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PREFACE TO SECOND EDITION.

DuriNG the ten years since the first edition of this book was
prepared, the chief contributions to the material available for
the discussion of the resistance and propulsion of ships consist.
of the results of various experimental researches, notably in
regard to the operation of the screw propeller. In the prepa-
ration of the present revision no attempt has been made to
chahge the general character of the theoretical and descriptive
treatment of the subject. References have been given here and
there, however, to some of the more important recent contri-
butions to general theory.

Regarding the results of experience, an effort has been made
to summarize some of the more important researches in this
field, and especially in relation to the problem of design. Some
matter of relatively minor importance, and certain discussions
which could well be superseded by new matter based on more
recent experience have been omitted, thus permitting the inser-
tion of a considerable amount of new matter without material
change in the size of the volume. It is hoped that the present
revision will serve as a reasonably comprehensive introduction
0 the principal problems of ship resistance and propulsion,
and that in reference to the various problems of design, the data
given and methods suggested will be found adequately represen-
tative of present day practice.

STANFORD UNIVERSITY, CALIFORNIA,
January, 1909. iii
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PREFACE TO FIRST EDITION.

DURING the last twenty or thirty years the literature
relating to the Resistance and Propulsion of ships has
received many valuable and important additions. Of the few
books in English published in this period, those of the highest
value have been restricted either in scope or in mode of
treatment. For the most part, however, the important addi-
tions to the subject have been published only in the transac-
tions of engineering and scientific societies, or in the technical
press. Such papers and special articles are far from provid-
ing a connected account of the trend of modern thought and
practice, and the present work has been undertaken in the
hope that there might be a field of usefulness for a connected
and fairly comprehensive exposition of the subject from the
modern scientific and engineering standpoint.

|

Such a work must depend in large measure on the extant

literature of the subject, and the author would here express
his general acknowledgments to those who have preceded
him in this field. In many places special obligations are due,
and it has been the intention to give special references at
such points to the original papers or sources. With the
material drawn from the general literature of the subject

there has been combined a considerable amount of original
v
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matter which it is hoped will contribute somewhat to what-
ever of interest or value the work as a whole may possess.

A free use has been made of calculus and mechanics in the
development of the subject, the nature of the treatment
requiring the use of these powerful auxiliaries. At the same
time most of the important results and considerations bearing
on them are discussed in general terms and from the descrip-
tive standpoint, and all operations involved in the actual
solution of problems are reduced to simple expression in
terms of elementary mathematical processes. It will thus be
possible, by the omission of the parts involving higher
mathematics, to still obtain a fairly connected idea of most
of the subject from the descriptive standpoint, and to apply
all methods developed for purposes of design.

In the development of such methods the purpose has
been to supply plain paths along which the student may pro-
ceed step by step from the initial conditions to the desired
results, and to arrange the method in such a way as shall con-
duce to the most intelligent application of engineering judg-
ment and experience. In the design of screw-propellers
especially, where the number of controlling conditions is
necessarily large, the purpose has been to present a mode of
solution in which the most important controlling conditions
are represented in-the formula, and in which the determina-
tion of the numerical values of these representatives by
auxiliary computation, estimate, or assumption is forced upon
the attention of the student in such a way as to call at each
step for a definite act of engineering judgment.

In so far as the method may differ from others, it is
intended to present the series of operations in such way as to

favor the recognition of a considerable number of relatively
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simple steps, and the full and free application at each step of
such judgment and precedent as may be at hand. Such
methods are perhaps better adapted to the discipline of the
student than to the uses of the trained designer, and it is
obviously for the former rather than for the latter that such a
work should be prepared. At the same time it seems not
unlikely that even for the trained designer the splitting up of
concrete judgments into their separate factors is often an
operation of value, and one which will the more readily
enable him to adapt his methods to rapidly changing prece-
dents and conditions of design.

The natural limitations of size and the need of homo-
geneity have rendered the work in many respects less com-
plete than the Author might have wished, and many
important developments especially in pure theory have
received but scanty notice. As presented, the work repre-
sents substantially the lectures on Resistance and Propulsion
given by the Author to students of Cornell University in the
School of Marine Construction, and many features both in
subject-matter and mode of treatment have been introduced
as a result of the experience thus obtained in dealing with
these subjects.

CorRNELL UNIVERSITY, ITHACA, N. Y.,
February 4, 1898,
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INTRODUCTORY NOTE RELATING TO UNITS OF
MEASUREMENT.

THE units of weight, and of force in general, used in
naval architecture are the pownd and the zon, the latter
usually of 2240 lbs. It will always be so understood in the
present volume.

The units of velocity are the fooz per second, the foot per
minute, and the Anof. The latter, while often used in the
sense of a distance, is really a speed or velocity. As
adopted by the U. S. Navy Department it is a speed of
6080.27 ft. per hour. The British Admiralty knot is a speed
of 6080 ft. per hour. The distance 6080.27 ft. is the length
of a minute of arc on a sphere whose area equals that of the
earth. - For all purposes with which we are concerned in the
present volume the U. S. and British Admiralty knots may
be considered the same.

On the inland waters of the United States the statute
mile of 5280 feet is frequently employed in the measurement
of speed instead of the knot, and the short or legal ton of
2000 lbs. for the measurement of displacement and weight in
general.

Revolutions of engines are usually referred to the minute
as unit.
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RESISTANCE AND PROPULSION OF SHIPS.

CHAPTER I.

RESISTANCE.

1. GENERAL IDEAS.

IN the science of hydrostatics it is shown, for a body
wholly or partially immersed in a liquid and at rest relative
to such liquid, that the horizontal resultant of all forces
between the liquid and the body is zero, and that the vertical
resultant equals the weight of the body. If, however, there
is relative motion between the liquid and the body, the
hydrostatic conditions of equilibrium no longer hold, and we
find in general a force acting between the liquid and the body
in such direction as to oppose the movement, and thus ténd
to reduce the relative velocity to zero. This force which we
now consider is therefore one called into existence by the
motion. It will in general have both a horizontal and a
vertical component. The latter, while generally omitted
from consideration, may in special cases reach an amount
requiring recognition. The existence of such a resisting
force, while due ultimately to the relative motion, may be
considered more immediately as arising from a change in the

amount and distribution of the surface forces acting on the
I
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body. When there is no relative motion between body and
liquid, the surface forces are wholly normal pressures and
their distribution is such that, as above noted, the horizontal
resultant is zero and the vertical resultant equals the weight.
The instant such motion arises, however, the surface forces
undergo marked changes in both amount and character. The
normal pressures are more or less changed in amount and dis-
tribution, and, in addition, tangential forces which were
entirely absent when the body was at rest are now called into
existence. In consequence the horizontal resultant is no
longer zero, but a certain amount R, the equal of which must
be constantly applied in the direction of motion if uniform
movement under the new conditions is to be maintained.
The entire vertical resultant must, of course, still equal the
weight. This resultant, however, may be considered as made
up of two parts, one due to the motion, and the other to the
statical buoyancy of the portion immersed. The sum of
these two will equal the weight. Hence when in motion the
statical buoyancy will not in general be the same either in
amount or distribution as for the condition of rest.

The amount and distribution of the surface forces must
depénd ultimately on the following conditions:

(2) Geometrical form and dimensions
(1) The body.... of immersed portion.
(6) Character of wetted surface.

{ (2) Density.

The liquid...
CR L (&) Viscosity.

(3) The relative motion.

Since it is the relative velocity between the body and
liquid with which we are concerned, it is evident that we may
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approach the problem from two ‘standpoints according as we
consider the liquid at rest and the body moving through it,
or the body at rest and the liquid flowing past it. The
former is known as Euler’s method, and the latter as La-
grange’s. Each method has certain advantages, and it will
be found useful to view the phenomena in part, at least,
from both standpoints.

We may also view the constitution of the resisting force
in two ways. The first, as a summation of varying forces
acting between the water and the elements of the surface as
mentioned above. On the other hand considering the water,
we find as the result of this disturbance in the distribution
and amount of the liquid forces a certain series of phenomena
varying somewhat with the location of the body relative to
the surface of the liquid. These we will briefly examine.

As the first and simplest case we will suppose the body
wholly immersed and so far below the surface that the dis-
turbances in hydrostatic pressure become inappreciable near
the surface. It thus results that there are no surface effects
or changes of level.

Let ABK, Fig. 1, represent the body in question, con-
sidered at rest with the liquid flowing by. Now considering
the motion of the particles of water, it is found by experience
that two well-marked types of motion may be distinguished.

The particles at a considerable distance from the body
will move past in paths indistinguishable from straight lines.
As we approach the body we shall find that the paths become
gently curved outward around the ‘body as shown at ZA/V.
Such paths are in general space rather than plane curves.
The nearer we approach to the body the more pronounced
the curvature, but in all these paths the distinguishing feature



4 RESISTANCE AND PROPULSION OF SHIPS.

is the smooth, easy-flowing form and the absence of anything
approaching doubling or looping. Such curves are known as
stream-lines. Passing in still nearer the body, however, we
shall find, if its form is blunt or rounded, a series of large
eddies or vortices seemingly formed at or near the stern.
These float away and involve much of the water extending
from the body to some little distance sternward. The water
between the eddies will also be found to be moving in a more

TSN

[+
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F16. 1.

or less confused and irregular manner. These eddies with
the water -about and between them constitute the so-called
‘“ wake.”” At high speeds also, and with a blunt or broad
forward end, there may be found in addition just forward of
the body a small mass of water in which the motion is not
well defined and smooth.. Again, at the sides and between
the smooth-flowing stream-lines and the body we shall find a
belt of confused eddying water in which the loops and spiral
paths are very small, the whole constituting a relatively thin
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layer of water thrown into the most violent confusion as
regards the paths of its particles. The extent of the disturb-
ance decreases gradually from the body outward to the water
involved in the smooth stream-line motion. The character-
istic feature of the motion of the water involved in these
vortices, eddies, etc., is therefore its irregularity and com-
plexity as distinguished from the smoothness and simplicity
of that first considered. The volumes K£F and ABC are
sometimes known as the liquid prow and stern. The former,
however, is usually inappreciable in comparison with the
latter. The term ‘‘dead-water’’ is also sometimes applied to
the mass of water thus involved.

We may also consider the path of the particles by Euler’s
method of investigation. This will be simply the motion of
the particle relative to the surrounding body of water consid-
ered as at rest. For the outlying particles, such as those
forming the curves LJM/N, we shall have now simply a move-
ment out and back as the body moves by. The paths out
and back are not usually the same, and the particle does not
necessarily or usually return to its starting-point. If we now
suppose the body moving toward G, the path of a particle
originally at Z will be some such curve as LRS. This is a
single definite path, the particle being moved out from Z and
finally brought to S without fimal velocity, where it therefore
remains. For particles involved in the eddies and whirls,
however, the paths are entirely indefinite, and consist of
confused interlacing spirals and loops. The particle is not
definitely taken hold of at one point and as definitely left at
another, but instead may be carried with the body some
distance and then left with a certain velocity and energy, the

latter gradually and ultimately becoming dissipated as heat.



6 RESISTANCE AND PROPULSION OF SHIPS.

Let us now remove the special restriction relating to the
location of the body, and let us suppose the motion to take
place at or near the surface of the liquid. The normal dis-
tribution of hydrostatic pressure near the surface will now be
disturbed, and, as an additional result, changes of elevation
will occur constituting certain series of waves. As we shall
see later, the energy involved in these waves is partly
propagated on and retained within the system, and partly
propagated away and lost.

Now returning to the general consideration of resistance,
it is evident that we may approach its estimation from two
standpoints. (1) We may seek to study the amount and
nature of the disturbance in the distributed liquid forces act-
ing on the immersed surface. (2) We may seek to know the
resistance or force between the body and the liquid, through
its effects on the latter as manifested in the various ways
above described. The latter is the point of view usually
taken. From this standpoint it seems natural to charge a
portion of the resistance to each manifestation, and thus to
look for a part in the production of the curved stream-lines, a
part in the production of the eddies at the bow and stern, a
part in the eddying belt due to tangential or frictional forces,
and a part in the waves.

These various manifestations we shall proceed to take up
in order.

Stream-lines and stream-line motion have played so
prominent a part in the various views which have been held
on resistance, and serve so well to show certain features of
the general problem, that we shall find it profitable to first
examine them in some detail.
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2. STREAM-LINES.

For the definition and general description of what is
meant by a stream-line we may refer to the preceding section.
We have now to define a stream-tube or tube of flow. Let
PORS, Fig. 2, be any closed curve in a plane perpendicular

M

Fic. 2.

to the line of motion LK. Let this curve be located at a
point so far from AZB that the stream-lines PUV, etc., are at
P sensibly parallel to KZ. The particles comprised in the
contour PORS at any instant will, in their passage past 45,
trace out a series of paths which by their summation will form
a closed tube or pipe. Such is called a tube of flow. From
these definitions, a particle of water which is within the tube
at PR will always remain within it, and no others will enter.
We shall therefore have a tube of varying section in which
the water will flow as though its walls were of a frictionless
rigid material, instead of the geometrical boundary specified.
Starting at PR with a certain amount of water filling the
cross-section of the tube, we find the motion parallel to KZ.
As we approach and pass 478 the direction and velocity of
flow will change, but the latter always in such way as to
maintain the tube constantly full. After passing beyond A%
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the direction of motion will approach KZ, and finally at a
sufficient distance will again become parallel to it. Suppos-
ing the fundamental conditions to remain unchanged, the
entire configuration of stream-lines will remain constant, and
at any one point there will be no variation from one moment
to the next. It follows that the conditions for steady
motion as defined in hydrodynamics are fulfilled, and hence
that the equations of such motion are directly applicable to
the liquid moving within the tube. Assuming for the
present that the liquid is hydrodynamically perfect, that is,
that there are no forces due to viscosity, the equation for
steady motion is

§+z+:—g=/z,* i

where p = pressure per unit area;
o = density;
z = elevation above a fixed datum;
2 = velocity;
/t = a constant for each streame-line, called the total
head.

?

# is called the presure-head;

2 is the actual head;

Z s called the velocity-head.
28

The total head, being constant for each line or indefinitely
small tube, but variable from one to another, may be consid-

* We shall not here develop the fundamental equations of hydro-
dynamics, but shall assume the student familiar with them or within reach
.of a text-book on the subject.
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ered as a distinguishing characteristic of the tube or line of
flow. If we take the value of such characteristic far*from
AB, as at PR, we shall have for p = o simply the statical
pressure-head measured by the distance from PR to the sur-
face of the liquid. For z we have the vertical distance from
PR to the origin O at any fixed depth. The sum of these
two equals the distance from O to the surface. Hence, as is
perfectly permissible, if we take O at the surface, p + o+ =
= o, and % = 9.’ + 2g, where 7, is the known velocity with
which the liquid as a whole is moving past AB. Hence with
O at the surface the equation to a line becomes
» o)
++——&.....(z)
It is evident that as we move along the tube p and v will
depend on z and on the cross-sectional area of the tube. If
we take a case where the tube is sensibly contained in a hori-
zontal plane, z will be constant and p and v will vary in
opposite directions. The cross-sectional area will be found
to increase somewhat just before 4B is reached. Hence in
this neighborhood v will decrease and p will increase. As we
pass on, the area will decrease, becoming a minimum at U.
Here p will be a minimum and v a maximum. The same
changes are then repeated in reverse order as we pass on from
U to V. The reasons for the variation in cross-sectional area
as above stated may be seen as follows:
" Consider a tube of flow of large diameter to entirely
inclose 4B and the liquid about it. We consider the sides
of the tube so far away that the stream-lines constituting its
boundary are sensibly parallel to KZ. All phenomena may
therefore be considered as taking place within the tube. The
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cross-sectional area available for the flow of the liquid will
evidently be the area taken normal to the stream-lines. At
the entering end and far from A5 this will be a right section,
as MN. Just forward of AB, however, where the stream-
lines curve outward, the orthogonal section will be curved or
dished as indicated by A/. The area of this will be greater
than that of the right section at 47V, and hence the average
area of the tubes of flow must be greater. This effect will
also be more pronounced near the body, where the change in
curvature is greater. As we pass on to U the stream-lines are
again parallel to the sides of the large tube, and hence the
net section available for flow will be the right section of the
tube minus the section of 4B. Hence the average cross-
section of the tubes of flow must be less here than at the
entering end. As above, the difference will be more pro-
nounced near the body than far removed from it. -Similarly
just behind A8 the orthogonal section will be curved and the
average area will be increased, as at A/.

We have now to show that in any tube of flow in which
the two ends are equal in area, opposite in direction, and in
the same line, the total effect of the internal pressures is 0;

that is, that the pressures developed
have no tendency to transport the
tube in any direction whatever.

Let us first consider any closed
tube or pipe, as in Fig. 3, no matter
what the contour or the variation of
sectional area. Suppose it filled
with a perfect or non-viscous liquid

Fic. 3. moving with no tangential force
between itself and the walls of the pipe. The conditions
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'are therefore similar to those for a closed tube of flow
in a perfect liquid. Suppose the liquid within this tube
to have acquired a motion of flow around the tube. There
being no forces to give rise to a dissipation of energy, the
motion will continue indefinitely. We know from mechanics
that the forces in such case
form a balanced system and
hence that there is no resultant
force tending to move the pipe
in any direction. That such is
the case may also be seen by
considering that if there were

a resultant external force we

might obtain work by allowing F1e. 4.
such resultant to overcome a resistance. Such performance
of work could not react on the velocity of the liquid, and
hence we should obtain work without the expenditure of
energy.

Suppose next the pipe to be circular in contour and of

uniform section, as in Fig. 4.

Let @ = area of section of pipe;
7 = mean radius of contour;
o = density of liquid = 62.5 for fresh and 64 for salt
water;
J = centrifugal force due to liquid.

Then the volume of any small element is ardf, and the
corresponding centrifugal force is
__oardfs’  ocar

dfi= = de.
v &r £
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Let the total angle AOB be 26,. Let 6 be the angle
between OC and any element. Then the component of df
along OC is

oav® cos 646

df cos 6 =
4 g

Integrating, we have for the total resultant along OC

2020
0= i sin 6,.

This total force outward from O toward C may be equili-
brated by a pair of tangential tensions at 4 and B. Let each
of these be denoted by . Then we have

2psinf, =Q0= 20’;7} sin 6,

I

< or ?

That is, the forces due to the movement of the liquid in
any arc give rise to two tangential tensions at the ends of the
arc, and these tensions are independent of its length and
depend simply on @ and . This is also evidently true no
matter what the remainder of the contour, or whether it is
closed or not.  Hence in any pipe, closed in contour or not,
containing a portion of uniform area and curved in the arc of
a circle, the forces due to the flow of the liquid through this
portion will be such as would be balanced by two tangential
tensions at the ends of the arc, each equal to cav’ = g.

Let us now consider a pipe of any irregular contour and
sectional area, as in Fig. 5. Let the ends 4 and D be of the
same area, but turned in any direction relative to each other.
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Suppose liquid as above to flow through'the pipe. Required
to determine the resultant of the internal pressures.

Suppose the circuit completed by means of a pipe AFED
of uniform section and made up of circular arcs A/ and DE
and a straight length FZ. Then if a circulation is set up in
this closed contour such that the velocities at 4 and D are
the same as before, the conditions in ABCD will remain
unaffected. We know as above that the entire resultant is o,
and that the effects due to the liquid in 4F and DE are
represented by tensions at the extremities of those arcs each

B

Fi1c. 5.

of value gav’ = g. The effect due to the straight part FE
must be 0, and the two tensions at /# and £ will balance each
other. Hence for the entire resultant of the forces in the
dotted part of the contour we shall have the equal tangential
forces p, = AM and p, = DN at 4 and D. Now since the
system of forces for the entire contour is balanced, it follows
that the forces due to the liquid in ABCD must be repre-
sented by two forces equal and opposite to 4M and DN.
Hence AR and DS must represent in direction, point of
application, and amount the resultant of the forces due to the
water in ABCD.

As a special case let ABCDE, Fig. 6, be a curved pipe of
any varying sectional area, but with its ends 4 and £ equal,
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opposite in direction, and in the same line. Applying the
above principle, it follows that the resultant will be that of

Fi1a. 6.

the two forces AR and ES, equal and opposite in direction
and in the same line. Hence in such case the resultant is o
and there is no tendency to move the pipe in any direction,
and in particular no force tending to move it in the direction
AE. This serves to establish the initial proposition relative
to the forces in such a tube of flow. In the most general
case the straight portions at the two ends, while parallel, are
not in the same straight line. The preceding treatment still
holds, however, and we shall have for such case the resultant
represented by two equal and opposite forces not in the same
line and therefore forming a couple.

Let now AB, Fig. 7, be a body about which the liquid
flows without tangential forces in stream-line paths. Let

Fre. 7.

this body be immersed at an indefinite depth so that surface
effects are insensible. We wish to show that the total force
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communicated to the body by the stream-lines is 0. This
may be seen by considering PORS a tube of flow entirely
surrounding ACBD, with its straight ends equal in area,
opposite in direction, and in the same line, and of variable
sectional area, ACAD forming an internal boundary. The
general proposition above then applies, and the resultant of
all forces acting on the internal boundary ACBD will be o.
Otherwise the tube PORS may be considered as made up of
an ingeﬁnite number of small tubes for each of which the
resultant may be a couple. It is easily seen, however, that
the forces constituting these couples will, for the whole tube,
constitute a system uniformly distributed over the ends PR
and @S, and hence the entire resultant will be o.

This important conclusion may also be reached by con-
sidering that if a resultant force were communicated from the
liquid to A5, we might obtain work by allowing 45 to move
and thus overcome some resistance. By the supposition of
the absence of all tangential force between AB and the
liquid, this would take place without affecting the velocity of
the latter. In fact without tangential force the velocity of
the liquid can in no wise be affected. Hence we should
obtain work without the expenditure of energy, and the sup-
positions leading to this result are therefore inadmissible. ‘

We may at this point note a further result of the relation-
ship expressed by the general equation of hydrodynamics
above.

Suppose z to remain substantially constant and v to
increase continually. The pressure will correspondingly
decrease, and at the limit for a certain velocity we shall have
2 = 0. An indefinitely small increase of velocity would lead
to a tendency to set up a negative pressure or tension in the

LR RAR
<
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liquid. This could not be actually realized, and the result
would be, instead, a breaking up of the stream into minute
turbulent whirls and eddies. The existence of such turbu-
lence may therefore imply a previous condition in which
there existed a tendency toward an indefinite decrease in the
pressure, and such may be considered as its hydrodynamical
significance. In the actual case the stream becomes unsteady
and breaks up before the pressure becomes actually reduced
to zero, although it is always much reduced as compared with
the pressure for steady flow. A further result of the great
reduction in pressure is usually found in the giving up by the
water of the air which it holds in solution. The air thus
liberated appears in the form of small bubbles mingled with
the water, causing the foamy or yeasty appearance which

usually accompanies this phenomenon.

3. GEOMETRY OF STREAM-LINES.

Among the first to note the relation of stream-lines to the
problem of ship resistance was Prof. Rankine. His investi-
gations covered the examination of their general properties
and the derivation of forms for ships which, under the special
conditions assumed, would give for the relative motion of
ship and water smooth stream-line paths. We will now show
methods of constructing stream-lines for various special cases
as developed by Rankine and other investigators since his
time.

The stream-lines which surround a body are in general
space-curves. The properties of such lines of double curva-
ture are so complex that their investigation is a work of much
difficulty and labor. Many helpful and instructive sugges-
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tions, however, may be derived from a study of plane water-
lines to which the present notice will be restricted.

In order to imagine a physical condition which would give
such lines, suppose a body partly immersed in a liquid on the
surface of which is a rigid frictionless plane. Let a similar
parallel plane touch the under side of the body. Then let
the liquid between the planes move past the body, or wice
wersa let the body move relative to the liquid. The relative
motion of liquid and body may then be considered as taking
place in water-lines contained in horizontal planes. At the
limit we may suppose the planes approached very near, the
body being then simply that portion contained between them.
The liquid will then move in a thin horizontal sheet in plane
water-lines.

It is shown in hydromechanics that for such water-lines
there exists a function % such that

# = velocity along » = %

and v = velocity along y = — i‘_f:

That is, that the velocity in any direction is the rate of
change of this function in a direction perpendicular to the
given one. It is also shown that this function is constant for
any one water-line, and that it may therefore be considered
as a characteristic or equation to such line. It is likewise
shown that its value for any one line is proportional to the
total amount of flow between such line and some one line
taken as a standard or line of reference.
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For the simplest case let us assume two planes as above,
indefinite in extent and very near. At a given point let
liquid be introduced at a uniform rate. Such a point of
introduction is called a source. In such case the liquid will
move in straight lines radiating from the source. Similarly
we might have assumed liquid abstracted at a uniform rate.
Such a point of abstraction is called a sink. In such case
likewise, the liquid will move
in. straight lines converging
toward the sink.

In Fig. 8 let O be the point
and OA the line of reference
from which the total flow is

measured. Let 2 be the amount

introduced per second or other

unit of time, and # the angle

Fic. 8. between OA and any line OP.
Then the flow between OA and OP is that corresponding to
the angle AOP. Hence we have

at)
=

The quantity @ <+ 27 is called the strength of the source or
sink.

It is also shown in hydromechanics that the function ¢ for
a complex system of sinks and sources is simply the algebraic
sum of the separate functions, considering # for a source as
-- and for a sink as —. Hence for such a system in general

we have

%= 3.
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For two sources of equal strength we have

ab, d __ab,
1/’1—2_7; an Ila_‘;'

Hence b= 21”(19l + 6,).

For a sink and source of equal strength we have

E =5 2”(61 2 01)

In all such cases of simple combination the actual stream-
lines are most readily found by a construction due to Maxwell
and illustrated in Fig. 9.

From O, and O, let radiating lines be drawn at angular
intervals proportional to 2z +-a. Then the number of lines

will be proportional to @ + 2z. Take any point P. Then
it is readily seen that by going across the quadrilateral PQRS
to R we find another point for which #; is increased by
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the angle RO,S and 6, decreased by the equal angle QO,S.
Hence at R we shall have (6, + 6,) of the same value as at P.
Hence P and R will be points on one of the stream-lines
belonging to the two sources O, and O,. It follows that the
series of stream-lines for these sources will be obtained by
drawing continuous curved lines diagonally across the series
of quadrilaterals formed by the intersections of the radiating
lines from O, and O,. Similarly it may be seen that for Q
and S the values of (6, — 6,) are the same, and hence that
these two points are on one of the stream-lines for a source
0O, and a sink 0,. In like manner, then, the series of stream-
lines for such a doublet, as it is termed, will be found by
drawing continuous curvilinear diagonals in the other direc-
tion across the same set of quadrilaterals. These construc-
tions are illustrated in Figs. 10 and 11, and it is readily seen
in the latter case that the curves are arcs of circles.

Maxwell showed in general that for all cases of combination
of two systems of sinks and sources or their equivalents, the
resulting system of stream-lines could be found geometrically
by laying down those for the two component systems, and
then taking curved lines continuously diagonal to the series
of quadrilaterals thus formed. In this way the result of a
combination of any number of sinks and sources may be
found. In practice the labor involved is very great when
they exceed three or four in number.

In case the sinks and sources are not all of the same
strength, exactly the same method holds.

We have now to show as a special case the result of
the combination of a source and a continuous stream with
straight stream-lines. The latter may be considered as a part
of the system due to a source of infinite strength situated at
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an infinite distance away. The geometrical method for the
determination of the resulting stream-line system is exactly
similar to the preceding, and comes under the general rule of
procedure as stated above. It is illustrated in Fig. 12. The
straight lines radiating from O are replaced each by a curved
line as shown. Outside of this system of curved lines spring-
ing from O are the deflected lines of the uniformly flowing
stream. It is readily seen that the line ABC separates one
of these systems from the other; also that there is no flow
whatever across this line, and hence that it separates the
liquid introduced by the source O from that originally in the
stream. It is also evident that if, instead of the source O
and its system of stream-lines, we should substitute a friction-
less surface ABC extending away indefinitely, the lines of the
uniform stream would have exactly the same form which they
now have as a result of the combination of the source and
stream.

Taking similarly a uniform stream in combination with a
source and sink, we have the result of Fig. 13. In this case
it is seen that the liquid introduced at O, and withdrawn at
0, does not spread away indefinitely, but is confined to the
portion bounded by the line ABC, and that, as before, this
line separates the liquid thus introduced and withdrawn, from
that originally in the stream. Hence also if, instead of the
doublet 0,0, , we should introduce a thin flat solid with fric-
tionless contour 4ABC . . ., the resulting system of stream-
lines in the uniform stream would be the same as that here
resulting from the stream and the doublet.

It is thus seen that we may in this way arrive at the
system of stream-lines due to a frictionless solid of certain
form plunged in a uniformly flowing stream.
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The form ABC .. .is not, however, suitable for the
water-line of a ship, and it is only by an extension of the
method that stream-lines for ship-shaped forms may be
determined. This extension involves the appropriate choice
and location of sources and sinks such that the resulting line
of separation shall as closely as may be desired resemble a
ship’s water-line. The most general method of effecting this
extension is that due to Mr. D. W. Taylor,* which we may
briefly summarize as follows:

Instead of a system of separate sources and sinks,
Mr. Taylor imagines a source-and-sink line or narrow slot
through a part of which liquid is introduced, and through the
remainder of which it is withdrawn. The variation of
strength along this line corresponds to a difference in width
of slot. The distribution of strength may be represented
graphically by a line ABC, Fig. 14, where OB represents
the source portion and BP the sink portion, the strength
at any point being proportional to the ordinate of ABC.

A
B
0 \JP
C
F1c. 14.

The areas AB0O and BPC must be equal, else the total
amounts introduced and withdrawn would not be the same.

The author then shows by graphical representation and inte-

* Transactions Institute of Naval Architects, vol. xxxv. p. 38s.
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gration how to find the current function or equation for the
stream-lines corresponding to such a sink-and-source line, and
how by varying the character of ABC, Fig. 14, to vary the
character of the resulting contour ABC . .., Fig. 13, so as
to bring it to any desired degree of similarity to a given
water-line.

The distribution of stream-lines being known, it is a
simple matter to find, by the help of the equation for steady
motion, § 2 (1), the corresponding distribution of pressure.
This is illustrated in Fig. 15. ABC
represents one quarter of the hori-
zontal section of a body producing P~ X_\'_ 450 Lol

\

»0 O

a system of stream-lines as shown.
Then at points along a line OV, ¢
the excess in pressure over the
normal may be represented by the
ordinate to the curve DE relative !

to OV, as axis. Similarly the defect
in speed at the same points may be

represented by a curve such as FG.
In like manner at points along the Fie. 15.

line BY, the excess of speed is represented by the curve A7
and the defect of pressure by /K. At a considerable distance
from the body these values all approach indefinitely near to
their normal values and the variations therefrom become
indefinitely small, as indicated by the diagram.

The experimental study of plane stream-line motion has
received special attention at the hands of Hele-Shaw, who has
devised means of showing and of photographing the distribution
for ship-shaped and other forms of various kinds.* As pointed

* Transactions Institute of Naval Architects, 1897-1898.
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out by him, the study of such systems may be of value in con-
nection with the investigation of the distribution of pressure over
a part of a submerged body such as a rudder.

Since, however, under the special conditions assumed for the
mathematical treatment of stream-lines, the total resultant force
between the body and the liquid is o, the resistance to the motion
of the solid through the liquid will also be o. The investigation
of stream-lines is not therefore sufficient in itself to determine
the actual resistance in any given case and must be considered
rather as a useful auxiliary in the investigation of problems con-
nected with the motion of a body through a liquid contained be-
tween rigid confining boundaries.

In the actual case the liquid is quite free instead cf being
thus confined. This introduces into the form of the stream-
lines, especially near the surface, profound changes, so that the
indications received from plane stream-lines must be used with
caution, and only so far as comparison with the results of experi-
mental investigation may seem to justify. See further § 14, on
wave-resistance.

4. RESUME OF GENERAL. CONSIDERATIONS.

In considering the application of the general principles
developed in the present chapter to the resistance of ships, it
must be borne in mind that for the present we take no
account of any influence due to the presence of a propelling
agent. The resistance which we here consider is the actual
or tow-rope resistance—the resistance which the ship would
oppose to being moved as by towing through the water at the
given speed. The modifications due to the presence of a
propeller or paddle-wheel will be considered in § 45.

We have before us, therefore, the general problem of the
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resistance of a partially immersed body in an actual liquid, as
water. For convenience we shall examine the subject under
the following heads:

(1) Stream-line Resistance.—The liquid being no longer
without viscosity or internal shearing stresses, the stream-line
conditions of a perfect liquid will not be quite realized, and
the maintenance of these lines in the actual liquid will involve
a slight drain of energy from the body. This involves the
transmission of a resultant force between the liquid and the
body opposed to the relative motion of the two, or, in the
present case, to the motion of the latter. This gives the first
item of the total resistance as above.

(2) £ddy Resistance.—We come next to the water involved
in the liquid prow and stern. As already noted, this does
not follow open stream-line paths. It is thrown into irregular
involved motion, the energy of which in the actual liquid is
continually degrading into heat. The water involved in this
motion does not, moreover, remain the same, but gradually
changes by the drawing in of new particles and the expulsion
of others.

The maintenance of this liquid prow and stern will give
rise, therefore, to a constant drain of energy from the moving
body, the effect of which is manifested as a resistance to the
movement. This gives the second item as above.

(3) Swurface, Skin, or Frictional Resistance.—~We take
next the belt of eddying water produced by the action of the
tangential forces between the surface and the'liquid. These
eddies stand in the same relation to the motion of the body
as those giving rise to the eddy resistance so called. Their
maintenance constantly drains energy from the body, and
this gives rise to a resistance to the movement. This gives
the third item as above.
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(4) Wave Resistance.—Finally we have the wave systems
which always accompany the motion of a body near the sur-
face of the water. As remarked in § 1 and as we shall later
show, the energy involved in these systems is not retained
intact, but a portion is constantly being propagated away and
lost. The maintenance of the wave systems requires, there-
fore, a constant supply of energy from the moving body, and
this, as in the previous cases, gives rise to a resistance to the
motion. This gives the fourth item as above.

It may be noted that in the most general view (1) and (4)
are not independent. Waves may be considered as the result
of modified stream-lines near the surface, and hence in its
most general significance (1) might be considered as including
(1) and (4). As here classified, however, we mean by (1) the
resistance due to the maintenance of the system of stream-
lines which would be formed were the body moved with the
given speed at an indefinite depth below the surface. The
modification due to wave-formation is then taken care of
by (4). In any case (1) is very small, since, with the veloci-
ties occurring in practice, water behaves nearly as a non-
viscous liquid. Similarly (2) and (3) might with propriety be
termed the eddy-resistance, since both items arise from the
maintenance of systems of eddies. Since their immediate
causes are distinct, however, it is convenient to consider them
separately.

The sum of (1) and (2) is frequently termed the head-
resistance, though it is sometimes considered as of two parts,
called /%ead and tazl resistances, the former being due to the
excess of pressure in the liquid prow, and the latter to the
defect in the eddying liquid stern. . Inasmuch as they cannot
be separated, however, we shall use the one term for both.
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With ships of ordinary form this is so small as to be
relatively negligible. In other cases, as in the motion of the
paddle-wheel, propeller-blade, bilge-keel in oscillation, etc.,
this is one of the chief items of the resistance to the motion
of the given body.

In ships of usual form we are therefore concerned chiefly
with surface and wave resistance.

The sum of (1) and (4) or of (1), (2), and (4) is often
known as the residual resistance. This term has reference to
the usual view of ship-resistance which recognizes but two
chief subdivisions:

(@) Surface or skin resistance.

(6) Residual resistance, including (4), above, and all other
parts not properly classified under (a).

It must not be forgotten that this classification of resist-
ance according to the various effects produced on the water
is somewhat arbitrary. A more logical mode of subdivision
might be made by starting from the body and considering
that each element of immersed surface is subjected to a cer-
tain force. Such force may be resolved into two com-
ponents; one tangential, the other normal. This is entirely
general and includes all effects no matter from what cause
arising. Comparing with the other method of subdivision it
is evident that the longitudinal components of the tangential
forces will give by their summation the surface or frictional
resistance. Hence the longitudinal components of the normal
forces must give by their summation the remaining or resid-
ual resistance, corresponding to (1), (2), and (4), or with ship-
shaped forms almost entirely to (4). This subdivision is
entirely independent of any supposition with regard to the
effects on the water, and is the most direct or immediate as-
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pect of resistance itself. The two parts may be termed
tangential and normal resistances.

No matter what view we may take of the subdivision of
resistance, we are obliged to go to experimental investigation
for all satisfactory information as to its amount. We pro-
ceed, therefore, to the description of the various experimental
investigations, and to the discussion of the results which may
be derived therefrom.

5. RESISTANCE OF DEEPLY IMMERSED PLANES MOVING
NORMAL TO THEMSELVES.

If the body in Fig. 1 is supposed to be reduced to a plane
normal to the line of motion, the result will be a system of
stream-lines and eddies somewhat as in Fig. 16, though the
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line of demarcation between the two is not fixed nor so defi-
nite as must be suggested by a rough diagrammatic represen-
tation such as the figure gives. The tangential resistance
will be 0 because'all tangential force is at right angles to the
direction of miotion. -This’does not mean that the actual
resistance is independent of ‘the character of the surface, but
simply that the actual-tangéntial forces have no longitudinal

component. ~The nature” of “‘the surface will presumably
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slightly affect the stream-line formation and the amount and
nature of the liquid prow and stern, so that ultimately it will
have its effect on the resistance. Viewed immediately,
however, the resistance is due wholly to the eddies and
stream-lines in an imperfect liquid. Experiment shows that
the resistance in such case may be approximately expressed

by an equation of the form
% 2
R ::fZE-A‘Z) s o A e (I)

where R = resistance in pounds;
J = a coefficient;
o = density of liquid = 62.5 for fresh and 64 for salt
water;
£ = acceleration due to gravity = 32.2 ft.;
A = area in square feet; ;
v = velocity in feet per second.

For salt water o + 2g is very commonly put- equal to 1.

In such case the equation becomes
B =R S e I e e KA )

The values of the coefficient / which have been deter-
mined experimentally have varied widely. This is doubtless:
due to the fact that such experiments have been carried on
by different observers under different conditions, notably as
to amount of surface, depth of immersion, and actual veloci-
ties employed. The subject has not been examined with
sufficient completeness to show satisfactorily the general rela-
tion of the resistance to the three conditions, arca, immer-
ston, and velocity. - In fact there is considerable doubt as to

whether R should increase strictly as the area, we are not sure



34 RESISTANCE AND PROPULSION OF SHIPS.

that the index of 2 should for all velocities be 2, and the
relation of f to varying immersion is not satisfactorily known.
The attempt, therefore, to express the results of experiments
under widely varying conditions by the simple formula above,
throwing on f the consequences of all differences between the
true and the assumed law, may with justice lead to widely
varying values for this coefficient.

