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ABSTRACT
The hydrodynamic force on a cable inclined to the direction of flow, though
derived previously, is not widely known. A simple experiment is described which
verifies the magnitude and direction of this force, showing that it is normal to the
cable, not parallel to the flow.

In oceanographic research, when instruments are lowered from a
ship by cable or wire, it is easy to observe the length of wire paid out
and the wire angle at the surface. But unless the true depth of the
instrument is measured directly by means of some pressure-sensitive
device in the instrument itself, then it becomes necessary to estimate
the depth of the instrument on the basis of observations which can be
easily obtained. Some knowledge of the vertical distribution of
current relative to ship will be required, and the forces acting on each
element of the cable must be known in order to determine by integration the shape of the whole cable.
Experiments performed at the David Taylor Model Basin of the
U.S. Navy, and probably elsewhere, have determined both the nature
and the approximate magnitude of these forces, but unfortunately these
results are not widely known, as is indicated in Mossby's (1952) 2
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recent paper which is based on incorrect equations for the forces
acting on an inclined wire. He states that the frictional forces
between the water and a wire towed lengthwise are neglected, which is
equivalent to saying that the resistance is perpendicular to the wire
at every point. Therefore the resistance will have both vertical and
horizontal components except when the wire is vertical. Yet the
equations given contain no vertical component of the resistance.
Since the wire-angle corrections to depth are derived from these
equations, their accuracy must be questioned. The errors may be
negligible at small wire angles, but they will become increasingly
important as the wire angle increases.
The purpose of this paper is to (1) derive the hydrodynamic force
acting on an inclined element of wire in a stream from the force on a
wire perpendicular to the stream and (2) present an experiment which
demonstrates the validity of the assumptions and of the results
obtained. The experiment requires no elaborate apparatus.
Theory. A long cylindrical rod held in a stream at right angles to
the direction of flow experiences a force in the direction of flow. The
force , arising from the pressure differences and frictional stresses
developed by the flow of fluid around the rod, is proportional to the
cross section of the rod, the density of the fluid, and the square of the
velocity. For the case of a rod which is held at an angle <f, to the
direction of flow (see OB in Fig. 1), the velocity of the fluid may be
resolved into components v sin <f, normal to the rod and v cos <f, parallel
to the rod, thus giving rise to two corresponding components of
resistance. If R is the resistance per unit length for a rod held at
right angles to the flow, and if R' is the normal component of resistance
per unit inclined length for the same rod when it is inclined at an
angle <f, to the flow, then
R = canst X v2, and R' = canst X (v sin <f,) 2 = R sin 2 <f>.

The component of resistance parallel to the rod will be due to frictional
stresses only and will be small in comparison with the normal resistance. When a wire was towed longitudinally and then transversely,
the longitudinal drag was found to be less than 2% of the transverse
drag.
It is concluded that the total force per unit length on an inclined
cylindrical rod, cable, or wire which is at an angle cf> to the direction of
flow is given by R sin 2 cf> normal to the cable, where R is the resistance
per unit length of the same cable when it is perpendicular to the
same flow .
Some writers have assumed that, for a cable inclined to a hori zontal
stream, the force is horizontal and equal to th at on the vertical pro-
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Figure 1. Velocity components and vector triangle of forces for an experimental model
of a wire Inclined to the flow.

jection of the cable. This gives the same component that we have
derived above, R sin 2 cJ, normal to the cable, but in addition it gives a
component R sin cJ, cos cJ, tangentially along the cable. Furthermore,
the assumption of a purely horizontal force leaves out the "lift"
component which has a considerable effect on the shape of the cable.
Experiment. The following experiment will demonstrate the
validity of the theoretical conclusion as to the force on an inclined
cable. Two lengths of ¾" diameter wooden dowel are mounted in a
small cylindrical wooden hub (see Fig, 1) so that the angle cJ, is about
30°. When the lengths are mounted they are adjusted so that
OA = OB sin cj,. A metal pin is driven through the center of the hub
perpendicular to the plane AOB, and a strip of brass is bent into a
U-shaped bracket to serve as a bearing for this axle pin ; the towing
line is then attached to the bracket. Holes drilled in the ends A and B
provide space for lead weights and are closed by corks trimmed flush
with the ends of the rods. Weights-at 0, A and Bare adjusted so that
the whole assembly has no net buoyancy when immersed in sea water.
The apparatus is towed by a small line leading from O to a sinker
weight (any piece of iron weighing from one to two pounds) which is
suspended in the water and moved at uniform velocity at about 9"
below the surface. At the start, AOB is submerged and held in a
horizontal plane, with OA perpendicular to the direction of towing.
It will be found that, during the towing, OA remains perpendicular to
the direction of motion, but for equilibrium the towline must set at
an angle (J to the direction of motion.
If the resistance of OB is parallel to the flow and equal to R.OB sin cJ,,
then the tension will also be parallel to the flow . However, if the
resistance of OB is R sin 2 cJ,.OB normal to OB , it is easily shown, from
the vector triangle of forces, that T must be in a direction given by
(R sin 2 4>.0B) coscj,
sin 2cJ,
tancJ,
tanfJ = - - - - - - - - - - - = - - - - -2 2
R.OA + (Rsin cJ,.0B) sincJ,
2 (1 + sin cj,)
1 + 2 tan 2 tJ>
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In either case, provided OB sin cf, = OA, the total moment about O is
zero, so that there should be no tendency for OA to swing away from
the position perpendicular to the flow.
In the experiment performed, OB was nearly 3 feet, the angle 8 was
58°, and the assembly was towed by walking along the edge of a dock
at a speed of about l½ knots. The theoretical expression for tan 8
gives 8 = 19.3° while the experimental value was 20° ± 1°. It should
be noted that any tangential friction along OB would tend to reduce
the value of 8. If R, is the tangential resistance per unit length, Rn
the normal resistance per unit length, and r = R,/Rn, then an analysis
of the vector polygon of forces gives for the direction 8' of the tension T
sin</, cos</, - r
tan 8' = - - - - - - - 1 + sin2 <f, + r cot</,
In the actual experiment described, if r had been as large as 0.02 we
should have obtained 8' = 18.1° instead of 19.3°. Thus the experimental result of 20° ± 1° indicates that we are quite justified in
neglecting the tangential resistance of a cable and using for the normal
resistance the expression R sin 2 <f,, where R is the resistance per unit
length for the same velocity when <f, = 90°.

