - (HJ + KE)

2 x 45 x 2,5 x 0.5

11

{A&C + DB)

112.5



and

50

1

JK = 315 = {l12.5 + 112.5} = 90 inches

It follows that the area between the wings in the bottem panel
is given by

BF
= D+ JK]x —
Aempty (e ) 2
bottom
where
BF = 2 x 80 x 2.5 x 0.866 = 346.4 inchas
and
_ 346.4
Aempty = (417.6 + 90) x 2
bottom

87,916 in2

The total empty surface area hetween thewings of the trawl
is approximately

A = A + A
empty empty empty
total top bottom
= (48,800 + 87,916) in
B 950 f£t2

Maximum and Minimum Angles of Attack of a Yankee 35

Figure 10 shows a schematic of the cone containing the
approximate shape of the trawl net ahead of the cod end. The
anglecflis the minimum angle of attack of the net and the
angle pe 2 is the maximum angle of attack.

The approximate magnitudes of these angles are

O{l = tan"L b= tan™! 3.4; 0(1 = 2.5°
h 80
and -1 -1 o
dz = tan ~ a = tan "~ 14; 0(2 = 10
h 80

12
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Figure 8. Portion of the top panel of a Yankee 35 containing the wings.
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Figure §. Portion of the bottom panel of a Yankee 35 containing the wings.

Drag Force Acting on the Net Bag

The net bag can be approximated by a conical net with an
elliptical mouth, whare the major axis of the ellipse is given
by the wingspread, 2a, and the minor axis by the headline
height 2b. Field measurements on bottom trawls show that head-
line height and wingspread remain essentially constarnt in the
range of speeds of interest. The equation developed in

13
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reference 2 indicates that the drag force acting on a conical
net with a circular opening is directly proportional to the
area of the mouth opening,

_ 2 - 2
D cone = Cngdi/Z G’ v's Hor {4)

Assuming that the same is true for the net with an elliptical
opening, the drag force on this net can be approximated by

_ 2 e
Dcone = cngdl/zev s i/ ab {5)

where cngd'= drag of flat net panel of required mesh

§ = solidity ratio, defined by equation 3

Figure 11 shows the layout of the top and bottom sections
that make up the bag., Each gection is typically made up of
panels of different shape, size, and mesh size. The mesh size
dues not differ much from panel to panel in bottom trawls and,

consequently, the coefficient of drag, cngd’ is assumed to be

constant throughout the bag, The solidity, S, of the net will
vary as the mesh size changes, Thus, an average solidity must
be computed using eguation 3. The twine diameter, D, ig given
by the empirical relationship

— 1/2
D, = k* (M)

where ¥ is the Tex Number in gm/km and k* is a constant de-
pending~ on the twine material, with a typical value of 0.05,
The knot diameter, , is taken to be approximately three times
the twine diameter based on actual observations,

The coefficient of drag, € & and solidity, S, can be
computed, and the headline heiggg, 2b, and the wingspread, 2a,
can be estimated from available experimental data. With these
four values the total drag force acting on a bottom trawl at a
given speed V can be computed using equation 4 or S.

ghe representation of the net bag by a conical net is
only &n approximaticn since the portion corresponding to the
apex region of the cone is absent in the case of the real gear,.
However, the presence of the cod end can be taken to act as a
rounded closure, replacing the pointed apex, and thus the con-
ical shape would seem to be a reasonably good approximation.
The presence of the wings in a trawl net can be represented by
considering the conical net as hawing {wo portions of its
surface removed. These portions correspond to the "empty"
areas between the wings in the top &nd bottom panels of the net.

15



10 Tor o Bottom

_l_ 1 \ 71
50 5" 5"
l €0 60 5" 5 &0
1 180
2? 5“
140 45 45
140 146
80 aln 4%“ 80
:g 15/24 Polythens :g
{R2800 Tex}
78 4I | 4%.- 7B
40 40
40 40
S- 50 Braided Polypropylene
Bu A 40
T 43 (R 5 BOO Tex) 4’ l
Scale ' = 20
[ITTRNEAEN1 1 J
10 o] 10 20

Figure 11. Top and bottom views of a Yankee 35 trawl.