Among the earliest experiments were those by Col.
Beaufoy made at the Greenland Docks in London between
1793 and 1798. Taking A in square feet, v in feet per
second, and R in pounds, the mean value of f deduced from
these experiments is about I.1.

Mr. Wm. Froude’s experiments on planes about 3 ft.
wide gave with similar units a mean value of about 1.7.

Dubuat at a single speed of about 3.28 ft. per second
found for a plane maintained stationary in a moving stream
a value of /= 1.86. For a stationary liquid and moving
plane, the speed being the same, he found f= 1.43. If in
the first case the liquid moved steadily and without eddies or
internal irregularities, and in the second case the liquid was
strictly at rest, the relative speed being the same in each
case, these two results should be the same. The discrepancy
was doubtless due to the difficulty of making satisfactory
observations on the mean velocity of a flowing stream, and
also to the now well known difference in effect between a
stream moving without and with turbulence.

More recently Joessel’s experiments in the river Loire,
made on a plane of sheet iron .98 ft. high by 1.31 ft. long
and immersed so as to have .66 ft. of water over the upper
edge, gave a mean value of /= 1.6. The maximum velocity
was not above about 4.25 ft. per second.
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Still more recently Mr. R. E. Froude has determined this
coefficient under conditions which insure the highest degree
of experimental accuracy. The resulting value agrees very
closely with the average of Beaufoy’'s values mentioned
above, and was about I1.1. ,

An extreme divergence from all the values above given is
indicated by the results of experiments on bilge-keels. An
attempt to fit this formula of resistance to these results leads to
a coefficient varying from 5 or 6 to 15 or 16. Its excessive varia-
bility, as well as its great divergence from the other values, indi-
cates that we have here involved certain elements or conditions
not represented by the formula, and whose importance has been
hitherto unsuspected.

This problem has received special theoretical investigation by
Bryan,* who shows that in large measure this extra effect may be
accounted for by the following features found in the motion of a
rolling ship fitted with bilge-keels:

(1) The movement of the ship to and fro tends to set up
currents in the water which lag in phase behind the roll of the
ship, and thus run counter in some degree to the motion of the
bilge-keel. These counter currents may be capable of producing
a marked increase in relative velocity between keel and water,
and hence a a marked increase in the resistance opposed to the
motion of the keel. :

(2) It appears from a study of the stream-line motion about
a ship rolling with bilge-keels that such motion will produce a
marked change in the distribution of pressure over the surface of
the ship, and that this change of pressure will be of such character

* Transactions Institute of Naval Architects, 1900.
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as to resist rolling and thus increase the apparent resistance met
by the bilge-keel.

(3) We may first note generally that if the immersion is suffi-
ciently great to reduce the surface disturbance to a negligible
amount, the resistance will be practically independent of any
further increase of depth. This is readily seen from the fact
that the resistance arises, not from the pressure, which of
course increases with the depth, but rather from a difference
in the distribution of such pressure, and that this is practi-
cally independent of depth so long as surface disturbance is
absent. Still otherwise we may view the resistance as due to
the energy absorbed by the stream-line and eddy systems;
and since below the minimum depth above mentioned the
configuration of these will be constant, the energy absorbed
and the resulting resistance will likewise remain the same.
These conclusions are borne out by Beaufoy’s experiments.

It will be observed that, according to definition, head-
resistance is the resistance due to the eddy and stream-line
formation supposing the immersion of the body so great that
surface effects are negligible. It is not the resistance due to
the actual stream-line and eddy formation if near the surface,
for this would include the wave-resistance as well. In the
present case, therefore, fangential resistance being absent, we
must consider the change in the total resistance as the plane
approaches the surface as dye to the resistance arising from
the wave-formation. In any experiment, therefore, if the
plane is near the surface, the resistance actually measured will
consist of two parts: head-resistance proper and wave-making
resistance.

As is known furthermore, a slight wave may involve con-
siderable energy, especially if its length is great. Hence appar-
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ently slight surface effects méy count for much in the actual total
resistance. These wave systems will be generated primarily by
the periodic or alternate discontinuous movement of the ship due
to which large bodies of water will be impressed with like dis-
continuous motion, and a portion of the energy of which will
become dissipated in the form of surface disturbance as noted,
and a part in the form of eddy and vortex motion.

The summation of these various influences, combined possibly
with others, may presumably become sufficient to account for
the extreme difference as noted, between the values of the coefhi-
cient resulting from the application of the formula to experiments,
on planes in continuous motion and for which it is intended, and
resulting from its application to experiments on ships carrying
bilge-keels in alternate or discontinuous motion, and to the
circumstances of which it is not properly applicable.

6. RESISTANCE OF DEEPLY IMMERSED PLANES MOVING
OBLIQUELY TO THEIR NORMAL.

If the plane, instead of standing at right angles to the
direction of motion, is inclined at an angle 6, we have a result

somewhat as indicated in Fig. 17. In such case the force in

/—\/\___’_
m

ﬂ
mk g
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the line of the normal £B as determined by Joessel’s experi-

ments is given by the formula

sin 8 -

TGO e S e
.39} .61 sinﬁngv' e

Py=1.622
The longitudinal component, or the resistance in the line
of motion, is therefore

Ry = 1.622 e iA'
et 390+ 6rsinfzg"" - (2)

Pg sin 0

Hence 'PTo = 139 + BT a0 A S v, o, (3)
Ry sin® 6
i R T (30 3. G0 S e, 2t e b e (4)

According to Beaufoy’'s results we may put approxi-

mately

R
Fﬂ:sm&, o e R

R 4
and R—":sm G e PO A

20
The experiments of Wm. Froude also agreed in giving

P, ;
P——ﬂ:smﬁ. T R 5 1y L s (7)

Later experiments, especially on air-resistance, have thrown
some further light on the law of variation of normal resistance
with angle of inclination. As pointed out by Johns,T the changes

* Where not otherwise explained, the nomqnclature of this section is the same
as that of the preceding.
1 Transactions Institute of Naval Architects, 1904, p. 232.
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fn density due to the slight variations in pressure produced by the
movement of a body through air are so small as to be negligible,
and hence we may transform results derived for air into corre-
sponding values for water by an appropriate density ratio factor.
In this manner experiments on air by Dines * on a plate 12 inches

Normal Force

3.50
Angle of Inclination
Fic, 18.

square gave a value for water of 1.16 for the head-resistance
coefficient, as discussed in § 5, and experiments on a rectangle
3 inches by 48 inches with the long edge inclined gave for the
normal resistance the approximate formula

po=1.4 sin 0412,

Likewise from Langley’s experiments the corresponding value
of the coefficient reduced from air is 1.24.

* Transactions Institute of Naval Architects, 1904, p. 232.
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These experiments on air bring out clearly also a curious
anomaly in the law for variation with angle of inclination, and
show that the law of variation with the sine of the angle is only
roughly approximate, holding fairly well, however, for small
angles. The actual law is found to have the general form shown
in Fig. 18, with a marked hump at about 35 degrees inclination
and a depression beyond. Up to inclinations of some 20 degrees,
the law of variation with the sine is reasonably close, but beyond
and particularly between 30 and 45 degrees, such law is far from
representing the actual facts of the case.

Joessel’s experiments were also directed toward the
determination of the location of the center of the system of
distributed pressures on an oblique plane. The results were
as follows:

Let / be the length of plane in the direction of motion,
and x the distance to the center of pressure from the leading
edge. Then

x=(.195F 305 sin ) . . S8

In the narrow range of speeds, 0 to 4.25 ft. per second,
this law seemed to be independent of the velocity.

Referring again to Fig. 17, it is known that the stream
flowing toward AC will divide and pass around, a part by C
and a part by 4. Let BK be the plane which separates one
of these two streams from the other. Then Lord Rayleigh
has shown that under certain special or theoretical conditions B
is determined by the following proportion:

AB 244 cos0—2 cos® 0+ (x—0) sin 0
AT = 4+7nsin @ s
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The tangential force is~evidently less than if both streams
flowed in the same direction, as when the plane .is moved
parallel to itself. Let £ be the ratio between the tangential
forces in the two cases. Then Cotterill * has shown that

4 cos 0 — (m — 26) sin 0
e 4+ @ sin ¢

The graphical representation of these relations is shown

in Fig. 19.
The extreme irregularity in the curve of Fig. 18 is presumably
due to some discontinuity of law occurring at an inclination of

NN
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about 35 degrees, and due to some relatively abrupt change in
the division of the stream between the two parts which flow, one
around C, Fig. 17, and one around A. Further examination of
these points is much needed.

* Transactions of the Institute of Naval Architects, vol. xx. p. 152.
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The importance of reducing eddy resistance by an appro-
priate choice of form for a ship-shaped body, and the avoid-
ance where possible of all surfaces normal to .the direction of
moticn and of all sudden changes of direction in the surface,
is readily seen. It thus appears as shown by Taylor * for a
ship 300 feet long at 20 knots, using the results of § 7 for
tangential resistance, that the resistance of one square foot
moving normal to its own direction is about 770 times as
great as that of the same area exposed to tangential or skin-
resistance only. :

We may also add in this connection that if the lines of a
ship are too full aft for her speed, large, unstable eddies are
liable to appear about the stern, suddenly shifting about from
one quarter to the other and’causing sudden and unsym-
metrical changes in the total resistance and in the action of
the rudder, thus rendering such ships very difficult to steer.

7. TANGENTIAL OR SKIN RESISTANCE.

The origin of this form of resistance has been referred to
in § 1. Experiments for the determination of its amount
have been made by Beaufoy, Tidman, and Wm. Froude, and
later in the U. S. Naval Tank at Washington, and elsewhere.

In the Froude experiments boards +% inch thick, 19 inches deep,
and of different lengths from 4 to 5o feet were covered with various
substances andtowed lengthwise in a tank of fresh water, their speed
and resistance being carefully measured by appropriate apparatus.

For the discussion of the results of the experiments the tangen-
tial resistance is supposed to vary according to the formula

R = fAwv",
where R = resistance in pounds;
f = a coefficient;

*  Resistance and Screw Propulsion,” p. 27.
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A = area in square feet;

v = velocity in feet per second or knots, according to
the value of f used;

n = an exponent.

A summary of the experimental results is shown in the
following table:

TABLE I. SHOWING RESULTS OF EXPERIMENTS ON
SKIN-RESISTANCE.

Length of Surface or Distance from Cutwater,

Nature of

Surface. 2 feet. 8 feet. 20 feet. so feet.

A B C A B (o} A B C A B C

Varnish......| 2.00| .41|.390| 1.85| .325| .264| 1.85| .278| .240| 1.83| .250] .226
Paraffin......| 1.95] .38] .370| 1.94| .314| .260{ 1.93| .271| .237
Tinfoil...... 2.16| .30 .295| I.99 .2781 .263| 1.90| .262] .244| 1.83| .246] .232
Ealico o . .. 1.93{ .87| .725| 1.92 .626‘ .504| 1.89| .531| .447} 1.87| .474| .423
Fine sand....| 2.00] .81 .690| 2.00| .583| .450| 2.00| .480] .384| 2.06| .405| .337
Medium sand.| 2.00| .g9o| .730| 2.00| .625| .488| 2.00| .534] .465| 2.00| .488| .456
Coarse sand..| 2.00| 1.10| .880, 2.00| .714| .520| 2.00| .588| .490

Column A gives the value of ~ for the particular length
and character of surface.

Column B gives for the whole surface the mean resistance
in pounds per square foot at a speed of 600 feet per minute
or 10 feet per second.

Column C gives for the same speed the resistance per
square foot at a distance from the forward end equal to that
stated in the heading.

1t is thus seen that the resistance per unit area decreases
as we go from forward aft. Thus for varnish the resistance
per square foot at distances of 2, 8, 20, and 50 feet from the
bow are respectively .39, .264, .24, .226. It necessarily
results, as is shown by the table, that the mean resistance per
square foot decreases with increased length. The explana-
tion of this as given by Mr. Froude is as follows:
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The board or surface under test moves surrounded by a
skin of eddying water, the maintenance of the energy of
which gives rise to the resistance under consideration. The
forward part of the board is constantly entering water at rest,
while the after portions come in contact with water already
acted on by the forward end, and possessing, therefore, to a
greater or less extent, this eddying motion. In these eddies
the movement of the water-particles next the board is
forward, more or less of the water being involved, and with a
greater or less velocity according to the length of time they
have been acted on, and to the other circumstances of the sur-
face and motion. It follows that the eddying motion will be
more and more pronounced as we go from the bow aft.
Hence a part of the board near the forward end advancing
into still water will naturally meet a much greater resistance
than the same area located near the after end, and entering
water which already possesses in large measure the eddying
motion.

We will now consider in detail the character of the equa-
tion for tangential resistance as given above, especially as to
the relation between the quantities involved and the circum-
stances of the experiment.

The quantity A is taken as the area without modification
or change. It is seen as above that the length factor of area
is the one of importance, so that we may consider, so far as
its effect on the quantities of the formula is concerned, 4 to
be represented by length. Suppose now that we have given
a series of values of R for a range of values of quality, length,
and speed. Each such value will give a single equation
involving the two unknowns f and ». These may be both
variable from point to point, and not knowing on what they
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may depend we cannot consider any two equations as simul-
taneous, and thus use them for the determination of #and 7.
In other words, without other conditions the relations of f
and 7 to the circumstances of the experiment are indetermi-
nate. Some arbitrary assumption must therefore be made in
regard to one, and the other determined in accordance there-
with. Taking any set of values of R for fixed quality, and
length at varying speeds, it seems most natural to assume
that 7 will be constant for all such values of R, and to then
determine 2 in accordance with this assumption. This is
equivalent to assuming that f is dependent on quality and
length, and independent of speed. We may also consider
this coefficient as providing for effects due to changes of tem-
perature and density of liquid. It may also be well to note
that this coefficient, and in fact the entire equation, is con-
sidered as independent of the depth of immersion.

While thus taking f as independent of speed variation, it
is not independent of the amount taken as the unit of speed.
This appears as follows: In the formula, give v a value 1.
Then R = fA, or f= R+ A. Hence f = the mean value
of R per square foot af the unit speed.

The value of f being thus known, it may be substituted
in the various equations representing the values of R at vary-
ing speeds, and the values of # thus determined. It is seen
that the values of » may vary with the speed, and they will
likewise depend on the particular value of / used.

It thus appears that / will depend on length, quality of
surface, density, and temperature, while 7z will depend on
speed and f, and hence on speed and the other various con-
ditions above.

Applying these principles to the results ‘of Froude's
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experiments ¥ it is found in general for a given quality,
that f decreases with increasing length at a decreasing rate:
also that f varies with quality in the way we should naturally
expect.

The relation of # to length, quality, and speed is much more
obscure. Actual values vary from about 1.8 to 2.0, with some -
evidence of a slight decrease for increase in length, at first rapid
and then slow. There is also evidence of a generally higher value
for rough surfaces than for smooth, the value for sanded surfaces
being about 2 for all lengths.

Early experiments on tangential resistance were limited in
speed to 6 or 8 knots, while the results obtained have been applied
to the estimation of such resistance for speeds of 30 knots and
more. This gap has been in large measure filled in by experi-
ments at Washington in the U. S. Naval Tank, the results of
which have generally confirmed those drawn from earlier experi-
ments, at least for smooth surfaces, and have indicated for # an
average value of about 1.854 and for smooth surfaces a value of
J=.0097. .

With regard to the use of such values, it may be observed that
for any individual case but little significance can attach to the
third decimal place in the value of #, and the second will like-
wise involve some uncertainty.

On the other hand, we may remark that a difference of 1
in the hundredths of » will cause for usual speeds a difference
of only about 1 per cent in the value of v*, so that such an amount
of uncertainty is not greater than that to which we are accus-
tomed in most engineering work.

In this connection the ideas of M. Risbec as given in a

* See complete report in British Association Reports for 1874, of which the
table on page 43 is a partial résumé.
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recent paper * will be of interest. This author considers that
it is more rational to assume that fundamentally, skin-resist-
ance, involving as it does the energy of eddying water, will
be proportional to the square of the speed, and to write the

formula

R = fAv.

The coefficient £ is then to be determined in accordance
with the experimental data, and is considered as including

a certain function of ‘‘perturbation,’’ the value of which
offsets the varying values of # in the more usual mode of
consideration. The possibility of such a treatment of the
original data will be obvious from the preceding discussion of
the relation of the quantities in the equation to the conditions
of the experiment. We have simply to find for the various

values of quality, length, and speed the quotient

R
v =r

M. Risbec then represents the quotient f as a function of
four parameters for each quality of surface, of the speed v,
and of the length L. The complexity of the resulting equa-
tion and the uncertainty of the exact nature of the param-
eters, especially as affected by their extension to lengths
and speeds far beyond those contained in the fundamental
data, make it questionable whether any advantage is to be
derived from this mode of consideration. It is, however, of
interest as showing a possible mode of considering the rela-
tion of the formula to the characteristics of the experiment.

* Bulletin de I'Association Technique Maritime, vol, v. p. 45.
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8. SKIN-RESISTANCE OF SHIP-FORMED BODIES.

While in the preceding section we have referred in general
to the application of the data therein discussed to the resist-
ance of ship-formed bodies, it must be remembered <hat
fundamentally the data relate simply to thin Boards, sensibly
equivalent to planes.

Now at any point of a ship-formed body let the horizontal
component of the tangential force be denoted by p. Let ds
be an element of area, and ¢ the inclination to the longi-
tudinal of the water-lines at this point. Then p cos 6ds is the
longitudinal component of the tangential force or the tangen-
tial resistance for this element. For the whole ship we shall

have, therefore, for the skin-resistance
R :fp cos fds;
or if p denote a mean value of p, we have

R:Zfa’s cos 0.

The value of the integral is known as the reduced wetted
surface,® and it thus appears that strictly speaking it is with
this rather than with the actual surface that we are concerned
in dealing with skin-resistance. The difference between the
two, however, is usually less than 1 per cent, and the uncer-

tainties surrounding the whole question as already discussed

* As shown in the theory of statical naval architecture the value of the
reduced wetted surface is more simply expressed by

Reduced surface = fds cos 6 = fGdx,

where G is the variable girth or length of section, and Zx is the element
of length.
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show that no significant error will be made by using either
the one or the other. The experiments of Wm. Froude on
the Greyhound led him to use for 4 the actual wetted surface,
and the coefficients derived from his results and given in Table
11, p. 51, are intended to correspond to this value of the area.
In continental Europe the reduced surface is frequently used
in this connection.

The value of the wetted surface may be derived by
approximate integration as shown in the theory of statical
naval architecture, or by the use of one of the following

empirical and approximate formula:

Let S = wetted surface in square feet;
D = displacement in tons*
L = length in feet;
H = draft in feet;
B = beam in feet;
& = block coefficient of fineness.

Then we may have
S = 15.6 ¥V DL.*

S=L[1.7H + bBl.t

For the reduced surface we have, from the foot-note on p. 48,

S, = [Gax.

* Transactions Society of Naval Arhcitects and Marine Engineers, vol. I.

p. 226.
1 Transactions Institute of Naval Architects, vol, xxxv1. p, 72.
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With the same notation as before we have the following
empirical relation between S and S,:

seslias ol

With a correct value of S,, the error of this formula is usually
less than one-tenth of one per cent.

9. ACTUAL VALUES OF THE QUANTITIES f AND 7 FOR
SKIN-RESISTANCE.

We will now give a résumé of the practical values which
have been proposed by various authorities for the coefficient
J and the exponent z.

The general formula is

R = fAv",

where R = resistance in pounds;
S = coefficient;
A = area of wetted surface in square feet;
v = speed in knots;

7 = index.

*Transactions Society of Naval Architects and Marine Engineers, vol. r.
p- 138. -
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TABLE I, SHOWING FROUDE’S EXPERIMENTAL VALUES.
Length of Surface.
Nature of Surface. 2 feet. 8 feet. 20 feet. so feet.
” P VA »” v ” S
Varnish.......... ..| 2.00 | .,0117| 1.85 | .0o121| 1.85 |.0104{ 1.83 |.0097
Paraffin............ 1.95 | .0119 | 1.94 |.01ICO | I.93 | .0088
BESio1). . .- .. L 2.16 | .cob4 | I.99 [.0081 | 7.90 |[.008g | 1.83 |.0095
EEECE s oo o niee s o 1.93 | .0281 | 1.92 | .0206| 1.89 |.0184| 1.87 | .0170
Binesand. . o..-.... 2.00 | .0231 | 2.00 |.0166| 2.00 |.0137 | 2.06 |.0104
Medium sand.......| 2.00 |.0257| 2.00 |.0178 2.00 |.0152 | 2.00 |.0T139
Coarse sand........ 2.00 | .0314 | 2.00 | .0204 | 2.00 |.0168
TABLE 11,

VALUES FOR SHIPS BASED ON FROUDE’S EXPERIMENTS.

(SALT WATER.)

Index for the Index for the

B scoisace. | Bessance. b tomete. | - Rocnenss

ig‘e{.lgg:. with Speed. i’;f;ﬁ;{‘_ | with Spegg.

74 ” S ”
8 .01197 1.825, 80 .00933 1.825

9 01177 s Q0 .00928 N
10 .0II61 e 100 .00923 e
¥2 .OII31 . 120 .00916 ©
14 .01106 < 140 .00QIT iy
16 .01086 . 160 .00Q07 =
18 .01069 (u 180 .00904 o
20 .01055 ' | 200 .00902 b
235 .01029 oy 250 .00897 48
30 .0I0I0 £ 300 .00892 o8
35 .00993 5 350 .00889 5y
40 .00981 s 400 .00886 y
45 .00971 4 450 .00883 o
50 .00963 4 500 .00880 I
60 .00950 i 550 .00877 {3
70 .00940 = 600 .00874 £
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TABLE III.

.
VALUES FOR SHIPS BASED ON TIDMAN'S EXPERIMENTS.

(SALT WATER.)

Copper or Zinc Sheathing.
Iron \I);Vm]llol? Clteadn and
€ ainted.
Length Smooth. Rough.
in Feet.
a ” S ” 7 ”
10 .0I124 1.853 .0100 1.9175 .01400 1.870
20 .01075 1.849 .009Q90 1.900 .01350 1.861
30 .01I018 1.844 .00903 1.865 .01310 1.853
40 .00998 1.8397 .00978 1.840 .01275 1.847
50 .009QI 1.8357 .00976 1.830 .0I250 1.843
100 .00970 1.829 .00966 1.827 .01200 1.843
150 100957 1 829 .00953 1.827 .01183 1.843
200 | .00944 1.829 .00043 1.827 .01170 1.843
250 .00933 1.829 .00936 1.827 .01160 1.843
300 .00923 1.829 .00930 1.827 .01152 1.843
350 .00916 1.829 .00927 1.827 .0I145 1.843
400 .00910 1.829 .00926 1.827 .0II140 1.843
450 .00906 1,829 .00926 1.827 .01137 I 843
500 .00904 1.829 .00926 1.827 .01136 1.843
TABLE 1V,
VALUES FOR PARAFFIN MODELS BASED ON TIDMAN’S
EXPERIMENTS.
(FRESH WATER.)
Index for the Index for the
Coefficient of | Variation of Coefficient of | Variation of
Skin resistance. | Resistance L h Skin-resistance. | Resistance
il;le}f‘ig;? with Speed. inel‘;g(tet. with Speed.
S ”n A n
2 .01176 1.94 12 .00908 1.94
3 .on§3 ‘: 12.5 .oogox 4
4 .01083 i 13 .00895 ¥,
5 .01050 g 13.5 .00889 i
6 .01022 ¢ 14 .00883 t
" .00997 A 14.5 .00878 G
8 .00973 oy 15 .00873 e
9 .00953 o 16 ~$§64 +
10 .00937 . 17 .00855 3
10.5 .00028 ;- 18 .00847 .
Ix .00920 4 19 .00840 -
11.5 .00914 g 20 .00834 5
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The various values for f given in the above tables are based
on the experiments of Froude and Tidman. As other special
values we may mention the following:

As noted in § 7, the values commonly employed at the U. S.
Naval Tank are

f=.0097, n=1.854.

Colthurst * gives the value f = .0167 for rough-sawn
wood and f= .ol for smooth-planed wood. The same
authority states that for fine ‘‘ grass’’ or marine growth f
may rise to a value from .048 to .062. For clean copper the
value .0073 is given, and for fresh-painted iron the value .o1.
This last value is also that used by Prof. Rankine. These
values all relate to ships of usual length, or at least over 5o feet.

In this connection the results given in a recent paper by
Chief Naval Constructor Hichborn 1+ are of interest. From
the data given in this paper the foliowing tabular presentation
is derived: Column @ shows the percentage increase of total
resistance with foul bottom over that with clean, reckoned on

the latter as base.

Ship. Speed. a.
(1 200 R A R R e o B N e 70
Merkitown: i 30 38000 Socnn IR s SR ) 72
Bhiladel phiayialein Irid s 4 IR B 52
San Francisco..... A TR e SYC TR PRl o 33
IS e RN FTOR A ks oy it aa e & o S 200
o e e S e R 20

It thus appears, as we should expect, that the term
““ foul ”’ is entirely indefinite, and may mean almost any con-
dition in which the resistance is sensibly increased. In the

* Cited by Pollard and Dudebout, Théorie du Navire, vol. 1I1. p. 376.
1 Transactions Society of Naval Architects and Marine Engineers, vol. IL. p. 159.
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extreme - case of the table the total resistance of the Benning-
ton when foul is three times that when clean. At the low
speeds at which these runs were made, most of the resistance
will be due to the skin, so that while the above figures refer
to total resistance, the ratios for the skin-resistance will not
be far different, though slightly greater.

These possibilities impress in the strongest manner the
extreme importance of a clean bottom especially for economi-
cal cruising at moderate speeds, and for the possible attain-
ment of the highest speeds.

10. WAVES.

As introductory to the subject of wave-resistance we shall
give in the present section a brief account of the commonly
accepted theories of wave-motion in liquids, with a statement
of the more important results, but without the details of the
mathematical development.®

In order to examine in a satisfactory manner the influence
of waves upon a ship, some working theory as to their
dynamical constitution is required. It must be understood
that such a theory is not to be viewed as final truth in itself,
but rather as a convenient method of correlating as nearly as
possible the known facts, and of deducing by appropriate

* Among others, the following works may be consulted by those in-
terested:

Rankine ¢ al.; ‘ Shipbuilding, Theoretical and Practical.” London,
1866.

J. Scott Russell: ‘‘ System of Modern Naval Architecture,” vol. 1. Lon-
don, 186s.

Encyclopedia Britannica, article Wave.

Pollard et Dudebout: Théorie du Navire, vol. 111, Paris, 1892.

Gatewood : Journal U. S. Naval Institute 1883, p. 223. Annapolis.

Stokes: Cambridge Transactions 1847.

Encyclopedia Metropolitana, article Tides and Waves.
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mathematical means the probable nature and extent of the
influences which are to be examined. The most simple of the
theories proposed to this end is that known as the trochoidal.
The theory receives its name from the trochoid, which is the
form of the contour of waves resulting from this mode of
viewing their constitution. The trochoid may be defined as

the locus of a point P, Fig. 20, which revolves uniformly

about a center O, which center itself moves uniformly along
a straight line OO,. In this case if O moves uniformly
along 0O0,, and OP revolves uniformly counter-clockwise,
the curve PP, ... P, will result. For comparison there is
shown in dotted lines a sinusoid of equal length and height,
and the difference between the two is indicated by the shaded
area.

A trochoid may also be defined as the locus of a point in
the radius of a circle, which circle rolls uniformly along a
straight line. Thus in Fig. 21 let a circle of radius OQ roll
along on the under side of 45. Let P be the tracing-point.
Then the locus of £ will be a curve CPDE, and the identity
in character between the two curves in Figs. 20 and 21 is
readily seen. If the tracing-point 7 is on the circumference
of the circle the locus becomes the common cycloid as a
special case of the trochoid. If the point passes beyond @,
as to R, the locus is still called a trochoid. The specific
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names prolate-trochoid and curtate-trochoid are given to
these two classes of curves. It is only with the forier as
shown in the figures that we are here concerned.

Waves whose contours are very nearly trochoidal are but
rarely met with, though a moderately heavy swell in calm
weather at a considerable time after the subsidence of the

storm to which it owes its existence, quite closely conforms

W

.
s
.,
N
Seee

FEI1caNat:

to this type. The trochoidal wave is, moreover, the type
most readily examined by mathematical means, and is there-
fore naturally taken for purposes of theoretical investigation.

The ideal constitution of a trochoidal wave involves the
following suppositions:

(1) That for any given wave a// particles revolve in fixed
circular orbits, in vertical planes parallel to the direction of
propagation and normal to the lines of crests and hollows,
with the same constant angular velocity, and in direction with
the propagation when in a crest.

(2) That for any layer of water originally horizontal the
radii are equal and the centers are on the same horizontal

line.
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(3) That the radii decrease with increase of depth accord-
‘ing to a law to be stated later.

(4) That all particles originally in the same vertical are
always in the same phase.

It follows that the surface layer of particles and all suc-
cessive layers originally horizontal will take the form of
trochoidal surfaces of continually decreasing altitudes accord-
ing to the law of decreasing radii. It further results that all
corresponding crests and hollows for successive layers will lie
in the same vertical line, and hence that all wave-lengths for
the successive trochoidal subsurfaces will be equal, and that
the velocity of propagation for all must be the same.

This ideal constitution of a wave may be illustrated in

Fig. 22. The diagram represents a section of a certain por-

Fi1G. 22.

tion of still water divided by horizontal and vertical planes
into rectangular blocks as shown in dotted lines. The full
lines represent the same blocks of water when thrown into
wave-motion. The horizontal planes o, 1, 2, etc., for still
water are, in the wave, thrown into the trochoidal surfaces

a, b, ¢, etc. The corresponding circular orbits are shown on

Univ Calif - Digitized by
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the left, and their centers are seen to be elevated above the
corresponding still-water planes by successively decreasing
amounts as we go from the surface downward. To avoid
confusion in the diagram the circular orbits are elsewhere
omitted. The motion involved in the figure may be viewed
from several standpoints. Thus we may consider the
trochoidal layers and note, as the wave progresses, the change
in thickness and form at any one point. Or again we may
consider the vertical columns of water between the distorted
verticals af, gk, #/, etc., and note that as the wave progresses
these columns shorten and broaden and then lengthen and
narrow, at the same time waving to and fro with the period
of the wave.

Again, each rectangular block of still water is represented
in the wave by a distorted block, and the successive forms
into which one of these blocks is thrown may be seen by fol-
lowing along the series of distorted quadrilaterals between the
pair of corresponding trochoidal surfaces for the wave.

In order that such a wave may actually exist in a liquid it
must fulfil certain hydrodynamic conditions. These are:
(1) That at the upper surface the pressure must be constant
and normal to the surface. (2) That the liquid cannot
undergo expansion or compression during the process of
wave-propagation. These conditions may be made to furnish
a relation btween the length and the velocity of propagation,
and a law for the decreasing radii of the circular orbits.
These are as follows:

Let L = length in feet;

V = linear velocity in feet per second;
R = radius of rolling circle;

@ = angular velocity;
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7T = periodic time;
g = value of gravity = 32.2.

hE 7L |
Then V—:Rw:R\/%:VgR: fr

2w
or V =2.265 VL ft. per sec., e (1)
and V = 1.341 ¥ L knots, ]
also T=L7=.44154/1_L. et G a2y

Let 7, = radius of orbit at surface;
r = radius of orbit at depth of center z below center
of surface orbits;
2z = any given depth of orbit center below center of
surface orbits;

¢ = base of Naperian logarithms.

r z
Then log,rn A,
L LA
z _am
or e e M T

If these various conditions are fulfilled, therefore, it
appears that the geometrical motion here supposed, if once
inaugurated, is hydrodynamically possible. This does not
prove that in any actual wave the particles move as herein
assumed. Observation shows, however, that these supposi-
tions are near the truth, and the actual motion and character-
istics of waves, so far as admitting measurement, are for the
most part in fairly satisfactory agreement with those resulting
from the type of wave-motion assumed. It seems, therefore,
reasonable to accept the theory as a working basis for the
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investigation of such characteristics of wave-motion as we are

here concerned with.

We may now state a further series of results following
upon the conditions assumed. j
The point of maximum slope of any trochoid corresponds

to a value of J given by
cosﬁ:%—,. a3 S

V=P
LR

or sin 8 =

If ¢ is this maximum slope, then

and sin ¢ =

where /2 = height of wave = 27.

The normal at any point intersects the vertical through
the center of the rolling circle at the constant distance R
above it, and therefore always at the point of contact of the
rolling circle with the line on which it rolls.

The pressure on any trochoidal subsurface is constant and
equal to that due to the depth of the corresponding plane
surface in still water.

Let 5z = depth of the line of centers;
7, = radius of surface orbit;
(X3 (X3

= orbit with center at depth z;
R= s esnad Frolligoleincles
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Then the pressure in the crest of a wave is less than that
for an equal depth in still water in the ratio

(rnﬂ—r’)
LE L BR
s47,—7

Similarly the pressure in the hollow of a wave is greater

)

than that for an equal depth in still water in the ratio

e

2—r,t7

(7)

At any point the resultant force due to gravity and to
centrifugal force acts along the normal and
hence through the instantaneous center of
motion of the rolling circle as specified
above. In Fig. 23 let 04 = R. Then if
the force due to gravity is represented by B\
04 or R, that due to centrifugal force will :
be represented by the radius OPF, and the /
resultant by the line AP. /

Let » = mass of particle; /

£ = value of gravity = 32.2;

FiG. 23.
27

@ = angular velocity = _Lg

J/ = resultant force represented by 42.

Then we have

f=mVg +re' — 2gr@’cosf. . . . (8)

The line of orbit centers for any trochoidal surface or
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sheet is raised above the original still-water level of the

corresponding plane by the distance

2R—2R"""(9)

Let A denote the still-water depth of a layer correspend-
ing to the trochoidal sheet with line of centers at a depth 2
below the center line of surface orbits. Then

roﬂ s rﬂ

H=2— 2R......(IO)

The total energy of a wave is always half kinetic and half

potential.

Let £ denote total energy in foot-pounds;
o ‘“ density;
Lo engthiinsfeets
7, ‘“ radius of orbit at surface;

et b iheightiofowave =2

R ‘“ radius of rolling circle.
ok O'L?’n’( _ﬁ:) )
Then E = 2 Lt ZR, ?

or  E=TE(1_ 4035 @) .. ()

If we put o = 64, we have

L

The total power involved in a series of waves per foot of
breadth is

Power = .0329 VL%’ (1 — 4.93% (%)") . o 4E0s
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Combinations of Wave Systems.—Given two trochoidal
systems in general with parallel crests, moving in the same
direction. The result of such a combination geometrically,
as is well known, is to produce a series of groups of waves,
each group reaching a maximum of height where two crests
correspond, and a minimum where crest and hollow combine.
Each group therefore culminates in a wave of maximum alti-
tude with comparatively small disturbance betweeen the suc-
cessive groups. It may be shown that such geometrical
combination does not fulfil the necessary hydrodynamical
conditions, and therefore cannot exist permanently as a com-
bination of actual trochoidal systems. The actual result of the
combinatiornt of two wave systems is to produce a more or less
mixed resultant system, with characteristics relative to which
those given by the geometrical combination of trochoidal sys-
tems are intended simply as approximations. We do find,
however, actual combinations of wave systems agreeing in all
their general characteristics with those given by the geometri- "
cal combination referred to, and it therefore seems fair to use
the method as a working basis for the examination of such
points as we are interested in.

As a special case let us assume that the two series are of

Components
A i e oSy PN — O, P b
L S o>t B e AT S~
A A DT a0 ¢
SN N/ ST
Resultant
FiG. 24.

equal altitude, Z, but of different lengths, Z, and. Z,., Then
the geometrical combination will give a result as indicated in
Fig. 24. At 4 and C the phases are opposite, and the values
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of /z being equal the resultant disturbance is 0, and we have
for a little space practically undisturbed water. At a point
B midway between, the phases are the same and the two
effects are added, giving a wave of height 2/, the maximum
possible in the entire series. The group from A4 to C is then
indefinitely repeated to the right and left as far as the given
conditions hold.

For such a group the length AC is given by the equation

Ll

AC = m. oz e b M e TR (13)

Let v = velocity of propagation of the resultant group as
a whole;

v, = velocity of propagation of the component of

length L ;
v, = velocity of propagation of the component of

length Z,.

9,7,
Then Y= has ey
R T
I I I \
or ; == 'Z-/—, + ;}‘,. J

As L, approaches Z, in value the length of the group AC
will increase and the velocity will approach more and more
nearly to one half that of the components. At the limit
where L, = L, the length would become indefinite and the
velocity would become one half that. of the components.
Since any given group is the expression of a certain distribu-
tion of energy, it is considered that the velocity of propaga-
tion of the energy is the same as that of the group.
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We will now take the special case of two trochoidal
systems of different altitudes, but of equal lengths and there-
fore of equal velocities.

In Fig. 25 let O denote the orbit center for a given sur-
face particle as affected by either component. Strictly

speaking the two centers are not

c E

e L

at the same level, but the differ-
ence is very small and is usually
neglected. At any given instant
of time let DOA denote the phase-
angle 6, of the first component, and
DOB the phase-angle 6, of the
second component. Then AOB
will represent the constant differ-

ence of phase between the two

components. Alsolet O4 = », and

OB = r,. Then the combination
of the two components will result in a trochoidal system of

FiG. 25.

wave-length equal to that of its components, and of surface
orbit radius » = OC, and with phase relationships with its
components as given by theangles COA4 and COB. Inother
words, if the parallelogram OACH is made to revolve uni-
formly about O while the latter moves uniformly along =z,
the two speeds being appropriate to the wave-length taken,
then the point 4 will trace the contour of the first com-
ponent, B that of the second, and C that of the resultant.

Let @ denote the linear difference between similar points
on the two components, @ the angular velocity, I the linear
velocity, and R the radius of the rolling circle. Then the
angle denoting the phase difference A0ZB is given by
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40B=""=2 =% in angul
= -7 = = 7 in angular measure,
or AOB = 36;4” in degrees.

From the triangle OAC we derive for the altitude of the

resultant system

b=kt + b 2/, cos 330“. Sl e

As to the degree of fulfilment which the ideal theory
finds in actual waves it may be said in general, and without
entering into details, that, so far as observations can be made,
most of the actual characteristics are in fair agreement with
the results derived from theory. The agreement is by no
means complete, and in fact differs in certain particulars in
such way as to lead to the belief that a truly trochoidal wave
is but rarely if ever met with. On the other hand the agree-
ment is sufficiently close to seemingly warrant the use of the
theory for, all purposes of the naval architect, at least in so

far as he is concerned with waves in deep water.

In regard to the limiting sizes of waves the following
results may be given:

From reliable observation it may be fairly concluded that
waves longer than 1200 to 1500 feet are very rarely met with,
though there seems ground for accepting reports of excep-
tional waves of a length approaching 3000 feet. The corre-
sponding periods would be 15 to 17 seconds for the first
named, and about 24 seconds for the last.

