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PREFACE

ENncouraGeD by the reception accorded to Physical Science in
Modern Life, 1 have ventured to inflict on a long-suffering
public a second volume on applied physics to show how physics
has aided the recent developments in art and industry. While
it may be found more serious reading than the first book, it
follows on from it, in a sense, and I hope that no one with a
stomach robust enough for the first course will experience any
discomfort over the somewhat stronger meat in this, the
second. While I have not blessed this book with the title of
textbook of applied physics, I hope it will appeal to those
professional physicists—whether research workers or teachers
—to whom the earlier one would appear puerile. Itis,indeed,
surprising how little the scientific workers in one industry
know of what goes on in another; and yet many industries
are faced with a number of basic physical problems which are
dealt with as they arise by the research personnel. They are
often blissfully unconscious of the fact that the same problem
has already been fully worked out,in another industry and
merely demands a little adaptation on their part of authenti-
cated results. Such similarities account for the intrusion of
the same piece of research or of apparatus in several of my
chapters; such, for instance, as the measurement of particle
size, the use of hot-wire detectors and the estimation of colour.
These have been described in detail at what seemed the most
relevant appropriate place and are elsewhere given a cursory
description. Apart from such instances, I have tried to avoid
irritating cross-references either to other chapters of the present
work or to the preceding one.

Each chapter concludes with a short bibliography of the
principal sources from which I have derived my information
and a list of prominent journals (in English) in which papers
on the physical aspects of the particular art or industry often
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appear. A perusal of these will lead the reader to other books,
papers, and journals, if he wishes to read further on any
particular point. I would also refer him to the general series
‘ Physics in Industry,” reports of lectures given before the
Institute of Physics in the past, two decades.

I wish to proffer my best thanks to those who have helped
me by allowing me to reproduce drawings and photographs.
Their names are given after the figure captions and in the
sources at the end of the chapter.  Where no such acknowledg-
ment appears, I must be held responsible for any defects of
presentation. Especially do I owe a debt to Messrs. Arnold
and the Editors of Science Progress for allowing me to quote
freely from articles of mine which have appeared therein;
and to Dr. H. L. Penman for reading the manuscript and
making helpful suggestions, particularly in respect of Chapters
VII and XIV.

E. G. RiCHARDSON.
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CHAPTER I

THE PHYSICS OF LOCOMOTION:
VEHICLES

THE origin of the wheel may be lost in the mists of antiquity,
but few would refuse to admit it as one of the landmarks of
civilisation. While walking is not the only means of travel
without wheels—there are less common ones to be seen on
the high Alps, or even in the main street of Devon’s Clovelly—
yet it would be difficult to imagine our present-day transport
unassisted by the wheel. As the lumbering barouche of the
sixteenth century gave place to the comparatively swift
phaeton of the eighteenth, the necessity for maintained roads
made itself felt, and with the satisfaction of that need appeared
the first sign of the roadmaker’s indifference to natural beauty
or antiquity. The construction of a military road out of
materials ‘ won ’ from the Roman Wall that separates England
from Scotland may be cited as an early instance of that
vandalism which permitted a latex age to construct arterial
roads lined with red brick bungalows and garish petrol
stations; one of the ‘ prices of progress > which we are asked
to pay—unnecessarily—to-day.

After the coming of the railway there elapsed a long period
during which the roads and coaching inns were deserted and
the science of roadmaking almost forgotten, until the advent
of the bicycle and that of the motor-car which followed it
transformed the face of the country. Indeed, the state of the
roads had fallen so low in the eighteen-seventies that the then
newly-founded Cyclists’ Touring Club issued gratuitous pamph-
lets to the local surveyors on the construction and maintenance
of the roads. They even instituted legal proceedings against
those authorities who neglected their duties in this respect,
though, admittedly, the duties in question had to be carried

1



2 PHYSICAL SCIENCE IN ART AND INDUSTRY

out on a county rate which the present-day highway engineer
would swallow up in office expenses. Meanwhile, improve-
ments in speed and permanent way had gone on without
intermission on the railways except for the period of the
European War, so that now, under an all-embracing Ministry
of Transport, experience gained on the rails is being applied
to the construction of motor roads.