Cconsequently, the effect of the wings on the total drag force
acting on the conical net should he a reduction in the drag
force due to the missing area. If the conical net were circular,
all portions of the net would be inclined at the same angle

with respect to the flow. However, in the more realistiec case
of an elliptical cone, the angle will vary continuously,

Figure 10 shows a conical net with wings, It can be seen that
portions of the wings lie in different planes and, consequently,
their inclination to the flow is not constant throughout, There-
fore, when applying a correction to the drag force acting on a
complete conical net, two effects must be taken into considera-
tion, These are the reduction in area and the variation in angle

16



of attack of the remaining wings, The computation of the empty
surface area between the wings of a Yankee 35 trawl has been
given before. _The total surface area of the empty portion is
about 950 feet®. If the conical net were circular then the

drag force computed from eguation 4 would have to be reduced by
the amount corresponding to the missing area. However, the
Yankee 35 (and most other trawls) have elliptical mouths and

the effect of variation in the wing angle ¢f attack must also
be accounted for when computing the drag force, Pigure 10 shows
that the angles of attack associated with the empty portion of
the net are smaller than those associated with the wings. The
angle between the longitudinal axis of the cone and line OA is
e&l and the wings at an angle & ,. The magnitude of these two
afigles can be estimated from the approximate configuration of
the trawl as it moves through the water., For the Yankee 35 trawl
values obtained are~)&l ~ 2.5o and 0(2 b 100. Now if the

empty portions contained netting panels, their coefficient of
drag would be approximately CD90 sinC&]: Similarly the

coefficient of drag of the wings is CD90

Consequently, the drag force that would be exerted on the empty
portions if these contained netting would be

sin <X , @8 an average.

D = i S Vi
empty CD90951n-3(1 / Aempty
portions portion

2
eVS
Similarly the drag force exerted on the overall cone is

2 T
= [§)
Dcone CDQOO 1/2 v's ab

The ratio of the drag force which would act on the empty
portiens, if they contained netting, to that of the overall
cone is

Demptv portion SIHG‘I Aemptv portion =k

D = T ax 1
oone

sincee, Vv and § are the same for both. Withe{ K - 2.50,

A ., =950 ££.2, a =14 ft., and b =3.4 ft., the
empty portion

value of k. is about 0.30. Consegquently, the drag force acting
on a conicdl net with wings is given by equation 5 reduced by a
factor (l—kl). Equation 5 then becomes

=C

2
Deone £90° 1/29\: s ab (1-k,)

In the case of the Yankee 35 the drag force acting on the
conig¢al portion should be reduced by 30 percent,

17



bragq Force Acting on the Cod End

The cod end of a trawl acts as a container for the fish
until the trawl is removed from the water. The cod end has
the shape of a cylindrical net with one side opened and one side
closed. Since the longitudinal axis of this eylindrical body
is parallel to the flow, the panels of netting that make up the
cod end will have a zero angle of attack. Accordingly, the
coefficient of drag for zero angle of attack is given by
fricticnal effects only and these are very small. Consider
the cod end ag an empty cylinder of length lc and diameter dc'

then a Reynolds number can be defined based on lc as Nr = vlc.

F 4

Hoerner (1965) gives values of the coefficient of frictional
drag ¢, for hollow cylinders as a function of their aspect ratio
1/4 ang the Reynolds number as defined above. Since the defini-

tion of the coefficient Cf is based on wetted surface area,

the total frictional drag force D
{hollow cylinder) is given by

£ for the empty cod end

_ 2
g =Ce V) 2,
2

where A_ is the wetted surface area of the cod end and it is
calcula%ed from the geometries of the knots and the bars that
make up the net, The wetted surface area of one bar is given

by

a, = T ayp)

b
and the wetted surface area of one knot is given by

a - 7o
s, Pk

The number of meshes that make up the cod end is M, the total

nunber of bars, B, and the total number of knots, K, <Consequently,

the total wetted surface area of the cod end, As’ is given by
2
- ar
a_ =BT (D) +XKM o
The total frictional drag force acting on the empty cod end is

b =c, (V) (BT (LD) + KT D
2

18



For typical cod eng lengths and trawling speeds the Reynolds num-
ber is at least 10'. Hoerner (1965) gives values of C_ for an
approximate aspect ratio L/d of ten as about 0.0005, &hen a cod
end is filled with fish, it is considered as a solid cylinder of
length L_ and diameter d_, The drag force acting on it will now
have an Sdditional component which is the viscous pressure drag
caused by boundary layer separation, Hoerner {1965) gives the
coefficient of drag for a cylindrical body in axial flow with
blunt shape. The coefficient of drag CD has a constant value of

about 0.82 for ratios L/d of 2.0 and above. In the real situation
of the cod end, the length L of the solid cylinder will vary as
the cod end becomes filled with fish. This however, should not
affect the magnitude of CD beyond a &k/d ratio of 2, fhere will
be a variation of drag according to the portion of cod end that

is empty,.