With regard to height the evidence is much more conflict-
ing. It appears, however, that from 40 to 45 feet is about
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the maximum value which can be accepted as reliable, and
values approaching these figures are met with but rarely.
From 25 to 30 feet may be taken as the ordinary limit. It
should be noted, however, that these heights relate to a
series of regular waves as contemplated by the theory, and
not to exceptional results arising from the interference and
combination of different systems.

With regard to ratio of height to length, it is found
usually to decrease with increase of length. The highest
values of this ratio appear to be about 1 : 6, such being found
only with comparatively short waves. More commonly the
ratio is from 1 : 12 to 1 : 25. The corresponding values of
the maximum inclination are respectively about 32°, 15°,
and 7°.

Shallow-water Waves.—When we come to waves in
shallow water we find, as nearly: as can be determined, the
paths of the particles to be el.liptical with the longer axis
horizontal. In order to meet this departure from the tro-
choidal system, the so-called ellip-
tical trochoidal or shallow-water ‘A[—-r
wave system is used. This ideal A

system may be generated as fol- i

(]

lows: Given an ellipse, Fig. 26,
with its major axis horizontal,

moving uniformly along X without

angular change. Draw any line
OB at an angle 6 with the verti- F1c. 26.

cal. Through B draw a vertical and through 4 a hori-
zontal. They will intersect on the ellipse at 2. Let OB
revolve uniformly to the left. Then the locus of the point P
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thus determined by the movement of the ellipse along OX
and of OB about O will be an elliptical trochoid. Comparing
this contour with that resulting from the circle as a base, as
in Fig. 27, the former is seen to lie slightly within the latter,
thus making a flatter hollow and steeper crest, these differ-
ences becoming more pronounced as the difference between
the two axes of the ellipse is greater

Full line, Circular Trochoid
Dotted line, Elliptical Trochoid

FiG, 27.
In the present connection the feature of especial interest
is the velocity of propagation. For this the following ex-
pression may be derived:

Let VV = velocity in feet per second;

7, = semi-major axis at surface;

z‘o — (%1 minor (X3 % (41

L = wave length;
£ = value of gravity = 32.2,

Then V:,\/g—L\/ﬁ R e
27 7,

This equation shows by comparison with (1), that the
velocity of a shallow-water wave is less than that of a deep-
water wave of equal length, a conclusion borne out by
experience. :

Let & = depth of the water. Then when 2zd = L is
small it may be shown that

8 T S SR
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It should be noted that the ideal wave system thus
derived, does not, and seemingly cannot, be made to fulfil the
hydrodynamic conditions necessary to its actual existence as
assumed. This does not prevent, however, such form of
motion from being, possibly, a close approximation to what
actually takes place, nor does it seriously interfere with its
usefulness as an approximate working theory of shallow-water

waves.

Waves of Translation.—The waves thus far considered
occur naturally in indefinite series, and represent the result
of a widely distributed disturbance. The typical wave of
translation is individual in character, and represents the result
of a local disturbance. In Fig. 28 let A5 be a trough or canal

(oo

DD,
FiG. 28.

of a length 4B, large relative to its breadth and depth. Let
CD be a false end or partition movable within the canal
along the direction AB. If now (D be moved rapidly from
CD to C,D,, the water will become at first banked up in front
of it; but as €D is retarded and finally brought to rest at
C.D,, the banked-up water will leave C,D, and travel on as a
crest or hump elevated entirely above the general level of the
tank, somewhat as indicated in the diagram. Such a wave is

called positive.
Let us again suppose that the partition was at C,0, and
the water at rest. Let it then be moved from C.D, to CD.
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As a result a hollow or depression will be formed existing
wholly below the general level of the surface. This hollow
will then be propagated on in a manner similar to the crest
previously described. Such a wave is called negative.

A positive wave may also be formed by plunging into the
water at one end of the canal a block which will occupy the
volume CDD,C,, or by the sudden introduction of a certain
additional amount of liquid into the end of the trough.
Similarly a negative wave may be formed by withdrawing a
block, or by withdrawing, as by a lifting-pump, a certain
amount of water.

Positive waves if properly formed are quite permanent,
only slowly losing their energy and form by external friction
and internal viscous forces. If not properly formed the wave
will soon break up into an irregular series, the members of
which are propagated with different velocities, so that the
energy is soon dissipated and the form disappears. The
negative wave is much less permanent than the positive, and
can be made to preserve its integrity for a short time only.

The horizontal movement of any sheet of particles sit-
uated in a transverse plane seems to be the same. The
vertical motion varies according to its distance from the
bottom of the canal, and seems to be very nearly proportional
to such distance. The path of any particle seems to be very
nearly a semi-ellipse, as shown at 4CO in Fig. 29. It there-
fore appears that, due to the passage of the wave, a particle
which was formerly at 4 has been transported and left at O,
furthermore, that all particles in the transverse plane of 4 will
undergo the same longitudinal translation, and will be left in
a transverse plane containing O. Care must be here taken
to distinguish between the motion of the particle and the
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motion of propagation. While the particle moves through
its path as 4CO, the wave-form will move forward its wave-
length OF or LM, Fig. 28,

e/ cl——"9 "\

F1G. 29.-

The approximafe contour of a wave of translation may be
determined by the following construction:

Let ACO be the ellipse representing the path of a surface
particle, and let A/ be the depth of the canal. Then lay off
AF = 27/ and construct the sinusoid AEF. Next lay off to
the right from points on this curve, as 4, ¢, g, etc., distances
AO, ab, ef, etc., or the intercepts between the ellipse and
the vertical OP. The points O, d, ¢, etc., thus determined
will give the desired contour of the ideal wave of translation

corresponding to the conditions assumed.

Let v = velocity of propagation;
% = depth of water when at rest;
% = height of wave above still-water level;
L = wave-length = OF, Fig. 29;
a = range of translation = 4 0. Fig. 29;
I = volume of water constituting wave;
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b = breadth of canal;

A = area of profile of wave.

Then v=vVg(h+%. . . . (18)

When £ is relatively small we have
U= g e e,

It is found that £ cannot exceed .. On reaching this
value, or before, the wave breaks at the crest. Hence as a

limiting value of v we have
v=H2gh. ., RSO
For the wave-length
L=ak—=a, . o' o 5 TG
or where « is relatively small
Loz 2wk 005, s Spiate LU ol
For the value of 4 we have
A =ah, Lo Lt e

As with oscillatory waves, the energy is one-half kinetic
and one-half potential, the entire amount being

Enetgy = 20W8: Lir 4w iilm et o (24)
where 0 = density;
IV = volume;

2z = elevation of center of gravity of wave above the

still-water level.
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TABLE 1.
SHOWING RELATION BETWEEN Z, 7, AND 7V FOR
TROCHOIDAL WAVES.
L 7 ’;‘r‘g:c"_‘ Vin Knan.” /% T I;’:— Feet 1y in Knots,
10 1.40 T 4.2 ‘ 350 8.30 42.4 25.1
20 2.00 10.1 6.0 400 8.80 45.3 26.8
30 2.42 12.4 7.3 || 450 9.40 48.0 28.4
40 2.80 14.3 8.5 || 500 9.90 50.6 30.0
50 3.10 16.0 9.5 | 550 10.40 53.1 31.4
60 3.40 17.6 10.4 ;‘ 600 10.80 55.5 32.8
70 3.70 19.0 11.2 || 650 11.20 57.8 34.2
8o 4.00 20.2 12.0 || 700 11.70 59.9 35.5
90 4.20 21.5 X2.75:5 14750 12.10 62.0 36.7
100 4.40 9287 13.4 || 8oo 12.50 64.1 37.9
150 5.40 27.7 16.4 || 850 12.90 66.0 39.1
200 6.20 32.0 19.0 || qoo 13.20 68.0 40.2
250 7.00 35.8 21.2 ‘ 950 13.60 69.8 41.3
300 7.60 39.2 23.2 || 1000 14.00 71.6 42.4
I

TABLE II.

r
SHOWING VALUES OF > FOR VARYING VALUES OF %

]
z " i 1 _2 » z t 4
T 7o vz 7o L 7o 7B 7o
.01 .9391 .07 .6442 .25 +2079 .60 .0231
.02 .8820 .08 .6049 30! 1518 .70 .0123
.03 .8283 .09 .5681 .35 .1109 .80 .0066
.04 .7778 .10 .5336 .40 .0810 .90 .0035
.05 .7304 .I§ .3897 .45 .0592 1.00 .0019
.06 .6859 .20 .2846 .50 .0432
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TABLE III.

SHOWING THE VARIATION OF PRESSURE VERTICALLY DOWN-
WARD IN THE CREST AND HOLLOW OF A WAVE.

Crest, T Hollow.
ol
L Actual Depth Value of Ratio Actual Depth Value of Ratio
Ur 7 [10] (6). 7 B {10] (7).
.05 .0035 Y30 .0363 1.269
.10 L1283 .766 .0767 1.231
.15 .1805 794 .0836 1.200
.20 .2358 .818 .1642 1.174
.25 .2896 .837 L2105 1.152
.30 3424 854 .2576 1.135
.35 <3945 .868 .3055 1.120
.40 .4460 879 .3540 1.108
.45 <4975 .889 .4025 1.098
.50 .5478 .898 4521 1.088
.60 .6488 QI3 5512 1.075
.70 .7493 924 .6507 1.064
.80 .8497 .932 .7502 1.056
.go .9498 .939 .8502 1.049
1.00 1.0499 .946 .Q501 1.045
1.50 1.6000 .963 1.4500 1.029
2.00 2.0500 .Q72 1.9500 1.022
TABLE IV.

SHOWING POWER OF OCEAN WAVES IN HORSE-POWER UNITS.

b Length of Wave in Feet,

5 25 50 75 100 150 200 300 400
50 .04 293 .64 1.31 3.62 7.43 20.46 42
40 .06 .36 1.00 2,05 5.65 11.59 31.95 66
30 JI2 .64 1.77 3.64 10,02 20,57 56.70 116
20 .25 1.44 3.96 8.13 21.79 45.98 | 126.70 260
15 .42 2.83 6.97 14.13 30.43 80.94 | 223.06 457
10 .08 5.53 15.24 31.29 86.22 | 177.00 | 487.75 | 100X
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TABLE V.

COMPARISON BETWEEN WAVES IN SHALLOW AND DEEP WATER.

Ratio between Quantities for Shallow Water and Correspondin.g
Depth of Water as Quanuues for Deep Water.
a Fraction or the =
Wave-length. Ratio of Axes of Length for Given Velocity for Given
Surface Oibits. elocity. Length.
.01 .063 15.90 .251
.02 124 8.08 .352
.03 .186 5.376 .431
.04 -246 4.065 -496
.05 .304 ‘ 3.289 .552
.075 .439 i 2.277 .663
.I0 .557 1.796 .746
.15 .736 1.358 .858
«20 .S8a7 1.180 .920
.25 917 1.091 .958
-30 -955 1.047 + <977
.35 .975 1.026 .987
.40 .987 1.013 .993
45 993 1.007 -996
.50 .996 1.004 .998
.60 <999 1.00I .999
.75 -9999 1.0001 -9999
1.00 -99999 1.0000z +999999

11. WAVE-FORMATION DUE TO THE MOTION OF A SHIP-
FORMED BODY THROUGH THE WATER.

In § 2 it is shown that if the surface of the water were
covered by a rigid plane through which the ship could pass
without resistance, and which closed after it, no waves could
be formed, but a disturbance in the distribution of pressure
would result, such that about the bow and stern there would
be an excess and about the middle portions a defect. 1If the
hypothetical rigid plane is removed, we shall have instead of
such a modification of pressure, and as the natural manifes-
tation of the tendency to produce it, an elevation of the
surface about the bow and stern and a depression about the
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middle portions. The result of these initial or fundamental
tendencies is, however, much modified by propagation and
the interference or combination of their elementary results.

Fi1G. 30.

In any event, however, the distribution of normal pressure
over the surface of the ship will be much changed from that
corresponding to hydrostatic conditions, such change result-

ing in a force directed from forward aft. This resultant will
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be of such amount that the increased expenditure of eﬁergy

necessary to overcome it will just equal the energy necessary

to the maintenance of the system of waves and stream-lines.
Having thus referred to the modified stream-line system

21 KNOTS

18 KNOTS
N
IN THIS AND IN F1G. 4 THE POSITIONS OF THE WAVE CRESTS WERE.

ACCURATELY MEASURED ONLY FOR A DISTANCE OF ABOUT TwO

NoTe.
FiG. 3I.

Fia. 3
PLAN OF WAVE SYSTEM MADE BY 83 FT. LAUNCH AT VARIOUS SPEEDS.

N.B. Position of Wave Creste indicated by Shading.

9 KNOTS

v,

\}

-
s«*‘.

12 KNOTS
15 KNOTS

and its attendant phenomena as a sufficient initial cause for
the formation of waves, we may examine their actual charac-
ter and distribution in more detail.

In Figs. 30, 31, and 32 are shown wave patterns as
determined by Mr. R. E. Froude for the various cases men-

Univ Calif - Digitized by Microsoft
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tioned. We have here indicated two quite distinct varieties
of wave form and distribution:
(2) Waves with crests perpendicular to the line of motion,
constituting the transverse series;
(/) Waves with crests oblique to the line of motion, con-
stituting the oblique or divergent series.
Fia. 4

PLANS OF WAVE SYSTEMS MADE BY DIFFERENT VESSELS
AT 18 KNOTS SPEED.

il

The series of transverse waves are distributed along the
line of motion of the ship, and may be considered as a group
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of trochoidal waves as described in § 10. The speed of the
individual waves is the same as that of the ship, and hence
their length from crest to crest corresponds closely to that
of a deep-water trochoidal wave traveling at the same speed
as the ship. A crest is always found at or near the bow, and
it is this crest which may be considered as the initial result of
the wave-forming tendency in this region. To avoid confu-
sion this crest is omitted from the diagram, and only the more
pronounced local elevations constituting the divergent crests
are shown. As we shall explain later, however, the energy
belonging to this wave is drained away sternward relative to
the ship, and give‘s rise to a series of secondary waves, or
echoes as they are termed, the primary and its echoes thus
forming the series as a whole.

In a long parallel-sided ship the crests and hollows show
for some distance from the bow, gradually decreasing in
altitude as they spread transversely, and thus involve more
and more water with a gradually decreasing energy. If the
parallel body is so long that the waves have by this process
of dissipation become inappreciable, then it will be found
that a similar principal crest will be generated near the stern,
the energy of which, by the same process of sternward propa-
gation as at the bow, will give rise to a stern series of
echoes. The diminution of pressure amidships will be so
slight and will be distributed over so great a distance that
- the primary hollow will usually be scarcely noticeable. If
instead of the long parallel body we have the usual form, we
shall have the primary crest at the bow and stern, and a
more pronounced tendency to form a primary hollow amid-
ships. The energy of the waves thus formed will be propa-
gated sternward as before, thus giving rise to echoes and to
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three more or less plainly marked initial systems. These,
however, will coalesce, and the whole will form a complete
system with crests and hollows of size and distribution
depending on the character of the various components. As
the variations in velocity due to the stream-line motion are
only slight, the altitude of such waves will be small, and at
ordinary speeds they are scarcely noticeable. As the increase
in velocity amidships is, moreover, quite gradual, the corre-
sponding initial hollow will usually be slight, and a correspond-
ingly unimportant element in the combined series. In many
cases, however, at high sﬁeeds and when the elements of
combination enter properly, the combined series may show a
very pronounced hollow amidships.

Turning to the divergent series, we have the configuration
shown in the diagrams involving in each case an initial
divergent crest formed on either side of the bow. These
may be considered as the primary result of certain tendencies
to which we shall directly revert. The same drain of energy
and propagation sternward obtains here as with the trans-
verse series, and, as we shall explain, the result is the series
of echoes as shown, arranged in skew or imbricated order;
i.e., with their crest-lines overlapping like the shingles of a
house.

We have now to explain the formation of the primary
divergent wave at the bow. We have already explained the
initial formation of the transverse crest at the bow. This
crest in itself is of small altitude, and extends over a consid-
erable area according to the speed and to the rate of varia
tion of the pressure in the stream-lines. Referring to Fig. 33,
we have in plan a suggestion of the contour or level lines for
the variation of level which would result from the initial
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impulse corresponding to the conditions from forward aft.
The line LBADGFK is supposed to lie on the surface of the
smooth water. AAB and £F are humps or crests, and CDis a
depression or hollow. Now the tendencies which lead to the
general elevation of the water throughout 45 become very
much accentuated near A, the forward end of the surface of
discontinuity between the ship and the liquid. As a result
there will be raised against the surface of the bow at 4 a

D

Fic. 33.

more or less pronounced wall of water. This may be consid-
ered as a locally exaggerated manifestation of the general
tendency which would give rise to the hump as a whole.
Otherwise we readily see in this wall the simple result of
driving the oblique face 4 rapidly through the water, or, vice
versa, the natural result of placing an oblique face A in a
rapidly flowing stream.

While therefore this special elevation of water is due
fundamentally to the same general cause as the remainder of
the hump, and while it must be considered as a part of this
general elevation 4B, yet it is elevated so definitely above
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the surface of the remainder of the hump, that immediately
we find this local elevation undergoing propagation somewhat
like a positive wave of translation. More exactly or more
generally, we may view this propagation as a result of the
unequal distribution of pressure in the water in this neighbor-
hood. The pressure is greatest quite near the ship, and
decreases rapidly as we go slightly outward. The water
thus affected will naturally yield in all directions in which
the pressure is less. Hence it will yield upward and out-
ward, and thus give rise to an initial elevation of water and
to a propagation outward in the direction of the most rapid
decrease of pressure. This at first will be nearly normal to
the water-line or surface of the ship.

Let us now attach ourselves to the ship and consider the
stream as flowing by. Relative to the ship the initial propa-
gating impulse will be in the direction OF, sensibly perpen-
dicular to OQ, Fig. 34. Let v be the velocity. Then if at

F1G. 34.

a given instant the stream could be suddenly arrested, the
water at that instant forming the elevation 4B would be
propagated along OP with velocity ». In the actual case,
however, the propagation takes place not into still water, but
into water moving sternward with its natural stream-line
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velocity, approximately parallel to A4Q. The elevation of
water thus propagated will have two velocities—one, v, along
OP, and another, z, along OQ. Hence the actual propagation
will be the resultant of these two, and its direction OR will
make an angle S with OQ such that tan § = v+ w. Also
the direction OR will make an angle y with the direction of
motion AL such that

tan a 4 —

tan y = tan (a4 B) = —W—ZL
) it > tan «

The velocity  may be considered as depending on the
rate of decrease of pressure from AQ outward, or on the
pressure very near the surface of the ship in this neighbor-
hood. We might consider a portion of ,the velocity of
propagation as due to the elevation 475 considered as a
positive wave of translation. Inasmuch, however, as the
distribution of pressure seems to be the important factor in
this propagation, it seems preferable to refer the whole
phenomenon, generation and propagation, to this general
cause. It is therefore evident that # will increase and
decrease with the velocity of the ship according to a law too
complex for general expression.

The velocity w is the velocity along the stream-lines. It
will be at this point slightly less than #, the velocity of the
ship, or the velocity of the flow as a whole. For fine ships
or small values of @ its value cannot differ widely from
u cos a. For large values of a this would give too small a-
value.

Turning to the value of tan y above, it is seen that the
only quantity depending on speed is the ratio v - w. Both
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of these, as we have seen, depend on the speed of the ship,
and it seems not unnatural to suppose that v like 2 may very
nearly vary directly with #, the speed of the ship. In such
case v <+ w, and with it y, will remain very nearly the same
at varying speeds. This has been found experimentally to
be the case, more especially for fine ships at moderate and
high speeds. For very full ships the value of y seems to
increase slightly with the speed, indicating that for such
forms v increases more rapidly than w. Before leaving this
value of tan y it may be well to show the method of finding
the mean value of tan a for the bow. In Fig. 35 let
‘the origin be at B and x reckoned plus aft. Then if «

<

(@) =
8

Fi1G. 35.

denotes the inclination of the curve 458 we have

a;
tana:a—i—,
I I
and mean of tana:—‘/x'tan adx:—./‘xld:’yzj—/!..
&,Y0 Yo EN

Integrating similarly for the mean vertically, we have

Tals b % i :
mean of e fy,dz = area of half-section AC = z,#,.
Hence

area of half-section AC

mean of tan a for bow = 3
lel
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In usual forms BC may be taken at 10 to 15 per cent of
the length.

At very high velocities of the ship the water in the eleva-
tion A B, Fig. 34, instead of forming a simple sharply-marked
mound will curl and break. The general result will be the
same, however, as the breaking is simply equivalent to pour-
ing a mass of water along A5, and the distribution and rate
of variation of the pressure will be such as to give the same
general outward propagation as above described.

Having thus discussed the propagation of a single instan-
taneous elevation of water 458 and the considerations on which
its direction depends, we next observe that as the propaga-
tion removes the water forming the elevation at any one
instant, it is immediately succeeded by another like elevation,
so that as a result there is a continual elevation propagated
relative to the boat along the direction OR. As the eleva-
tion recedes from A Q, however, the crest tends to broaden and
thus loses altitude and finally becomes insensible. Toward
the outer end its direction may change somewhat, due to the
superposition of the tendencies at that point on the initial
impulse along OP. As the side of the ship is left, the most
rapid decrease of pressure will be directed more nearly trans-
versely, or even aft, toward the hollow amidships. In con-
sequence of this, together with the changed value of w, the
outer end may curve around somewhat toward the stern.
Due, however, to the decreasing altitude, this change is
usually unnoticeable.

We have thus described the development of the primary
member of the divergent system of waves at the bow. A
similar primary is formed at the stern through the action of
the same general causes. In this case the initial wall or
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special elevation of water is formed under the stern and is
propagated outward into the outlying water, which, due to
the frictional wake and to the stream-line motion in this
neighborhood, has a somewhat lower velocity than at the
bow. While thus the initial direction of propagation of the
elevation would usually be somewhat aft of the direction for
the similar elevation at the stern, yet the other component
being less than at the bow the resulting direction is not far
different at the two ends. At high speeds instead of the
special elevation being formed against the side of the ship it
is formed immediately astern. In this case the two streams
flowing one on either side of the ship combined with that
flowing under the ship may be considered as meeting and
giving rise to an initial elevation along the line 43, Fig. 36.

Frc. 36.°

This being propagated transversely outward on each side into
the outlying water gives rise as before to the two divergent
waves ABP and ABQ. At certain speeds and with certain
forms of boat this wave is very pronounced, taking the form
of a flat-topped hill of water sloping away in a fan-shaped
figure and gradually decreasing in altitude. At still higher
speeds this wave recedes still farther astern and usually
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becomes somewhat less pronounced. Especially.is this the
case with that form of after-body which approximates to a
wedge with flat side down and edge near the water surface at
the stern, as found on most modern torpedo-boats and many
other high-speed craft.

Having thus discussed the formation of the primary
members of the various series of waves involved in the
problem of resistance, it is time to take up the question of

the propagation of energy already referred to.

12. THE PROPAGATION OF A TRAIN OF WAVES.

This subject has been briefly considered in § 10. We
must now examine in more detail the consequences of the
statements there made. In Fig. 37 let the full line represent

C,

\/\/\/\/\/\/ﬁ

Fic. 37.

a group of waves of which C marks the center and principal
member, the successive crests on either side gradu>ally
decreasing in altitude until they become negligible. Then
observation in agreement with theory shows that such a con-
figuration or group is propagated with only about one half
the velocity of the individual waves 4, B, C, etc. Now the
group as a whole may be considered as the expression of a
certain distribution of energy, and hence the velocity of the
group may be considered as the velocity with which the
energy is propagated, as distinguished from the velocity of
the individual waves. It must be considered, therefore, that
in waves of trochoidal character the energy is propagated at
only one half the velocity of the waves themselves. Viewing
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the matter from this standpoint, let us examine the propaga-
tion of the group of waves in Fig. 37. The wave C repre-
senting the principal member is propagated forward with a
certain velocity. As it moves forward, however, it leaves
behind a part of its energy, and hence gradually decreases in
altitude, and is no longer the maximum member of the
group. The energy thus left behind is absorbed by 5, which
therefore increases and becomes after a certain time the
maximum member B,, and hence the new center of the
group. The wave C in the meantime has gone from C to C,,
while the principal member of the group, as such, has gone
from C to B,. The latter evidently fixes the velocity of the
group. There is thus a continual propagation of the indi-
vidual waves forward, while relative to the waves the indi-
vidual characteristics are propagated backward. The group
velocity is therefore the difference between these two. It
results that any individual wave as A travels along through
the entire group, taking on successively the characteristics of
the various members, and finally dying out at the forward
edge while a new member rises at the after edge; and thus the
process continues. Or, again, we may consider that the lead-
ing waves are continually dwindling and disappearing for lack
of the energy which they leave behind, while the following
waves similarly grow by the access of energy which they as
continually receive. Thus if v is the velocity of the waves
forward, then the velocity of the group and of the energy is
v/2 forward. Relative to the group the velocity of the
waves is 7/2 forward, and of the energy o. Relative to the
waves the velocity of the group and of the energy is v/2
backward.

In thus considering the group velocity of a train of waves
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we must note that the exact proof supposes trochoidal
motion, and hence circular paths for the motion of the parti-
cles. This cannot be the case where the waves vary in
altitude, and under such circumstances the group cannot be
indefinitely permanent, even neglecting viscous degradation.
This is borne out by observation. Again, in shallow water
the orbits being oval or approximately elliptical, the group-
velocity is greater than one half the wave-velocity, and hence
in such case the energy is transmitted at a velocity greater
than one half that of the individual waves. In the extreme
case we have the wave of translation in which the group
becomes reduced to the individual, the velocity of one being
necessarily that of the other. In such case, then, the energy
is transmitted at a velocity equal to that of the individual

wave.

13. FORMATION OF THE ECHOES IN THE TRANSVERSE AND
DIVERGENT SYSTEMS OF WAVES.

Taking first the primary bow transverse wave, we see that
as an individual it must necessarily keep pace with the ship.
Considering, however, that it is constituted approximately as
a trochoidal wave, its energy will be continually draining to
the rear and giving rise to a successive series of echoes.
These from their gradual spreading sideways soon lose all
significant altitude and become negligible.

Turning now to the divergent system, we find in the
draining backward of the energy relative to the ship com-
bined with the natural internal propagation peculiar to this
wave, the explanation of the overlapping or skew arrange-
ment of the crests. We may consider that these divergent
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waves constitute virtually a special series superimposed, as it
were, on the flatter transverse series. In Fig. 38 let 45 be
the primary member. Now this crest, considered simply as
a configuration, is by virtue of its fixed relation to the ship
carried forward unchanged in the direction. OP with a
velocity v equal to that of the ship. A part of the energy,
however, will naturally lag behind, the relative amount
approximating more or less closely to one half, according as
the characteristics of the wave approach more or less closely

Fic. 38.

to thé)se of trochoidal form. Relative to still water, therefore,
there will be a propagation of the energy forward at a
velocity less than 2, and approaching »/2 as the wave
approaches trochoidal-form. In addition to this propagation
of energy alonz OP, there will be likewise, due to the
peculiar constitution of this elevation of water, a propagation
or transmission of energy outward along OQ. The resultant
direction of propagation is therefore along some line OR.
The result is that the energy in A8 may be considered as
located at a later instant in A4,B,, while the primary crest at
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A’B’ exists by virtue of energy drawn from the ship between
A and A’. Or otherwise, relative to the ship and the con-
stantly renewed primary crest 45, energy is constantly drain-
ing to the rear and outward along OQ, the result being a
transmission obliquely outward in such manner as to give rise
to the series of overlapping crest-lines as shown.

In a similar way a second echo is formed, and so on until
by lateral extension and viscous degradation the altitude
becomes negligible. In like manner the stern series of
divergent waves may give rise to a similar series of echoes.

We have already referred to Figs. 31 and 32 in illustra-
tion of the wave-pattern whose formation we have attempted
to explain. We may now call attention to certain further
details.

We first note the location of the primary bow and stern
waves. At low speeds the bow divergent waves are formed
close to the bow, while as the speed increases their mean loca-
tion draws somewhat farther aft. At low speeds the stern
divergent waves are formed on the quarter and diverge
independently as shown in Fig. 31. As the speed increases
they draw aft and together, and finally coalesce into an elon-
gated mound of water spreading away in V shape, as already
noted. ‘

The bow and stern transverse primary waves have the

same general location longitudinally as the divergent pri-

maries. Indeed, as we have already pointed out, the latter
are merely local exaggerations of the general primary eleva-
tion at these points.

The length between the primary bow and stern waves
increases somewhat with the speed. At moderate or high

speeds it is usually considered as slightly greater than the
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length of the ship. The available data is not sufficient to
determine satisfactorily the amount of excess, but it is usually
taken at from 5 to 10 per cent of the length.

Numerous measurements of the wave-lengths for the
transverse system are found to be in close accord with the
length for the natural trochoidal wave of the same speed as
the ship, and as given by formula, § 10 (1). It may therefore
be considered as shown by experience that the wave-length
of the transverse series is in satisfactory agreement with what
it should be, considering them as a series of trochoidal waves
having the speed of the ship. In consequence it seems
allowable to assume for the waves of this system such further
properties of trochoidal waves as may be convenient for their
investigation.

With the divergent system the case is somewhat different.
These waves, so far as their configuration is concerned, travel
forward with the velocity of the ship. If p is the angle of
their crest with the longitudinal, however, the component of
their velocity normal to the crest-line will be # sin y. Now
measurement indicates that the wave-length in this direction
agrees fairly well with that of a natural trochoidal wave
having a velocity « sin . It follows that in a sense we may
consider this system as made up of a series of bits of tro-
choidal waves with a velocity # sin ¥ and a length corres-
ponding. For this length we shall have

27
L = — sin’ y.
g Y

Hence for the length from crest to crest on a longitudinal

line we should have

LR
, = —u"sin y.
g v
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For the transverse system we have likewise

Hence the longitudinal length of the transverse series should
be somewhat greater than for the divergent series. This is
borne out by the diagrams, reference to which shows that the
crests of the former fall farther and farther astern relative to
those of the latter. While the difference may not be so
great as is indicated by the formul® above, the tendency is
in this direction, and the errors of the formul® may naturally
be referred to the imperfect manner in which such waves
fulfil the trochoidal characteristics.

- 14. WAVE-MAKING RESISTANCE.

Having thus considered the formation of the various wave
systems attending the motion of a ship through the water,
we may next examine their relation to resistance. :

Taking first the bow transverse system, we have seen that
the energy of the waves is, relative to the ship, constantly
passing sternward. At the same time the energy of the
system as a whole must be maintained constant. Hence this
drain of energy sternward must be made up by energy
derived from the ship, and it is simply the transmission of
this energy which gives rise to this part of the wave resist-
ance. The exact fraction of energy which falls astern rela-
tive to the ship will depend on the geometrical character of
the wave; and it must not be considered that the ratio 1/2
is anything more than an approximation, which, however,
may serve for illustrative purposes. Hence let us assume

UNWERSiT)ﬂ
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that one half the energy is naturélly propagated with the
form, and that one half must be made up from the ship. It
follows that for every two wave-lengths run the ship must
supply the energy necessary to the formation of one wave.

Let £ be the energy of the wave, A the wave-length, and
R the resistance due to its maintenance. Then since resist-
ance equals the work done or energy transmitted divided by
the distance, we have

R:;i or R~

E E
T

A similar expression would hold for the element of resist-
ance due to each of the divergent waves at the bow, Z being
the energy and A the longitudinal wave-length for this
system.

It thus appears that the work which is done by the ship
at the bow on the water in maintaining these systems of
waves is equivalent to adding one new wave to each system
for every two wave-lengths traveled. Similar considerations
hold for the resistance due to the stern wave systems.

We have thus far considered the bow and stern wave
systems in their individual aspect. We have now to consider
the possible influence of the former upon the latter. L

We first note that, so far as the divergent system is con-
cerned, no direct influence is possible, since these waves
travel off obliquely and come in contact with the ship at the
bow only. Again, if the ship is very long for her speed,
especially if she has a long middle body, the bow transverse
system will become negligible before reaching the stern, so
that each system will produce its individual effect. In the

general case, however, the bow transverse system will not
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have entirely disappeared by the time it reaches the stern,
and there will be formed at this point a combination system
resulting from the remainder of the bow system and the
natural stern system.

The total energy of the entire wave systems“ may be con-
sidered as that of the bow transverse and divergent systems
plus that of the stern divergent system, possibly modified by
the bow transverse system, plus that of the stern combina-
tion system minus that part of the latter which is received
from the bow system. For the transverse systems alone the
above value is equal to the sum of the energy of the stern
combination system plus the loss of energy in the bow system
when it reaches the stern.

Let s denote the wave-making length of the ship or the
distance between the natural bow and stern primary crests as
discussed in § 13, and let A be the wave-length, which we may
take as that of a trochoidal wave of the velocity of the ship.
Let s= #A 4+ @. Then a is the distance from the stern pri-
mary crest forward to the nearest crest of the bow system.
Hence @ <+ A is the phase difference ratio and 27a = 1 is the
phase difference angle. Let %, be the altitude of the bow
wave, £k, the remaining altitude of the bow system when it
reaches the stern, and /%, the natural altitude of the stern
wave. Then referring to § 10 (15) it is seen that the combi-
nation system will be trochoidal and of altitude

2na
: AC
Referring now to § 10 (11), it is seen that the energy of a

p=v Fh} - bt 2kh ], cos

wave per unit breadth measured along the crest is propor-
tional to the product of the wave-length by the square of the
altitude. Let B, be the breadth transversely at the bow.
This is of course indefinite, since /%, gradually decreases as we
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go from the bow outward. We may, however, consider %,
as the mean of the squares of the altitudes for a breadth
B, considered as comprising all of the wave whose elevation
is sensible. _The energy of the bow primary wave will then
be proportional to 4’8 A. Let B and / denote similar quan-
tities for the combination system at the stern. Then the
energy of the stern combination wave will be proportional to
#BLA. A portion of the latter, however, proportional to
£h’BA, is derived from the bow system. Hence the energy
necessary for the maintenance of the whole system, and to
be supplied by the ship in running a distance 2}, is propor-
tional to 4,’BA+ #BL — B*2’BA. Now assuming that B,
and B are sensibly the same, substituting for the value of %
above and putting the result proportional to the work done
by the ship in overcoming a resistance &, thréugh a distance
2\, we have

2RA ~ (/zll k24 2Ak, cos 2_’]:_")BA.

2na

Whence R, ~ (/t,’ + 2} 4 247, cos T)B' MY

Let s =mL, where L = length of ship, in which, as
already noted, #2 is usually 1.05 to 1.10. Then s = mL =
7\ + a and

2as +A=2gmL + L= 2an -+ 2ma = A.
Therefore cos zlﬂ = cos szll =Hcos E;E.
But A = 279" = £,§ 10 (1), and hence

2mmlL om
= cos
A 7’

Hence  Ru~ (B'+ &'+ 2kh, cos g’;’,L VB, e

Cos
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Now in general we may put

h~A2,
and . A~
and hence k!~ 7k}~

Hence we may represent the resistance due to the natural
bow system by a term of the form /Z*¢", and that due to the
natural stern system by a similar term, /*2'. Then from the
derivation of (2) it follows that we should likewise represent
the total resistance of the combined series by an expression

of the form

R_,,_—.(H’-|—]’+2ij cosgm,[')Bv‘. 2 onl)

4

This expression is periodic in character, the mean value
being (H*+ /*Bv'. To illustrate the variation from this

SHUAL /N ~ i
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Values of 2& % cos laid off from OX as axis.

value due to the third term we may refer to Fig. 39. We
have here illustrated the values of the expression

2 HJ# cos® ’ZL

using the following numerical values of the terms
2H/ k=1,

ml = 100.
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At low and moderate speeds the amount of wave-resist-
ance is so small that these fluctuations are entirely imper-
ceptible. As the speed is increased, however, a point is
reached where the wave-resistance forms an important part
of the total resistance, and where evidences of such a
periodic fluctuation in its amount are plainly indicated. This

is illustrated in Fig. 4c,* showing the residual resistance-
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curves of a ship at several drafts as determined by Mr. R. E.
Froude.
For the waves of the divergent series we may take like-

wise the energy as proportional to the length, breadth, and

* Transactions Institute of Naval Architects, vol. XXII. p. 220,
t Inclusive of g inches of keel.
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square of the altitude. Hence %, B, and A denoting in
general the same characteristics as above, we should have for
each train

Energy ~ #*BA,
R~ 'B.

As further illustrating the above principles, we may refer
to the following experiments of Mr. Froude on the influence
of length of parallel middle body on wave-making resistance.

For the purposes of the investigation, an initial model was
taken as representing a ship 160 feet long. Successive
lengths of parallel midd!e body representing 20 feet in length
were then added until the total length represented 500 feet.
These models were tried at various speeds and the resistance
measured. The frictional resistance being then computed
and subtracted, the residual resistance was considered as
sensibly due to the maintenance of the wave systems. In
order to show the results graphically, the information was
disposed as in Fig. 41.*

Any given curve above A4 represents the residual resist-
ance at a constant speed, as marked, for varying values of L
as shown on the base 44. Similarly the corresponding line
below AA shows the frictional resistance at the same speed
for the same series of ships, the ordinates in this case being
measured downwards.

We may note the following points indicated by this
diagram:

(1) The curves of residual resistance show plainly a
periodic variation, the length of each period or distance from

* Transactions Institute of Naval Architects, vol. xviir. p. 77.
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maximum to maximum being approximately constant at any
one speed.
(2) The length of the period or spacing between maxima
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is greater as the speed increases, the value being found to
vary nearly as the square of the speed.
(3) The amplitude of the variation increases as the speed

increases.
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(4) The amplitude of the variation decreases as the length
increases.

The increase of (3) is due to the rapidly increasing im-
portance of wave-making resistance in general, after passing
a certain speed, and also more directly to the value of 4,
which usually increases with the speed. The decrease of (4)
is due to the decrease in £ as L increases. If L were suffi-
ciently great there would be no interference, and hence no
fluctuation or periodic variation in the resistance.

Turning back now to formula (2) we may further examine
the relation of /,, /,, and B to the speed.