That genie—now benevolent, now malevolent—of friction
plays a star réle in all forms of locomotion. There is a
perceptible difference in the tractive effort required to propel
a vehicle on a level road with change in the nature of the
surface. The general practice up to a year or two ago has
been to smooth the road surface, ease the curves and iron out
the gradients in undulating country. This has resulted in a
progressive increase in average vehicular speeds. Of course,
some of this increase of speed is to be put to the credit of the
motor-car manufacturer, but there remains a considerable
increment of traffic speed outside the towns which is directly
due to road improvements. This is shown by the progressive
advance in the speed of cyclists riding against the clock since
‘time trials’ for cyclists were instituted; their vehicle has
remained substantially as it was thirty years ago, while the
human physique has presumably changed little in the interim.
For reasons on which we shall expatiate shortly, the tendency
is now a reversion to a somewhat rougher road, so that it seems
probable that the limit to engineless speed on the road has
now been.reached.

The other invention which has revolutionised road transport,
and of which the jubilee is being celebrated at the time of
writing (1938), is that of the pneumatic tyre. In spite of its
undoubted usefulness ‘the air-filled tyre was probably of more
service in its early days than now, for its great virtue is the
resilience that it shows to shock. A vehicle shod with such a
tyre can therefore pass over inequalities in the ground without
undue waste of energy. In the year 1887 J. B. Dunlop, a
retired veterinary surgeon, put an air tube round a disc of
wood, wrapped canvas round the tube and tacked the edges
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of the canvas to the wood. This, the first pneumatic tyre,
inflated by a football pump, he tested by impelling it along the
ground, comparing its progrcss with that of a solid-tyred
wheel taken from his son’s toy tricycle. The solid-tyred wheel
stopped within a yard, but the pneumatic when started with
the same impetus continued the length of the court and re-
bounded from the door at the far end. Convinced by this
experiment that the new tyre required much less tractive
effort than the type which was universal at the time, Dunlop
proceeded to fit the tyre to bicycles and tricycles. The public
were persuaded of the usefulness of the invention when a
racing cyclist riding the new pneumatics romped away with a
race against solid-tyred competitors at Belfast in 1889. The
subsequent history of the pneumatlc tyre does not concern us,
but we may usefully inquire into the origin of the lessened
tractive resistance. A large part of this must be ascribed to
the reduction in vibration. When the pneumatic tube is
subjected to a blow, the stress is quickly distributed throughout
the air sac before the local affected portion has had time to
relax, so that the axle of the wheel is raised and lowered but a
small amount compared to the depth of the ° pot-hole.’
Moreover, it is quite an exceptional jolt which can either raise
the tyre out of contact with the grqund or make it hit the rim.
A vehicle shod with a rigid tyre wastes much energy in this
way when passing over a bumpy road. Not only is the engine
or human propellant subjected to vibration which lowers its
efficiency, but in an extreme case the load on it is ever changing.
Apart from this, every miniature hillock on the surface requires
work to be done against gravity on the part of the driving
force to raise the machine over it, which is never completely
regained or stored up in the fall down the ensuing declivity.
(Here has been a happy hunting-ground for inventors, who
have to their credit several patents for bicycles with spring
frames in which the energy stored up on compression is
supposed to be made available to help the rider down the
other side of the excrescence on the road!)

The resilient properties of the pneumatic tyre are closely
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allied to that more familiar physical concept of elasticity.
In other words, it is the speed with which the tyre can recover
from a compression that matters most. On a level road not
cut up by pot-holes, the axle of the wheel continues on a
level, undisturbed course, the work done, apart from that
required to overcome friction in the mechanism, being
expended in flattening and reflexing that part of the tread
which comes successively in contact with the road. When
inequalities are met, a certain amount of ¢ irreversible work *
in changing the pressure of the air in the tube is demanded.
The resilience of the tyre, and therefore its efficiency in the
engineering sense of the ratio of useful work to the total
expenditure, depends on the speed with which the processes
of reflexing and restoration of normal working pressure take
place, and this in turn depends on the quality of the rubber
and width of its tread on the one hand and on the resistance
offered by the surface on the other. During the recovery,
the tyre must have something hard to push against. The
two desiderata of easy riding over the bumps and good
speed are here antagonistic. The rider or driver who wants
an easy passage over rough and soft roads fits wide low-pressure
or ‘balloon’ tyres. The racing cyclist on a hard cement
track fits high-pressure tyres with a tread which leaves little
more than a pencil line on the track where it has passed over
it. Again, roadster tyres are heavily rubbered on the sides to
secure freedom from punctures though at the expense of
resilience, while track-racing tyres have thin canvas sides and a
bare half-inch width of rubber on the tread. (Incidentally,
wheel diameter also affects the proneness to vibration, as the
reader may deduce for himself by applying elementary
mechanical principles.)