Assuming than an L/d)2 is achieved relatively fast in a
typical fishing operation the coefficient of drag for the solid
portion, CD, can be taken to be 0.82 for typical cod ends,

If the cod end becomes filled with fish at a rate, r, then
the length of the portion that is filled at any time, t, is
given by L = rt. Further, let n be the ratio of filled length,
1, to total cod end length, L , i,e, n = L/lc. The total drag
force acting on the cod end af any particular time after fill
up has started becomes

Peoad T Peitrea * Pempty
end portion portion
or
Peod = 0.82 (pv?) (X &) n npTo0fort =0
+ ¢ 1
end 2 nl =1 for t >0
2 2
+ o, (p_ZV_) BT (p) + KT (1-n)

Before the beginning of £ill-up the total drag is given only by
the second term on the right hand side of the above equation,
The first term or the drag due to pressure will be zero under
these circumstances,

brag Force Acting on the Lines Associated with the Net Bag

The drag force acting on all the lines associated with the
net bag can be calculated from the cross flow principle (Hoerner
1965) which is applicable to cylindrical cables inclined at an

‘19



angle ¢ to the flow. Thus, the total drag acting on any of the
net bag lines is given by

3 2
= : +D
Dground {Cnbas' sin"¢ + AcC) (eg Yla,1))+ oy
warps e

where d% is the line diameter and L., is cable length. In the
range 0of Reynolds numbers of interest C i is taken as 1,10
and & CD as 0.02. ¢ is the coefficient of drag for a
Dbasic
cable which is perpendicular to the flow and A ¢ is the
frictional component which is added to the term Involving the
sin3 ¢ term in order to match experimental results. The angle
¢ can be estimated from the geometry of the trawl. D_ is the
ground friction ferce acting on the footrope and it has to
be determined experimentally.

Drag Force Acting on the Ground Warps

The ground warps are lines that connect the net bag to the
doors, They are much longer cables than those associated with
the net bag. However, the total drag force is also computed by
the application of the crosa-flow principle and it is given by

3 2
D = Q gin"w + AC av 41
ground ( Dpasic o 2 ' gty
warps

where d is the ground warp diameter, and L is the ground warp
1ength.g The angle @ which the ground warp forms with the
direction of the flow is found from the approximate configura-
tion adopted by the trawl as it is towed through the water, As
before, C is 1.10 and A €y is 0.02.

asic

Drag Force Acting on the Floats

The floats attached to the headline of the trawl usually
consist of cast aluminum spheres, The drag force acting on n

floats is given by £

2

2 qra
D =n_2C (gv ¥ £l)
floats £ Dfl P —4

where df is the diameter of the float and the drag coefficient
is Chgy %or a spherical float, For typical values of Reynolds num-

ber'chl is taken as 0,47 (Hoerner 19&5).
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Figure 12. Trawling gear doors inclined at an angle B with respect to
the direction of motion.

Resistance Force Acting on the Doors

The doors used by most trawls are flat plates. These act
at an angle of attack with respect to the flow as shown in
figqure 12, The doors, also are tilted in the transverse and
vertical directions but experimental measurements show that the
hydrodynamic drag coefficient is not significantly affected by
thege angles (Crewe, 1964), In bottom trawls the doors touch
the bottom, and conseguently, the resistance to motion due to
bottom friction must be considered in addition to the hydro-
dynamic drag.

The total hydrodynamic drag coefficient, ¢__, for any lift-
ing surface which is inclined to the flow can bé expressed as

where C 1 is the induced drag coefficient, C_ is the pressure
drag coefficient, and Cp is the frict~"P ional drag
coefficient, f

The value of C for a flat plate can be obtained directly
from experimental data as a function of the angle of attack
P. Hoerner (1965) gives a curve showing the normal force coe-
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fficient ¢, as a function of ’. That curve can be represented
by the equgtions

Q o _ o [}
Cy = 0.04 ¢ oL pLas or Cy = L.17, 4574 p £ 90

The total ceoefficient of drag C is the component of CN in the
direction parallel to the flow ggd is given by

Cor = %y sin @

o = ° i < as®
CD‘I‘ = 0,04 g sin @, 0KB <

and o o
CD'T =1,17 sin B, 45 < @ <« 50

The total drag force acting on a door, DD’ is then given by

D c 2
D= "DT (pv_) A (6)
3 D

where AD is the frontal area of the rectangular door,

The door resistance due to bottom friction can be estimated
from available field measurements {(Crewe, 1964) on rectangular
doors. There are two types of forces that arise when the doors
touch the bottom. The first type is the ground friction
tangential force acting parallel to the doors. These are the
forces that will add to the total door resistance. The second
type is theground reaction force acting sideways and upward,
perpendicular to the doors., Figure 13 shows the friction and
reaction forces when a door is heeled in and when & door is
heeled out, Crewe (1964) conducted measurements of these forces
employing specially instrumented doors., Load cells were installed
to measure the two types of forces mentioned before. fThe upward
component of ground reaction was found to be about 30 percent of
the weight of the door in water while the sideways component of
ground reaction was found to be about 50 percent. The ground
shear or friction forces seemed to he more significant on muddy
boeztoms than on hard bottoms. Figure 14 shows a plot of ground
friction and reaction forces versus trawling speed, The effects
of angle of heel on the total coefficient of drag CDT have been
investigated by Crewe, These tests indicated that the total
coefficient of drag did not vary significantly over a range of
angles of heel between -20% and +20 . Since this is the typical
range encountered in trawling operations, it can be safely assumed
that CDT will remain constant,