In perfect stream-line motion in horizontal planes and
without elevation of the surface we have, denoting the
velocity by #,

$— po=—(u — ). See§ 2z (1)

o

Hence along any one line for a slight change in velocity
4 % ud
= — —udu.
e g

If now we put du = eu, where ¢ represents a certain frac-
tion, we have

Hence with varying initial velocity, the pressure incre-
ments or decrements at any given point will vary as the
square of the velocity. In actual wave-line motion at
moderate speeds the elevation will correspond nearly to the
increment of pressure, and hence we should find the values of
%, and /., nearly proportional to #'. At higher speeds the
stream-line motion is less perfect, and it seems probable that
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the variation of pressure for a given percentage of speed
fluctuation will increase somewhat more slowly than as the
square of the speed. Assuming, however, in general this
relationship, we may as before represent the resistance due to
the natural bow and stern waves by A'x' and /'u'. We

shall then have again as in (3)

e u‘(H’ 4 J* 4 2EH] cosE ’”L)B.

o’
Next as to B. It has been usually assumed that B is
very nearly constant at varying speeds, and that it may be

taken as approximately proportional to the linear dimensions
of the ship. In such case we should have

R, ~ lu'.
Some have thought that it should be considered rather as

varying with %, and hence with #’. In such case we should

have
R, ~ u°,

and hence independent directly of the dimensions of the
ship. Risbec * suggests a combination of these two terms in
the form

R, ~ Alu* + Bu’,
and believes that as # increases B will become more and
more predominant in the value of R,. It may be noted that

Risbec’s suggestion is equivalent to
R-w ~ Ju*,

in which / may depend on the dimensions of the ship and »
may vary from 4 to 6.

* Bulletin de I'Association Technique Maritime, vol. v. p. 52.
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Similar considerations hold with regard to the resistance
due to the divergent system, each member of which may be
considered of the form

R Gt oriC 1,

or as a summation of such terms, according as the law is
assumed to be constituted. Hence we may consider that in
reference to speed the total wave-making resistance will
probably vary with some index between 4 and 6, or as a sum
of terms with these or intermediate exponents. The prob-
ably decreasing values of P and @ with increasing speed
would, if they were taken as constant, decrease the exponents
of u from the values they would otherwise have, and thus
perhaps partly compensate for the increase in exponent due
to the variation of the term 5.

The actual relation, however, of the total wave-making
resistance to the speed and to the dimensions of the ship is
not known, nor can it be satisfactorily determined from the
data available. There seems to be ground, however, for the
belief that in many cases it shows a higher rate of variation
than that given by the exponent 4. See also § 26. For the
present, therefore, we are thrown back on more empirical
formule, intended simply to express as nearly as may be the
results of experience. Such formulz will be found in 8§ 20.
With the accumulation of data from model experiments we
may perhaps hope ultimately for a satisfactory determination
of the constants in (1) and (2) or in other like formula shown
by the data to be more suitable to the purpose in view.
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15. RELATION OF RESISTANCE IN GENERAL TO THE
DENSITY OF THE LIQUID.

For the head-resistance and skin-resistance per unit area
we have seen that-the density of the liquid enters as a factor.
Similarly here the density must be a factor of the energy of
a wave, and thus all parts of the resistance, and hence resist-
ance as a whole, will vary with the density. The variation
in the resistance of a given ship with change of density of the
liquid is, however, in large measure offset by the oppositely
varying amount of immersed body of ship. As between
fresh and salt water the difference is slight, and is usually
neglected except in the case of model experiments or very
careful estimates. The densities of fresh and salt water are
usually taken in the ratio of 1.0:1.032, or less accurately in

the ratio 35: 36.

16. INFLUENCE OF FORM AND PROPORTION ON RESISTANCE.

In 1876 Wm. Froude published a paper* showing the
results of experiments on the comparative resistance of
models of four ships of the same displacement but of certain
differences of form. These models were called 4, B, C, D;
A being that of the Merkara. The dimensions correspond-

ing to the four models were as follows:

. Length of | Length of| Lengthrof
Displace- : Total
ment. | gore | Middie'| “After | IO, | Beam. | Dratt. | JiSHed
A ‘ T437| T2 144 360 | 37.2 16.25 | 18660
B 3980 179.5 T 179.5 359 45.88 | 18 19130
C I 1| 1s4-5| .- 154-5| 309 | 49.4 | 19.32 | 17810
D U595 95 95 285 | 45.56 | 17.89 | 16950

* Transactions Institute of Naval Architects, vol. xvII. p. 181.
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The forms of the fore .and after bodies of B, C, and D
were derived from those of A by expansion longitudinally,
transversely, and vertically as required. The fore and after
bodies themselves have therefore the same ratios of fullness
and other characteristics as those of A4, and the resulting
differences in resistance may therefore be considered as due
to the effect of the presence or absence of the parallel middle
body.

The results may be summarized by saying that at all
speeds B and C had less resistance than 4 or D. As
between B and C, the latter having the less wetted surface
had the less resistance. As between 4 and D, the latter,
though having less wetted surface, had at the speeds tried
(from 9 knots upward) greater resistance, though at the
lowest speeds the directions of the two resistance-curves were
such as to indicate an intersection, and lower values for A4 for
very low speeds. At high speeds 5 and C changed places
relatively, the smaller wave-resistance due to B’s greater
ratio of L to B being more influential at such speeds than its
greater wetted surface. At all speeds 4 had less resistance
than 0D. For the former the resistance began to increase
rapidly at about 17 knots and for the latter at about 14
knots.. For C this relatively rapid increase in resistance
began to appear at about 19 knots, while for no speed up to
20 knots was such tendency noticeable with 5.

It appears therefore in general that resistance will be
decreased if, instead of a parallel middle body, the fore and
after bodies are expanded so as to obtain a ship of the same
displacement as with parallel middle body, even if the ratio B
to L is thereby somewhat increased.



106 RESISTANCE AND PROPULSION OF SHIPS.

Later experiments, notably those by Rota,* have thrown
additional light on the influence of a slight change in proportions
with the same characteristics of form. In such case secondary
forms are derived from a primary by changing all dimensions in
one direction (as transversely) in a constant ratio. As the result
of a large series of experiments Rota reaches the following con-
clusions: ;

(a) For the same change in displacement obtained by. such
“ expansion ”’ the power required for a given speed is affected
in larger degree by a change in breadth than in depth.

(0) The increase in longitudinal dimensions for the same
displacement results in a notable decrease in the residual resist-
ance and on the other hand in a marked increase in the frictional
resistance—the latter effect however, less than the former at
usual speeds.

(¢) Every form derived by change in the longitudinal dimen-
sions has a particular speed for which the increase or decrease of
displacement resulting from such change is accompanied by a
small or negligible ‘change in the power required. The length
and speed at which such relation obtains are connected approxi-
mately by the formula, v=+/L, where v=speed in knots and
L= length in feet.

(d) Change in the displacement resulting from change in
the transverse dimensions, so long as the percentage of change is
moderate, will result in a change of resistance at the same speed
of approximately the same percentage value; that is, 1o per cent
increase in displacement will require about 1o per cent increase
in power for the same speeds.

Changes in the displacement resulting from change in the

* Bulletin de L’Association Technique Maritime, 1900, p. 49.
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vertical dimensions, so long as the percentage of change is
moderate, will result in a change of resistance at the same speed
of approximately .6 the same percentage value; that is, ro per
cent increase in displacement will require about 6 per cent in-
crease in power for the same speed.

With the displacement slightly increased by longitudinal
change and the speed in question greater than VL, there will
be a decrease in power for the same speed; and with the dis-
placement slightly decreased, there will be an increase in power
for the same speed. With the speed in question less than /L
the above relations are reversed.

17. MODIFICATION OF RESISTANCE DUE TO IRREGULAR
L]
MOVEMENT.

It is well known experimentally in all cases of bodies
moving in a liquid, that a certain amount of water is
momentarily bound to the body and must be considered as
practically taking part in its motion, especially in any rapid
changes involving accelerations and retardations. This
amount, it also appears, may be from 15 to 20 per cent of
the displacement of the ship. It follows that the resistance
to an acceleration will not be that due simply to the mass of
the ship, but rather to the combined mass of ship and water.
At the same time it must be remembered that during retar-
dation a corresponding effort is given out. It is, however, a
general principle that more energy is required to maintain a
system in irregular movement, the velocity oscillating about
a mean value #, than at the same uniform value of the

velocity. This is because in general R varies with # accord-
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ing to a higher index than 1, and because in such case the
mean of a series of such powers of « is greater than the mean
value of # raised to such power. This is readily verified for
an index 2 or 3. .

The mean resistance of a ship in irregular motion but at
a mean speed # will therefore in general be greater than if
the velocity could be made uniform at the same amount.

The actual modes of propulsion employed usually involve
slight irregularities in motion, and these may be more or less
increased by irregularities of wind, current, tide, depth of
water, etc. Under usually favorable conditions it is not
likely that the increase of R due to this cause is important,
although its existence and explanation are of interest.

18. VARIATION OF RESISTANCE DUE TO ROUGH WATER.

The resistance of a ship in a seaway is known actually to
be very considerably greater than that in smooth water for
the same average speed. The causes of this may be given
under three heads:

(1) The direct action of the waves and the rolling and
pitching tend to increase the irregularities of motion, thereby
affecting the resistance as described in the last section.

(2) The wave-disturbance of the water tends to confuse
and disturb the regular stream-line motion, thereby entailing
a greater drain of energy from the ship than in smooth water
at equal speed.

(3) The pitching and rolling, notably the former, place
the ship continually in less favorable positions relative to
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propulsion, so that on the whole the mean resistance is in-
creased.

These causes also react unfavorably on the propelling
apparatus, lowering its efficiency and increasing the irregulari-
ties of motion. While this last result is secondary,. the final
effect on the propulsion is the same as though the resistance
of the ship were virtually increased.

No rules can, of course, be given for the estimate of such
irregular modifications. It is a matter of experience, how-
ever, that the following qualities are favorable to uninter-
rupted speed in rough water:

(1) Considerable length, good free- board and steadiness,
especially absence from pitching.

(2) Large size and consequently great weight.

The reasons for the good effects of the former are ap-
parent. The good effects of the latter are due to the increase
of inertia and the consequent decrease in the irregularities of

movement.

19. INCREASE OF RESISTANCE DUE TO SHALLOW WATER
OR TO THE INFLUENCE OF BANKS AND SHOALS.

It is a well-known fact that the resistance of a ship or
boat at any given speed is very much increased by shallow
water or by the proximity of banks, as in the navigation of
canals and narrow rivers. The primary cause of this excess
of resistance is readily found in the disturbed stream-line
motion. As a result of the decreased cross-section within
which the stream-lines must be contained, there arises an
entire change in their form and in the wave configuration
about the boat.” The latter in general is very much exagger-
ated relative to its condition in open deep water, and the net
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consequence is a very considerable increase in the amount of
energy necessary to the maintenance of the configuration of the
water, and hence a corresponding increase in the resistance.

We may next inquire as to the limits within which these
results become of notable significance.

Taking first the question of shallowness of water, the other
dimensions being unlimited, we have a large number of
instances of trial-trips in which the increase of resistance due
to shallow water is more or less clearly shown.

White * gives the following instance:

The Blenheim in water averaging g fathoms made 20
knots with 15750 I.H.P. The wave phenomena were most
striking and unusual. In water from 22 to 36 fathoms with
the same power the speed was 21.5 knots.

In the trial of the U. S. S. New York both ways over a
4o-mile course it was found that at the same point each way,
where the depth of water was charted as 37 fathoms, the revo-
lutions fell off slightly while the steam-pressure became increased.
The water over the remainder of the course was from 15 to 20
fathoms deeper than at this point. The mean speed was 21
knots.

Experimental investigation of these relations reported on by
Marriner and H. Yarrow 1 has brought out the following facts:

It is a matter of common observation that as a boat runs
into shallow water the wave length of the transverse system
increases in length. The relation between speed and length of
wave for deep water, as noted in § 10, is

12=1.8L.

* Manual of Naval Architecture, 1894, p. 467.
1 Transactions Institute of Naval Architects, 1905, p. 344.
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A graphical representation of such law is shown by the heavy
curve of Fig. 42. Now when a ship is run in shallow water the
relation between speed and wave lengths follows this line for low
and moderate speeds, and then as the speed becomes higher the
curve rises more quickly, as shown by the light lines, implying a
more rapid increase in length with increase in speed than for

d,
d
d,
d,

Length

Speed

FiG, qa2.

deep water. Finally, at some limiting speed the curve approaches
the vertical, implying an indefinite increase in length for such
speed. If then the speed is increased beyond this value there is
no corresponding wave or wave system. The speed at which
this condition is approached is called the critical speed for that
depth, and the depth at which the length of wave becomes in-
definite for a given speed is called the critical depth for such
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speed. The relation between speed and depth for this critical
combination is approximately

12 =11.3d,

where v=speed in knots and d=depth in feet.

In going from deep to shallow water the increase in length
might be expected to follow the law of shallow water waves, as
noted in § 1o. Actually, however, the increase is less rapid than
the formula would indicate. In explanation of this it has been
suggested by Marriner that if the reaction between the ship and
the wave system results in the latter being dragged along, as it
were, and thus prevented from lengthening as rapidly as it other-

"wise would, then such reaction would result in an added drag
on the ship manifested as an increase in resistance. This con-
sideration may aid in explaining the great increase in resistance
in approaching the critical speed for a given depth.

In accordance with these various observations on speed and
wave system, it is found furthermore that the maximum wave
disturbance and the point of maximum resistance both occur at
or near the critical combination of speed and depth.

Certain experiments, morcover, seem to indicate that the
hump in the resistance curve is independent of displacement.
This point, however, needs wider assurance through further
investigation.

Certain other experiments by Rasmussen on the torpedo-boat
Makrelen, and reported by Laubeuf,* bear out the same general
conclusions. In these experiments a sharp rise in the speed
horse-power curve was noted at points corresponding closely to

* Bulletin de L’Association Technique Maritime, 1898, p. 207.
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the relation v2=11.3d, as noted above., The conclusions drawn
by Laubeuf are as follows:

(1) The various curves present a hump more and more
marked as the depth is reduced. At depths greater than so feet
there was no noticeable hump within the range of speed em-
ployed (to 20 knots).

(2) The speed corresponding to the hump was, for a given
depth, nearly independent of the two displacements at which
the boat was tested (105 and 118 tons). The power for such
speed, however, increased in marked degree with the displace-
ment.

The important question, however, relates rather to the cone-
ditions under which the resistance will be sensibly that due to
water of indefinite depth, or, in other words, for what depth will
the influence of the bottom be negligible? Regarding this prob-
lem various view-points may be taken. Thus it has been sug-
gested that so long as the depth is sufficient to allow the wave
corresponding to the speed of the ship to assume sensibly its
trochoidal form and constitution no sensible increase in resist-
ance will result. The propriety of considering this as more than
a roughly approximate relationship may be questioned, since we
do not know that the-natural wave formed by the ship is more
than roughly trochoidal in form.

By -reference to § 10, Table V, it appears that if the depth
equals one half the wave-length the difference between the two
kinds of waves should be quite negligible. This leads by the
aid of § 10 (1) to the following table:
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Speed, Knots. Minimum Depth,

Feet!
T O 2 SR A 28
i e Gl e L 8 s .. 40
3, LU AR IE S b F 00 00 L o S 55
(R PR AT SRS S 0 e 71
18 S R R RS Qo
P ARG Sl (e AV e 5 111
22 fagt Tabl e oy LU N R A L R SO 135
DA e § e St A e R N 160
20T oo o e T eSS EACRCEeRS 188
e M AN e R A T S e, ) 218
30 L e b SRR L e R e S 250
325 e S A U L e (N 284
BA T A N R O U TNy 322
KRBT T R A ey, Rt 36 4 o e i 360
38 G N R e T NN 400
Vo Rl St O T S K Rl i 444

From considerations drawn from a study of the distribu-
tion of stream-lines under certain ideal circumstances, D. W.
Taylor * concludes that a depth of water equal to ten times
the draft is an outside limit, and that no sensible increase
in resistance is likely to be met with so long as the depth is
not less than six times the draft.

The result in the case of the New York, if reliable, indi-
cates that the influence extends to a considerably greater
depth than six times the draft, or than the amount given by
the table above. On the other hand the experiments reported
by Marriner and Yarrow showed that for torpedo-boats at

* Transactions Institute of Naval Architects, vol. XXXVI. p. 234.
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speeds of 25 to 30 knots, a depth of water of 100 feet was insuf-
ficient and would not permit of realizing contract conditions,
while an increase to 120 feet proved adequate for the purpose
and permitted substantially the same performance as the
Skelmorlie course with 240 feet depth.

The depth for critical speed is seen to be

22

P13

while, according to Marriner and Yarrow, the worst combination
of conditions was reached at about

o

It therefore seems most rational to assume that the safe depth
may be stated as some multiple of this depth, modified suitably
by the size and form characteristics of the ship. It is readily
seen that the above table representing half wave-lengths gives
simply values of v2+-3.6. While perhaps none too deep for large
ships of moderate or full form, the values of this table indicate
a depth somewhat greater presumably than is needed for torpedo-
boats and other like relatively small boats of fine form. Further
investigation is needed on these points, and especially in relation
to the influence of form and dimension on the limiting depth.

Turning now to the conditions existing in canals, we have
not only the restriction due to the bottom, but also that due
to the sides as well. Proceeding at once to a representative
case, we may note briefly the phenomena attending propul-
sion in a canal of which the cross-sectional area is only some
four or five times that of the greatest section of the ship.

In such cases at moderate speeds the bow wave is quite

marked, rising more or less transversely on each side or a
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little ahead of the bow, and followed amidships or astern by
an equally notable hollow. Following astern is a train of
waves, each member of which moves with the velocity of the
boat, while the train as a whole moves at a lesser velocity, as
explained in § 12. The slower the boat moves the more are
the phenomena like those noted in connection with motion
on the open sea. As the speed increases the more definitely
does the boat place herself on the rear edge of a wave as in
Fig. 43, and the more pronounced does the series of follow-
ing waves become. As the speed of the boat approaches
that corresponding to the propagation of a permanent wave
of translation, # = ¥g#, the waves begin to fake on more
and more the characteristics of waves of translation. They
transmit a greater and .greater proportion of energy and the
train becomes shorter and shorter. The resistance, however,
continually increases due to the rapidly growing size of the
waves and their consequently increased demand for energy.
As the boat reaches the critical velocity or passes slightly

beyond it, the train of waves contracts to a single member,
which takes its place with crest amidships or with the boat
slightly on its forward slope. The resistance then decreases,
and the boat may be towed along at this speed with a much
less expenditure of power than just before. The cause of
this sudden change in the law of resistance is found in the

relation of the boat to the wave. The necessary energy to
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form the permanent solitary wave having been expended,
and the boat having been placed in the most favorable posi-
tion relative to such wave, the maintenance of the wave and
the velocity of the boat may be obtained at a comparatively
small further expenditure. The resistance for the most part
is that due to the maintenance of the wave in an imperfect
liquid, with the increased tendencies toward degradation due
to irregularities in the sides and bottom.

Following is a table showing results of experiments made
by J. Scott Russell, the pioneer of experimental investigation

in this direction.

Weight of Boat Speed in Resistance

in Pounds. Miles per Hour. in Pounds.
( 4.72 g2
5.92 201
10239 6.19 275
0.04 250

L10.48 268.5
[ 6.19 250
7-57 500
e 8.52 400
9.04 280

Speeds at which these conditions obtain cannot, however,
be practically maintained in canals, due chiefly to the wear
and tear on the banks from the wash of the wave, and the
comparatively high speeds necessary for depths of water
exceeding 10 or 12 feet.

We are therefore rather concerned as to the effect of the
banks and bottom on the resistance at moderate speeds, and
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as to the necessary ratio between the section of the canal and
that of the ship in order that the increase in resistance may
be negligible. |

Satisfactory data for a general discussion of these points
are not available. We have, however, certain partial results
as follows:

Elnathan Sweet* gives the following formula as repre-
senting the results of a series of experiments made by him on
the Erie Canal:

__ .10303s7"
ey SOO).

R = resistance in pounds;

s = wetted surface;

v = speed in feet per second;

7 = ratio of section of canal to that of boat.

The speed varied from 2 to 3 feet per second, or from
1.27 to 2.09 miles per hour. s varied from 2870 to 3090;
7 from 4.28 to 5; depth of water from 7 to 8 feet; draft of
boat from 6 to 7 feet; displacement from 260 to 310 tons.

The formula is a special case of the general formula pro-
posed by J. Scott Russell and Du Buat for resistance in a
restricted channel, viz.,

G Av’s :

74 B

where A and B are constants to be determined by experi-

ment. The ranges of values of 7, v, and s are manifestly too

* Transactions American Society of Civil Engineers, vol. 1X. p. 99.
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small to warrant the application of these results to conditions
widely different from those covered by the experiments.

Conder * states that in one instance where » = 3 a speed
of 7 miles in the open was reduced with the same power to
5: while in the discussion of the same paper Gordon states
that in the Rangoon, where » = 10, a speed of ten miles
was similarly reduced to 7.

M. Caméré gives the following results cited by Pollard
and Dudebout:t ;

Let resistance be represented by a formula

R = fs7,

where the letters have the same significance as above and f is

a coefficient.

Values of £ at Speeds per Second of

3’28 492 6'.56
16.4 .00464 .00513 .00564
9.0 .00836 .00891 .00946
3.45 .0280

More recently M. de Mas has conducted extensive
experiments in France, the results of which have been
made public by Deréme.] Among the many interesting
features of this investigation the following may be men-
tioned : '

* Minutes of Proceedings of Institution of Civil Engineers, London, vol.
LXXVI, p. 660.

T Théorie du Navire, vol. 1. p. 458.

i Proceedings Sixth International Congress on Inland Navigation, 1894.
Quoted also by Leslie Robinson, Proceedings Institute Mechanical Engineers,
189,.
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Three boats were tested by towing on the Seine. The
ratio of the section of the stream to the immersed section of
boat was about 55, for which the results should be, presum-
ably, not far from those for a ratio indefinitely large. The
results are given in Table I, from which it appears that the

TasBLE 1.
h Resistance in Pounds at Speeds per Minute of
Boat, Length, D:;g:&?e'
98’.4 196'.8 295’.2 393'.6 492’
Alma.......... 124.6 286 119 357 783 1464 2467
René..ceeeenns 99.4 5e 4 112 353 783 1466 2469
Adrien........ 67.4 148 112 353 783 1466 2469

resistance was independent of .the length within the limits
of speed and length employed. The same three boats
were afterward tested in the Bourgogne Canal at speeds
increasing by increments of 49.2 feet per minute, from
49.2 to 246 feet per minute, with the same result as
regards the substantial independence of resistance on length.
The general truth of this proposition must by no means be
assumed from these experiments, though there seems reason
for believing that, due to the peculiar form of canal-boats,
a change of length has relatively small influence on the
resistance.

A number of boats with particulars as in Table II were

tested in both river and canal, with results as given in
Table III.
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TABLE II.
PARTICULARS OF BOATS,

. Average Breadth | Block Coefficient
Name. Length at Midship Section. of Fineness.
Peniche............ Y- 125.3 16.4 -99
e S o e e 122.8 16.5 .94
Toue-.cecveaces s cereneene 118.4 16.5 .97
ERMSEIAIG oo eve oeTeone < iwison s 111.9 16.1 .93
TasLE IIL
s [‘
R 2.2 Speed Speed” =
= <39 98 4 Feet per Min. 196 8 Feet per Min.
Cross-| Bs | 8& 4
section| S o <& S | v
Draft. Boat. of w5 | o= || Resistance. || Resistance.
Canal. :}; cZ el R
c= || |
5 g 'f::z \Canal|River| 7 Canal | River @l
g |l R | = R r
|
i

Peniche |317.9!86.66 (3.67 || 379| 225 1.69 | 1896 | 664 | 2.86

g’ 25+ | Fliite i86.44 13.68 || 247| 119| 2.07 1060 357 | 2.97
?‘Toue - 86.44 13.68 || 240| 97! 2.48 1021 27 3.67

| Fliite ‘“ 170.30|4.52 || 154 97| 1.59 626 | 315 | 1.99
4'.27% Prussian “ | 6868 |462( 119{ 4y| 2.45 474 176 | 2.69
|Margotat| ‘‘ |69.98 [4.54 ] 117{ 46| 2.52 434 148 | 2.94

3’28 |Flfite “ | 54.04|5.88 || 106 Séi 1.23 421 | 284 | 1.48
|

An interesting test was also made in various waterways of
the boat Jeanne, g9 feet long, 16.4 feet wide, and of the
Flate class. The results are given in Table IV.
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TABLE 1V.

TEST OF JEANNE IN DIFFERENT WATERWAYS.

S= 8
:Eg 49’.2 per Min.| ¢8.4 per Min. {147’.6perMin.|196’.8 perMin.|246’ per Min,

—- S

o0Z
Draft, | Boat. $3s R R R R 7
e b AN [ b R A RN % = R = R} » 7.
Seine [116. |26.5/26.5/1.00| 28.7 2!}.7 1.00| 146| 146 |1.00| 245|245 |[1.00| 384 384 [1.00
A 8.31[26.5| ** {r.00| 28.7| * [1.00| 150 ‘¢ |r.03] 271| '* lx.11| 459 *° |1.20
3/.28 B 5.89(35.3] “ 11.33| 103.6] ** l1.42| 227] * [1.56{ 408 ‘¢ |1.67| 692| ** |1.83
{9 4.64[37.5| ¢¢ {1.41] 108.2] ** |1.48| 238] ** [1.63| 452] ** [1.85] 796| ‘¢ |2.07
D 3.82|39.7| ¢ |1.50[ 123.8] ** [r.70| 284| ¢ |1.95| 558| ¢ |2.28|1019| ** |2.66
Seine | 89.3 [26.5| ‘‘ |1.00| 83.883.8|1.00| 172|172 |1.00| 295|295 |1.00| 474/ 474 [1.00
A 6.39/30.9| ‘ [1.17| 105.8| ** |1.26] 238] ‘¢ [1.38] 441| * [r.49] 756| ** [1.60
4’27 B 4.54148.5] ‘¢ |1.74| 154.3] ** [1.84] 342] ¢¢ |1.08) 622| * |2.10l1074| ** [2.26
(4 3-57|50.7| ! |r.92| 178.6] “ l2.13) 410 ¢“ 12.38] 8r4| *¢ |2.75 1501| ** [3.17
D 2.94(70.5| * |2.67] 255.7) ** |3.05| 657| ** [3.82]r389| ¢ 14.70/2646} ‘¢ |5.58
(| Seine | 72.5 [28.7|28.7|1.00] 90.4/g0.4|1.00| 187|187 |1.00| 320|320 1.00| 511|511 [1.00
i\l A 5.19(39.7| ** {1.42| 143,71 ** |1.56| 326 ** l1.74| 620| ** [r.94]1124[ ** [2.20
525 ll B 3.68|70.5| * [2.46| 244.7} ** |2.71| 562| ** |3.00[1047| ** [3.28[1839] * (3.50
" 2.90[72.8| ** |2.56| 264.6| * |2.93| 688| ** |3.67]|t532| ** |4.79[2965] ** {5.80

While the information relating to many points of this
problem is still quite meager, it is sufficiently well established
that where the ratio of section of canal to section of ship is
not more than six or eight, a very considerable increase in
the resistance will result, even at moderate speeds. Again,
mere sectional area of canal is not sufficient, for we might
have a very wide and shallow canal in which the ratio of sec-
tions would be very great, but in which we should have the
shallow-water resistance as already discussed. In order to
reduce this increase of resistance to a small or negligible
quantity, it seems likely that the transverse dimensions of
the channel should be everywhere from six to ten times
the corresponding dimensions of the greatest section of the
boat.

In this connection it is interesting to note that the influ-
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ence of fine extremities is less and less useful to reduce resist-
ance as the ratio of section of canal to boat is less. It is

readily seen that a point may be reached where the resistance
may be less for a somewhat narrow and full form than for an
equal displacement and equal length, but with fine ends and
a larger midship section, and hence with a greater constric-
tion of available cross-section for stream-line motion. 2

20. INCREASE OF RESISTANCE DUE TO SLOPE OF CURRENTS.

In ascending rivers where the current is noticeable there
must be a corresponding up grade and a resulting vertical
component to the movement. The total energy expended
in any given time will therefore include, in addition to that
necessary to overcome the water-resistance, an amount Db,
where D equals displacement and & is the total change in
elevation effected during the interval in question. The corre-
sponding resistance is naturally D sin @ = Da, where « is the
angle of grade and always small. Naturally the amount of
this part of the total resistance in such a case is usually
small, though it may reach such an amount as to prevent the
ascent of a river where the speed of the current is consider-
ably less than the possible speed of the ship in smooth water.

In special cases @ may reach a value of from .oo1 to
.0015. At moderate speeds the smooth-water resistance
may not be more than .01.0 or even less, so that it is readily
seen that this part of the resistance may reach an amount
considerable in comparison with that for such speeds under

usual conditions.



124 RESISTANCE AND PROPULSION OF SHIPS.

91. INFLUENCE ON RESISTANCE DUE TO CHANGES OF TRIM.

In treating of resistance we have thus far considered only
the horizontal component. It is quite evident, however, if
the ship were to be maintained in her statical trim and draft
and towed through the water at any given speed, that the
resultant of all the changes of pressure would in general
have a vertical as well as a horizontal component. In many
cases, especially at high speeds, it becomes important to take
cognizance of the existence of this vertical force. Considered
as a single vertical resultant, it usually acts through a point
forward of the statical center of buoyancy. In the actual
case, the ship being free to yield to this force, she will change
trim, the bow rising somewhat more than the stern sinks,
thus decreasing the displacement by a small amount. At
certain high speeds these modifications, especially the change
of trim, become very noticeable. At still higher speeds,
especially with the cut-up form of after body mentioned in
§ 11, it would appear that the trim may begin to go back
toward its normal value, though the displacement will prob-
ably continue to decrease with the increase of speed.

From another point of view we may consider that the
motion of the boat, especially at high speeds, gives rise to a
wave system, and that the boat naturally accommodates itself
in trim to the characteristics of this system. In general at
high speeds such system will involve a hollow under or near
the stern and a crest near the bow, thus placing the boat on
the back slope of the wave and naturally giving rise to the
change of trim. An instance is given by White * of measure-

* Manual of Naval Architecture, p. 470.
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ments taken by Yarrow on a torpedo-boat about 80 feet long
at a speed of 18.5 knots. The change of trim was about one-
half inch per foot of length or forty inches between bow and
stern. Relative to the water surface forward the bow raised
rather more than one foot, while relative to the surface aft it
settled less than six inches. The remainder of the change in
trim is accounted for by the change in the level of the water
itself due to the wave formation.

Like the other phenomena attending the motion of a solid
in a liquid, this change of trim and of displacement cannot at
present be treated by abstract mathematics. The investiga-
tion of the performance of models and such comparative
methods are alone of use in aiding to form an estimate of the
amount of such cHange in any given case.

The influence of the change of trim on resistance is prob-
ably slight. Directly jt is a result and not a cause of
resistance. Indirectly it may be a cause of a modification of
resistance on account of the difference which it may cause in
the form of the immersed body. With usual forms the influ-
ence of such slight changes of this character as usually occur
is not likely to be important. It is probable that the prin-
cipal loss arising from a change of trim is due to decreased
efficiency in the propulsive apparatus rather than to actual
increase in the resistance.

In connection with these considerations it may be pointed
out that there is reason to believe that for extremely high
speeds relative to length, such as are attained by some
torpedo-boats and fast launches, and notably by recent
torpedo-boats and torpedo-boat destroyers, the coefficients in
the formula of resistance which hold for larger ships and for

more moderate speeds undergo considerable change. A
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direct extension of the results for lower speeds to such
extreme values is not therefore allowable, and the various
constants and characteristics of empirical formule for resist-
ance and power must be determined by direct experiment
under such conditions, or under others comparable with
them. See § 26.

In the boats mentioned speeds of 30 to 35 knots and upward
have been attained on lengths of from 180 to 200 feet. The
resistance at such speeds is shown to vary with a lower index

than for more moderate speeds, as, e.g., 18 to 24 knots, and
the performance as a whole seems to indicate a general
modification in the relation of the resistance to the attendant
conditions. .

As causes of this change in relationship we may look to
the change in displacement, and consequently in wetted sur-
face, and to the changed location of the wave system relative
to the boat. X

Photographs of boats at very high speeds show that under
such conditions the decrease in wetted surface may be quite
considerable, though data are lacking to furnish a satisfactory
basis for estimate in any given case.

The change in the resistance of a boat in a canal when it.
approaches a speed such that it can be forced over on to the
top or forward slope of the primary wave has already been
mentioned. -

It is not to be expected that these conditions can be
paralleled in open water; but we know that as the speed
increases the location of the bow primary wave falls farther
and farther aft, and photographs taken under these conditions
as well as the decreased change of trim seem to show that at
a speed sufficiently high the boat is forced at least partly
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over the primary bow wave, so that such wave, once formed,
might require a less expenditure for the maintenance of its
energy and the speed of the boat than would be indicated
by an extension of the law for lower speeds to this extreme
point.

It is not likely that this favorable region in the law of
resistance can at present be taken advantage of by other
than boats of the types mentioned. For larger ships, e.g., of
L = 400 feet, such speeds would exceed 40 knots, and the
power required would be so great that with present engineer-
ing resources its development on the weight available and its

economical application would be impracticable.

22. INFLUENCE OF BILGE-KEELS ON RESISTANCE.

Bilge-keels are usually located near the turn of the bilge,
and stand normal to the surface rather than vertical. They
usually run for one half or two thirds the length of the
ship, and are supposed to follow as nearly as may be the
natural stream line path in order to interpose the minimum
resistance. Experiments by Wm. Froude and others have
shown that the additional resistance due to bilge-keels is
slight. Some of the model experiments by Mr. Froude
indicated that the additional resistance due to the bilge-keels
was less than that due to their surface friction as usually
computed (§ 8). It has been suggested that this may be due
to the fact that the keels are in a skin of water moving
forward more or less with the ship, and that in consequence
the resistance per unit area is less than that normally due to
the relative velocity of ship and water as a whole. A more
just view is perhaps to consider that with the bilge-keels the
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average skin-resistance coefficient for the ship as a whole is
somewhat less than for the ship without the keels; so that
while with the keels the total area is greater, the coefficient
is less, and the product is but slightly increased. The reason
for the decrease in the average coefficient may be readily seen
by comparing two bodies of cylindrical form moving axially
through the water. Let one be smooth and the other de\eply
corrugated or channelled longitudinally, both of the same
outside diameter. Both will tend to set in motion a cylinder
of water of about the same diameter, and with the channelled
cylinder this tendency will be so effective that at and near
the bottom of the channels the relative velocity of the sur-
face and the water will be very slight, and hence the resist-
ance small. The average coefficient of surface resistance for
the channelled cylinder will therefore be less than for the
plain, and while its area is much greater, the total surface
resistance will not be increased in a proportional degree.
Recent Italian experiments on the model of the Sardegna*
showed for speeds of the ship from 16 to 21 knots an increase
of resistance from I to 5 per cent increasing with speed, or
with given power a decrease in speed from practically nothing
to a little over 1 per cent. These experiments seemed to
indicate a somewhat rapid increase in the resistance due to
the bilge-keels from speeds of about 18 knots upward. It
may be suggested that this was due in large measure to a
change of trim at these speeds and to a disturbance of the
stream-line flow, in virtue of which the keels became placed
oblique to the line of flow and thus offered a certain amount

of head-resistance.

* Rivista Marittima, Oct. 1895.
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28. AIR-RESISTANCE.

All above-water portions of a ship in motion are, of
course, exposed to air-resistance. This from the irregularity
of the motion of the air and the great irregularity of the sur-
face exposed is very difficult of computation. Except in
rigged ships with a high velocity of the wind, however, this
effect is not considered of great importance, and usually no
attempt is made to estimate its amount. From data obtained
from planes moving in air it appears that the resistance may
be expressed by the formula 3

R = fAv.

In this equation A is the projected area of the surface
exposed, the projection being made on a plane perpendicular
to the direction of motion. For an unrigged ship this is
readily found, being simply the area of an end view of the
part of the ship above water. Where the ship is rigged the
amount to be taken is very indefinite, and no estimate can be
made except by comparative methods, for which, unfortu-
nately, the amount of data available is insufficient. Wm.
Froude was led to believe that in the case of the Greyhound
‘the influence of the rigging was about equal to that of the
hull. This would depend very much, however, on the nature
and amount of rigging, and doubtless on the speed of the
wind. The velocity » is to be taken as the longitudinal
component of the relative velocity of the wind and ship.
Thus in calm v will be the speed of the ship, in a following
wind it will be less, and in a head wind more.

The value of the coefficient f rests on experimental
determination. The experiments of Wm. Froude and others
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indicate that with pounds, feet, and seconds as units its value
may be taken as about .cor7, and with pounds, feet, and knots
as about .0048. Later experimenters, among others Dines and
Langley, find values somewhat less and ranging for pounds, feet,
and knots about .0o4. The experimental values are derived
from planes of small or moderate size, and there is considerable
uncertainty as to the values suitable for use on large areas.

In the case of the Greyhound unrigged, with a relative
speed v = 15 knots the effect produced was measured by 330
pounds. For v = 10 knots this would correspond to about
150 pounds. This is about 1.5 per cent of the water-resist-
ance at the same speed. With rigging it was assumed that
this might be doubled, so that in a calm the ship would
experience an air-resistance of perhaps 3 per cent of her
water-resistance. For moderate speeds, or so long as the
water-resistance varies sensibly as the squire of the speed,
we might expect the relation between the air and water
resistance to remain sensibly constant. For higher speeds
the water-resistance will increase more rapidly than the
square of the speed, so that the ratio of air to water resist-
ance will decrease at these speeds.

If instead of calm air we suppose a speed of 10 knots
through the water against a head wind of velocity say 30
knots, we should have v = 40, and the air-resistance would
be some 16 times as much as before, or unrigged about 23
per cent of the water-resistance and rigged about 50 per cent.
While these figures may not be exact, they are sufficiently so
for illustrative purposes, and show plainly the importance
which wind-resistance may assume in extreme cases.

On one hand the constant decrease of sails and rigging on
all types of steam-vessels tends to decrease the importance
of air-resistance. On the other, the constant effort to
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- increase speed on ocean-liners, war-ships, torpedo-boats, etc.,
calls increased attention to all causes which in any manner
may affect the resistance. Additional experiments in this
direction are greatly needed. Such experiments might be
carried out by allowing a ship to drift in a fairly smooth sea
under the influence of the wind alone, and measuring the
velocity of the ship relative to the water and that of the
wind relative to the ship. Then from model experiments or
other known data relative to the ship her resistance at the V
speed attained may be known, and this must equal that due
to the air moving past the ship with the relative velocity
observed. "Otherwise a ship might be moored and subjected
to the wind, the strain being measured by suitable dynamo-
metric apparatﬁs.

24. INFLUENCE OF FouL BOTTOM ON RESISTANCE.

There seems no reason for believing that the condition of
the bottom of a ship will essentially affect anything. but the
skin-resistance.

The effect of foul bottom on skin-resistance has been dis-
cussed in § 9, and it is again mentioned here simply to make
complete the special causes which may affect the total resist-
ance.