From these aspects it might be thought that on a hard track
a very rigid tyre would be preferable to the pneumatic tyre.
We do in fact find these very conditions on the railroad and
tram track, but this does not free the locomotive or tram from
outlay of effort on the level. The track gives under the weight
transmitted through the axles to that part of the rim in
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momentary contact with the rails, so that the leading wheels
are constantly being driven up a little gradient which the
machine makes in its course in the erstwhile level track.
Alternatively, one may think of the work of propulsion as being
expended in depressing and raising the  road ’ into its founda-
tions of ballast as the train passes. The road on a main line
is in fact far from inflexible at the present time as it is found
that excessive rigidity results in vibration at high speeds. So,
by elaborate cushioning on ballast, the rails are permitted to
give at the passage of the train.

Friction finds its useful sphere in the acceleration and
braking of vehicles. Consider a train starting on the level
from a station. The tractive effort is exerted through the
circumference of the driving-wheels against the rails. As long
as this action is balanced by an equal reaction on the part of
the rail, its leverage can turn the wheel against the point of
contact acting as a temporary fulcrum and drive the loco-
motive forward. There is however a limit to the reaction
which the rail can proffer, dependent on the grip between
wheel and rail. If this be exceéded the surplus of effort
transmitted to the rim of the wheel is available for driving
the point of contact of the rim backwards relative to the rail,
and slipping occurs. This is aggravated by the fact that once
slip has started, the friction preventing relative motion drops
to a value less than that which obtained just before slipping
commenced. The frictional resistance is thus further reduced
and the wheel gathers speed in skimming over the rail without
propelling the train forward. The driver’s remedy for this
state of affairs is to shut off steam and re-open the regulator
more gently after the driving wheels have stopped spinning
and have regained their grip. The re-establishment of con-
tact can be hastened—at the same time that it allows of
somewhat more rapid acceleration without slip—if a blast of
sand be directed between wheel and rail. On the other hand,
any condition which lessens the coefficient of friction between
wheel and rail will naturally exaggerate the tendency to slip.
A thin film of water after a light ¢ dagging ’ rain or, worse still,
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a layer of oil on the track may reduce the frictional reaction
to such a value that the locomotive lacks the adhesion neces-
sary to propel the train. An accident on a British railway in
the last century was attributed to the passage of a train of
leaky fish wagons on an upgrade having so lubricated the rails
that a following passenger train was unable to make the grade
but, with brakes hard on, slid backwards and collided with
another train halted at the preceding station.