The total resistance, R_, can now be computed by adding the
hydrodynamie draqg, DD, and tRe bottom frictional resistance, Rf,
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Figure 13. Friction and reaction forces exerted by the ocean botiam on
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Figure 14. Friction and reaction forces vs. trawllng speed for typical
bottom trawl doors (ref. 2}.
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Figure 15. Towing warp forces and configuration during trawling.
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The value of R_ is obtained from figure 14 and D_ can be found
from equation €. The doors used in these experIments had
dimensions similar to those used by the Point Judith trawler
fleet, However, therse is still need to conduct more tests on
doors of various geometries and sizes, acting over different
types of bottom soils, in order to better understand the inter-
action between door and seil as a function of speed,

Drag Force Acting on the Towing Warps

The drag force acting on a towing warp i2 a function of its
shape which, in turn, is determined by the system of forces act-
ing on it,

Figure 15 shows the forces and geometry of a warp during
trawling. T, and T, are the tensions at the warp ends: point 1
represaents the trawl and peint 2 represents the vessel; w
is the weight per unit length of cable in water and I is the
hydrodynamic force per unit length of cable,

The hydrodynamic force coefficient, C
circular cable inclined at an angle ¢ to
by

, 0f a straight

Ne the flow is given
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2
C =C sin ¢

4 .
N Bhasic

where C is the hydrodynamic drag coefficient for a

asic
circular cable perpendicular t¢ the flow and C is the hydro-
dynamic force c¢oefficient in the direction normal to the cable
longitudinal axis. Figure 16 shows the forces associated with
these coefficients, L is the force in the vertical direction and
D is the hydrodynamic force or drag in the horizontal direction,
The real situation of a towing warp is shown in figure 17 where
a small element of curved cable of length 4 is shown. The
tension forces at each end of the element are given by T and
(T + dT}. The weight in water of the cable element is wdl , The
differential hydrodynamic force, dRN¢’ acting on the cableelement
is given by

dR 2
g = CN¢(8§ ) dwdlw

and
dR =C (gvz) 'n2$ d dl
Nd Db . 51 w W
asic 2

Assuming that the element of cable shown in figure 17 is a small
circular arc, the equations ¢f equilibrium for the forces acting
on the element can be set up.

These are

ds dé . ds
- — + + == _ S
Teos > (T dr) cos > wdl sin (¢ + > Y= 0

in thetangential direction, and

s dae . ds dd
+ _— 4 + r— & + —
dRN‘ S1n > (T dT] 51N wdl cos | 2

3 ) =0

in the normal directicon,

The above equations have been solved numerically by Pode
{1951), Knowing the tension force and its direction at one end
of the cable, the tension force and its direction at the other
end can be calculated, Figure 15 is a free body diagram show-
ing the towing warp and a coordinate system which has been de-
fined to comply with Pode's analysis. It is assumed that the
cable lies in the vertical x-y plane, parallel to the direction
of motion, In the real situation there is an angle between the
plane of the cable and the plane of motion, but the angle is
small and its effect can be neglected., The magnitude of this
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Figure 16. Hydrodynamic forces acting on a towing cable.

~
Tt

Figure 17. Differential element of a towing cable.

angle can be estimated from the length ¢of the towing warp and
the horizontal opening of the trawl mouth. Typically, the tow=-
ing warp is about 450 feet and the horizental mouth opening is
about 14 feet. In trawling operations the ratio of warp spread
to warp length is about 0.7. This gives an approximate spread
of 315 feet and an angle of tan 1 (14/315) or 2—1/2° between the
plane of the cable and the plane of motion. Conseguently, the
cable can be assumed to lie in the x-y plane. However, if the
trawl in guestion were not a Yankee 35 design, but one where the
half mouth opening is about 40 feet, them tan™l (40/315) = 7.5°.
This angle can no longer be considered negligible and the towing
warp cannot be assumed to lie in the x-y plane only. In these
cases the equation of equilibrium must include the additional
components of forces in the second plane of the warp, The solu-
tion will yield a different magnitude for warp temsion and, con-
sequently, a different value of towing warp drag,
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The drag force, D , acting on the cable can be expressed as
the difference between the horizontal component of warp tension
at the door, Tlx’ and the horizontal component of warp tension at
the vessel, sz

D =T - T

W 2x 1x

Tlx = Tl cos¢1
and

sz = T2 cos¢2

The magnitude of T, and ¢,  can be determined from the known
forces acting on the doors. However, T, and ¢  are un-
known and their magnitudes are found by combining T and ¢

. . A 1 IR
with the eguations of equilibrium.