25. SPEED AT WHICH RESISTANCE BEGINS TO RAPIDLY
INCREASE.

The analysis of curves of resistance usually shows that for
very low speeds the total resistance varies nearly as the
square of the speed, such relation remaining nearly constant

until a speed is approached at which the resistance begins



132 RESISTANCE AND PROPULSION OF SHIPS.

rather suddenly to increase more rapidly, the index becoming
3 or even 4 for a time, while at still higher speeds the index
may fall again to 2 'or sometimes apparently to even less.
Such characteristics in the curve of residual resistance are
shown in Fig. go. The speed at which the first rapid in-
crease is located depends chiefly, no doubt, on the wave-
making features of the ship; and while it is not expressibic
with any great accuracy by any simple formula, yet it is
sometimes considered that for general purposes it may be
taken as proportional to the speed of a wave of length equal
to that of the ship. Hence we should have

2

where 4 is some constant. With knots and feet as units, & is
frequently taken as approximately I, in which case we have

u= VL.

This ‘must be considered as giving simply an indication of
the locality of a region where the resistance will begin to
rapidly increase, rather than the actual location of a definite
speed. It must also be remembered that generally the loca-
tion of this region will be higher as the ratio of length to
beam is greater, and as the prismatic coefficient is less.

Normand has developed formule for what he terms the

maximum normal speed as follows:

_ (romm—bL .
Y= Lor(BH)*m3 D

_ 1.39(1.01m—b)L
o ST (BH)ImE
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where B=beam of ship in feet;
H =draft in feet;
L =length in feet;
b=Dblock coefficient;
m=midship section coefficient.

These formulz are intended to take account of form charac-
teristics, and to indicate the maximum speed which, under normal
or ordinary conditions, such ship may be given without marked
departure from the usual resistance and power relations.

26. THE LAw oF COMPARISON OR OF KINEMATIC
SIMILITUDE.

It is the purpose of the law of comparison to furnish for
two ships of similar geometrical form but of different size,
and moving at different speeds, a relation between the
know, principally the wave-making or modified stream-line
resistance.

This being the purpose, care should be had in noting the
fundamental assumptions on which the statement of the law
depends.

Consider the stream-lines in an indefinite liquid moving
past a body as in § 1. Let the motion throughout these
stream-lines be steady. That is, let there be no discon-
tinuity as in the breaking of waves at the surface or the
formation of eddies within the body of the liquid. The
usual equation for steady motion will then apply, and de-
noting the total head by % we shall have for any stream-

line,

z+%—|—‘§_—=k.. i stk teae Tl T
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Now suppose that we have a second bbdy similar geomet-
rically to the first but A times larger in all directions. The
second body may then be considered as a magnification of
the first in the linear ratio A. Let it be placed, like the first,
in a liquid of indefinite extent moving past it with some
velocity nv, such that the stream-line distributions in the two
cases are also geometrically similar and in the linear ratio A.
It follows that the entire systems in the two cases are
geometrically similar, and may be considered as derived the
one from the other by linear expansion or diminution in the
ratio A. For a stream-line in the second system situated
similarly to that taken in the first we shall have

Az for z,

ny it o,

and we may put AR &
and 7 T

Then we have
no' P

lZ-—l—E —0_-= oL 0T = i B e S (2)

Now we may most readily conceive of a stream-line 4C,
Fig. 44, as due to a head from some indefinitely large reser-
voir E situated at an indefinite distance away. This,
evidently, will in no way change the nature of things at
ABC. Now suppose the stream-line continued back to a
place /7 where the velocity is inappreciable. If the stream-
line is indefinitely small 7 will be of small finite area, and we
may so consider it as small as we choose, and hence as very
small compared with the dimensions of the reservoir. Then
if for the present ABC represent a stream-line of the first
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system, equation (1) must hold throughout its length, and we
shall have at

g_i—g:k R Romh i e e Yo S (3)

]
In this equation let us take z as measured from a base-

line OX. The pressure p will be simply the statical pressure
due to the height G, and p <+ o will in feet be equal to this

-

A . Gl e e
. = F

Fi1c. 44.

height. Hence z- p + o is here equal to XG, the total
depth of the reservoir to the base-line OX. From (3) this is
the value of 2. Hence throughout the entire course of the
stream-line represented by (1), the constant £ represents this
depth GX.

Now the second system is a magnification of the first in
the linear ratio A. There will be therefore a similar point #
similarly situated in a similar indefinite reservoir whose depth
to a similar base-line will be A%, and this will be the value of
%,, the constant for the stream-line in the second system,

whose equation is given in (2).
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We have thus far simply considered the velocity-ratio »
such that the stream-lines in the two systems will be
geometrically similar. We must now determine what the
value of this ratio will be in terms of the linear ratio A.

Since the stream-lines are similar throughout, and since
the flow is steady and the condition of continuity is fulfilled,
we must have the velocities along similar lines exactly pro-
portional at similar points. That is, if 9,, #,, and V7, I,

denote velocities in the first and second systems at pairs of

similar points, we must have

BN

v,
e

SIS
Il
=SS
[}
=

This shows that # is a constant, and that if we can detetmine
the velocity-ratio for any pair of similar points the constant
value of 7 will thus be known. The velocity-ratio at a pair of
corresponding points is most readily found t;y aid of Fig. 44,
by considering A4 an open end in each system. We shall
then have p = o, and for the first system

i}—=Ke—z,
28

and for the second
v
2g

= Ak — Az = A& — 2).

Hence, dividing, we have
p' = AL and!aargas

It follotws that in order to fulfil the conditions of simi-
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larity throughout the two systems we must have a constant
velocity-ratio equal to +’A. Putting this for z in (2) we have

A‘J
lz+£+—i—‘=hk, e (R R )

whence, comparing (1) and (4), 2, = Ap.

The same relation will hold for every other stream-line,
and it follows that throughout the entire second system the
pressure will be A times that at corresponding points in the
first system. In other words, the magnification in pressure
will exactly correspond to that in linear dimension. This
relation will therefore hold between the pressures at corre-
sponding points on the surfaces of the two bodies, because
by supposition the surfaces throughout are in contact with
the stream-lines. In the stream-lines of Fig. 1 the body is
supposed to be indefinitely immersed, so that no surface
changes take place. All of the preceding equations and con-
clusions hold, however, for any stream-line in a perfect
liquid, and therefore for a stream-line system about a body
partially immersed, so long as the conditions of continuity
of flow are fulfilled. Now it is due to the distribution of
pressure throughout such a stream-line system that the
stream-line resistance arises. Hence this resistance will be
the value of the integral of the longitudinal component of the
pressure acting at the inner surfaces of the stream-line sys-
tem. Denote an element of the surface by &s and the angle
between its normal and the longitudinal by 6. Then we
have for our first system

R fp cos 0 ds.
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In the second system the entire distribution of pressure
is multiplied by A, and the linear dimensions are increased in
the same ratio. Hence the ratio between corresponding
elements of surface will be A%, and in the second system we
shall have

]

Rl — /Ap cos As = A* fp cos Ods = AR,

That is, with two systems under the conditions we have
assumed, the ratio between the resistances due to stream-line
pressure is A°. We may also note that this is likewise the
relation between the volumes of the two immersed bodies,
and hence between their displacements.

The law of comparison thus derived involves three con-
siderations, to which careful attention should be given:

(1) The supposition of geometrical similarity;

(2) The definition of corresponding speeds-

(3) The statement of the law.

Geometrical similarity for the two systems being assumed,
corresponding speeds are described as those which will pro-
duce similar stream-line or similar wave configurations, and
are defined as speeds in the ratio of the square root of the
linear-dimension ratio A. , Based on these conditions, we then
have the following statement of the law: '

At corresponding speeds the resistances of similar ships are
in the ratio of the cubes of like linear dimensions,; or as the
cube of the linear-dimension ratio,; or as the volume-ratio.

The truth of the law thus derived, it must be remem-
bered, rests on the application of the formula for steady
motion to stream-line flow. It is therefore only applicable
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to that part of the total resistance which is due to the
stream-line motion, and hence, so far as the above derivation
is concerned, is not applicable to skin or eddy resistance. It
also presupposes the following as necessary conditions for its
exact truth: '

(1) A liquid without viscosity;

(2) The absence of discontinuity of flow such as would be
caused by breaking waves or eddies.

So far as the first condition is concerned, the viscosity of
water relative to the velocities with which we are concerned
is so slight that this departure from the exact conditions will
make no essential difference in the application of the law.
With regard to the second condition we must distinguish
between the effect of the eddies, and that due to breaking
waves. Eddies will be formed by possible irregularities in
the surface, and as an expression of the general tangential
action or skin-resistance. Such eddies may, however, be
considered as virtually a part of the ship so far as the trans-
mission of pressure between it and the stream-line system is
concerned. The actual stream-line system involved is there-
fore that which envelops the eddies. If the two ships are
geometrically similar, we may evidently assume with safety
that the existence of these eddies will not essentially disturb
the geometrical similarity of the enveloping systems of stream-
lines. Hence while we are not here authorized to apply the
law of comparison to eddy and skin resistance, it appears
that the existence of the eddies as the expression of these
two forms of resistance should not interfere essentially with
the application of the law to the systems of stream-lines
actually formed. The breaking of a wave involves a discon-
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tinuity of stream-line flow, and in such case we are not
strictly entitled to extend the law to the stream line or wave
resistance. Within the limits prescribed by this condition,
however, we may consider the law as satisfactorily estab-
lished. We may also consider it as highly probable that
even with breaking waves the general configurations in the
two systems will, at corresponding speeds, still be essentially
similar, and that the resistances involved will still essentially
follow the same law of comparison. It must be remembered,
however, that while such may be the case, its verification
will depend on experiment rather than on mathematical
reasoning.

It is possible to view the question of the law of compari-
son from an entirely different standpoint, and thus to extend
the scope of its possible application. It will be noted that
the derivation above given establishes the law under certain
limited conditions. It does not follow, however, that the
same law may not be applicable under wider conditions. To
this question we now turn our attention.

Assume a series of ships all of similar geometrical form,
but diverse in dimension. Assume that the resistances of
such ships as a family at varying speeds may be represented
by a general equation consisting of a series of terms all of the
form

410Dy
We shall then have
R 52/ D e L iESh T

In this equation / is some typical dimension, necessarily
the same throughout the series, v is the speed, and 4 is one
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of a series of constants depending on form characteristics,
and hence constant throughout the series. Such a general
equation might therefore consist of a series of terms, as for

example

R = Al$v + Blv*+ Cls w5 4 DI, . . (6)

in which # was given successively the values 1, 2, 3, 4. It
is by no means necessary that z# should be integral, so that
terms of the form E/“%%2, F/“**8, etc., may occur. In fact,
so far as we are at present concerned, 7 may have any value
whole or fractional, and the number of terms may be indefi-
nite.

In regard to the limits for the values of these exponents

we note that if » = o,

”n
3—;=3’
ifer —..6;
7
| aur A

The first would give a term independent of speed and
dependent only on size, and varying directly as volume or
weight. This seems hardly likely, and we may consider
7 = 0 as the lower limit of values of ». The upper limit
n = 6 gives a term independent cf dimension and depending
wholly on speed. As indicated elsewhere, it has been
thought that such a term is probable, or at least possible.
In any event, however, it is evidently the upper limit for »
unless we admit the possibility of a term involving a decrease
of resistance with increase of size, which seems quite unlikely.
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Hence 7 may presumably have any value between o and 6,
whole or fractional.

Taking therefore (6) simply as an illustration of the kind
of terms to be found in such an equation, we note again that
A4, B, C, etc., are form constants, and remain unchanged
throughout the particular family of ships. We assume then
that it may be possible to express the resistance of any ship
of this family at any speed by substituting in the appropriate
equation using the form constants 4, B, C, etc., and the
given values of Zand v. For any other type of form there
will naturally be another series of form constants with their
series of values of exponents for /and v, not necessarily the
same as in the equation for the first type.

We see also that for the same ship at varying speeds this
equation assumes the possibility of representing the resist-
ance as a summation of terms involving the variable v with
various exponents, whole or fractional; while for different
ships at the same speed we should have the resistance
expressed as a sum of terms involving the variable / with
another set of exponents, whole or fractional.

A little thought will show that these assumptions are
more elastic than those involved in the derivation of the law
from the equations of hydrodynamics. They admit a wide
range of variation, and an indefinite number of terms in the
expression for R, binding the exponents of / and v only to
the one condition that the exponent of / plus one half that
of v shall equal 3. Taking (5) therefore as the symbolic
equation let us compare by its means the resistances of two

ships similar in form with a linear-dimension ratio A, and at
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speeds in the ratio 4A. We have then, using subscripts 1
and 2,
kL
v, = ¥iu,;
R, = EALI%-;WI”’

Lzl 3 4%
R, = SAQAL) (¥Av)y = AZ* AL o2,
or = AR

Hence for any resistance which follows the law as ex-
pressed in (5) the law of comparison as above stated will
hold. Furthermore, the elasticity of equation (5) makes it
quite possible or even likely that it may properly represent a
larger portion of the total resistance than that due directly to
the stream-line or wave-formation, and hence that the law of
comparison may be applicable to a somewhat greater part of
the total resistance than that to which the first mode of
derivation properly makes it.

Eddy-resistance, for example, is usually considered as
varying with some area, and as the square of the speed, § 5,
or as represented by a term B/%0’. This is seen to fall into
place as one of the general series of terms in (5).

Next as to skin-resistance. This is represented by a
term of the form fAv*, § 7, where f is a coefficient which
may decrease with length, A is area, and = is an exponent
usually less than 2. This term is seen to violate the condi-
tions for members of (5), and the amount by which # is less
than 2 and the amount of decrease of / with increase of 7/ and
uence of A, furnish together a general index of the amount
by which skin-resistance is not amenable to the law of com-
parison. With smooth bottom and the values derived from
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Froude’s experiments, the difference between the values of

the resistance as computed and as derived by comparison

may be considerable. To take an illustrative case, suppose

/, ~ [/ = 4, and hence v, + v, = 2. Also, let the values of

/ be .01 and .0093, and the exponent » = 1.85. Then the

ratio between the resistances by comparison will be 64, while
by computation it will be

A,f,(v,

A

The ratio of these is .84, showing that by formula the

1.8
) =16 X .93 X 2% = §3:64.

value is 16 per cent less than by comparison. If the skin-
resistance were about one half the total, this would involve a
difference of about 8 per cent of the total resistance.

In many cases, however, especially with rough bottom,
the value of the exponent is nearly or quite 2, and the
decrease in f is very small. In such cases this term would
likewise fall practically under the general law with the others.

The question of the form of the terms expressing wave-
resistance has been discussed in § 14. If we take the two
terms A/v* and B7°, we find that each comes into place as one
of the terms of (5), and hence both fulfil the law of com-
parison.

We will now give a series of equivalent expressions for
the velocity and resistance ratios for two similar ships at
corresponding speeds. We have
5l 5 (Er Ll o

1

4 -GGG - w
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Any and all of these, and others which may be written
similarly, are equivalent forms of the ratios involved in the
law of comparison for resistance.

The actual confidence felt in the application of this law,
either to the total resistance or to the residual resistance,
must be considered as resting rather on the result of experi-
ment than on any abstract proof necessarily involving as-
sumptions not perfectly fulfilled in the actual case. This
agreement may also be considered as indicating the degree of
closeness with which we may consider either the residual or
total resistance as capable of expression by the sum of a
series of terms as symbolized in (5).

As direct experimental investigation relating to the law
of comparison, we may mention the experiments referred to
in greater detail in § 30, in which in two separate cases the
resistances of a model and of its corresponding ship when
compared according to this law were found to be in very
satisfactory agreement, the greatest errors being within 3 per
cent. :

In this connection we may also note the experimental
determinations made by Wm. and R. E. Froude on the wave-,
configurations made by similar forms moving at correspond-
ing speeds.

The wave systems due to a madel of the Greyhound and
to the boat herself at corresponding speeds were compared
by Wm. Froude. Their similarity was found striking even
to details of the bow wave system. It was also found for the
model that up to a speed of about 1.6 feet per second the
resistance-curve followed almost exacfly the curve of skin-
resistance as computed by formula. It was a matter of

observation that up to this speed the model moved without
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raising sensible waves. At higher speeds the total resistarce
increased somewhat rapidly over that due to skin-resistance
alone, and seemed to follow the plainly visible augmentation
in the size of the wave system. Mr. R. E. Froude also
mapped with care the wave-configuration about two models,
one four times the size of the other, the larger travelling at
twice the speed of the smaller. The smaller represented a
launch 83 feet long at 9 knots per hour, and the larger a ship
333 feet long at 18 knots per hour. The configurations thus
resulting have been already referred to and are shown in
Figs. 31 and 32, and their great similarity in position and
relation to the ship is strikingly seen. In Fig. 32 is also
shown the system for the smaller model at the same speed as
the larger, so that we have here the comparison of two wave
systems made by different similar ships at the same speed.
The general similarity of distribution relative to the water is
quite apparent.

The first comparison indicates therefore that similar ships
at corresponding speeds_will produce similar wave-con-
figurations relative each to the ship; while the second
indicates that similar ships at the same speed will produce
approximately similar wave-configurations relative to the
water.

This latter consideration may lead to the suggestion that
the wave pattern for a given type of ship is in large measure
independent of the size of the ship, and simply dependent on
character of form and on speed. Hence the energy involved
in the waves would be likewise dependent only on the same
functions, and likewise the resistance. It is these considera-
tions pushed to their full limit which gives B7° as the form of
the term for wave-resistance in*§ 14. In one important
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feature, however, the wave pattern cannot be independent of
the size of the ship. This feature is the composite stern
system which in general depends on the relative positions of
the components due to the primary bow and stern waves,
and this in turn depends on the relation between the wave-
making length and the speed. Hence in part, at least,
wave-making resistance must depend on the dimensions, and
its proper expression may perhaps involve terms in both o
and ¢, as already suggested in § 14.

27. APPLICATION OF THE LAW OF COMPARISON.

CASE I. Denote two similar ships by S, and S,. If the
law of comparison is assumed to apply to the entire resist-
ance, we have to form simple proportions as expressed by
any of the various forms in § 26 (7) and (8). The given in-
formation must necessarily involve three terms:

(1) A given ship S, at a given speed;

(2) The resistance R, at this speed;

(3) A similar ship S, at a corresponding speed.

The fourth term, &,, is then readily found from the pro-
portions in § 26 (8).

Let Fig. 45 be a graphical representation of the resist-
ance of a ship at varying speeds. We now wish to show that
the same curve may also be considered as a diagram of resist-
ance for all similar ships, the speed and resistance scales
being suitably modified.

To this end we see that any ordinate as 4B gives the
resistance R, for the speed v = O4. Suppose now we have
a ship A times as large in linear dimension. Then at a speed

+/Av the resistance will be A’R,. Hence if the scales are so
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changed that OA4 to the new scale denotes YAv, and AB
denotes A°R,, the one will properly correspond to the other;
and the same relation holding for other points, we shall have
to the new scales a diagram of the resistance of the new ship

(6] A v
FiG. 45.

at varying speeds. We note that to effect this change the
linear amount representing unit speed must be divided by A3,
and the linear amount representing unit of resistance must
be divided by A°. A curve of this character, therefore, by
the proper treatment of the scales will represent graphically
for this type or family, the resistance of any ship at any
speed, within the limits determined by the original data and
by the modification of the scales.

Case II. Let OP, Fig. 46, denote the curve of total
resistance for a given ship S, at varying speeds. Let the
skin-resistance be computed according to the methods of § 8,
and set off from OPF, downward at the various speeds as €5
at A. This will give a curve OQ as the graphical representa-
tion of the residual resistance, while the intercept between
0Q and OP, will show the value of the skin-resistance. The
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residual resistance as given by OQ is then treated directly by
the law of comparison, either by proportion, or by a change
of scales, as just explained. On the latter supposition OQ
may also be considered as representing to appropriate scales

F1G. 46.

the residual resistance of the second ship S, at varying
speeds. The residual resistance of S, being thus found, the
frictional resistance is computed as in § 8 by an appropriate
selection of the constants. The two being added the entire
resistance is thus determined. For graphically representing
the entire resistance of S, we may proceed as follows: The
values of the skin-resistance of S, having been computed,
find ordinates for its representation to a scale A’ times as
large as that used for S,. Lay these off from 0Q, using a
speed scale /A times as large as that for S,. The result will
be a curve OP,, representing to these changed scales the total
resistance of S,. If instead of the ship S, we have a model,
the principles and operations are exactly similar, and we may
thus consider the above as a general explanation of the
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method of connecting the results of a model experiment with
the ship which it represents.

28. GENERAL REMARKS ON THE THEORIES OF RESISTANCE.

From the preceding sections treating on the resistance of
ships, it is quite evident that pure theory is quite unable to
furnish the indications necessary to the solution of any given
problem. The true function of theory as at present existing
must be considered as that of providing a means to a sys-
tematic study of the phenomena attending the motion of a
ship-formed body through the water, and of establishing the
basis for an intelligent comparison of the results of one vessel
with those of another, in order that experimental data may
be made available for purposes of prediction and design.

It may be here remarked that the so-called ‘‘ form of

(X

least resistance’’ in its abstract sense has for the designer
only an indirect interest. It is of course true for any one
condition of displacement, character of surface, state of the
liquid, and speed, that there must be some form of least
resistance, or at least some form than which none can offer
less resistance. Such form, however, will doubtless change
with every change in the four fundamental characteristics
above, and with the question of resistance must always be
associated those of safety, strength, and carrying capacity,
and often adaptation to special conditions. The purpose is
not therefore in any given case to produce a form of least
resistance as such, but rather a form which shall the most
economically combine the several qualifications in the par-
ticular proportion called for by the circumstances of the

problem.
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29. ACTUAL FORMULZ FOR RESISTANCE.

_ Of the many formula which have been proposed for the
direct computation of resistance we shall mention but few.
In practical application it is usually power rather than resist-
ance which is computed, though with the necessary assump-
tions, of course, the one may be derived from the other. 1In
Chapter V the question of power will be discussed, and
various additional formule and methods will be given for its
determination, from which, by inverse processes, the resist-
ance might be determined if desired.

We have first
aD/3y?
T o S B B (1)

where 2 is displacement in tons;
v is speed in knots:
R is resistance in tons; ;
a and £ are two variable coefficients—the coefficient
of propulsion and the admiralty coefficient.
These coefficients are explained. in § 46 and § 62, and,
as is readily seen, the formula is simply derived from the
so-called admiralty formula for power, and except where used
with the law of comparison, as explained. in § 62, its results
are only to be considered as roughly approximate.
Middendorf * has deduced from numerous experiments on
screw-steamers the following formula, of which the first term
expresses the residual and the second term the skin resist-

ance:
_ .428BMS

S VBt

Where the surface is quite smooth the exponent of 7 in

= S T S IR ¢

the second term may be made 1.85 instead of 2.

* Biisley, Die Schiffsmaschine, 1886, vol. II. p. 579.
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The units are pounds, feet, and knots. B is beam; Z,
length; M, area of midship section; S, wetted surface; while
e is a coefficient to be taken from the following table, using

the prismatic coefficient as argument:

? e V4 e
.70 and under.. 2 RD Bt o T AT 1.50
71 1.99 R e T 1.42
2k L P 1.98 B3 A | 17
78R 2 e e Rt 570 () 84 e ) 1.18
A T Al o 1.93 S’ i M AR 1.06
705 T e Gtk S 1.89 (NS S LIS 90
A i 5 B 1.85 A T A A2 74
47T AT A 1.81 (oaTTat e AN Fhe 55
ARt AT et 1.75 CCLe YA Ry A IF 4 31
TACY e I 5 ey 1.69 QOfa SIAUAL TSN 0z
8o... 1.62

Biisley considers that this formula may be expected to
give good results except for very long, fine ships, in which
case the values are somewhat too large.

Taylor * suggests for speeds up to that for which 2* in
knots divided by the wave-making length is not more than
about 1.2, the following:

R f1s3+_12_5_b_,£, et a2 RO
where the first term gives the skin resistance and the second the
residual or wave-making. The units are pounds for R, tons for
D, and feet and knots for the other quantities. D is displace-
ment; L, length; s, surface; f, the coefficient of skin-resistance as
discussed in §§ 8, 9; and & the block coefficient.

* Transactions Society of Naval Architects and Marine Engineers, vol. 1. p. 143.
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Regarding the application of this formula, Johns states*
that where & varies from .60 to .65, R is generally correct for a
speed such that v2+L is about .85. Below this the results are
generally about 7.5 per cent larger than experimental results,
while above this they are somewhat smaller. When b varies
from .so to .55, R is generally correct where v2+L=1. Above
this the calculated values are too small, and below they are gener-
ally some 10 per cent too large.

Reference may also be made at this point to diagrammatic
representation of resistance relations by both Johns } and Taylor }
by means of which the results of experimental investigation may
be more accurately and satisfactorily shown than by formula.

In this connection we may also mention Calvert’s§ formula for
the resistance of sections of propeller-blades or bodies of similar
form moving at a slight obliquity to the face.

Let v = speed in feet per second;

B = breadth in feet;

D = depth in feet;

# = angle of inclination;

m = an exponent depending on 6, as indicated by the
following table:

6 m 0 m
e L .20 L e RS T
RO . i, ok ved (Lol S A v .84
ZE Ry P .50 (0 NN DL SR .90
SO e R .60 S e A e e .96
BIR a0 o0 ol .69 (oo} kel A ES TP asel 1.00

We then have
R OB sin Oy S A T o a4y

* Transactions Institute of Naval Architects, 1907, p. 181.
T Ibid. t Marine Engineering, July, 1905.
§ Transactions Institute of Naval Architects, vol. XXVIII. p. 303.
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30. EXPERIMENTAL METHODS OF DETERMINING THE RESIST-
ANCE OF SHIP-FORMED BODIES.

Experiments on resistance have been made in a few cases
on actual vessels. For the most part, however, such experi-
ments have been limited to models usually from 10 to 20 feet in
length.

Where the actual vessels have been used, they have been
towed either from a boom or off the quarter of the towing
ship, in order to bring them clear of the wave system formed
by the latter. The tow-rope strain was then measured by a
suitable dynamometer and the speed by specially constructed
and carefully. rated propeller logs. In this way tests were
made by Wm. Froude * on the Greyhound at a time when
tests of models were generally considered of little value.
The comparison of the data thus derived with that given by
a model of the same ship reduced in the ratio 1 : 16 showed
a very satisfactory agreement throughout, and did much to
establish confidence in model experiments, the value of which
has come to be accepted by the leading maritime nations of the
world.

A later comparison of the resistance of an actual vessel
with that of the model was made by Yarrow in 1883t
between a torpedo-boat and its model. The range of speeds
covered by the comparison was up to 15 knots. Here also
there was virtual agreement, the actual values being some
3 per cent greater than those determined by means of the

model.

* Naval Science, vol. II. p. 240.
1 Transactions Institute of Naval Architects, vol. 24, p. 111.
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These and other results, as well as the general agreement
(when special disturbing causes are eliminated) found between
predictions based on model experiments and actual results,
have all led to a high degree of confidence in the value and
reliability of model experiments for the determination of the
resistance to be expected in full-sized ships.

The models may be made either of paraffine or wood. In
the former case they are shaped on a special machine in which
the block cast roughly to shape moves under rapidly-revolving
cutters which are moved by a pantagraphic connection with a
tracing-point, the latter being carried by the operator along the
water-lines of the vessel whose form is to be reproduced. In
this way successive water-lines are traced out at the proper suc-
cessive heights on the surface of the future model, the cross-
sections at the end of the operation resembling series of steps,
the inner corners of which are on the surface desired. The
outer corners are then worked off smoothly by hand-tools until
the inner angle of the path cut by the tool barely remains. The
surface is then smoothed and polished, and is ready for the trials.

At the United States experimental tank at Washington the
models are made of wood. A so-called “ former ”
made by sawing out sections from the body plan, these being
clamped in place, covered by thin strips, and then smoothed
down. A suitable block of wood, made by gluing up lifts of
pine, is then placed, together with the former” model, on a
special cutting machine. This machine is provided with saws,
cutters, sanders, etc., so connected by pantagraphic means with
a guide which is moved over the surface of the “ former ” model
that the form of the latter is reproduced in the block of wood.
After completion as far as possible on the machine, the ends are

model is first
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hand finished and the model, after painting and varnishing, is
ready for use.

The tank at Washington consists of a canal or basin some
470 feet long, 42 feet wide, and 14 feet deep. A truck running
on rails spans this canal and carries the necessary apparatus for
holding the model and measuring the pull at the various speeds
attained. The latter are measured by electrical contacts at
known distances on the track, and also through the revolutions of
the truck-wheels. All the elements of the entire determination,
including seconds of time, dynamometer pulls, changes of trim
and draft, are automatically registered on a drum driven by con-
nection with the truck-wheels. The models are taken hold
of in such way that they are free to assume whatever draft
and trim may suit the conditions from moment to moment.
If desired also, special measurements by photography and
otherwise may be made of the wave systems produced.

For investigating the effect of the propeller on resistance
a special truck is provided carrying the propeller connected
with driving-power in such way that it may be driven at any
desired number of revolutions per minute. The propeller
thus driven and carried entirely independent of the model is
then brought up into its proper position astern of the model,
and the revolutions adjusted until the total thrust developed
is equal to the modified resistance of the model. The con-
ditions are then similar to those which would exist were the
propeller by means of this thrust driving the model at the
same speed. A comparison of the resistance thus found with
its value without the propeller shows the increase due to the
presence of the latter.

With the same apparatus the performance of model
propellers may be investigated, and thus most valuable infor-
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mation bearing on the design of full-sized propellers may be
determined. To these matters we shall refer later in § 49.

31. OBLIQUE RESISTANCE.

Euler's Theory.—Let the resistance for motion longi-
tudinally ahead be denoted by R, = 4,7', and that for motion
transversely by R, = A,2". Then if the actual motion of a
vessel is with a velocity # in a direction making an angle 6
with the longitudinal, the components of the velocity lon-
gitudinally and transversely will be # cos # and # sin 6.
Euler then assumed that the corresponding components of
the total resistance will be 4,%* cos®* # and 4,x" sin® 6, the

resulting total resistance being

R=w WA’ cos' 6 A4 sin*6, . . . (1)
and the tangent of its direction with the longitudinal

e L A p
Zm = I U S G e TR N ST (2)

tan a =

These equations can only be considered as giving a rough
approximation to the actual values. They serve, however,
to introduce the questions of principal interest which are the
direction and point of application of this total force R.
These have relation to stability of route when the vessel is
moved obliquely as by a tow-line. In Fig. 47, for a certain
direction OV and speed #, let 7S be the direction of R, and
hence ST the direction of the applied towing force. Let M
be the location of the point of application of the resistance.
The tow-line must be attached somewhere in the line ST.
If the point of application is toward T from M, it is readily
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seen that the couple developed by any slight yaw or deviation
from the given direction OV would give rise to a moment

Fi1c. 47.

tending to return the ship to this direction, and to the fulfil-
ment of the conditions originally assumed. Under these



Pt oF THE
UNIVERSITY }
5 B /

7
RESISTANCE 159

circumstances, then, there will be stability of route. If, onthe
other hand, the tow-line were attached beyond M toward S,
the moment due to a yaw would tend to still further increase
the divergence, and there would hence be instability of route,
with a tendency on the part of the vessel to swing about and
go with the port side forward. For each value of the direc-
tion OV there will evidently be a point 47, and the collection
of these for all possible directions will give a locus, as shown
in the figure. There is very little experimental data relating
to the form and characteristics of this locus. Certain general
conclusions, however, may be reached as follows:

It is evident that the line S7 must touch the locus at /7.
Also, since physically there will be but one such point for
any given position of OV, it follows that S7 can touch the
locus but once, and hence will be tangent to it at #/. Hence
the locus will be the envelope of the series of lines S7.
From the results of Jo6essel relative to the location of the
centre of resistance for planes, § 6, it seems reasonable to
assume that the center for longitudinal motion will be at
some point A, and that as the angle is varied it will somewhat
rapidly fall aft on either side, thus giving a cusp at this -
point. Similarly there would be like cusps at B, the center
for motion astern, and at C and D, the centers for motion
nearly transversely, the exact angle depending on the amount
of difference between the fore and after bodies of the ship.
We then assume the remainder of the locus to be as indi-
cated in the diagram. If therefore any point of attachment
on the ship be taken for the tow-rope, the angle between the
latter and the keel for stability of route will be determined
by drawing a tangent from this point to the envelope.

There will be two or four such tangents in general, according
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as the point is within or without the envelope. Observation
will show, however, which one is applicable to any given
case. This determines «, the angle between the keel and the
tow-rope. In regard to 6, the inclination of the direction of
motion, there seems physical reason to believe that the latter
will always lie between the keel and the direction of the tow-
rope.

This does not agree with the indications of (2) for very
small values of 6, but we may well doubt the exactness of

VALUES OF ANGLE (a—8)

(o) A /B
VALUES OF ANGLE «
Fi1G. 48.

this equation at the limit where one of the component veloci-
ties is very small. We may expect, therefore, that the rela-
tion between a and ¢ will be somewhat as indicated in Fig.
48, where values of (@ — ) and a are plotted in rectan-
gular codrdinates. The value of (@ — 6)is (4) between O
and 4, or for a approximately between o and go°, and (—)
for @ between 4 and B. For a = 0, 180° and some angle
near 9o°, a and 6 will coincide and (a — 6) will be o, as indi-

cated. If, therefore, the information expressed by these two
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diagrams is at hand, any problem involving the relation
between the point of attachment of a tow-rope, its direction
for stability of route, and the direction of the motion, is
readily solved. Unfortunately we have no such accurate
knowledge for representative cases, and in lieu the problem
must practically be solved by trial and- error. Guyou has
determined by experiment for a launch that the point 4 lay
about 11 per cent of the length forward of the center.

The character of the two diagrams above will depend on
the ship fundamentally, and in the second place on the fol-
lowing conditions:

(1) Zrzm.—The greater the trim by the stern the greater
the difference between the forward and after bodies, and the
greater the difference between the branches 4C and CB of
Fig. 47. The farther aft as a whole, relative to the ship, also,
will the envelope be located.

(2) Speed.—It is found by experiment that when o in-
creases, a increases slightly. This indicates that the trans-
verse component of resistance increases more rapidly than the
longitudinal. The value of a is not therefore independent of
speed, as in Euler’s equations.

(3) Helm.—The position of the rudder is capable of
changing the whole character of the envelope of Fig. 47 by
introducing an additional oblique force at the stern and by
modifying the stream-line motion. It follows that within
certain limits the relative and absolute values of # and @ may
be varied at pleasure by the appropriate use of the helm.

The manceuvring of ships when moored by single cable
or in a bridle, or when towed by single line or bridle, are
familiar illustrations of the practical application of these’
principles.
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32. GENERAL STATEMENT OF THE PROBLEM.

THE fundamental problem of propulsion is to find a thrust
whereby we may overcome the resistance which the ship
meets when moving through the water. Leaving aside pro-
pulsion by sails, the water about the ship presents itself as
the only medium by means of which this necessary thrust can
be developed.

Now water is a yielding medium, and the conditions are
entirely different from those encountered in pushing a boat in
shallow water by means of a pole, where a firm and unyield-
ing hold is obtained on the bottom. With water or any such
fluid medium the development of a thrust must depend
fundamentally on the utilization of its inertia and viscid
forces. We may view the production of a thrust from two
standpoints:

(@) We know that the production of a change of momen-
tum requires the action of a force and the expenditure of
energy, and that conversely the matter acted on will react on
the agent producing the change of momentum, such reaction
being in fact the resistance opposed to the change of momen-
tum. If therefore we provide an agent attached to the ship
which shall produce a change of momentum in matter of any

{:ind, such change of momentum being directed astern, or at
162
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least having a sternward component, there will result on the
agent a reaction having a forward component, such reaction
being then available as a propulsive thrust. The fundamen-
tal conditions necessary are, therefore, that a change of
momentum must be produced in matter by an agent attached
to the ship, and that such change must have a sternward
component. In the usual case water is the matter acted on,
and that in which the change of momentum is produced. A
propulsive thrust would, however, be given by a gun firing
projectiles over the stern or by a boy throwing apples or
stones in the same direction, as well as by the means found
more useful for actual propulsion. °

We now turn to the second method of viewing a thrust.

() We have seen in Chapter I that no body can be
moved through a liquid without experiencing a resistance.
Let us then consider the pair of bodies made of the ship and
a propeller of some kind, and let us attempt to produce rela-
tive motion by so moving the latter relative to the former
that its motion shall have a sternward component. Such
motion will meet with a resistance which, as we know, is
simply the resultant of the distributed system of pressures
and tangential forces acting on the surface of the moving
body. This resistance will react along the line of relative
motion, and will therefore have a forward component, and
may hence be made to yield a propulsive thrust. It results
that the resistance of the ship and that of the propeller, both
taken along the line of motion of the former, or what is the
same thing, along the line of motion of the system as a
whole, must be equal. We shall next examine geometrically
the conditions attendant on this second mode of view.
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33. ACTION OF A PROPULSIVE ELEMENT.

Let SS, Fig. 49, represent the ship and C the element,
the latter being simply any body so connected with the ship
that its relative motion is along a line A8 with a velocity .
The line AB is not necessarily horizontal, but may have any

F1G. 49.

direction in space, and is simply defined as making an angle 6
with the longitudinal ZZ. As a result of this motion of C
let the ship move with a velocity « along L/. In the usual
way we determine A/ = w as the direction and amount of
motion of C relative to the surrounding body of still water.
This we lay off at CK, remembering that its direction in
space will be determined by L/ and A5. While the actual
motion of C is thus along C/, let its form be such that the
resultant of the system of distributed forces acting on its
surface is along some line in space CR, making an angle y
with ¢/. Denote the inclination of CR to A8 by u and to
the longitudinal by A, and denote the value of this resultant
by R. For simplicity, Fig. 49 is drawn as though all the
lines were in the horizontal plane. As noted above, such is
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not necessarily the case, but with the angles A, 4, y, and ¢
defined as above, the statement of the configuration is
entirely general.

The resistance to the relative motion of C along AB will
evidently be R cos u, and for the total work performed by
the propelling power we shall have

W=Rcosp.v=Rvcosp. . . . . (1)
For the available thrust we shall have the longitudinal
component of R,

T = R cos A = resistance of ship; . . (2)
and for the work done on the ship,
W,=RcosA.u=Rucosr. . . . . (3)

The resistance along the line of motion of C relative to
still water is R cos y, and for the work thus expended we
have

W,=Rcosy.w=Rwcosy. . . . . (4

We must also Have
W= W+ W,
or veosp=ucosrt4{wcosy. . . . (5)

This last result may also be derived directly from the triangle
AEF.

Definition of Efficiency.—In the remaining chapters of
this work we shall have frequent occasion to use the term
efficiency. In its general sense it is simply the ratio of
returns to total investment; or of the useful result received,
to the total expense necessary to its attainment. The fun-
damental definition must be carefully kept in mind, for in
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some cases it is not easy to say what is the useful return, or
what the total expense.

In the present case there is no ambiguity, and we have for
the efficiency

W, wucosi # cos A

e —

=W T vcosu wucosh+ wcosy

)

We may note that the three velocties v cos u, # cos A,
and w cos y are the projections of the velocities v, #, and w
on the direction of total resistance CR, and that the efficiency
is simply the ratio of the two projections of # and v along
this line.