It therefore becomes evident that to increase the power of
the engine propelling a vehicle is useless unless at the same
time due consideration is given to the provision of sufficient
adhesion to road or track on the part of the wheels through
which the propulsive force is exerted. To a certain extent
this condition is automatically looked after by the fact that
the frictional force is directly proportional to the load on the
axles and that in putting in a more powerful engine you usually,
ipso facto, increase the load. If, however, the weight of an
engine increased also in direct proportion to its power, there
would be little advantage in building more powerful loco-
motives, for then, on a gradient, there would be little reserve
for load haulage or speed. If the load is distributed over a
number of axles, as it invariably is, the question arises whether
it is best to have the drive working through one axle only or
shared by a number of pairs of coupled wheels. On loco-
motives and heavy lorries the latter is the common practice;
the engine driving through coupling rods or gearing to two
or more axles. This has a considerable advantage in prevent-
ing slipping or skidding of the wheels, because the ease with
which a wheel will accelerate its rate of rotation is inversely
proportional to its inertia in respect of rotary forces. Thus a
large and heavy rimmed wheel is less easily set spinning than a
light one of small diameter. The former is therefore less
likely to slip when the driver opens the throttle than the
latter.  When two or more wheels are coupled their respect-
ive inertias must be added. With the light loads which con-
stituted the usual express trains up to the beginning of the
present century, single driving wheels of seven to nine feet in
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diameter were the practice on two important main lines in
this country. They had the disadvantage that, like a high-
geared bicycle, they were difficult to start but, once under
way, speeds of sixty or seventy miles an hour were easily
maintained on the level. With the introduction of heavier
and longer coaches, this practice had to be abandoned in
favour of smaller driving wheels, two or three pairs coupled.
The resistance to slip is maintained since one wheel cannot
slide without its fellows and the drive is distributed over
_ several points of contact with the rail, but easier acceleration
is afforded since the locomotive is geared with a wheel of five .
or six instead of nine feet. Goods locomotives have still
smaller wheels, eight or ten coupled, to enable them to get
away with their heavier loads. )
The reader does not need to be told that all motor-cars and
some bicycles are fitted with change-speed devices. That is to
say, that by suitable gearing the motor or human engine has
the choice of a number of (effective) wheel diameters through
which to transmit the effort to the road. This is because
these two types of engine work most efficiently at one set speed.
When the machine comes to a hill, if there are a sufficient
number of gears available, the machine can maintain its rate
of revolution, but in virtue of a lowgr gear the rate of pro-
gress up the hill is less than it was on the level. With the
infinitely variable gear, such as has been tried on certain
automobiles, this inexorable engine speed will always be
permissible, but the greatest number of gears that we have
encountered on a bicycle is eight! It may be interesting at
this point to discuss the question of what horse-power the
human being can attain. By estimating the power expended
by a racing cyclist in a hill climb, Mr. A. C. Davison estimates
that a strong cyclist can exert from one-half to five-eighths of a
horse-power for the two or three minutes required to climb a
typical steep bank. (One horse-power is equivalent to lifting
one pound vertically through 33,000 ft. every minute.) The
work done in the vertical displacement of man and machine
is, of course, easy to work out; the work against frictional and
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wind resistance on the level which has to be added to thisis a
little more problematical, butis estimated at about one-sixteenth
of a horse-power at ten miles per hour. On the modern cycle,
adhesion should be greater in climbing a steep hill than on the
level since the weight is thrown further back on to the driver.
In the days of the large ungeared wheel which was the driving
wheel of the ¢ ordinary ’ bicycle, the reverse was the case.
On the railway variable gearing is unnecessary. Both
the steam engine and the electric motor can take steam from
the boiler or current from the mains respectively up to the
limit of their resources and still work efficiently. Again,
for steep hills the rolling wheel may provide inadequate
adhesion. Then a rack rail must be provided with which the
engine engages through a cog wheel.
» In order to secure the adhesion of motor-car wheels to the
road special devices, other than corrugated treads to the tyres
to reduce the danger of skidding, are not common, as the dead
weight is usually sufficient for the purpose. Exceptionally
large racing motor-cars are provided with inverted aerofoils
projecting from each side of the chassis. They are inverted in
the sense that the convex surface of the aerofoil is below
instead of on top, as in the aeroplane wing. (One such can be
seen in Fig. 1.) As the car is driven along, the force of the
wind acting on these wings produces a component directed
downwards and so holds the car on the ground against its
tendency to leap at high speeds over inequalities in the track.
Of course, the resistance of these aerofoils also has a component
directed against the line of propulsion, which has to be over-
come by the expenditure of some energy on the part of the
motor, but this resistance may be kept within bounds by choos-
ing an aerofoil with a high lift/drag ratio and setting it at
such an angle of incidence that this ratio is a maximum for
the aerofoil in question. A further advantage to be found in
this method of securing the grip between the tyres and the
road is that the force of depression increases as the square of
the speed of the vehicle. It is, in fact, an expedient scarcely
worth while below motor-racing speeds.
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Of course, there yet remain other ways of dodging the
adhesion bogey of a more direct type, in which the vehicle is
not driven through the wheels. Although a number of devices
of a rather freakish nature falling within this category have
been tried at various times none of them has reached the stage
of commercial adoption. One of these—the ‘atmospheric
railway ’—dates from the earliest days of railway history.
This contrivance required the laying down of an airtight tube
in the centre of the ‘ four-foot way ’ into which compressed air
was pumped from a stationary engine at one terminus. There
were no locomotives, but one wagon or coach of each train
had a bar projecting beneath it, passing into the air conduit
through a sleeve valve at the top and terminating in a well-
fitting piston. Condensation of the air into the tube had the
effect of driving the train away from the pumping station;
a rarefaction drew it back. An atmospheric line was opened
between London and Croydon in 1845 and in fact relics of it
can be in parts traced alongside the present main London and
Brighton line. But it was short-lived. While the theory was
quite sound, a practicable valve several miles long to open at
the passage of the train and close neatly behind it was not.
Mayhap the inventor in this age of rubber would have made a
better job of it, but the leather \valves required constant
greasing and were seriously affected by rain, so that very soon
leaks developed faster than the repair gang could stop them,
and the scheme had to be abandoned. Another idea of that
era, based on the same principles, involved placing the whole
train in the atmospheric conduit with a piston at one end big
enough to fill the whole tube. This might have been feasible
on a tube railway without intermediate stations, such as those
in capital cities which replace the ferry crossings of rivers,
but was, in fact, never carried out. The idea survives in the
pneumatic tubes conveying bills and cash in department
stores and on a larger scale in the parcels pneumatic tube
which connects the General Post Office in London with the
distributing office at Mount Pleasant.