Figure 15 shows that the warp tension at the doors, T,,
is directed along a tangent to the cable, The force T, cain
be split up into two components, T and T1 ., as shown in
figure 18, The horizontal component, T %’ ¥ is made up of two
terms, The first term is the contribution of the drag force
acting on the net bag, the lines associated with it, the ground
warps and the floats. This term was defined as Dp.  The trawl-
ing gear has two doors so that the contribution to one door by
D will be 1/2 D The second term includes the hydrodynamxc
r351stance and bgttcm friction acting on the door, The
vertical component, T. , can be expressed as a sum o? three
terms, The first terf is the weight of the door in the water,
W_. The second term is the vertical component of the hydro-
dynamic door resistance, which depends on the angle of
heel of the dcor. The thlB& term is the vertical ground re-
action, Né. T and T can now be expressed as

1x ly
Tlx =1 DT + RD
2
and
T =W _ +D ~-N

ly D Dy G

The sign convention used for T can be best understood by look-
ing at the free body diagram ¥ of a door as shown in figure
19, The temsion Tl acting on the warp at the door end can be
written in terms of the horizontal and vertical components as

_ 1/2
Tl (T1x2 + le2}
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Figure 18. Components of towing warp tension at a doar.
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Figure 19. Vertical forces acting on a bottom trawl door.

or T, = [( D * R ) + W+ DDY - NG}211/2

The angle ¢ at the door is then given by
tan_l le

Tlx

Iy
3

¢ = tan !l ("p + Dgx - Ny

1
= +
2 QT R )

The next step in estimating the drag force acting on the

towing warps is to find the magnitudes of the tension T

the angle ¢, at the vessel end, by means of the equilib¥Fium
eguations, The procedure to be followed in finding the two
unknowns is given by Pode (1951) and is described in the
Appendix, With T , T_, ¢, and ¢, known, the drag force acting

on the towing warps can now be calculated,
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COMPARISON OF RESISTANCE PREDICTION WITH FIELD MEASUREMENTS
ON FULL-SCALE TRAWLING GEAR

The developed eguations and procedures have been merged
into a computer program which is described in detail in the
Appendix, The program was written specifically for the case
of yankee 35 trawling gear and the results of the computation
are shown in figure 20, The experimental points corresponding
to field measurements lie above the curve drawn on the basis
of the theoretical prediction, There are several important
reasons for this discrepancy.

The theoretical analysis presented in the previous section
does not consider the interaction between the many components
of the gear and its effect on the overall resistance character-
istics of the trawl, It is guite possible that this interaction
is of such a nature that it causes an increase in the hydro-
dynamic drag of the system. The interaction between two or

2.51 2,0, 002 EXPERICIEN-
YANKEE-ES- 4 AL POMIY.S‘
@ 3 RUNS
S o AT HE M-
‘“.., 2.0] x = TICAL MODEL
Wy
\J
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9
o
% A2l
~J
X
é o5
[
+ + + + { +
2.0 s 3.0 3.5 %o “s
V, Anots

Figure 20. Resistance vs. trawlipg speed for a Yankee 35 bottom trawl,
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more bodies joined together gives rise to interference drag,

This drag is usually greater than the sum of the drag forces act-
ing on the individual bodies in free flow, The estimate of the
magnitude of this effect by theoretical means is quite complicated
and, to the author's knowledge, methods of solution which yield
realistic values have not been developed, One possibility would
be to test models of conical nets with and without gear attached
to them. If separate tests are conducted on this gear, then

the difference between the drag estimated simply by adding the
drag of the individual compenents and that measured for the nets
with gear attached to them could be established, The effect
could be guantified in the form of a ratio of the latter to the
former, and the ratio could be applied to the full~-scale drag
estimate,

In addition to the effect mentioned above, there are two
other factors which could possibly affect the magnitude of the
drag force acting on a net. One of these is the oscillation of
the bars of a mesh due to the shedding of Karman vortieces, The
alternating shedding of vortices from the two points of separa-
tion on the surfaces of a bar produces transverse forces on the
bar and causes it to oscillate, If the freguency of vortex
shedding is in resonance with the natural freguency of the bar,
the bar will deflect excessively.

The second factor to conaider is the geometry of the net
bag itself. 1In the development of the resistance model the hag
was approximated by a conical net with straight generators. 1In
practice this is not quite the case. The inclination of the
surface of the net bag varies along its length, the angles in
the forward pertion being scmewhat larger than those in the
after portion, Consequently, the assumption of a constant angle
is only an approximaticn.