As a particular case, let the foregoing equations relate to
an element of the surface of C instead of the whole body, or
otherwise we may consider the element as a small plane.

This is represented in Fig. 50. In this diagram, as before, we

Fi1G. so.

assume that the lines are not necessarily in one plane. The
total force R may here be represented by its two components
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P and Q normal and tangential to the plane. Denote the
inclination of P to the longitudinal by a and to the line AC
by B. Then the inclinations of @ to the same lines are
90 + @« and go — B, respectively. We have then for the
thrust

== C 050G — () ST OO S5 vt se. os - A7)
and for the component of R along AC
Rcospu=Pcos 4+ Qsing.. . . . (8
Hence for the useful work
W,=(Pcosa—Qsina)e, . . . . (9
and for the total work
W= (Pcos B+ Qsinfr;. . . . (10

(P cos a — Q sin a)u

ez(Pcosﬁ—}-Qsinﬂ)v' R

If Q = o, we have

whence

% Cos a u
T ovcos B wcosPBseca’

(12)

Suppose now the element supported on a smooth unyield-
ing surface as indicated by UV. Then when it has moved
relative to the ship the same distance 4V as before, the ship
will have moved to 4, and the element to C,. In such case
the only work expended is that on the ship. Hence ¢ must
equal 1. Hence in (12) 7, @, and g remain the same, while «
must equal v cos B sec a. Or in other words, v cos 8 sec «
is the speed which the ship would have if C were supporte.
on the smooth unyielding surface. This is readily seen
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geometrically if the lines of Fig. 50 are considered in one
plane; otherwise an application of spherical trigonometry is
necessary to a geometrical proof.

The difference between the velocity v cos 8 sec « and the
actual velocity # is called the slip. This we denote by S
and the ratio S <+ v cos 8 sec a by s. Hence we have

%=1 cos 3 sec a — S,

u

and =R B A G R L

Y W ey e HT R e
v cos 8 sec

This is therefore the limiting value of the efficiency when the
tangential forces Q are o.

It will be noted that the results thus far developed are
entirely independent of any supposition relating to 2 or Q or
the laws according to which they vary: and further, that the
limiting value of ¢in cquat.on (12) is purely a geometrical
function.

Application to Typical Cases.—(a) Suppose the element a
small plane normal to the direction of motion and moved 7z
the direction of motion, and hence normal to itself. In this
case all tangential forces on the element balance, and R is
simply the difference of the two normal forces, one on the
front and the other on the back. Referring to Fig. 49, we
have, therefore, 0 as the value of the angles A, u, y, and 6.

Hence =S
and W= Rv= Tv;
W. = Rau'e= 0y

WO =SS

QIR

e=—=1—8 . & « « « (14)
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(6) Let the element be any solid symmetrical body, or at
least of such form that the total resistance R is in the direc-
tion of motion, and let the latter be longitudinal. Then in
Fig. 49 we have o for the value of 1, 4, y, and 6. Hence
the same equations apply as for (a).

(¢) Let the element be a plane revolving about a trans-
verse axis attached to the boat as in a radial paddle-wheel.
If we suppose the boat propelled by a wheel consisting of a
large number of such elements, we know that in order to
obtain the necessary reaction the elements must move back-
ward somewhat relative to the water, and that if 2« be the
speed of the boat and v the peripheral speed of the paddles,
o will be greater than . If v were equal to #, it is readily
seen that the element relative to the water would describe a
cycloid, the motion being in fact exactly as though the boat
were carried on wheels of a radius equal to that of the
element, such wheels rolling without slip on a rigid plane
Lorizontal foundation. In the actual case the motion will be
as though the wheels were reduced in diameter in the ratio
of # to v, and likewise rolled without slipping on such
reduced diameter. As a result the element will now travel
in a curtate trochoid, as illustrated in Fig. 51. In this figure
the paddle is denoted by the heavy line, and the lower por-
tion of the path of a point 7 is shown by the curve PQRS.
The line of centers is at A5, and the slip being taken at 20
per cent, the effective radius OO is 8o per cent of OR. The
rolling circle will then touch the line CD, which therefore
will contain the instantaneous centers of the path of the
point 2. The location of the center of the wheel for succes-
sive angular positions of the element being as shown by the

numbers along A5, the corresponding instantaneous centers
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are located at points vertically underneath and similarly
numbered on the line CD. The location of these centers
serves to show in any position the direction of motion of the
point P relative to still water, and hence approxirhately the
like motion of the entire blade. Taking the blade as a
whole, the various elements lying between the inner and
outer edges will have varying values of » and hence of v, and
hence will travel in different trochoidal curves, all deter-
mined, however, by the conditions and in the manner above
described.
For this case in Fig. 50 we should have

Wr—r0
Jfi="Te)
Hence in (7) we have
IF=Pcosd—QOsind. . . . . (15)

The sign of sin 6 changes as the element passes through
the vertical. Since, however, before reaching the vertical
the element is inclined on one side, and after passing it the
inclination is on the other side, it follows that Q itself also
changes sign, and hence that the horizontal component of Q
is always subtractive. Hence the value of 7 will always be
correctly given by (15), considering ¢ as always plus. We
have also in (8)

R cosgit =22
Hence W, = (P cos 8 — Q sin Ou;
W= Pu;

(P cos § — Q sin Ou
= .
IR TN
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(d) Let the element be a plane moving as on the end of
an oar, but suppose the plane of the oar to remain always
vertical. This case is readily seen to be similar to the radial
paddle-wheel, and so far as the general equations go, those
given above in (¢) apply here as well.

(¢) Let the element be a plane always vertical and revolv-
ing about an axis fixed to the boat, as in certain forms of
feathering paddle-wheels (§ 38). The path of the element
relative to the water will be the same as before, but we shall

have
a = O;
— A
Hence in equations (7)-(11)
=tk
R cos u= P cos 84 Q sin 6;
W, = Pu;
W= (P cos 04 Q sin O)v;

3 Pu
BT (P cos b+ Qsin O)r°

(f) Let the element be as in (¢) and (¢), but so connected

that its plane shall always pass

s

through the upper point of the
circle which it traverses relative to
the boat, as in certain forms of
feathering paddle-wheel. (See Fig.
52.) In this case we have

A== 5

F1c. s52.

B

N N
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Hence in equations (7)—(11)

6 20
T=Pcos;—Qsm5,

f 7]
Rcos#:Pcos;—{—Qsin;;
W,= Tu, W= Rvcos u;

: ]
(P cos P Q0 sin —)u '
2 2
and e=

(Pcos g —+ QO sin z—)v

Let us now compare the limiting efficiencies of these
three stylesof paddle-wheel elements, assuming that « and v
are the same in each case. The latter condition is necessary
in order to make a comparison possible, and is perfectly
allowable and natural, since it merely requires an adjustment
of the amount of surface to the size or resistance of the ship.

Remembering that our equations apply simply at a given

instant, we have,

0
for (¢), p= 1 CZS :
u
for (¢), A=t
for (), e=-.

The order of excellence, so far as efficiency goes, is seen to
be (¢), (f), (¢). For (/) the efficiency is constant or inde-
pendent of 6, and therefore this is the value for all parts of

the revolution during which the element is acting, and there-
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fore the value for this element as a whole. For other like
elements the value will vary inversely as v, and hence
inversely as their radial distances from the axis of revolution.
The resultant limiting efficiency is, of course, a mean of
these elementary values.

For (¢) and (¢), however, the case is different. The
efficiency for an entire stroke will be the useful work divided
by the gross work for the same period. Hence we should

have,
2P 6
for (¢), O ———%-;Zs—;
2Pu

for (E), € = m.

Now P being really a function of # and the velocities, it
is evident that no simpler general expression can be obtained
except by making special assumptions as to the form of 2.
It seems reasonable to believe, however, that under similar
conditions the order of excellence with regard to both limit-
ing and actual efficiency might be expected to remain the

same as above.

34. DEFINITIONS RELATING TO SCREW PROPELLERS.

If one line revolves about another perpendicular to it as
an axis, and at the same time move its point of contact along
this axis, then points in this revolving line will describe
kelical curves, and the line as a whole or any part of it will
generate a /kelical surface.

A screw fropeller may for our present purpose be defined
as consisting of one or more blades having on the rear or

driving side an approximately helical surface, such blades
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being joined to a common boss or central portion through
which they receive their motion of rotation in a transverse
plane relative to the ship. ‘

Fig. 53 shows a four-bladed right-hand propeller?

Fi1G. 53.

A propeller is said to be right-hand or left-hand according
as it turns with or against the hands of a watch when viewed
from aft and driving the ship ahead.

The face or driving-face of a blade is the rear face. It is
that face which acts on the water, and which in return
receives the excess of pressure which gives the driving thrust.

The back of a blade is on the forward side. Care must
be taken to avoid confusion in the use of these terms.

The leading and following edges of a blade are respectively
the forward and after edges.
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The diameter of a propeller is the diameter of the circle
swept by the tips of the blades.

The petck is the axial distance between two successive
convolutions of the helical surface. In an actual propeller
the term should be understood as strictly referring to a small
element of the driving-face only. With this uhderstanding
the pizc may be defined as the longitudinal distance which
the ship would be driven were such element to work on a
smooth unyielding surface, as for example the corresponding
helical surface of a fixed nut. Pitch is thus seen to be
purely a geometrical function of the propeller. Its value
may vary from point to point over the entire driving-face, or
it may be constant. In the latter case the propeller is said
to be of uniform pitch. If it increases as we go from the hub
toward the outer circumference, the pitch is said to increase
radially. If it is greater on the following than on the leading
edge, the pitch is said to increase axially. The latter mode
of variation is usually implied by the simple term zncreasing
or expanding pitch. ‘

The pitch-ratio is the ratio of the pitch to the diameter, or
pitch-ratio = pitch +diameter.

The area, developed area, or helicoidal area of a blade is the
actual surface of the driving-face. For the propeller it is, of
course, the sum of the areas of the blades.

The projected area is, correspondingly, the area of the pro-
jection on a transverse plane of one blade or of all the blades.

The disk area is the area of the circle swept by the tips of the
blades.

The area-ratio is the ratio of the helicoidal or developed area
to the disk area, or area-ratio=developed area --disk area.

The boss or hub is the central body to which the blades are all
united, and which in turn is attached to the shaft.
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35. PROPULSIVE ACTION OF THE ELEMENT OF A SCREW
PROPELLER.

It follows from the definition in the preceding section
that a helicoidal path must lie in the surface of a cylinder, and
that the pitch is equal to the distance between two successive
convolutions of the helix measured along the same element
of the cylinder. It is shown in geometry that if the surface
of such a cylinder is developed, the helical path becomes a
straight line, the diagonal of the rectangle representing the
portion of the cylinder containing one convolution. Thus in
Fig. 54, if the cylindrical surface be cut along the line 45,
and the lower part rolled out and flattened, the helix AHB
will become the diagohal AC of a rectangle ABCD, Fig. 55.
In this rectangle A5 denotes the pitch and 4D the circum-
ference of the circle of diameter AD, Fig. 54. The angle
CAD, Fig. 53, is called the pitch-angle, and the ratio AB =+
AD, Fig. 54, is called the pitck-ratio.

A radius AL moving so as to always rest on LL and
AHB, Fig. 54, at the same time keeping perpendicular to

W€
B\\ G
B, \"‘n_ L

= ~.. E

=) \\\
~_JH
Hy =
P
WX o
A T L ! D
T\
P
F1c. 54. \ FiG. ss5.

LLZL, will then describe a helical surface such as we are now
concerned with. Let us consider a small element of this sur-
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face at the radius Z4. If this element acted without slip, as
already defined, then it is evident that for one revolution
the ship would be driven ahead a distance A5 and the
element would travel in the helical path AAZB. In the
actual case due to the yielding of the water the longitudinal
component of the motion will be 458, instead of 4B, while
the circular component will remain the same. The element
will hence actually traverse a helical path A/ B, instead of
AHB. Let this be represented in the developed diagram,
Fig. 55, by AZ. Then DE = AB,, the amount of longi-
tudinal motion, and CE = BB,, the amount of slip. The
angle CAE is often termed the s/ip angle.

Let diameter AD, Fig. 54, = 4;

radius AL BN = 7en
pitch 48 N A Ie==Tl8
pitch-ratio =80
revolutions eV
area of element =Wl
angle CAE, Fig. 55, = ¢.
Then, using the nomenclature of Fig. 50, we have
=Nk

CAD = «a;

Vil == 15!
Hence a4 B =90°;
and tan & = ——P—;

277

p = 2nr tan a;
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We will now apply the general equations of § 33 to the
element under consideration.
We have for the thrust

e a - O sin el oo e sl L )
Also, Rcos u=Psina+Qcosex; ... . . . . . (2)
W,=Tu=(Pcosa— Qsinau; . . . . (3)
W=Rvcosp=(Psina4 Qcosa)y; . . (4)

(P cos a — Q sin a)u
ez(Psina—[—Qcosa)'y' PRec e e )

For the limiting value when Q = 0, as in previous cases,

1
% COS & un DE

25'6-:(1—3).

L= 2 =
v sin a v tan a

We have next to derive expressions for the forces P and
O considered as determined by the motion of the element.
~ We may first note that these forces will vary directly with
the density of the liquid. Inasmuch, however, as this factor
enters equally into the resistance of the propeller and that of
the ship, it is evident that so far as the relations of the two
are concerned, the design of the propeller will be independent
of the density. That is, the same propeller should drive the
ship with equal efficiency in either fresh or salt water. In
any event the density factor will be provided for by the con-
stants used to express the values of these forces.

The actual direction of motion of the element relative to
still water is determined by the angles « and ¢.

Now let Fig. 55 represent to an appropriate scale the dis-

tances moved per minute instead of per revolution.
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[y

Then
AD =2marN = v; .
DC =pN =27rN tan a;
DE =pN(1 — s)=2arN tan a (1 — s) = u;

AE =2mrN¥V14 (1 — s)' tan’ a;
" AC = 27rN V1 + tan’ a.

Taking § 5 (1) and § 6 (5) as the general expression of P,
we should have

P=adAAE sin ¢.

and EK = CE cos a = spN cos a.

; EX
But sin ¢ = 1E

Hence P=adAAE EX.

Whence, substituting and reducing, we find

P =477 N’ssin @ V14 (1 —s) tan’ a a dA.

Likewise from § 7, taking the relative gliding. velocity of
water and element as AC, and assuming a variation as the

square of the speed, we have
Q= fAC'dA = 47/ N*(1 + tan® a)fdA.

The coefficient f will depend on the length of the ele-
ment, character of surface, and angle ¢.

Now let 47, 4U, and 4WW denote for this element the
thrust, the useful, and the total work, instead of 7, W,
and W.
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Then from (1), (3). (4), we have

dT = 4n°r*N'dA(as sin a cos a¥'1 -+ (1 — s5) tan’ a
— fsin a (1 + tan’ &));

dU = 82’ N*(1 — s)dA(as sin* a ¥'1 + (1 — s5)° tan’ a
— fsin a tan a(1 4 tan’ a) )

dW = 8n°r"N*dA(as sin’ a ¥1 4 (1 — s)* tan’ a
-+ fcos a (14 tan® a)).

Put sin’ a ¥'1 + (1 — s)’ tan’ a = B;
sin @ tan a (1 4 tan® a) = C;
cos a (1 + tan® a) = E.
Whence € = E tan’ a.
Then the above equations become
dT = 47’ N'dA(@sB cot a — fCcota); . . . (6)
AU = 82N (1 — s)dA(asB—fC); . . . . ()

AW =82 P N'dA(asB+fE). . . . . . . . (8)

Whence
a
B— C _‘SB—'C
e=(I—:)%%=(I—s)£——. .. (9
]SB-I—E

Now put 27 = yp where yis a variable denoting the loca-
tion of the element in terms of the pitch. It is called the
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diameter ratio, and is evidently the reciprocal of the pitch-
ratio ¢ for the element in question. Ior the propeller as a
whole the values of ¢ and y will be, of course, those of the
outer element. Where we wish to especially distinguish
these limiting or outer values we shall denote them by ¢,
and y,.

We then have

1= ﬂ’fb’N’y’fdA(—a—sB cot « — C cot a); . . (10)

S
. a
dU:yzspstwa—s)fdA(J—tsB—C); v At - AT
dW:ﬂ’p’N’y’fdA(;SB-}-E). W e e s T O

36. PROPULSIVE ACTION OF THE ENTIRE PROPELLER.

If the expressions in the preceding section for d7, U,
and dW could be integrated over the surface of the blade, we
should have values for the entire 7, U, and W. Assuming
p constant, these may be represented by

T=npN’ [y (asB cot @ — fC cot a)dd; . . (1)
U=n'p'N'(1 — s) / YasB—fCOVA; . . . . (2)

W=wpN [asB4+EYA. . . . ... ()

Also, dividing (2) by (3), we have, similar to § 35, (9),

(4)
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Of the variables involved in this integration we may
remark that y, s, B, C, E, and dA4 are determined by the
geometry of the propeller and by the slip. * They are there-
fore readily known. It is not the same, however, with a
and /. While these are ca]leq constants, there is no reason
for assuming that their values will be the same for different
elements of the surface, or for different aggregations of such
elements. In fact such indications as we have point toward
a decided variation in value with different values of the total
area, pitch-ratio, slip, thickness of blade, condition of sur-
face, and location of element.

In regard to the coefficient f it must be remembered that
it here represents not merely a surface effect, but rather the
resultant force in the direction of the plane of the driving-
face. Due to the increase of thickness from the tips inward,
we should expect a corresponding increase in the value of this
coefficient.

The coefficient for direct resistance is taken in the form a
sin ¢, and the supposition of constancy in the value of
throughout the integration virtually assumes that the normal
resistance varies directly with the surface. This, however,
can only be even approximately true up to a certain point.
We have specified in § 32 the two general methods of con-
sidering the propulsive action of an element. Thus far we
have made use of the second one only. In considering the
variation in value of this coefficient 2, we shall find it useful
to here briefly consider the propulsive action of the element
of the screw propeller viewed from the first standpoint. In
§ 37 and § 38 a more general discussion of the application of
this method will be found.

From this point of view the action of the element is to
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accelerate in a sternward direction the water acted on. This,
for the element, is a cylindrical shell of water of radius equal
to that of the location of the element, and of thickness
determined by its height. For the propeller it would be a
cylindrical body of water of diameter sensibly equal to that
of the propeller, and with a hollow core of diameter sensibly
equal to that of the hub. As we shall show later, the maximum
amount of acceleration depends on the slip and on the
geometrical configuration of the element or of the propeller.
If, now, we consider the element very narrow, as for example
a part of a narrow lath-like blade, the amount of acceleration
produced either by the element or by the blade as a whole
will be very much less than this geometrical maximum above
referred to. The thrust obtained will therefore be corre-
spondingly less. As we increase the width of such a blade
the factor « will at first be nearly constant for each element
of increase, so that for a time the thrust will increase directly
with the area. At length, however, as we approach a condi-
tion where the maximum acceleration and maximum thrust
are nearly attained, the increase in thrust for each additional
element of area will be less and less, or in other words, the
thrust will increase at a slower and slower rate relative to the
increase of area. We shall therefore finally reach a width of
blade such that no additional increase will add sensibly to the
thrust. It is evident that as we thus increase the area from
our very narrow initial blade the average value of 2 or the
thrust received per unit area will steadily decrease, at first
slowly and then more rapidly. It even seems possible that,
under certain conditions, after having passed a certain point
the increase of area might be attended by an actual decrease
in total thrust due to the increasing confusion of the streams
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of water acted on. These points will be again referred to in
§ 49. We wish now simply to indicate that this coefficient
will probably vary with the total area in the general manner
above described. g

Again, the actual values of ¢ due to the influence of the
thickness of the leading edge may perhaps be quite different
from the values determined geometrically, and the law of
variation with the sine of the angle is, again, not quite exact.

It is therefore evident that the coefficient 2 instead of
being constant will probably vary for different locations and
configurations of the element, for different values of the siip,
and for different amounts of total area of blade. If therefore
we wished to make direct use of these expressions for 7, U,
and W as they stand, we should need a series of experimental
values of these coefficients appropriate to the circumstances
of the case in hand. There is, however, no such set of values
available, so that, even if it were desirable, no direct use can
at present be made of these expressions in the form given
above.

For most purposes, however, we are not so much concerned
with the distribution of the values of a and f as with mean values,
or rather with values of the integrals of (1), (2), (3), (4). These
integrals depend on the values of y; and s, and on the area and
shape of the blade.

It is obvious that an experimental observation on a pro-
peller of given form, proportion, and dimensions, and operated
under a given set of conditions, will give for such propeller and
conditions the values of work, thrust, etc., and hence the values
of the integral expressions above. If, furthermore, such data
covers a series of propellers all of the same diameter and form
of blade, but of different values of pitch-ratio and area-ratio,
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and operated at different values of the slip ratio, then for such
series we may find the values of the integral expressions in (1),
(2), (3), and (4), and by interpolation extend such data to include
all intermediate values of the three variables involved.

The propriety of extending the use of data drawn from ex-
periments on comparatively small or model propellers to those
of full size will be considered in Chapter IV. We shall in the
meantime here refer to the typical form of the relations between
the various quantities involved, as drawn from a series of experi-
ments conducted by the author and elsewhere reported.*

The propellers used in these experiments were of the follow-
ing general proportions and dimensions:

Diameter of all propellers..........c....... 12 inches
Diameteriofehib =5 s T8 S R e RN 2 2ATh win
Forin oidblade. o ity kil Jhs (e “elliptical
Numpberiofibladest SR eitsusa s ess 4

Axis of blade at right angles to axis of propellers.

Pitch-ratios included: .9, 1.1, 1.3, 1.5, 1.7, 1.0, 2.I.

The values of the pitch were determined by measurements
on the driving-face.

Maximumwidthsof blade as fraction of radius: .2,.3, .4, .5,
16,758

Resulting area ratios: .18, .27, .36, .45, 54, 63, .72

The general character of hub and blade and the relation of
the elliptical contour to the hub are shown in Fig. 56.

The form of cross-section of blade at the root is that of a
circular segment, as shown in Fig. 57. '

* Transactions Society of Naval Architects and Marine Engineers, 1906;
Publications of Carnegie Institute, No. 79.
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The maximum thickness varies with blade width in accord-
ance with the following table: ;

Blade Width, Area Ratio. Maximum Thickness. .
.2 .18 .20 inch
3 s27 S 251"
-7y .30 e30NY
.5 .45 .35 ¢
.6 .54 By Yol
7 .63 -45
.8 .72 P a0 40

As the full number of blade areas were made for each value
of the pitch-ratio, the total number of propellers included in the
experiments was 49.

In the reduction of the observations it was found desirable
to relate all results to standard conditions represented either

Fic. 56. F16. 57.

by a speed of advance of 100 feet per minute, or a rotative speed
of 100 revolutions per minute. '

In Figs. 58-66 are shown typical forms of various relations
as indicated, and the character of which may with advantage
be carefully studied.

As shown in Figs. 58 and 62 the general form of the curves
showing the relation between thrust and slip, or work and slip,
when reduced to a standard of 1oo revolutions per minute and
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with area and pitch-ratio constant, shows a nearly straight line
slightly concave to the axis of slip. A special investigation
with certain selected propellers showed that as the slip is in-
creased the curves bend over toward the horizontal in a more
and more pronounced manner, and at 100 per cent slip reach
values only some 40 or 50 per cent, in excess of those for 40 per
cent slip. The slope of the lines, such as those in Figs. 58 and
62, increases with area-ratio and with pitch-ratio, according to
some complex law which will be a function of these two variables,

Constant Pitch and Slip /-

‘Work Absorbed

Area Ratio

F1G. 64.

At values of the slip=o, the thrust is seen to be positive.
This is due to the influence of the rounded back, and simply
implies that for a blade with a rounded back the distribution of
the stream lines is such as to give the same result as the face
of an ideal thin blade inclined at a slightly greater angle. This
is equivalent to saying that the effect of the rounded back is to
increase the effective or virtual pitch of the propeller. See
also §§ 42 and s52.

As shown in Figs. 59 and 63 the general form of the curve
showing the relation between these same variables when re-
duced to a standard of 100 feet speed of advance is distinctly
parabolic, increasing beyond limit as the slip is increased. The
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reason for this difference in the character of the two sets of
curves will be readily apparent on a little reflection.

As shown in Figs. 6o and 64 the form of the curve showing
the relation between thrust and area or work and area, with
slip and pitch constant, shows a line concave to the axis of area
and in the case of thrust becoming nearly or quite parallel to
such axis for large values of the area. This is in line with the
previous discussion regarding the value of ¢ and shows that
after reaching area-ratios of .50 to .60 but little additional thrust
can be obtained by further increase of area. Increase in the

Constant Area and Slip /

‘Work Absorbed

Pitch Ratio
Fic. 65.

value of the work is more continuous, as we might expect, and
these two variations taken conjointly indicate a decreasing effi-
ciency for excessive values of the area-ratio.

The curves of Figs. 61 and 65 show the nature of the
relation between thrust and pitch-ratio for the former, and work
and pitch-ratio for the latter, each for constant values of the
area-ratio and slip-ratio. The former curve is concave to the
axis of pitch, showing a value of the thrust continuously increas-
ing within the limits covered by the observations, but with a
continuously decreasing rate of increase. The second curve is
nearly straight, usually with a slight convexity to the axis of
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pitch, though in some cases this feature is obscure and indica-
tions of a double curvature are sometimes found. The general
slope of the lines increases with slip and with area according to
some complex law which is obviously a function of these two
characteristics.

The curve of Fig. 66 shows the typical form of the effi-
ciency curve plotted on variable slip and for constant values
of the pitch and area. Such curves show invariably a low value
of the efficiency for a low value of the slip rising to a maximum
in the neighborhood of 20 or 25 per cent, and then falling off

—
B
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g

10 20 30 40

Slip
Fic. 66.

more gradually for increasing values of the slip. There are
general indications that a propeller of very small area-ratio
reaches its efficiency at a relatively high slip, usually 25 per cent
or over, while that of large area reaches its best value at about
20 per cent, or slightly below.

The highest values of the efficiency seem, furthermore, to be
only slightly dependent on either area or pitch-ratio, most of
the propellers under test reaching at some value of the slip an
efficiency close to 70 per cent, with in general the best results
for fairly high values of the pitch-ratio and moderate areas.

In general propellers of high pitch-ratio reach their best
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efficiency at a somewhat higher slip than those of low pitch-
ratio.

For low values of the slip, such as 10 to 15 per cent and low
pitch-ratios, increase of area is accompanied first by increase of
efficiency and then by some falling off, while for higher values
of the pitch-ratio and low slip there is a general improvement
of the efficiency up to some value at which it remains nearly
stationary.

For high values of the slip there is, in general, a continuous,
though slow, decrease in efficiency with area through the range
under investigation. X

Intermediate between these extremes we find for moderate
values of the slip but slight change of efficiency with area.

For propellers lying within the more common ranges of pitch-
ratio and area and operating at values of the slip between 20
and 3o per cent, it appears that the efficiency will vary but
slightly over the mid-field range thus indicated, and that any
proportions corresponding to operation within these general
limits may be freely chosen without fear of any important drop
in efficiency below the limits of 68 or 70 per cent.

The highest values of the efficiency realized were about .73.
Other experimenters have found values slightly higher,* but it
will be safe to assume from .70 to .73, or .75, as the highest
general range which values of the efficiency are likely to show.

It should be noted that comparisons of experimental results
made with propellers of different forms of blade cross-section,
or with different proportions and arrangement of thickness, indi-
cate a surprisingly large influence due to thickness, especially
in shifting the relation of thrust, work, and efficiency relative to

* Transactions Society Naval Architects and Marine Engineers, 1905, 1906.
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slip-ratio. In the propellers upon which the above general con-
clusions are more directly based, the blade thickness was dis-
tributed as above stated, and it must be understood that the
conclusions as a whole only apply to this particular series of
model propellers. It should be stated, however, that along
general lines these conclusions are in accord with a large amount
of other experimental data derived from model propellers of
different sizes, shapes, and forms of blade, and with different
proportions and arrangements of blade thickness.

37. ACTION OF A SCREW PROPELLER VIEWED FROM THE
.STANDPOINT OF THE WATER ACTED ON AND THE
ACCELERATION IMPARTED.

In the treatment of the screw propeller in §§ 35, 36,
we have preferred the method there followed to that which
involves a consideration of the amount of water acted on and
its acceleration, because the former seems more fruitful prac-
tically, and to furnish a more valuable means of relating
theory to practice than the latter. The latter method, how-
ever, has chiefly attracted the attention of mathematicians
and theoretical investigators, and it may be well to consider
briefly some of the leading features of the theory from this
point of view, especially as they are of general interest as well.

The water acted on must necessarily travel in helical
paths. That is, its velocity will have a longitudinal and a
rotary component. The longitudinal component is that
which directly yields the reaction from which comes the
thrust. The rotary component as well as the longitudinal
absorbs work from the propelling agent. Its existence also
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gives rise to centrifugal force, due to which the pressure is
less in the interior of the column than at its outer boundaries.
The water in coming aft into the zone of influence of the
propeller gradually has its velocity increased, and a certain
amount of acceleration is therefore received before the water
reaches the propeller itself. Mr. R. E. Froude* has shown
in the limiting case where no rotation is produced, and where
the propeller blades are so narrow that little or no sensible
acceleration can be received in the time taken to pass through
the propeller itself, that one half the acceleration will be
received forward of the propeller and one half in the race aft
of the propeller.

With rotation, however, we shall have in and aft of the
propeller the defect of pressure in the interior of the column
due to centrifugal force. In the actual case, therefore,
somewhat more than one half of the acceleration will be pro-
duced forward of the propeller, a certain amount while pass-
ing through, and the remainder aft of the propeller.

1t is also evident that the higher the pitch-ratio the more
the rotation, and wice versa. Hence with propellers of high
pitch-ratio we may expect that most of the acceleration will
be received forward of the‘propeller, while with low values
of pitch-ratio the proportion there received may be but little
more than one half the total. The column as a whole must,
for continuity of flow, decrease in cross-section as it passes
t.hrough the propeller, and to such distance aft as the velocity
increases.

If the amount of water acted on could be known and the
total acceleration produced, the thrust could be immediately
determined, and knowing the speed, the useful work would
follow. The total work would be the sum of the useful, plus

* Transactions Institute Naval Architects, voi. XXX. p- 390.
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the work represented by the kinetic energy imparted to the
water. The latter representing the waste is seen to depend
on the amount of water acted on and on the initial and final
velocities. It is also clear that we may divide the energy
spent in the wake into three parts, as follows: (1) that due
to longitudinal change of velocity; (2) that due to circular
change of velocity or rotation; (3) that due to turbulence and
eddies. The portion (1) is of course necessary to the produc-
tion of a useful thrust, while (2) and (3), though not funda-
mentally necessary, cannot be entirely avoided. The energy
involved in the race rotation has been made the subject of
examination by R. E. Froude,* who shows by certain ideal limit-
ing cases that its influence on efficiency will be practically negligi-
ble except with large values of the slip and high pitch-ratios.

If in a simple ideal case #/ denotes the amount of water
acted on and v the longitudinal change of velocity, § 42, (4),
then the thrust will be proportional to Mv and the energy
involved to M2’. Now for a given value of Mv it is readily
seen that M7* will be a minimum when 3/ is a maximum and
v a minimum. That is, for a given thrust the energy due to
longitudinal acceleration is least when the mass acted on is
large and the acceleration is small. For high efficiency, there-
fore, this consideration points to the use of large propellers
acting at small slip rather than the reverse. This corresponds
in § 35 to the result consequent on the assumption of the
decrease or absence of tangential forces. Actually the exist-
ence of race rotation, eddies and turbulence due to skin-resist-
ance, etc., as well as structural considerations, limit the size
and slip for the best efficiency as already shown in § 36.
Compare also § 49.

It is thus possible to discuss the action of the screw pro-

* Transactions Institute of Naval Architects, vol. xxxiI. p. 265.
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peller from the standpoint of the present section. In the actual
case, however, none of the terms here involved can be exactly
related to known quantities, so that, as in the other mode of treat-
ment, we are thrown upon experiment for the ultimate control of
whatever formul® may be proposed. We give, however, in § 38,
as an illustration, the treatment of the paddle-wheel from this
point of view.*
38. THE PADDLE-WHEEL TREATED FROM THE STANDPOINT
: orF § 37.

The paddle-wheel may be investigated in the same
general way as the screw propeller in §§ 35, 36. The
lesser relative importance of this instrument of propulsion
does not, however, seem to justify the necessary work, and
furthermore we have no such experimental data for the final
control of our equations as with the screw propeller. We
will therefore consider it briefly from the standpoint men-
tioned in § 32 and referred to more especially in § 37.

The thrust is measured by the sternward momentum of
the water imparted by means of the paddle.

Let 7, be the initial mean velocity of the water in f. s.;

v, be the final mean velocity of the water in f. s.;
A be the cross-sectional area of the stream affected;
u be the velocity of the ship in f. s.;

* For the more important details of the various theories which have
been developed along the lines here referred to, reference may be made to
the following:

‘“ The Mechanical Principles of the Action of Propellers.” By Prof.
Rankine. Transactions Institute of Naval Architects, vol. v1. p. 13.

*“The Minimum Area of Blade in a Screw Propeller necessary to Form
a Complete Column.” By Prof. J. H. Cotterill. 7%id., vol. xx. p. 152.

‘“The Part played in the Operation of Propulsion by Differences in
Fluid Pressure.” By R. E. Froude. J/&id., vol. XXX. p. 390.

““The Theoretical Effect of the Race Rotation on Screw-Propeller Effi-
ciency.” By R. E. Froude. J/éid., vol. XXX1II. p. 265.

‘“ Marine Propellers.” By S. W, Barnaby. London and New York.
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D be the diameter of the circle described by the center of
pressure of the »‘paddles (this point may be taken as
sensibly at the center of the paddle radially);

NN be the number of revolutions per minute. -

Then #DNA is the volume acted on per minute and for
sea-water; 64.4wDNA < 60 is the mass in pounds acted on
per second.

v, — v, is the change in velocity per second. Hence

64.47DNA(v, — v,) 7w DNA

thrust = 7 = TR 4 (v, — v,).
The thrust equals the resistance, and hence, solving for 4,
we have

= 30R
&5 7DN(v, — v,)’

In this expression the value of (7, — v,) is uncertain.
Most writers, following Rankine, have considered that

DN
6o °

v, — 7, = slip of propeller or paddle-wheel = &

This is known to be quite inexact, but we may use it for the
present illustrative purpose. We have, therefore,

e 60 X 30R
T (#DN)'s’

Or we may put more generally and more safely

R

A~m o L Ser oo e, 9 (I)

And likewise, area of one paddle ~ 4. Hence if we
denote the area of one paddle by a, we may put

R
a~ m. () Lo RN TR SN SRR (2)
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For purposes of design we may preferably put the equa-
tion in another form, as follows:

We have RocatlfON s - .. 5 a0 A oinl

u=%;—5);.....(4)

.*.  Useful work or Ru ~ a(DN)'s(1 —s). . . (5)

Also Ru ~ total work or I.H.P.
Denoting this by 7, we have

I~aDNYs(1 —s), . . . . . (6)

7
QN(D—Z-V),ST_—S)......(7)

By comparison with paddle-wheels which have performed
well, constants may be found thus relating the area of blade
to known and to previously assumed quantities.

-For radial paddles the slip s may be taken from 20 to 30
per cent, and for feathering paddles from 15 to 20 per cent.

We have therefore

72
= KW)- . . . . . (8)

a

The value of K will depend on the units chosen for 2,
N’, and /. For numerical convenience we may take these as
follows:

I =1.H.P. absorbed by one wheel;
D’ = (diam. of wheel in feet) + 10 = D -+ 10;
N’ = (revolutions per minute) = 10 = V =- 10.
We may then take X from 2.0 to z.5.
This fixes the area of one float. The number of floats
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may be made about .82 for radial wheels, and from .50 to
.7D for feathering wheels. The proportions of floats are
usually

Length = 3 to 4 times breadth.

The greatest immersion of the upper edge at mean draft
should be from .3 to .8 the breadth, according as the boat is .
to navigate smooth or rough water and to vary little or much
in draft.

If # is in knots per hour, instead of (4) we shall have

SEDMiI—.s) - ZDN(1—75)
¥ = 6080 = 60 TORIT A=

)

__ 101.3%
Hence DN—_—-TI(I—S)' P T TERR AR | 1)

To illustrate these formulae take the following data:

[ = 1000 on both wheels and 500 on one wheel;
# = 18 knots;
s = .20 per cent, assumed.

TO¥ 3 XS
Then DN — W = 725.5,
and DN =72 55y

Hence, taking K = 2.4,

2.4 X 500

B oy 6 00 T H et say 20.5q. £

The floats might therefore be 8’ X 2’.5.

We may now divide DV in any proportion suitable to the
circumstances of the case. Thus if we take V= 40, we have
D = 18".1; or if we put D = 15, we have N = 48.4.
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Kinematic Arrangement of Feathering Paddles—In Figs.

67 and 68 are shown the usual kinematic arrangements for

A
e e It el
B~
b
C
E
Fic. 68.

feathering paddles. In Fig. 67 the links similar to 45 are
all pivoted at 4. This link actuates the lever BC and blade
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DE as shown, and similarly for the others. In Fig. 68 HB
is a drive-link actuated by an eccentric with center at A.
The remainder of the links are pivoted to the eccentric strap
as shown, and are connected to blades similar to DZ£, as in
Fig. 67. In both diagrams the plane of the blade may be
beyond the pivot C as shown, or it may contain C, or it may
lie between B and C. The arrangement of Fig. 68 is more
commonly used, that of Fig. 67 being occasionally employed
for small wheels.

39. HYDRAULIC PROPULSION.

In this mode of propulsion the water is drawn into pumps
or other similarly acting propelling agents situated within the
boat. It is then acted on by the pump-vanes and delivered
with an increased velocity toward the stern. The necessary
reaction is thus obtained and the boat is moved. This mode
of propulsion from its slight use does not merit any extended
consideration. We may, however, instructively glance briefly
at certain features.

Let M be the water acted on per second in pounds. For
simplicity we may assume the water when first brought under
the influence of the propelling agent to be at rest relative to
the surrounding still water. Let v, be its velocity sternward
relative to the same datum when delivered by the propelling
apparatus. The change of velocity per second is then v,
The change of momentum which will equal the thrust will be
therefore

M,

T= g
g
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The useful work is therefore

=i 4[—7J,z¢.
&

The total work will be 7% plus that involved in the accel-
eration and disturbance of the water, and possibly in raising
it against gravity. If for simplicity we neglect the loss due
to eddies and disturbance and suppose the water discharged
under the same average head as that under which it enters,
we shall have for the total work

Wiz Tu—I—jj{v‘
Hence o= uv
Zt-—}—z—-

This is sometimes called Rankine’s ideal efficiency, since
it is the limiting value of the efficiency under the suppositions
made. In the actual case the additional losses due to eddies,

2
¥

etc., will raise the waste work to or more, and decrease

the efficiency to

%
u—+ v,

or less.

o

Now for anything approaching moderate or high speeds
the necessary thrust will require .correspondingly large values
of M and v,, or of both. The first means heavy machinery
and the second low efficiency. In any practical case the
value of 7, is so large as to reduce the efficiency below that
of a properly installed screw propeller or paddle-wheel.
Ideal conditions for ¢ would require small #,, and hence large
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M; but these are impossible to realize in practice, and the
efficiency is therefore necessarily small.