When treating the problem of the hydrodynamic drag acting
on the footrope, the contribution to the resistance by the gear
which is attached to the footrope is not included in the analysis.
This requires a good deal of experimental measurements in order
to determine the frictional resistance caused by the motion of
this gear over the bottom of the ocean. The problem is further
complicated by the lack of resistance data for doors acting on
the same type of bottom soil as that encountered in the field
measurements of the Yankee 35 trawling gear. Since the effect
of bottom friction is a large component of total resistance this
could be a significant source of error.

Finally, another source of error could very well be the
influence of the proximity of the bottom on the frictional re-
sistance of the trawl. Between the bottom of the ocean and the
bottom of the trawl, the channeling effect of the watar must in-—
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crease its velocity, at the same time decreasing its pressure.

This produces increased friction due to higher flow rate. All

of these factors are believed to add up, the net result being a
higher resistance curve for a bottom trawl as compared to that

predicted on the basis of the theory presented earlier.

In order to establish the effect of the bottom on the error
of the estimate, the total resiatance for a midwater trawl was
calculated. The doors of a midwater trawl never touch the bottom
and the only resistance acting on them is hydrodynamic. The
effect of the ocean bottom on the pressure distribution along
the lower portion of the net is alsc absent when trawling in mid-
water. These factors, in addition to the fact that the footrope
no longer touches the bottom, should reduce the degree of error
when a midwater trawl is cchsidered. The results of the computa-
tion for the specific case of the Christensen midwater trawl are
given in fiqure 21 along with field measurements reported
Taber, {1969}, The agreement between theory and experiments
in that case is closer, Furthermore, it seems reasonable to say
that component interaction does not affect the overall trawl
resistance significantly, and the bottom effects are the largest
source of error in the estimate.

The method of computing the resistance of trawling gear
presented should be used with caution and it appears to apply

TRAWL RESISTANCE, tons
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Figure 21. Resistance vs. trawling speed for a Christensen midwater trawl.
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ketter to the case ¢f midwater trawls where the effects of the
ocean bottom are not present,

Relationship between Forces and Trawl Geometry

Assume the trawl has the simplified shape shown in figure
22 as it moves at a speed V parallel to y. ABC is the headline
and ADC is the footrope, The upward lifting force, L, exerted
by the floats on the headline is assumed to be concentrated at
point B, Likewise, the downward sinking force acting on the
footrope is taken to be concentrated at point D. For ease of
calculations it is assumed that the sinking force has also a
value of I equal to the lifting force. The spreading force of
each door, N, is assumed to act at points A and C, The net bag
resistance, D_, acts parallel to the y axis, The force, N,
acts parallel” to the x axis and the force, L, acts parallel
to the z axis, Let AB = BC = CD = DA and AE = BE = CE = DE = h,
Also let AC = 2b and BD = 2a,

Assuming that the "trawl" of figure 22 is made up of four
triangular panels, one can obtain from equilibrium conditions
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Figure 22. Simplified mouth configuration for a typical trawl.
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the tension forces set up aleong the edges of these panels by
the joint action of D , N, and L, The tension that opposes the
resistance force D i5 taken entirely along EC and EA for ease
of analysis, However, it could be split in four ways along EA
and EB, EC and ED. fThus, from figure 23, the condition for
equilibrium at point B is

D = 2w siné€
T

where & 15 the tension along EA and EC,
The tension & along the perimeter of the mouth ABCD is shown in
figure 24 along with the component of the tension », The con-
dition for equilibrium at point B is

L = 25 sin A
The condition for eguilibrium at point ¢ is

N =25 cosA +%cos €

Substituting

N = Letgh+ ﬁ ctg€ {7)
2

Equation 7 relates the forces N, L and D with the geometric
configuration of the trawl represented by the angles € and A,
Furthermore, N and D are functions of trawling speed V so that
equation 7 describes the effect of speed on the configuration
of the net bag also,

The next step is to represent the angles in terms of trawl
dimensions, From geometric considerations

ctghy=b and ctg€ = _b
a (h2_b2}1/2
Substituting into eguation 7
N=1L1Lb+ ¢ b (8)
a 2 W2 bz)l/z

Thus an equation relating N, I, D_, a, b, and h has been obtained.
and DT/Z is half the drag of the fiet bag with all of its lines,
floats and cod end.

D =D cone + D + D, + D
T @ cod lines Ground + D

end Warps floats
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Figure 23. Top view of the simplified trawl.

Figure 4. Front view of the simplified trawl.
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The conical portion of the net bag contributed a drag force which
was proportional to the cross-sectional area of the mouth, T ab,
according to equation 5. The force L is essentially the buoyant
force contributed by the floats. If there are n_ spherical floats
of radius r then £

£l
L =n 4 9 3 (pg) W1
fl%“rfl Pllsw ~ "1
where (pg)sw is the specific gravity of salt water with a value
of 64 1bf and wfl is the weight of each float. Finally, the
3
ft

spreading force, N, of the doors is given by

N=cC EPVEA
2

L b

for a midwater trawl, where C_ is the lift coefficient, P is
the density of seawater, Vv is~ the trawling speed and A_ is the
area of the door, For a bhottom trawl, N has an additional
component due to the sideways ground reaction Nr;)c and in that
case

Substituting into equation 8 a general relationship describing
the configuration adopted by a trawl as it moves through the
water 15 obtained. This relationship requires a numerical
solution since a and b are unknown,

If instead of using the two dimensions a and b one uses
the angles € and A and writes equation 7 in terms of functions
of velocity, then

N (vz) =L ctg A + D, (vz} ctg € (93

Equation 9 indicates that changing the speed from zero to infinity

decreases the angle A from 7 to zero, When XA is _% _ the
2 2

vertical opening 2a is a maximum and the horizontal opening 2b is

a minimum. When A is zero the vertical opening 2a is a minimum

and the horizontal opening 2b is a maximum, These effects are

better understecod by looking at figure 22, A more realistic

range of speeds found in commercial trawling will lie between

these two extremes, Howaver, the behavior indicated by edquation

9 will be similar.
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Defining an "infinitely long" trawl as one for which _h >4
2b
or h > 8, then the above derived equations can be simplified in

ol
order to obtain approximate wvalues of a and b,

Equation 8 can be written:

N=L(1_3)+ﬁ 1
a

2 [(h?) _ l]L/2
b

For an infinitely long trawl let h = B
b

N =L (p) +0.063 D (10)
a

Since D_ is a function of a, b, and h, the above eguation can
be used " to determine either the force N which the docors have to
provide for a desired mouth opening or the ratio b/a when N is
known. Knowledge of the approximate value of b/a as a
function of speed is an important consideration when the
objective is to trawl at the speed which gives the most ideal
trawl mouth configuration for existing conditions,

Equation 10 implies previocus knowledge of the hydrodynamic
lift characteristics of the doors as well as of the nature of
the ground reaction forces., Some work has been done in these
two areas but further experimentation is required for variocus
door geometries and types of ocean bottoms.
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CONCLUSIONS

An analysis of the drag of a fishing trawl was accomplished
by considering the drag of each of its compenentsa, Formulas
were developed for calculation ©f the resistance of each component
of the trawl based on the hydrodynamic drag coefficients avail-
able from other sources. The formula giving the drag of the net
bag was based on the drag of an equivalent cone with an elliptical
cross=section, The area of the net was represented by a solidity
ratio which accounts for the permeability of the trawl netting.
It was shown that the drag of the net bag is based on the area
of the mouth, the length of the net and the solidity of the net,

The total drag was computed as the sum of the component
drags: this gives valuable insight into the relative impertance
of the different parts of the trawl from the point of view of
drag. Table 2 gives the percentage drag contribution of the
different parts of the fishing trawl for a Yankee 35 bottom
trawl and a Christensen midwater trawl. It can be seen from
the table that the doors and the net bag are the biggest con-
tributors to the drag of the trawl, accounting for over two-
thirds of the total, The cod end becomes important only when
filled, at which time the fishing operation stops. Hence, its
drag is of lesser importance,

TABLE 2. Drag contribution by the components of a fishing trawl.

Percent ¢f Total Drag

Component Yankee 35 Bottom Christensen Midwater
Trawl (at 3 Knota) Trawl {at 4 Knots}

cod End(filled) 18.0 20,0

Small Lines 3.3 3.0

Net Bag 27,7 38.0

Floats 3,0 3.0

Doors 44,0 34.0

Towing Warps 4.0 2,0
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APPENDIX Equilibrium Eguations for the Towing Warps Using
Pode's Analysis

Figure A.l shows the coordinate system used in writing
the equilibrium egquations for a towed ¢able,

dT = -P (¢) ds
Tde = -0 () ds

Dividing

Let Po be any point on the cable, Integrating along the cable
from Po to any point P where the tension is T and angle is o,

&
B {0y d9
T -, Q (s
T 1]
o
Combining / 5 P(b) s
o o/ Qo)
ds= _© e o ds
-Q(¢)
and
/ ¢ T /¢ P{®) do
5=, —6?@) e q’o Q{e) de
o
now
dx = {(coso) ds, dy = {sin¢) ds
it follows / s B_{$)
] T, % Q (9 de
= — cost de
x / ey ¢
4]
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Figure a.1. Coordinate system for a towing cable.