For special purposes where moderate speed is sufficient,
where simplicity is an important element, or where an ordi-
nary propeller might be liable to race violently or become
fouled, or where great manceuvring power is required as in a
steam life-boat, this mode of propulsion may have advantages
which will justify its use. The manceuvring power is usually
obtained by multiple-discharge nozzles so situated and so
adjustable that the reaction may be directed in any line, and
the boat propelled in either direction or transversely, or

turned in either direction as on a pivot.

40. SCREW TURBINES OR SCREW PROPELLERS WITH
GUIDE-BLADES.

Thornycroft’s screw turbine may be taken as an illustra-
tive example of this type of propelling agent. The propeller
proper consists of a hub 4BC, Fig. 69, with blades ADER

K &

D B

A
(e}

B D
F v

H

C
N M
F1c. 69.

very much longer axially and shorter radially than the
common propeller-blade. In consequence the inclination
of DE to the axis is slight. Aft of this is a projection
FGHKLMN fixed to the ship. This consists of a prolonga-
tion of the boss by the spindle-formed body FGZ, a cylin-
drical shell or casing KLMN, and a series of blades connecting
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this casing to the spindle-formed body as indicated at KG
and AN. These blades have a slight inclination in the
opposite direction to that of the propeller-blades ADEB.
The pitch of the latter blades is variable. The product of
the revolutions by the pitch at £ is intended to be equal to
the supposed velocity of feed, or the velocity of the stern of
the boat through the wake unaffected by the action of the
propeller. The product of the revolutions by the pitch at D
is likewise intended to be equal to the speed of delivery, and
the increase of size in ABC and consequent reduction in area
of stream are intended to be such as to give for this variable
velocity a steady flow from BE to DA. The water on leav-
ing the blades of the propeller has a considerable rotary
component, due to which it impinges on the fixed blades
KG. By their guidance it is brought gradually to an axial
direction, and thus finally delivered. The long projection
FGH is for the purpose of providing for something approach-
ing steady flow after leaving the guide-blades, and to insure
the gradual union of the various streams with each other and
with the outside water. \

From the character of the actual wake as explained in
8§ 41, it is quite certain that while in a general way the inten-
tion of the design as to the distribution of pitch and sectional
area of stream to suit the velocities of feed and discharge may
be partly realized, yet such result must be far from exact, and
it is doubtful if such variation of pitch can have much influ-
ence on the actual result.

Remembering the relation of efficiency to the character-
istics of a propeller, it is evident that there is no reason for
any marked difference in this feature between this

expecting
If, then, there is any in-

form and the common propeller.
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crease in ultimate efficiency it will probably be found in the
relation of the propelling agent to the ship. Either the
augment of resistance due to the propeller must be less or the
wake factor greater (§ 44), or both. There seems to be no
reason for assuming any essential difference in the wake
factor, but it may be fairly expected that due to the pressure
on the blades KG, the normal direction of whi.ch will have
a component forward, there may be some return for the
increase in hull-resistance due to the action of the propeller.
On the other hand the additional attachment furnishes a con-
siderable increase of resigfance, and hence it is doubtful if the
net resistance is much less than with a propeller of the usual
form. We should therefore expect about the same ultimate
efficiency. Such conclusioss are borne out by experience.

The presence of the surrounding casing does, however,
prevent the indraught of air and the radial escape of the
water, and thus increases the resistance of the blades to
revolution, and hence the thrust. It results that the requisite
thrust may be obtained from a propeller of smaller diameter
than when of the usual form, especially if the draft is small
and the tips of the blades of a common propeller would come
near the surface of the water. In such cases there seems to
be a field of usefulness for propellers of this character and
many of the Thornycroft type have been installed with very
satisfactory results.



CHAPTER III.
REACTION BETWEEN SHIP AND PROPELLER.

41. THE CONSTITUTION OF THE WAKE.

IN our treatment of propulsion‘we have to this point
assumed the propelling agent to act in undisturbed water.
In the actual case this is far from *correct, and we have now
to examine the effect of irregularly disturbed water on the
preceding results.

We will first note the cause and nature of the disturbance.
Taking the screw propeller as the typical propelling agent,
its place of action is at the stern in what is termed the wake,
The water in this immediate neighborhood is subject to the
following disturbing causes:

(1) Stream-line Motion.—In § 2 we have seen that the
relative motion between the water and the ship is less at the
stern than between the ship and the outlying undisturbed
water, so that relative to the latter the stream-line action
will give a motion forward. Due to the same general cause,
the direction of the relative motion of the water and ship is
aft, with an upward and inward component as it follows the
contour of the vessel. This brings its direction of flow
oblique to the plane of the propeller Due to the difference
in their location, this is more strongly marked with twin-
screws than with a single screw. The influence of this

obliquity of flow will be discussed at a later point. This part
206



REACTION BETWEEN SHIP AND PROPELLER. 207

of the wake is frequently referred to the wave-motion due to
the system of waves génerated by the motion of the ship.
We prefer, however, to refer it to stream-line motion, as a
more fundamental aspect of the cause. This naturally in-
cludes all features of the wake contained in the freely-flowing
water, or in that not involved in frictional and dead-water
eddies. ;

(2) Skin-resistance or Frictional Wake.—The nature of
the action between the skin of the ship and the water has
been discussed in § 7, from which it appears that the whole
surface is accompanied by a layer of turbulent water partaking
more or less of the forward movement. This motion is
greater as we approach the after end, and at the stern we
shall have a considerable mass of water moving forward rela-
tive to the surrounding body of still water.

As to the distribution of the resulting complex wake, we
have the following considerations:

Near the surface the form of the ship is relatively full and
the convergence of the stream-lines is correspondingly more
marked. The disturbance of the normal horizontal distribu-
tion of the water by the resulting wave-motion is also rela-
tively more marked near the surface. As to the velocity of
the frictional wake, there seems little reason to expect any
‘marked variation with depth for points near the ship’s sur-
face. The velocity will, however, rapidly decrease at points
successively farther and farther from the surface.

As to the actual distribution of wake-velocity, an interest-
ing series of experiments has been carried out by G. A.
Calvert.* Across the stern of a model 28 feet long and
representing a full-bodied cargo steamer was fitted a frame

* Institution of Naval Architects, vol. xxx1v. p. 61.
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upon which were stretched several vertical wires extending
from the deck to some distance below the keel. These wires
carried Pitot tubes fitted with vanes and free to swing to the
direction of flow. An outrigger extending into undisturbed
water carried a similar tube. The heights recorded in these
tubes were then translated into velocities by the usual
formula, v = ¥2g/. :

This furnished the means of determining the velocity of
the ship relative to any point in the wake and relative to still
water, and hence the velocity of the water at this point of
the wake relative to still water. The wake-velocities thus
found were expressed as percentages of the velocity relative
to still water. In the section of the wake including the
screw aperture, the boss alone of the screw being fitted, the
percentages in a vertical line near the stern-post varied from
64 to 17 per cent from the surface downward; in a horizontal
line near the surface, from 64 to 7 per cent from the stern-
post outward; and in a horizontal line near the keel, from 17
to 10 per cent from the stern-post outward. The average
amount at this section was about 19 per cent.

An attempt was next made to determine the portion of
this due to the frictional wake. To this end a thin plank of
the same length as the model was towed at the same speeds.
Similar measuring appliances being fitted, the wake speeds at
points near the surface of the plank at distances of 1, 7, 14,
21, and 28 feet from the forward end were found respectively
16, 37, 45, 48, and 50 per cent of the speed of the plank.
It was also shown that approximately the wake-velocities
decreased in a geometrical progression as the distances from
the surface increased in arithmetical progression.

From various considerations, for the details of which the
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original paper may be consulted, the author concludes that of
the 19 per cent average wake about 5 per cent was due to
frictional wake, g per cent to wave-motion, or stream-line
motion as we prefer to term it, and the remaining 5 per cent
unaccounted for otherwise is charged to the influence of

’

‘“ dead water”’ or eddying water about the stern due to the
comparative fullness of form.

It thus appears that the wake-velocity in general is ex-
ceedingly variable throughout the cross-section of the wake
stream. Also from this and other experimental determina-
tions to be referred to at a later point, it appears that includ-
ing simply the water immediately astern of the ship, and
hence that likely to be influenced by propellers, its average
value may vary from 6 or 8 per cent to 20 or 25 per cent of
the speed of the vessel. In general it is found that the wake
value is greater as the ship is longer and fuller, and less as it
is shorter and finer. For empirical equations relating its
value to the characteristics of the ship see § 50, (9) and (10).

42. DEFINITIONS OF DIFFERENT KINDS OF SLIP, OF MEAN
SLiP, AND OF MEAN PITCH.

It will be remembered that, unless otherwise stated, all
velocities are referred to the surrounding body of still water
as datum. We will first suppose the wake to be uniform.

Let # = speed of ship;
7, = speed of wake if propeller were not acting and
the ship were towed at the speed #;
v, = actual speed of water at or just forward of the
\ propeller with latter in operation;
v3=final speed of water beyond propeller with latter in
operation;
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v = pitch X revolutions = p/V = speed of advance
of propeller through wake if there were no
slip.

Then # — v, = speed of advance of propeller relative to the
wake;
u — v, = speed of advance of propeller relative to the

water immediately about it.
v — u = apparent slip of propeller =S;; . . . (1)
v — (. — v,) = (v—u)+v,=S,-Fv,=true slip of propeller=S,;
or S, + v, = true slip of propeller=3S,; . . . . . (2)
¥, — 0, == total slip of Alitia= S, - 4 . L e e

Usually o, is directed forward and z, aft, and hence S, will
be numerically the sum of 7, and v,.

It should be es~ecially noted that these three kinds of slip
are separate and distinct, though of course not independent.
In particular it should be noted that S, and S, are not the
same. )

In the simple ideal case of Fig. 55 we may readily relate
the value of S, to S, or s, as follows:

It is shown in mechanics that the astion of a surface in
deflecting a stream—omitting skin-resistance and the forma-
tion of eddies—involves simply a change in direction without
change in velocity, and the total force interaction between the
stream and the surface is measured in direction and amount
by the resultant change in momentum. In that diagram the
water is considered as approaching the blade with velocity
represented in amount and direction by £4, and as leaving
with the same velocity parallel to the blade. This is repre-
sented in amount and direction by making K4 = £4. Then
by the usual composition of motions the resultant change is
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represented in direction and amount by ZK. The longi-
tudinal component of this is £G, and this is therefore the
acceleration which is directly useful in providing thrust.

Now if the slip angle CAE is small we may put

EG=ECcos’ a=s,pN cos" a= S,cos" a. . (4)

It thus appears that the velocity S, is variable for a given
value of S,, increasing as « decreases, and therefore increas-
ing from the hub outward, at all points, however, being less
than S,.

Effect on the Preceding due to the Irregularity of the Wake.

—From (2) we have

Sn:SI+vo;
7/0
whence s,=s,—|—-;. NS L e (G

Now remembering the actual wake as described in § 41 it
appears that z, -  may vary from perhaps 0 to 50 per cent
or more. The value of s, is usually found between 10 and
20 per cent. Hence s, may vary from say 3 or 10 per cent
to 70 per cent or perhaps even more. It thus appears that
the value of the true slip is variable over the surface of the
blade and from point to point in the revolution between the
very wide limits noted above, and these may not perhaps be
the widest extremes. It is indeed quite possible that for
certain elements the slip might be o0 or even negative, while
for others its value might rise possibly to nearly 100 per cent.
It is thus seen that the idea of slip for the propeller as a
whole, acting in the wake, has lost entirely the simplicity of
meaning which we were able to give to it when dealing with

a single element in undisturbed water.



212 RESISTANCE AND PROPULSION OF SHIPS.

In spite, however, of the wide range of extreme values
which it seems possible that the slip may have, the conditions
for most of the blade and for most of the revolution are such
as to give rise to a much narrower range of fluctuation, and
most of the work is undoubtedly done between a compara-
tively narrow range of variation. We are thus led to the
definition of mean slip. This admits of definition in various
ways. 3

(@) Tt might be taken as the arithmetical mean for an
entire revolution, of the various slips of the elements compos-
ing the driving-face.

(b) Since these elementary values are quite unequal in
relative importance according to their location and the value
of the slip, it might seem more fair to give to each element a
weight corresponding to the gross work absorbed by it. Thus
if w,, w,, w,, etc., denote the amount of work absorbed by
each element, and s,, s,, s,, etc., the corresponding values of
the slip, then
WS+ ws,+. .. Suws

wtw,+... W’

(¢) Instead of giving to each elementary slip a weight

mean slip =

proportional to its gross work, we may take its thrust or use-
ful work. Denoting the elementary thrusts by ¢, ¢,, etc.,
we should then have
S, 1S, 2is

t,+2, — T°

An approximate method of applying the weights thus indi-

mean slip =

cated in (4) and (¢) will be given below under the discussion
of mean pitch.
(@) In § 35, (12), the total work of an element is expressed
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as a function of the geometrical form of the propeller and the
slip. For the entire p\ropeller with variable slip the total
work will be represented by the summation of such elements.
Suppose now that the slip instead of variable is constant at
a value s, all other conditions remaining as before, and that
the corresponding summation for total work ¥ is the same
as before. Then evidently s may be considered relative to
the variable distribution of slip as a mean or equivalent
value. This is the same as defining mean siip as the slip at
which the same propeller in a uniform stream at the same
number of revolutions would absorb the same total work as
in the actual case.

(¢) Instead of total work as in (&), the definition may be
similarly founded on useful work or thrust. This is the same
as defining mean slip as the slip at which the same propeller
in a uniform stream at the same number of revolutions would
give the same useful work or the same thrust as in the actual
case.

In all of our references thus far to an entire propeller we
have assumed it to be of uniform pitch on the driving-face.
On this assumption we have discussed the variability of slip
over the surface and throughout the revolution, and have
given various definitions of mean slip as above. Propellers
are frequently made, however, with pitch variable over the
driving-face, and thus is introduced another element of varia-
tion into the distribution of slip, and also the need for some.
definition of the terms mean pitch and mean slip as applied to
such propellers.

For the former we may take a geometrical basis and define
mean pitch as the mean of the distributed values taken over
the driving-face. Where the pitch varies simply from the
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leading to the following edge, the mean of the two values at
these points is frequently taken as the mean pitch instead of
the more distributed mean as above.

Instead of taking the simple mean of the distributed
values, we might perhaps more properly give to the pitch of
each element a weight proportional to the work which it
absorbs or to the thrust which it develops. Reference to
§ 35, (8) and (6), will show that for usual values of the pitch
ratio this would be approximately realized by giving to the pitch
of each element a weight represented in the first case by the
product of its area by the cube of its radius, and in the second
case by the product of the area by the square of the radius.
The following actual case of a four-bladed model propeller may
be given as an illustration of the determination of the reduced
mean pitch in the second manner. The mean pitch across the
blades was taken at four>radial distances nearly equal to .3,
.5, .7, and .g the radius, and the arca was taken as proportional
to the breadth. The work for one blade was then arranged
as follows:

Radius. »? Breadth. Pitch. »35 7252
I 3.13 B O% 163, 10.33 166.6
2.97 8.82 3.60 15.90 31.75 504.8
4.07 16.56 3.30 15.96 54.65 872.2
5.26 27.67 2.16 | 15.78 59.76 943.2

156.49 2486.8

15.89

The quotient of the sum of the column 7%/ into the sum
7*bp gives for this blade the reduced mean pitch equal to
15.89”. For the other blades the values similarly found



REACTION BETWEEN SHIP AND PROPELLER. 215

were 15.45", 15.80", g.nd 15.54'. This gives as the final
mean for the entire propeller the value 15.67".

A value of the mean pitch being thus found from either a
simple or weighted mean, a definition of mean slip follows
thus:

Assume a propeller similar to the one given in all respects
except as to pitch, which shall be uniform and of the mean
value as above defined, and let this propeller working in a
uniform stream at the same number of revolutions absorb the
same amount of total work as the given propeller. Then the
slip at which such conditions would be fulfilled would be a
mean or equivalent slip for the given propeller. This is evi-
dently similar to (&) above for the case of uniform pitch.
We may also as in (¢) take the useful work or thrust as the
basis for a similar definition of mean slip.

Instead of defining mean pitch on a purely geometrical
basis, we may give it a dynamical definition as follows:

Let the given propeller work in undisturbed water with
given revolutions and speed. Let there be a propeller of
uniform pitch with the same diameter, area, and shape of
blades, and let it work in undisturbed water at the same
revolutions and speed. Then the pitch at which the latter
propeller would have the same turning moment, or at which
it would absorb the same work, as the first, may be consid-
ered as the equivalent mean pitch of the former. Similarly
the definition may be based on equivalent thrusts instead of
equivalent turning moments.

It may be remarked that the pitch thus determined would
doubtless vary with the revolutions, and with the relation
between revolutions and speed, so that it could not be con-
sidered as a fixed dimension of the propeller.
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A dynamical definition of mean pitch having been thus
taken, the definition of mean slip would most naturally follow
according to (&) or (¢) above.

In all such cases where the mean pitch or slip of a pro-
peller is based on its performance in comparison with that of
a propeller of uniform pitch, the influence of the thickness or
rounded back is virtually involved. To this we may briefly
allude.

Given a body of the cross-section of a propeller blade as
in Fig. 70, moved relative to the water in the direction of the

F1ac. 0.

face BA. Then the distribution of the stream-lines is such
that relative to the pressure on 4B there is an excess from
A to C and a more or less pronounced defect between B
and C. The result is in general represented by a pressure on
the face 42 having its center much nearer B than 4, and
hence tending to turn the blade about in the clockwise direc-
tion as here viewed. If the direction KL is axial, there will
result in such case a positive or forward thrust. That is, if
the propeller be run in undisturbed water at such revolutions
relative to the speed that the slip of the driving-face is o,
there will in general result a slight positive or forward thrust
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due to this distribution of the stream-line motion, and it is
not until the slip of the driving-face is still further decreased
and made slightly negative that the fore and aft components
of the total surface forces exactly balance and give a zero
thrust. It may also be noted that this zero thrust is actually
the resultant of a component aft due to the tangential forces
or those due to skin-friction and edgetresistance, and of a
component forward due to the normal forces or those due to
the stream-line pressures. If, therefore, the former could be
reduced or eliminated the propeller would, under the condi-
tions just assumed, still show a positive thrust, and it would
require a still further increase of negative slip to reduce the
longitudinal component of the normal pressures to zero.
These results have been frequently noted experimentally, and
have been made the subject of quantitative measurement in
a series of experiments carried on by the author.*

This is what is frequently referred to by the statement
that the addition of thickness results in a virtual increase of
pitch, because if the equivalent pitch be taken as (longi-
tudinal speed for zero thrust) < (revolutions), the result will
be greater than that derived by the measurement of the driv-
ing-face, and the excess would be still greater could the
tangential forces be eliminated.

We have thus discussed various possible definitions of
mean pitch and mean slip in order to show the variety of
meaning which may be given to these terms, and the conse-
quent inexactness of significance attending their use without
some agreement as to the basis of definition. Our use of the
equations of § 36 will virtually assume the definition of mean
slip as based on (¢). That is, we shall assume, as will be

* Carnegie Institution, Publication. Number 79.
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explained later, that for the actual variable slip may be sub-
stituted some constant equivalent value for use in the equa-
tions giving the value of the total useful work.

In regard to propellers of variable pitch it may be noted
that such design is usually intended to provide for some
variable distribution of slip over the surface, assuming the
propeller to work in a uniform stream. When, however, we
remember the great variability of the stream or wake, it is
quite evident that any attempt to secure any specified distri-
bution would be entirely futile, and that in any given case the
actual distribution will be quite different from that intended.
Hence any effects resulting from a variable pitch will be quite
accidental, and it is very doubtful if, in the present state of
our knowledge, there is anything to be gained by introducing
such a feature into our designs. These conclusions seem to
be borne out by experience, for propellers of uniform pitch
have shown themselves in practice to be equal in efficiency to
those in which the pitch is variable according to various laws.
We shall therefore pay no further attention to variable pitch
as a feature of screw propellers, but shall in all cases assume
them to be of uniform pitch over the entire driving-face.

43. INFLUENCE OF OBLIQUITY OF STREAM AND OF SHAFT
ON THE ACTION OF A SCREW PROPELLER.

In general the line of the shaft, the direction of the stream,
and the direction of advance are all different. This is illus-
trated in Fig. %1, where AC represents the direction and
speed of advance of the ship relative to still water, BC the
direction and speed of the stream relative to the same, OF
the direction of the shaft, and OA4 the speed and direction
of the element relative to the ship. Then by the composi-
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tion of relative motion; it follows that B4 represents the direc-
tion and speed of the stream relative to the ship, and B0 that
of the stream relative to the blade or element. Let 7, denote
the velocity of the stream relative to still water as represented

Fic. y1.

by BC, and denote the angle BCA4 by . Then, as in § 33,
we denote the angle between OG and the normal O to the
element by «. The inclination of 7, to the normal is then
(¢ — 7), and v, cos (@ — 7) is the component of 7, in the
direction of the normal, and hence the velocity in this direc-
tion which would be impressed on the element by the stream
of velocity 7, if there were no slip. The result of this in the
direction of advance would be a velocity #, cos (@ — 7) sec a.
From § 33 the longitudinal velocity without slip in still
water would be v cos 8 sec a. Hence denoting tue total
speed of advance if there were no slip by #’, we shall have

#' = v cos 8 sec a - v, cos (@ — n) sec a
= (v cos B+ v, cos (@ — 7)) sec a.

In the present case, with the shaft at an angle e with the

line of advance, the angle 8 for a given element is constant,
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while a varies. The exact values of a depend on the solution
of a spherical triangle, as is readily seen, and these values will
vary through a range 2e. In consequence, the values of the
speed of advance without slip, #’, will vary through a corre-
sponding range. Denote the mean value of #’ by #,’ and the
range of its variation by 24#'. Also, let # denote the angular
location of the element reckoned from the position {or which
#' is maximum. Then it is found, if € and 7, are relatively
small, that we have approximately

w = u'-++ du’ cos 6.

The value of #’ thus given is seen to vary from #, 4 du’
through #/, »' — 4du’, u, to u, + du' for the successive
quadrants of an entire revolution. The actual speed of
advance being #, it follows that the difference ' — # or the
actual slip S, and the percentage slip s may likewise be
‘expressed in the same approximate form. Hence we shall
have

S=3S, 4 4S cos 0;

s=3s, + 4s cos 8.

Denote the mean value of a by «,. This is seen to be

the angle between the normal and the direction of the shaft.
Then

#, = (v cos B+ v, cos (&, — 7)) sec a,;
and S, = u,’ —u.

We must now find the value of 4%’ = AS. We have for
the maximum value of #’ approximately

'u’max. = (v cos B+ v, cos (@, + € — 7)) sec (a, 4 ¢€).
Then T e Yy S e — A S
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Considering € small, this difference is readily put in the

following approximate form:

du' = 4S = u) ——.
cot a, — €

It thus appears that the values of 45 and hence of Js
vary over the entire surface of the blade, and hence the entire
distribution of S and s will vary from point to point over the
surface and from one position to another in the revolution.
The value of the range of slip 24S is seen to increase with
€ and with a,. Hence the value of 4S will continuously
decrease for locations of the element from the hub outward.
The position from which § must be counted is seen.from the
following considerations. The origin for ¢ is the position for
maximum value of #’; and since v, is small, #’ will depend
chiefly on #, and will reach its maximum very near the posi-
tion for which sec a is maximum or @ maximum or when
a = a,+ €. Hence the o position of # is readily seen to be
near that in which the normal is parallel to the plane deter-
mined by the shaft and direction of advance, and in which
the normal and direction of advance lie on opposite sides of
the shaft.

Thus with twin screws, the starboard turning to the right
and the port to the left, let the shafts incline outward from
the engine aft, as usually fitted. Then it follows from the
above that for each blade of each propeller the slip is maxi-
mum near its highest position and minimum near its lowest.
Vice versa with so-called ‘““‘inboard turning” screws, the star-
board to left and port to the right, the slip will be maximum
near the lowest position and minimum near the highest. Again,
with a right-hand propeller and the shaft inclined downward the
slip of any blade is maximum when it is horizontal and directed
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to the right, and minimum when horizontal and directed to the
left. With right- and left-hand twin screws, as above noted,
the effect of the obliquity of the shafts is still further increased
by the natural obliquity of the inflowing streams as they follow
the contour of the ship, thus giving a direction of stream relative
to still water somewhat like BC of Fig, 71. Inclination of the
shafts in the opposite direction would tend to correct the varia-
bility of the slip due to these streams, but from structural reasons
this is rarely permissible.

We have discussed in the preceding section the influence
of the variability of the wake on slip, and in the present sec-
tion the influence of obliquity, assuming thus far a uniform
stream or wake. Combining these influences we shall evi-
dently have in any given case variations of slip over the
surface and throughout the revolution ranging through limits,
variable themselves, but probably as wide as from o or a
negative value to 50 or 75 per cent or more. We shall have
therefore the variability noted in §§ 41, 42, with an added
amount due to obliquity. As noted in § 41, however, most
of the work will be done between narrower ranges, but due
to obliquity even these may be considerable. It becomes
therefore a matter of importance to inquire to what extent
the formule of § 36 may be invalidated by the existence of
this variability of slip.

44, EFFECT OF THE WAKE AND ITS VARIABILITY ON THE
EQUATIONS OF § 36.

We will first take the influence of the variability of the
wake on the efficiency.

Let ¢, ¢, etc., denote the efficiencies of the various
elements. Then using the previous nomenclature we shall
have for the entire propeller
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U wetwe+... Zwe
S ety SR ¢

Ci==

If now the value of ¢ varies by a linear law with slip for
the range of variation, we shall have

6 =e,+as;
e, =¢,-} as,.

e, = ¢, + as,.
etc.

Hence we find

U 155 22 .
AL T

We know that efficiency does not actually vary by a linear
law with slip, but if most of the work is done between a
relatively narrow range of variation of slip, the variation of
efficiency may be approximately expressed by such a law.
The resulting efficiency in (2) is then seen to be that corre-
sponding to the mean slip as defined in § 42 (§). The actual
efficiency will be somewhat less than that given by (2), and
we may consider that this equation simply indicates the
general conditions under which no great loss of efficiency
shall result from variable slip, viz., that most of the work
must be done within a comparatively narrow range of slip
variation.

This general conclusion is borne out experimentally, and we
may consider that the assumptions commonly made regarding
the wake rest on an experimental basis. These are:

That the actual turbulent variable wake may be consid-
cred as sensibly equivalent to a single uniform wake, and that
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the performance of the propeller may be considered as equiva-
lent to that which would result from the presence of such a
wake.

The true mean slip S, is then greater than the apparent
slip S, by the amount of this uniform substituted wake, which
we may denote by v,. Vice versa it results that the amount
of the uniform substituted wake is equal to the difference
between the true mean slip based on the definition of § 42,
(¢), and the apparent slip S,.

Stating again the relation somewhat differently, we note
that the true slip is greater by variable amounts than the
apparent slip, and the actual thrust developed is greater than
that which would result in undisturbed water by the screw
working at the apparent slip. At some greater slip in undis-
turbed water, however, the thrust developed would be the
same as that actually obtained. This greater slip may then,
according to § 42 (¢) be considered as the equivalent or mean
true slip in the actual case, and the difference between the
true and apparent slips thus defined will represent the amount
of uniform wake considered as equivalent to the actual vari-
able wake.

This definition of equivalent wake is based on an equiva-
lence of thrusts, as stated in § 42 (¢). We might also base
a definition on an equivalence of turning moments or total
works,. as stated in definition (#). If now the wake itself
were unifprm these two definitions or modes of determination
would evidently lead to the same value of the wake. The
difference in the two values thus determined indicates there-
fore the effect due to the turbulence or irregularity of the
wake. Experiments on this point are not sufficiently ex-
tended to furnish very complete evidence as to the exact
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influence which turbulence may play, but its value is believed
to be small, and in any event in default of sufficiently
extended information we are compelled to assume its influ-
ence as negligible. The actual point where the influence of
turbulence or irregularity of wake touches our methods of
design is in its influence on efficiency, to which reference has
been made in the early part of the present.section.

We therefore virtually assume in all cases, for the actual
turbulent wake, the substitution without change in efficiency,
of a uniform Wake of velocity z,, the amount of this velocity
being based on an equivalence of thrusts as previously ex-
plained. Let

yo
u— v,

=AU
This relates 7, to (¥ — v,), the speed of advance of the pro-
peller through the water about the stern. Whence

wu

e

From § 42, (5), we have

S,=S.+ —S+I+w'u S+I+w(l 1);

s, w’
whence iy = i+ w
s, = 5,14 w) — w;
52_51_
w=1_——5;, . . . 3 . . . . (3)
S :
14 w= S P A S e R Red (4)
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Let us next consider the influence of the uniform wake
on the expressions for useful work and efficiency in § 36, (2)
and (4)-

It is readily seen that the useful work must be obtained
by multiplying the thrust by the speed of the ship relative to
still water, and hence by (1 — 5)pV. In all other places,
however, where slip enters into these expressions it will be
the true slip s, Hence we shall have in such case

U=npN(1 — s,)fy‘(asB — fC)a.’A;
W= n'pN* f y(asB + fE)dA.

The ratio of these two will give an apparent efficiency.
The true efficiency must, of course, be that for the propeller
working at a slip of 5,. The presence of the wake cannot
change the efficiency of the propeller itself, while it may
increase the amount of useful result U/;. The increase in U,
must be credited to the wake rather than to the propeller.
These points will be again referred to in § 46. For these
reasons we call the ratio of U, to W an apparent rather than
a real propeller efficiency. This we may denote by ¢,, while
the true efficiency, which we will denote by ¢,, will have the

value as given in § 36, (4). Hence we have

S y'(;,sB £ C)dA
4 f(}‘ésB 4 E)a’A’

e, = (I —S,)

I—s, e

and e’=e‘1—s,_1—}—w' ASTCE S
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45, AUGMENTATION OF RESISTANCE DUE TO ACTION OF
PROPELLER.

We have thus far considered the influence of the ship,
through the wake which it produces, on the action of the
propeller. We now turn to the influence of the propeller on
the resistance of the ship.

We have already in § 37 considered the action of the pro-
peller in producing in front of itself a defect of pressure and
thus imparting a portion of the total acceleration produced,
before the water acted on reaches the propeller itself. This
defect of pressure is for the most part due to the centrifugal
force consequent upon the rotation of the race by the pro-
peller. The rotation will evidently be greater as the blades
stand more nearly fore and aft, and hence as the pitch-ratio is
higher. This defect of pressureﬁvill interfere seriously with
the natural stream-line motion. The water instead of being
able to close around the stern and form the natural stern wave
will be more or less disturbed and drawn away to the pro-
peller. The result of this is a diminution of the pressure
which would naturally exist about the stern if the ship were
towed at the same speed. The result of this is, of coursey
an increase in the amount of resistance to be overcome by
the propelling agent. This increase when viewed from the
standpoint of the resistance may be termed the augment or
augmentation of resistance.

Where paddle-wheels are used as the propelling agent, a

- like augmentation is experienced though it arises from some-
what different causes. The action of the paddle-wheels at
the sides and nearly amidships gives rise to a race of water
moving faster relative to the ship than would be the case if
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the wheels were not there. The result is an increase in the
skin-resistance, The wheels also undoubtedly exercise a
disturbing influence on the natural stream-line motion, and
they may thus introduce an additional element into the
augmentation of resistance. The amount of augmentation
due to paddle-wheels has not been as extensively determined
experimentally as for screw propellers, but various experi-
ments by Dr. Tidman, R. E. Froude, and Messrs. Denny
indicate that it does not much differ-in amount from that for

a screw propeller under like conditions of speed.

Y

46. ANALYSIS OF THE POWER NECESSARY FOR PROPULSION.

Let W = the indicated horse-power;
W; = the power absorbed by the friction of the engine
and shafting, and by any attached pumps.
Then W — W; = W, = power delivered to propeller.
Let 7, = the necessary thrust, supposing the ship towed
at the given speed #;
7 = the actual thrust = 7, 4 the amount of aug-
mentation.
Then 7,u is called the effective horse-power; and 7% is called

71;°V” is called the propul-

the thrust horse-power. The ratio

sive coefficient.

The ratio Z;;,u, which is much more definitely related to
»

propulsive efficiency, has unfortunately received no special
name. We shall here distinguish it as the coefficient Z.
As defined in § 33, the apparent propeller efficiency is
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while as in § 44 the true propeller efficiency is

T(u—v,)_eu—'yo_ e,
biag 2 i S T A

The efficiency ¢, is the ultimate test of the performance of
the propeller considered simply as a propeller. It is given a
certain amount of work I7,. Working in undisturbed water
at the same true slip, S, = (v — # - v,). it would develop the
thrust 7, and deliver an amount of work 7(v — S,) =
Z(x — 7,) as in the numerator of ¢, above,

If, however, we consider the propeller simply as a means
of getting the ship through the water, the useful work will be
T,u, since this is the amount which would be required to tow
the ship at the speed #. The ratio 7,u +— W, is therefore
the final test of the value of the propeller as a means of
actually propelling the ship. If the ship produced no wake
and the propeller no augmentation of resistance, this ratio
T =+ W, and the ratio ¢, = 7(x — v,) + W, would be the
same. The relation between them, therefore, involves the
mutual interaction of ship and propeller. The ratio express-
ing this relation is hence termed the hull efficiency. We
have therefore

coefficient /% 5
true propeller efficiency ’

Hull efficiency =

or coefficient 2 = hull efficiency X true propeller efficiency.

Hence
; iR A oo Y 2 e
Hull efficiency = VV/’ AR T R e, 7(1 + w),
and
Coefficient /2 = et o Z"(x + w)e,.

T u—u,
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The hull efficiency is thus seen to be the product of two
factors 7, + 7 and u + (# — v,). The first is the ratio of
the true to the augmented resistance, or the reciprocal of
the coefficient of augmentation as above defined. This factor
has been termed by R. E. Froude the ‘‘ Thrust-deduction
factor.”” We shall, however, prefer to consider it as the
reciprocal of the coefficient of augmentation, 7+ 7,. The
effect of this factor, as seen, is to decrease the hull efficiency
in the ratio 7, =+ 7. It therefore implies a loss in efficiency
due to the augmentation of resistance.

The other factor # <+ (# — v,) = (1 - w), as already
defined in § 44. The effect of this factor, as seen, is to
increase the hull efficiency in the ratio (1 4+ w). It therefore
implies a gain in efficiency due to the location of the propeller
in a forward wake instead of in undisturbed water. This gain
in efficiency is seen to be due simply to the gain in the speed
of advance. That is, if the propeller were working in undis-
turbed water at the same revolutions and true slip S, and
consequent thrust 7, the speed of advance would be (z — S,).
In the actual case, due to the fact that the wake water is
borne forward, so to speak, to meet the propeller, the same
true slip S, is obtained with a speed of advance » greater than
(v — S,) by the speed of the wake z,. Hence the two speeds
of advance are # and # — 9,, and their ratio is (1 4 w), as
defined.

Ot the two factors thus constituting hull efficiency, one is
seen to be greater and the other less than 1. Hence they
tend mutually to offset each other, and the product or the
hull efficiency will usually not vary widely from 1. In fact
many determinations by R. E. Froude indicate that the hull

efficiency may usually be taken as 1 without sensible error,
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and that the causes which seem to increase one factor will
correspondingly decrease the other, and wvice versa. Hence
the coefficient 4 may usually be taken as sensibly equal to the
true propeller efficiency ¢,. It should not, however, be for-
gotten that the hull efficiency is by no means necessarily 1,
and that circumstances might arise in which such an assump-
tion would involve a sensible error.

This analysis of the total power and the various relation-
ships involved may be illustrated by the diagram of Fig. 72.

AT B BRey F E

FiG. 72.

The total power, revolutions, and thrust are supposed to
remain constant. The subdivision is then shown both with
and without wake. This is as follows:

AE = 1.H.P. = total power;

AB = power absorbed by friction of engine and attached
pumps;

BE = power delivered to propeller = IW};

BC = power absorbed in the eddies, ro’tation, and sternward
acceleration communicated to the water acted on,
assuming the existence of a wake;

BC, = power absorbed under the preceding head, assuming
that there is no wake and that the propeller works
in undisturbed water;

CE = thrust horse-power = 7%, assuming the existence of a
wake;

C,E = thrust horse-power without wake = 7{x — v,) = actual
thrust 7 multiplied by the reduced speed (x — )
which would correspond to the assumed power,
revolutions, and slip with no wake;
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FE = power absorbed by the augmentation of resistance.
This for convenience is assumed as the same with or
without wake; .

CF = power absorbed by the true or towed resistance in the
case with wake = effective hofse-power;

C,F = power absorbed by the true or towed resistance in the
case without wake..

Therefore with fixed power, revolutions, thrust, and re-
sistance the wake would increase the speed from (# — 2,) to
% or in the ratio (1 + w), and hence the useful effect in the
same ratio.

The various ratios are also illustrated as follows:

,—?E = propulsive coefficient;
% = coefficient /;
CE ;
BE = apparent propeller efficiency ;
C.E
BE = true $¥ &
£
g‘f = coefficient of augmentation;
CE
i g g—l = z g (1 4- w) = wake-return factor;
% = hull efficiency.

It will be noted that the diagram of Fig. 72 is not appli-
cable to the same skip with and without wake, for the power,
revolutions, thrust, and resistance are supposed to remain
constant, while the speed changes from (# — v,) to . The
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diagram is applicable, however, to the performance of the
propeller with and without wake, under the conditions that
revolutions, thrust, and resistance shall remain constant, and
hence that the propeller at the two speeds (# — 7,) and « shall
be opposed to the same resistance. This is usually the most
useful mode of analysis, as it serves to connect the propeller
in its actual surround_ings with the same propeller in undis-
turbed water, developing at the same revolutions and true slip
the same thrust.