P () 4d¢
and f Q (&) sind do

It is convenient to express T, s, x, and y nondimensionally,

T is already in nondimensional form. A unit length is desired
in order te put s, x, and y in nondimensional form. c¢hoosing
the length of cable, which when perpendicular to the flow has a
drag equal to the tension, T ., If R is the drag per unit

Length ©f cable when the cable is perpendicular to the flow, the
following nondimensional values are obtained,
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[ do
A
o
‘C’ -_-E = e
T
o]
A
T b q
o o
‘F = Rrd = / Icosd’ d¢
E_
o
P -R / l:s:.nd: de
L ~a
o o

The cable functions P (¢) and Q(%) can also be written in terms
of the drag R,when the cable is perpendicular to the flow: the
tangential component of the hydrodynamic force, F; and the weight
of the cable in water W, The forces R, F, and W are all per unit
length of cakle. Thus, according to figure a.2,

P(¢) = -Fcost = Wsing
/coso/
Q(d} = R sind/sind/-Wcoso

Rslncp] sin¢|ds 3 &8
‘

———l
4 DIRECTION
OF MOTION

Figure A.2. Forces acting on a cable element.
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Letting the angle at which Q(¢) becomes zero be called the
critical angle d’c and assuming rbc lies in the range 04_@012;?‘

. 2
R 51n2¢ —Weos ¢4 =0; cos ¢ + W eoos v -1 =0
c c c R c

This equation has two roots. When the cable is negatively
buoyant, W is positive and

cos¢c2;w_+ (1%2+1
2R 2
When the cable is positively buoyant, W is negative and

cos ¢ = W -~

The case of the towing warp of a trawl corresponds to the case
of a negatively buoyant cable. Conseguently W is positive and
t+ ranges from zeroc when W/R = 0 to ™W/2 when W/R is infinite.
Now W is constant for a given cable but the force R is a func-
tion of speed. This makes the cable functions dependent on
speed and these become

¢ coso . ¢
ln?:.-:( Feosey * ™ =1nt as . (r:/ 1 dé

-sind/sin¢/+ wcose 4 -sin¢/sind/ + wcosd

¢

- T coso PP - ¢ Z sint an
? = -sin¢/sind/ + wcost /7 7 -sind/sind/ + wcose
¢

where f = F/R and w = W/R. Pode (1951) calculated the cable
functions by dividing the integrations intoc the three quad-
rants in which the angle ¢ may fall as shown in figure A.3.
The case of the towing warp corresponds to quadrant 3 where

iF£o< T+ ¢ . If the reference point is taken where & =¥
i.e. where th& cable is parallel to the flow, the cable func-
tions for quadrant 3 are given by

/é’?- T - /LﬁP -f + wsinge

sin2 o + weosd
fT’

G ¢
]
} - ‘P T cosd as

do

de

it sin + wcose

]
¢ T i
5 sin¢ de
1 sin ¢ + wcosd

oy
1}
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Figure A.3. Cable guadrants.

Humerical Example Using Pode's Analysis

Figure A.4 shows a trawl as it is towed over the ocean bot-
tom by a trawler using negatively buoyant cables. The drag of
the towing warps at a given trawling speed, D, is given by

1/2 Dw = T2x - Tlx
where

'I‘2x = T2 cose2
and

Tlx = Tl cosel

The warp tension at the door, T is given by

2

ll
2
T, = ﬂ (1/2 by + RY)" + T,

T. can be obtained from the output of the computer program for
tﬁe trawling gear resistance, and at 3 knots T, is 1600.63 1bf.
The program output also gives the warp angle a% the door, 91:
the warp drag per unit length of cable, R: and the towing warp
critical angle, ¢c. At a speed of 3 knots these values are:

_ [#]
el = 2.2
R = 1l.56 lbf/ft
o = 32°
c

The ratio £ can be taken as 0.02 for common cables such as
the warps.
2 "Ry
L
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Towing warp configuration during trawling.

If the depth of trawling,

-.13937.

¢,

igo - ¢, = 17

T

2

and 180

= 1.0616

2

¥, 1is about 150 ft. then

From Pode's tables interpclating for ¢C
magnitude of

- 02 are obtained

D =
= 33°, the

The angle 92 is defined in figure A.4 and it follows that 82

is 179,

Thus

—
The funetion L

T

2

1x

2x

2

—
is defined as ’2/7’1 so that

iy —
" 7
t2 1

1.0616 x

1600.63

1699.23 1bE.
1600.63 cos 2.2°

1599.35 1bf.

1699.23 cos lTo
1624.97 1bE.
2{1i624.97 - 1599.35)
51.3 1bf.
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