We may, however, as in Fig. 73, illustrate the effect of
the wake on the same ship at constant speed, resistance, and

P + With
N B c Ny
s 4 { Without
A| Bl C! F! EI
Fia. 73.

thrust of the propeller, but varying revolutions and power.
In this diagram ABCFE denote for the ship with wake the
same points as in Fig. 72, while 4,8,C F,E, denote similar
points for the same ship at the same speed and resistance,
but without wake. The power represented by CE is of
course equal to that represented by C £,. The propeller
power BE and the total power AE are, however, less than
the corresponding amounts 5, and 4,£,. This saving of
power comes about as follows: As shown in § 36, (1), thrust
varies with revolutions and with slip. Now if there were no
wake and the slip were S,, the necessary thrust would be
developed by a certain number of revolutions. With the
wake 7, and the same speed # the slip becomes increased to
S, + v, = S,, and the revolutions necessary to develop the
fixed thrust are correspondingly decreased. Now with con-
stant thrust the turning moment or torque, and hence the
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mean effective pressure in the cylinders, will all remain very
nearly constant. Hence the propeller horse-power W? and
the indicated horse-power W will vary very nearly as the
revolutions. Hence while the work CE will equal C,£,, the
work BE and the total work AE will be less respectively than
BE, and A,E, very nearly in the same ratio as that in which
the revolutions are reduced. In this way, then, it is seen that
the presence of the wake makes it possible to obtain the
necessary thrust and propulsion of the ship with a lower
number of revolutions and with a correspondingly decreased
engine-power than in undisturbed water.

The wake is due to the motion of the ship, and its kinetic
energy is simply the energy which has been put into it by the
ship in its movement through the water. The energy of the
wake comes therefore from the engine, or more ultimately
from the coal or fuel, as the source of energy. The reduc-
tion of the engine-power and fuel-consumption, as above
explained, may therefore be considered as a return from the
wake, or as a reutilization of a small part of the energy which
has been expended in its formation.

We will now give a numerical illustration of the analysis
illustrated in Fig. 72.

et STl

S, = .27.

This would mean that the propeller in undisturbed water
with 27 per cent slip would give the same thrust as obtained
in the actual case at 16 per cent apparent slip, the revolutions
being the same in each case. :

Then from § 44, 1 4+ w = 1.151;

W =G
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Let AE, the I.H.P., be denoted by....... 1

Let ABjDesssaer AR AR oS .14
ThenSBla=In=y. <./ s s = ROV 1S
LetiC BN ry. . .- .. s T = O
Then ¢, = apparent propeller efficiency..= .779
And ¢, = true propeller efficiency....... =3 h 077
Vet (0 G R G R =t g8
VO O A e O R Ay R I RN BN 0.1
Let coefficient of augmentation be......= 1.165
BRI —  HP. S e = A7
L R A A e T N =W£095
Then coefficient /Z..... B T i ok L ) e o6
Propulsive coefficient.... . B oo A s S
‘Hull efficiency........ .. AL S TN

The following table shows the results of certain experi-
ments carried out on a Dutch tugboat.* During the trials
the thrusts were measured at the thrust-block by a hydraulic
dynamometer, while the values of the E.H.P. were deter-

mined from model experiments.

ISELP. DH.P: E.H.P. Rev. Speed. Principal Dimensions.
31.03 19.76 15.80 04 6.97
50.56 3316 2719423 KT, 8.07 | Length E=py 2!
80.24 53.22 42.74 | 127.% 9.02 | Beam =T 9
332435 89.43 70.69 | 148 10.07 | Draft forward = 3’ 10”
170.83 | 118.85 87.75 | 160.5 | 10.47 | Draft aft = AT
230.58 161.40 108.46 | 175 10.84 | Displacement = 69 tons

260.32 180.29 120.22 | 180.5 | II.OI

The ratio of T.H.P. to I.H.P. varies with increase of
speed from .64 to .69, and that of E.H.P. to I.H.P. from

* See Steamship for October, 1897.
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.54 to .46. The pitch of the propeller was 7.63 feet, and,
‘as may be determined, the slip varied from about 1.5 to 19
per cent. The increase of propulsive coefficient at low
values of the speed and slip is somewhat abnormal, but
whether due to errors in the data or to an increased value
of the ship efficiency at these points does not appear. The
series of experiments is a valuable one, and it may be hoped
that the near future will give us many more of the same

character.

47, INDICATED THRUST.

This term, which frequently occurs in engineering litera-
ture, is defined as follows:

33000 I.H.P.

Indicated thrust in tons = P PP I (1)

This is a thrust which would correspond to an absence of
slip and a total efficiency of 1. This is a wholly impossible
set of conditions, but as it is considered convenient for the
expression of certain relationships, we will show its connection
with @ much better known quantity. Let C be an engine
constant defined by the equation

_ L.P. cylinder area X 2 X stroke in feet 214,

¢ 33000 ~ 33000 (2)

Then the mean effective pressure reduced to the L.P. cylin-
der is the pressure defined by the equation

I:H P 53 3000 MRETE:
(m.e.p.) = N TR - S 3)

Now comparing indicated thrust and reduced mean effec-

tive pressure, it is readily seen that there is a constant ratio
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between them, and hence that the one is in constant pro-
portion to the other. Hence we may remember that the
indicated thrust is simply a quantity proportional to the
reduced mean effective pressure.

We will also show here another expression for the re-
duced mean effective pressure. Let 4,, 4,, 4, be the areas
of the successive cylinders of a triple-expansion engine, 4,
being the value for the low-pressure cylinder. Let 2, £,
and p, be the successive actual mean effective pressures in

the same cylinders. Then evidently

S, SN A A
e SRR

The values in (3) and (4) are evidently the same. For
multiple-expansion engines of any number of stages the
same general method applies. For triple-expansion engines
with initial pressures from 160 to 180 pounds absolute, or 145
to 165 by gauge, the reduced mean effective pressure is
usually from 30 to 40 pounds per square inch.

48. NEGATIVE APPARENT SLIP.

If there were no wake, the apparent slip s, and the true
slip s, would be the same. With the development of the
wake, -however, the true slip remaining the same, the appa-
rent slip decreases until some point is reached where an
equilibrium of conditions is maintained.

From § 44 we have

5,=5(1 4+ w)— w=s,— (1 — s)w.

Now if, as stated above, s, remains constant and w
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increases, s; will continuously decrease. If w could reach a
sufficient value, s; would become o and then negative. The con-
dition that s;=o0 is

w
e oo R e )

so=(1—S2)w Or Sg=

S2
or 'w—I__Sz............(z)

The question of the possibility or otherwise or a o or negative
value of s; is then a question of the possibility or otherwise of a
wake equal to or greater than this value sz (1 —s9).

When the slip is determined relative to the pitch of the driving-
face of the propeller, it is not likely that such a wake can exist.
With ideal blades consisting of a thin geometrical surface and
acting in an ideal manner, it may be shown dynamically that
such a value of the wake could not be formed. The distribu-
tion of forces on a blade with thickness, however, may produce
a considerable change in the effective pitch, as noted in §§ 42
and g2, and it is entirely conceivable and practically demon-
strable that with such a blade a zero or even negative true slip
may exist relative to the pitch of the driving or after face of the °
blade.

It is also clear since the apparent slip is less than the true,
that if the propeller is large for its work, and hence calculated
to realize the needed thrust with a moderate or small true slip,
that the apparent slip may readily approach very small values
“and minor errors of observation might easily transform such a
condition into an indication of negative apparent slip.

Such a condition is not desirable or indicative of good pro-
peller efficiency, since it means a low value of the true slip and
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consequently a low efficiency, as shown by the type curve of
Fig. 66. \

It is probable that most of the cases of negative apparent
slip have arisen from errors of measurement, especially in the
pitch. In particular might this be the case with propellers of
variable pitch, in which the definition of mean pitch is neces-
sarily arbitrary in character, according as we make it purely
geometrical, or give it a dynamical basis by giving to the pitch
of each element a weight proportional to the thrust which it
develops or the work which it absorbs. Due to this necessarily
arbitrary character of the definition of mean pitch with such
propellers, the expressions mean pitch and apparent slip lose
much of the significance which we are able to give to them with
propellers of uniform pitch. See also § 42.



CHAPTER 1V.

PROPELLER DESIGN.

49, CONNECTION OF MODEL EXPERIMENTS WITH ACTUAL
PROPELLERS.

WE now take up the considerations relating to the appli-
cation of experimental data derived from models to the design
of full-sized propellers.

We must remember that the actual data given by experi-
mental research relate to certain model or small-sized propellers
of known dimensions and geometrical characteristics and oper-
ating at stated revolutions, slip, and speed of advance. If we
may assume that the experiments are properly distributed in
range, as regards variation in the various factors aside from
mere size, then, as noted in Chapter II, we may by suitable
methods of analysis derive results expressed in tabular or geo-
metrical form which will represent the performance of all possible
propellers of the one fixed diameter, and of varying values of the
other characteristics and factors within the experimental range.
Thus for illustration, if the experiments cover a series of model
propellers all of the same diameter, general shape of blade,
general law of thickness and material of blade, but varying in
pitch-ratio and area-ratio and operated at varying values of the

slip ratio, then we may derive from such experiments a general
240
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law, whether expressed graphically or otherwise, which shall
connect these various propellers, as well as all others of interme-
diate values of pitch-ratio or area-ratio or operated at inter-
mediate values of the slip. We have next to consider the
justice of extending such results to propellers of other sizes,
and more especially to full-sized propellers for actual ship pro-
pulsion.

The derivation of § 36, (11), (12), shows that the whole
question depends on the supposition that the forces P and Q
vary as the area and as the square of the speed, or that the values
of K, L, and K+L=e¢ are independent of actual dimensions
and are functions of geometrical proportion and of slip.

The general factors upon which the performance of any
propeller must depend are obviously the following:

(1) Diameter as the distinctive or characteristic dimension
determining size.

(2) Pitch-ratio. »

(3) Developed area of blades or area-ratio taken in conjunc-
tion with (1).

(4) Number of blades.

(5) Shape of blade or distribution of blade-area.

(6) Thickness and the general schedule of its distribution.

(7) Dimensions and proportions of hub.

(8) Material employed.

(9) Slip ratio at which operated.

Turning now to § 36, (11), it follows that the value of the
function K would in the most general case depend conjointly on
the various factors (2)—(g9) inclusive, and that symbolically it
might be displaced by a function of eight different variables,
each one of which might be supposed to take care of the influence
due to the corresponding characteristic of the propeller. Our



242 RESISTANCE AND PROPULSION OF SHIPS.

présent knowledge of the influences due to factors (4), (5), (6),
(7), and (8) is, however, too meager and uncertain to admit of
useful application in this manner, and we are therefore, aside
from (1), reduced to three principal factors, (2), (3), (9), re-
garding which sufficient is known to permit of use in a formula

_of this character. We therefore substitute for K the symbolic
function klm and thus have for § 36 (11):

U=@(pN3km, . « « « « . (0

where %k =factor intended to account for influence due to slip-ratio;
I=factor intended to account for influence due to pitch-
ratio;
m={factor intended to account for influence due to area-
ratio.

These various factors are not independent, and in the form
of a simple product, as in (1), they cannot each represent exclu-
sively the influence of a single variable condition. The inter-
relation of these factors will further depend somewhat on the form
of analysis selected for the reduction of experimental results,
as will appear below in connection with the numerical results
given. This does not affect, however, the value of writing the
formula in this manner, since the attention is thus directed to
these factors as representing the principal conditions on which
the performance will depend, and separate or combined judg-
ments are invited regarding the influence which each may have.

Returning now to the question of extending the results of
model experiments to full-sized propellers, it is obvious that if
we may assume efficiency independent of size and the factors klm
likewise, then values of efficiency and of these factors, or of their
joint product K, such as may be derived from model experiments,

?
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may be immediately employed in equations such as (1) above
for application to propellers of any dimensions.

As the result of experience in such matters, it has come to
be generally accepted that in extending efficiency values inde-
pendent of absolute dimension, dependance may be placed on the
general trend of change and on the values, especially in a relative
sense, while absolutely some error may be involved. That is,
we may depend on the experimental data to indicate the general
conditions for good efficiency and how the efficiency will vary
for given changes in the factors involved, while some error in
absolute value may possibly or probably result from the exten-
sion to full-sized propellers of efficiency values drawn from model
experiments.

Regarding the relation of the factors %, I/, m to size, it must
be admitted that experience is lacking as yet for any satisfactory
determination of the problem. It is more than likely that the
factor m should depend on size, but how much or according to
what law remains for future determination. Such indications as
are available point to some dependance though small in amount,
and in the absence of more precise data it becomes necessary,
in order to make use of model results, to neglect the influence of
size on these factors and in effect, therefore, to assume equation
(x) applicable to propellers of any size and with values of the
factors as derived from an analysis of experiments on small-sized
or model propellers.

Certain further considerations relating to the factor m may
with advantage be noted at this point. '

Suppose we start with very narrow, thin, elliptical blades
of maximum width .or1z, or area-ratio A=.01. These blades
with given revolutions and slip will develop a certain thrust
T and useful work U corresponding to certain average and
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distributed values of the coefficients ¢ and f.* Now if the
width and hence the area of these blades be doubled, the area-
ratio being now .02, we shall undoubtedly find that the value
of a will remain sensibly unchanged, and hence the total
thrust will be doubled. If we continue thus to increase the
width, and hence the area, we shall undoubtedly for a time find
the same rate of increase in the thrust, indicating a sensibly
constant value of a. If the path of the blade were rectilinear,
this would undoubtedly hold true up to some increase of area
beyond actual experience. With the screw propeller, however,
the path is helicoidal; and we readily see that as the width
and area are increased the thrust cannot increase indefinitely,
but must rather tend toward a limit. In other words, as the
area is increased the thrust is increased at a slower and slower
rate. This implies a gradual and continual decrease in the co-
efficient a, while presumably the value of / remains nearly the
same, or at least falls off much less rapidly than . This de-
crease in @ is due to mutual interference in the streams acted on
by the different blades. While therefore 2 decreases, f re-
mains nearly the same, and the thrust per unit area falls off
accordingly. In this way we shall finally reach a point where
increase of area gives no increase of thrust. The value thus
developed is therefore a maximum, and cannot be exceeded,
no matter what the area. Indeed, certain indications seem
to point toward a possible falling off of thrust with excessive
increase of area.

The ideal maximum thrust obtainable for given diameter,
pitch, revolutions, and slip is that corresponding to the for-

mation of what is termed a complete column ; that is, a col-

-

* See §§ 35 and 36.
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umn of water in which each part has received the full acceler-
ation which, with geometrically perfect action, the propeller
is capable of imparting. The amount of this maximum thrust
may be investigated as follows:

Referring to Fig. 55, it is shown that the value of the

longitudinal acceleration is given by
EG = ECcos’ a = S, cos’ a = s,pN cos’® a.

Now for an element of the total column consisting of a
shell of water of thickness &r, moving with this acceleration,
the thrust will be

d7 = mass of water per second X acceleration £G.

Hence

L= :—;na’. dr . velocity of feed X EG.

We consider the velocity of feed as represented by DG,
or as the speed of advance DE - the acceleration £G. The
value of £G above and found in § 42 assumes the angle CAE
small. On the same assumption we may also put

CG = ECsin’a = S, sin” a = 5,pN sin” a.
Hence :
DG = pN(1 — s,sin” a);
and putting in general s for s5,, we have
G gnd . drsp’N'* cos® a(1 — s sin® a).
But tan @ = p + zd, and 4 = 27 = py. Making these

substitutions and reducing, we find

dT:Z—;n’p‘N’sy% LIRMUES £ %)
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Hence for the entire propeller the maximum ideal thrust
will be given by the integration of this expression between
the proper limits for y. This is seen to be entirely independ-
ent of the breadth of blade or area of its surface. The thrust
thus found would be the maximum possible on the supposi-
tions made, and would correspond to the perfect action of
each element, and to the absence of skin-resistance. It is
therefore greater than could be obtained in any actual case, no
matter what the amount of surface.

On the assumption that the value of 2 is constant, Cot-
terill* has used the above expression for 7 to find the
breadth of blade necessary to form a complete column 3t
various values of y. This was done by equating the thrust
above to that in a form similar to § 35, (6), omitting / and
with an assumed value 1.7 for 2, and solving for Z4. Since,
however, this value is not accurate for @, and since, more-
over, it cannot remain constant but must fall off in marked
degree with large increase of area, the results thus found can
only be considered as rough approximations to the lower
limits, beyond which we must go in order to approach the
‘¢ complete column’’ condition. So far as these indications
went, however, they showed that propellers of ordinary pro-
portions do not form complete columns, and hence do not
give the maximum thrust corresponding to their diameter,
pitch, revolutions, and slip. This instead of being a fault is
a decided advantage, for it is very sure that a propeller work-
ing near the upper limit of the thrust would be less efficient
than if the surface and thrust were less, all other conditions
remaining the same. This arises from the fact that the last

* Transactions Institute of Naval Architects, vol. xx. p. 152.

¥4
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increments of thrust must be obtained by the addition of 2
disproportionate amount of surface with its accompanying
skin-resistance. This will result in an increase of f relative to
a, and in a corresponding loss in efficiency (§ 36, (4)). Hence
while such a propeller may give a large thrust for its diame-
ter, pitch, slip, and revolutions, the proportion of useful to
total work will be comparatively poor.

Let us now return to the expression for the thrust in (1).
By integrating the function of y between various values of the
outer limit we obtain the values of the maximum ideal thrust
for the entire propellers of corresponding pitch-ratios. A
comparison of these with the values actually obtained by ex-
periment under similar conditions of diameter, pitch, revolu-
tions, and slips will be of interest. :

The integrations were effected by approximate methods,
and the results are shown by CD, Fig. 74. These are plotted
to represent the maximum ideal thrust in tons for propellers
of 10 feet diameter at 100 revolutions and 20 per cent slip,
and of various values of the pitch-ratio as given on the axis of
absciss®. The curve A5 in the same diagram gives similarly
the actual values of the thrust as derived for the same condi-
tions from experimental models, assuming geometrical simi-
larity. This curve gives therefore the actual thrusts for pro-
pellers the same as above, and of area-ratio h=.36. With other
values of the slip the results were entirely similar, thus indicating
still more clearly that the propeller of usual proportions is far
from developing the maximum ideal thrust. The ratio of these
two thrusts is shown by the curve EF.

Returning now to the factors %, I, m, of the general equation
(1), we note that the disposition of values among such factors is
to some extent arbitrary, and in the following analysis we shall
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select some one propeller as an arbitrary, standard for which

we assume values of ! and m=1.00. The values of % for
Vd
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various values of the slip will then follow from experimental
results. Then by appropriate methods of analysis, values of 7
and m for varying values of pitch-ratio and area may be found
from suitable experimental results.
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For the primary source of data for %, /, and m we shall use
the results of the series of tests already referred to in § 36. The
shape of all the blades was elliptical, and as noted all had four
blades, so that this series of experiments furnishes data for the
determination of the %, /, and m factors only. We shall take
arbitrarily as follows:

! for pitch-ratio, 1=1;
m for area-ratio, .4=1.
Now in the practical application of this equation it is found

convenient, in order to avoid the use of large numerical values,
to use certain secondary units as follows:

For N a unit of 10 revolutions per min.;
d a unit of 10 feet;
£ a unit of 10 feet.

Denote these respectively by Ny, di, p1, and we have

N;=N +10,
d1= d=10,
P1= P-%—IO.

Using these units and measuring U in horse-power, we find
by applying this equation to the actual measured results for a
propeller of pitch-ratio 1 and area-ratio .4, the series of values
of % related to slip, as shown in Table I, § so.

By suitable methods of analysis we then find values of !
dependent on pitch-ratio and slip, as given in Table II, and of m
dependent on area, pitch-ratio and slip, as given in Table III.

Suitable treatment of the trial results gives also values of the
efficiency for the model propellers, as in Table IV. Intermediate
values may be determined by suitable interpolation.
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We may turn now to a brief consideration of the influence of
shape and number of blades on the useful work developed by a
propeller.

The typical blade form being elliptical, it will be obvious
that blades with wide tips or of a fan-shaped form with rounded
corners should tend to show a higher average thrust per unit
area or a higher thrust for the same area than one of elliptical
form. This excess is due to the higher velocity at which the
outer elements move and to the lesser obliquity of their normal
to the fore and aft direction. On the other hand, from the view
point of the water laid hold of, it is apparent for an elementary
strip of blade area lying at any given distance from the axis that
there is only such a cylindrical ring of water to be laid hold
of, and if the blade width was previously sufficient to give
te such ring of water its {ull acceleration, no further advantage
is to be gained by increase of width at this point. The
influence of form can not therefore be properly considered inde-
pendent of area, and while with narrow blades considerable
advantage may be gained by increase at the tip, it must be ex-
pected that such effect will decrease as the average width of
blade is increased. Recent papers by Taylor * and Froude }
give some data regarding this matter, but still further experimental
investigation is needed.

Regarding the difference between three blades and four blades
for the same area, it may be said that with other elements of the
problem equal the narrower blade within certain limits will show
the higher thrust per unit area, and hence a four-bladed propeller
should show higher thrust than a three-bladed of the same area.
The difference, however, has usually been considered very small,

* Transactions Society Naval Architects and Marine Engineers, 1906.
1 Transactions Institute of Naval Architects, rgo8.
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and in most cases of design, a given area has been considered of
equal effect whether divided among three or four blades. Fur-
thermore, from the view point of the water laid hold of, it will be
evident that if the area is-such that the three blades will give all
the acceleration to be obtained under the geometrical conditions
of pitch and slip, then four blades will give no more. Certain
data relating to this point are given by Froude in the paper referred
to above under the head of blade form.

Influence due to the Thickness of Blades—Certain light has
been thrown on this subject by experiments at the U. S. Naval
Tank and reported by Taylor.* Various proportions of thick-
ness and various forms of cross-section were tried with general
results, as follows:

For the usual form of section with flat face and rounded back,
both thrust and work absorbed are increased up to a point beyond
usual proportions, as the thickness is increased.

Of these two rates of increase the latter is the greater, and
thus the efficiency decreases with increase of thickness.

The location of maximum efficiency relative to slip is also
subject to change due to variation in thickness, but in manner
too uncertain to admit of formulation into any definite law.

Regarding influence of form of section, it was shown that the
form of the following or rear half of the blade section seems to
exercise a dominant influence over the results, and with equal
thickness and similar rear halves, the performances of propellers
with leading halves of various forms fell very close together.

As regard efficiency, the modification shown in Fig. 81,
§ 55, gave results superior to the more common form, especially
at moderate or low values of the slip.

* Transactions Society Naval Architects and Marine Engineers, 19o6.
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In general, the influence due to thickness of section is sur-
prisingly great. Thus to give one instance, doubling the thick-
ness at 20 per cent slip produced an increase of 30 per cent in
the thrust developed and of some 42 per cent in the power ab-
sorbed.

GENERAL REMARKS.

We therefore consider equation (1), together with the tables
relating to k, I, m, and e, as our fundamental data for propeller
design.

As will appear more fully by illustrative examples, the method
of design proposed does not take the place of judgment and
experience. So far as the method itself is concerned, there
may result an indefinite number of propellers, each more or
less completely fulfilling the conditions imposed, and in the
discrimination between these full scope may be found for the
use of judgment and experience. It is intended rather as an
aid to the intelligent use of experience, and to the systematic
analysis of the results of trial data.

50. PROBLEMS OF PROPELLER DESIGN.

Formula (1), § 49, relates simply to the useful work of a
propeller operating in undisturbed water. 1In the actual case
the propeller operates in the forward wake. In Chapter III
we have discussed this wake, and shown that we may substi-
tute for the actual turbulent wake a uniform stream of
velocity v, giving a true slip S, =S, 4 7,, and a speed of
advance of the propeller relative to the water in which it
works, of PN — S, = PN —S, — v, = u — v,. Now in order
to connect the propeller in undisturbed water with the actual

case, we assume that for a given propeller at given revolu-
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tions working in the wake of velocity », and developing a
thrust of 7 and a speed relative to the wake of (# — v,), the
useful work and efficiency will be the same as if it were work-
ing in undisturbed water at the same revolutions and true
slip, and hence with an equal speed of advance (z — v,).
That is, referring to Fig. 75, we must consider the useful
work of our formula as based on the true propeller efficiency
and not the apparent, or on the speed of advance of the pro-
peller through the water in which it works, and not relative
to still water. Hence the useful work thus defined will be
represented by C £ = T(u — v,), and not by CE = Tu.

It is therefore the work C.£ which must be substituted
in the formula, § 49, (1).

The following will therefore be the most natural order of
procedure:

The I.H.P. being given or AE, we assume AB. This
gives us BE. We may then select or assume the true efficiency

A< B ¢ ¢, Fl

Fic. 75.

at which we propose to work. Then BE multiplied by this
efficiency will give C1E, the useful work to be substituted in our
formula. Again, it may arise that instead of the I.H.P. we have
the E.H.P., or assume the propulsive coefficient, and thus pass
from AE to CF direct. Then CF multiplied by hull efficiency
=C;E, the useful work, as before. As already noted, unless
special information is available, the hull efficiency is usually

taken as unity.
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We must next determine the value of p/V.
Let # = speed in knots. Then

101.3% = speed in feet per minute.
And PN = —=—

But from § 44, (4),
(1 —s)=0+2)(1 —s).

101.3%

Hence PN = m

This determination calls for an estimate of the wake factor
w. Unfortunately the information available as a basis for such
estimate is somewhat meager. Froude in his classic paper *
on propellers gives a series of values for ships of various charac-
teristics, but beyond this little information is available in the
general literature of the subject. Adding to these a few other
known values, Prof. McDermott ¥ has connected them with the
characteristics of the ships by empirical formule, as follows:

Let 2w denote wake factor;

¢ ‘°  prismatic or cylindrical coefficient;

¢ midship-section coefficient;
L= ialencEhiinSfect:

m

2 _: et 16(15[,llg - .6) for single-screw ships;

7

——Z—”—=1(£L&—n)f £ i
I+w 3 3 pe A or twin-screw s lpS.

* Transaction Institute of Naval Architects, 1886,
1 Transactions Society of Naval Architects and Marine Engineers, vol. 1v.
p- 164.



PROPELLER DESIGN. 255

These equations represent simply certain available data, and
as this is relatively meager, care must be exercised in their use.
Where no special information is otherwise obtainable, however,
they will probably serve to give a fair approximation to the value
desired. Further suggestions on this point, as well as on several
others relating to the choice of values for the various quantities
involved, will be given in the following section. We will now
proceed to illustrate the application of our formulae and tables to
actual problems of design.

We first repeat in collected form, for convenience, the prin-
cipal equations which we may have occasion to use:

U=(P1N1)3d12klﬂl; o ety Lol o See KTy (I)

N
P1N1=_%o; T A i e e i o)
d
dl:;a; = . e o e o o o LSRG (3)
__IOL.3%

pN el PRI TR s S 0 04)

L R T T P S PR IR S ORI S ('

L e R R R A Rl ()

- =.16<£L*—.6> for single screw-ships; . . (7)

I+w m
: AT zL*—I 1> for twin-screw ships; 8)
13k ; BDESY Sy -

The values of %, I, m, e;, and of 101.3% may be taken from
Tables I, II, III, IV, V, for the values of slip, pitch-ratio, area-
ratio, and spéed given, and by interpolation for intermediate
values.

TREBAR

yﬂov: THE ¥

UNIVERSITX.
OF
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TABLE I.—VALUES OF FACTOR k.

Slip Ratio. k Slip Ratio. k Slip Ratio. k
.10 .II0 A7) .168 32 .195
.12 .I2I -24 -175 -34 4 -109
.14 .132 .26 .181 .36 .202
.16 .142 .28 .186 .38 .204
.18 .15 .30 SO .40 .205
.20 .160

TABLE II.—VALUES OF FACTOR /.

Pi1TCH-RATIO.

Slip Ratio. .8 .9 1.0 1.1 1.2 1.3 b
.10 1.35 1.15 1.00 871 -763 .675 .594
.12 1.32 1.14 1.00 .875 o T 7E .682 .610
.14 1.30 1.13 1.00 .879 -778 .691 .621
.16 1.29 1.13 1.00 .883 .784 .700 .630
.18 1.28 I.12 1.00 886 -790 s707 | 6sw
.20 1.28 I.12 1.00 .889 .795 -714 .644
22 1.28 TOLZ 1.00 .891 -799 719 .649
.24 1.28 I.12 1.00 .893 .8o2 .724 .653
.26 1.28 I.12 1.00 .895 .806 a2 .660
.28 1227 1.12 1.00 .897 .809 L73E .664
.30 1.27 1.12 1.00 .899K 812 .734 .668
.32 1.27 1.12 1.00 .9oo .816 5127 .670
.34 1.27 g 1.00 .9or .818 -739 673
.36 1.27 1.12 1.00 .9o2 .819 - 741 .675
R0 1.27 1212 1.00 -903 .820 .742 .676
.40 1.26 1572 1.00 .9o3 .820 A2 .676

| Slip Ratio. 1.5 1.6 a7 1.8 1.9 2.0
.10 .524 .465 -412 .368 <3120 .293
.12 -539 -481 -430 -384 -345 -311
-14 =550 -493 -441 -397 =359 -325
.16 .560 .503 .452 .408 .369 .336
.18 .569 -512 -461 417 -379 -345
.20 577 .521 469 .426 .386 .352
.22 -584 .528 -478 -434 -394 .360
.24 .590 .536 .484 .441 .401 .366
.26 .596 .542 -491 .448. . 406 .372
.28 .600 -547 -496 -454 412 <37
.30 .6o3 -551 -501 -458 -417 -381
.32 .609 -555 -508 -462 -421 -385
.34 612 .558 .500 .466 .424 .380
.36 .614 .560 .512 .469 428 .392
.38 615 -562 514 -471 -430 -394
.40 .616 -563 -515 -472 -432 -396
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¥

TABLE III.—VALUES OF FACTOR m.

Prrce Ratio .8.

Area-ratio.
Sl
Ratio.
.20 .30 .40 .50 .60
.10 .730 .9oo 1.00 1.05 1.07
.20 .783 .927 1.00 1.04 1.06
.30 819 .942 1.00 1.03 1.04
.40 .840 .950 1.00 1.02 1.02
PITCH-RATIO .9.
Area-ratio.
Slip
Ratio. |
.20 .30 .40 .50 .60
.10 .660 .883 1.00 1.06 1.09
.20 27%0) .9I4 1.00 1.04 1.07
.30 .793 +930 1.00 1.03 1.05
+40 .820 044 1.00 1.02 1.03
PITCH-RATIO I.0.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 .620 .865 1.00 1.06 I.10
.20 t ,725 .905 1.00 1.05 1.0%
.30 =773 .927 1.00 1.04 1.06
40 .802 .940 1.00 1.03 1.05
PITCH-RATIO I.1I.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
+I0 +595 .852 I1.00 1.07 I-12
.20 715 .895 1.00 1.05 1.08
.30 .755 .919 1.00 1.04 1.07
+40 .784 .930 1.00 1.04 1.06
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TABLE III.—VALUES OF FACTOR m—Continued.
PITCH-RATIO 1 2.
Area-ratio.
Slip
Ratilo.
.20 .30 .40 .50 .60
.I0 .575 843 1.00 1.08 1.13
.20 .690 .8go 1.00 1.06 1.09
.30 .743 .Q12 1.00 1.05 IO
.40 .770 .925 1.00 1.04 1.07
PITCH-RATIO I.3.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 .560 .831 1.00 1.09 1.14
.20 .6080 .880 1.00 1.06 1.10
.30 .732 .05 I1.00 1.05 1.08
.40 =755 .919 1.00 1,05 1.08
PITCH-RATIO 1.4.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 .552 .823 1.00 1.09 1.14
.20 .674 .880 1.00 1.06 1.10
.30 . 426 .03 1.00 1.06 1.09
.40 744 -913 1.00 1.05 1.08
PITCH-RATIO 1.5.
Area-ratio.
Slip
Ratio.
RO, .30 .40 .50 .60
.10 +549 .818 1.00 1.10 1.15
.20 .670 .875 1.00 1.07 I.10
.30 .720 .899 1.00 1.06 1.09
.40 .736 -go8 1.00 1.05 1.09
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TABLE III.—VALUES OF FACTOR m—Continued.
P1rcE-RATIO 1.6.
Area-ratio.
Slip

Ratio. .20 .30 .40 .50 .60
.10 .541 813 1.00 I.10 1.15
.20 .669 .873 1.00 1.07 I.1I
.30 .715 .898 1.00 1.06 1.09
.40 .730 .9o2 1.00 1.06 1.09

PITCH-RATIO I.7.
Area-ratio.
Slip

Ratio. .20 .30 .40 .50 .60
.I0 .540 812 1.00 I.10 1.15
.20 .668 .873 1.00 1.07 I.II
.30 712 .895 1.00 1.06 1.09
.40 .724 .g9o1 1.00 1.06 1.09

PITCH-RATIO 1.8.
Area-ratio.
Slip

a0 .20 .30 .40 .50 .60
X0 .540 813 1.00 1.10 1.16
.20 .669 872 1.00 1.07 I.II
.30 .710 .892 1.00 1.06 I.10
.40 .719 .899 I.00 1.06 1.09

PITCH-RATIO 1.9.
Area-ratio.
Slip

Ratio.

A .20 .30 .40 .50 .6o
.10 .549 815 1.00 I.11 1.16
.20 .670 873 1.00 1.07 .11
.30 .710 -891 1.00 1.06 I.10
.40 .719 -899 1.00 1.06 1.09

P1rce-rATIO 2.0.
Area-ratio.
Slip

Ratio.

.20 5301 .40 .50 .6o
.10 .556 .819 1.00 I.II 1.16
.20 .674 .873 1.00 1.07 I.12
.30 w5 .891 1.00 1.06 I.10
.40 .718 .899 1.00 1.06 1.09
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TABLE IV.—VALUES OF EFFICIENCY.
PrrcE-RATIO .8.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 .58 .61 .63 .63 .63
.20 .64 .65 .66 .66 .66
.30 .62 .62 %363 .63 .63
.40 .58 .58 .58 .58 .58
PI11CH-RATIO . 9.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 .57 =6 .64 .64 .63
.20 .66 “267 .67 .67 .66
.30 .64 .64 -64 .64 .64
.40 .60 -59 -59 .58 .58
PI1TCH-RATIO 1.0.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 =57 .61 .64 .64 .64
. 20, .67 .68 .68 .68 .67
.30 .66 .66 .65 .64 .63
.40 .62 .61 .60 .58 .58
PITCH-RATIO I.1.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
SO, .56 .61 .64 .65 .65
F2O .69 .69 .69 .68 .68
.30 .68 .67 .66 .65 .64
.40 .64 .62 .60 .59 .58
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TABLE IV.—VALUES OF EFFICIENCY—Continued.
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®
PITCH-RATIO 1.2.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 .56 ! .61 .64 .65 .64
.20 .70 .70 .69 .69 .69
.30 .70 .68 .68 .66 .65
.40 .65 .63 .62 .60 .59
PITCH-RATIO I.3.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 .55 .61 .64 .65 .65
.20 S TE 70 <70 .69
.30 ST e .69 .67 .65
«40 .66 .65 .64 .61 .60
PITCH-RATIO I.4.
Area-ratio.
Slip
Ratio.
.20 - 430 .40 .50 6
1) 528 .60 .63 .64 .64
«20 =71 -73 .73 .72 .72
«30 .72 -73 -72 -7I 379
.40 .68 .68 .67 .65 .65
PITCH-RATIO I.5.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
el .55 .60 .64 26’5, .66
.20 gL 372 .71 .70 .70
.30 27 7T .69 .68 .66
.40 .67 .65 .64 .62 .61
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TABLE IV.—VALUES OF EFFICIENCY-—Continued.

4 PITCH-RATIO 1.6.
Area-ratio.
Slip
Ratio. .20 .30 .40 .50 .60
.I0 .54 .60 .64 .65 .66
.20 -72 =72 .72 -71 -7
.30 .73 .72 17 (<) .68 .68
.40 .68 .66 .64 .63 .62
PITCH-RATIO 1.7.
Area-ratio.
Slip
Ratio. .20 .30 .40 .50 .60
.10 .54 .60 .64 .65 .66
.20 .72 =72 72 .71 .70
.30 Ei2 72 .71 .69 .68
.40 .68 .67 .65 .64 .63
PrrcE-RATIO 1.8.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 58 .60 .64 .65 .65
.20 S 7.3 73 .72 .7
.30 -73 73 .71 -70 .69
.40 .69 .67 .66 .64 .63
PITCH-RATIO I1.9.
Area-ratio.
Slip
Ratio. .
o A0 .30 .40 .50 .60
.10 .53 .60 .63 08 .65
.20 -72 .73 -73 -72 -7
-3° .72 -73 .72 -70 -7
.40 .69 .68 .66 .63 .64
PITCH-RATIO 2.0.
Area-ratio.
Slip
Ratio.
.20 .30 .40 .50 .60
.10 .52 .60 .63 .64 .64
.20 .71 -74 -73 -72 .71
-30 -72 -73 -72 -7 =70
.40 .68 .68 o7 .66 .65
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TABLE V. GIVING FEET PER MIN. CORRESPONDING TO KNOTS,
OR VALUES OF IOIL.3%.

% 1ox.§u. % 2 xox.:;u.
10 1013 25 2533
11 1115 26 2635
12 1216 27 2736
13 1317 28 2837
14 1419 29 2939
15 1520 30 3040
16 1621 31 3141
17 1723 32 3243
18 1824 33 3344 2
19 1925 34 3445
20 2027 35 3547
21 2128 36 3648
22 2229 37 3749
23 2331 38 3851
24 2432 39 3952
EXAMPLES.*

(a) As the first example let us take
FEHRRH == 4600,
speed = # = 16 knots;
friction power = 13 per cent = 598 H.P. (4B, Fig. 75).
Hence
propeller power = 4002 H.P. (BE, Fig. 75).
Next from the data given suppose w found or estimated

as .14. We will also select .26 as the proposed value of the
true slip or 5,,, We then find from (6)

I—s,=.844 and s =.156.

16 X 101.3

.844
and 1 N1 =19.22.

Hence PN = =5G22

* In these examples we shall assume that the influence of number of blades:
as such may be neglected and that the influence of surface is sufficiently taken:
care of by the factor m.



204 RESISTANCE AND PROPULSION OF SHIPS.

Now supposing neither p nor N fixed, we may proceed as
follows: We first select a pitch-ratio of, let us say, c=1.20. We
will also assume in this problem that the blades are elliptical,
with area-ratio .40, so that m=1. From the tables we then find

k=.181;
1 =.806;

2= .08.
Hence

useful work U =.68 X 4002=2%21 (C,E, Fig. 75).
Then, substituting, we have

2721 = (19.22)3d,2 X.181 X.806;

whence di?2=2.627;
and d=16.21;
p=19.45;

N =08.8.

() With the same otherwise as in (g), let the area of blade
be increased to area-ratio .48. Then from Table III we may
take m=1.04. This will produce a 4 per cent decrease in d,2,
and approximately a 2 per cent decrease in d. We shall have

therefore
d=15.89;
p=19.07;
N =100.8.

() Suppose with the same data as in (a), we fix both pitch
nd diameter and propose to find the necessary amount of area.
“hus let p=24 feet and d=18 feet. Then with the same value

of pN we find N =8o.1. Also c=1.33, and we have
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k=181, as before;

I=.705;
es=.69 (for probable area-ratio);
and U=2761.

Substituting and solving for the factor m, we find

ag 2761 &
M= 100 X3.24 X.181X.705

.041.
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