The Kearney Tube is another form of tube railway which,
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while it does not rely on unorthodox means of propulsion,
aims at reducing the energy losses in rolling friction by using a
mono-rail. Actually there are two rails in the tube, but the
second one is overhead instead of in the conventional position
and the vehicles only engage it when at rest. At speed they
remain upright under the action of revolving gyroscopes
and make contact with the foundations through the lower rail
only. It is too early to say what saving in running costs and
wear will follow the use of this system, but at the time of
writing a Kearney Tube is projected to connect North and
South Shields beneath the River Tyne.

For motor-cars, designed to ‘ cruise ’ at a high speed, there
remain the possibilities of adapting one or other of the types
of propeller used on aircraft. The conventional propeller of
an aeroplane—the airscrew—cannot work efficiently except
when it is advancing at a considerable velocity through the air.
An airscrew on a stationary machine expends most of its effort
in swirling the air round in a huge vortex, at least in the early
stages of its action before it has set up a good draught past
itself. So the airscrew is not a good type of propeller for a
vehicle which has frequently to start and stop. Nevertheless,
experimental cars with large aeroplane propellers mounted
above them have been built by optimistic inventors, which were
driven over the ground in the same fashion that an aeroplane
‘ taxies * at taking-off and landing. Another source of loss of
efficiency is the ‘ interference > which the ground offers to the
action of the airscrew, which requires to be free to exercise
its action on the air without having to overcome the additional
burden of dragging the air along the ground against frictional
resistance. That is the reason why the propeller is placed
high above the chassis of such ‘terraplanes’ and this again
makes the craft awkward to steer. The other type—the
reaction or jet propeller—has aroused more interest since the
development of liquid fuel has indicated the possibility of
the continuous firing of a batch of ignited jets. At the
beginning of the present century the Peruvian Paulet con-
structed a rocket with a conical hull of vanadium steel which



THE PHYSICS OF LOCOMOTION: VEHICLES 1II

had two conduits closed by valves containing benzene and
nitrogen peroxide respectively. Portions of these reagents
were allowed to mix and then ignited by an electric spark.
The rocket was not allowed to escape, but the propulsive force
was measured and found to exceed by far the power attainable
from a rocket filled with gunpowder. It is reckoned that
rockets equipped with properly designed combustion chambers
and fed with liquid fuel burning at a suitable rate could attain
a jet velocity of 4,000 metres per second. The first to drive a
car by gas-jet reaction was an Austrian, Max Valier, but in
the subsequent experiments he lost his life by the premature.

Fic. 1.—Racine CAR witTH ROCKET PrOPULSION

explosion of a rocket. A previous attempt to drive a boat
on the Seine by rocket in 1886 led<to the death of another
inventor at the first trial. Valier was able to interest Fritz
von Opel, head of the famous German motor firm, in his
project, and together with the pyrotechnician Sander they
ran the first rocket car at Riisselsheim in 1928. This was an
ordinary motor-car with a couple of powder rockets attached
to the back. At the first attempt from a standing start they
attained a speed of three miles an hour and the rockets were
spent in half a minute. The second time the car was first run up
to twenty miles per hour under its own motor, from which it
reached forty-five miles per hour in one and a half seconds,
an acceleration equal to half that of gravity. (This aptly
brings out the point about these propellers, that they are more
powerful at high rates of travel.) After this, three special
rocket cars were built (Fig. 1) with wings to keep the front
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wheel from leaping at speed. The twenty-four rockets were
arranged in racks behind the driver, who in addition to using
the steering wheel had a control to let off the rockets in turn,
corresponding to the accelerator of a conventional motor-car.
On the Avus racing track at Berlin a speed of one hundred
and twenty miles an hour was reached in one of these, but the
experiments appear to have been dropped after the death of
Valier, though one occasionally hears of rocket cars being
built in America.

In discussing the advantages of jet propulsion as com-
pared with the internal combustion engine, the essential differ-
ence between their functions must be appreciated. The work
done by the former is calculated in terms of the product: gas
pressure times piston stroke; for the latter the criterion is
the product: mass of gas expelled per second times velocity of
gas. Assoon as the relative velocity of rocket and jet changes,
as it does when the car goes faster or more slowly, the rate of
working changes in the same sense. One cannot then specify
the horse-power of a vehicle with a reaction motor, since itis a
function of the speed. Again, as an internal combustion engine
gains speed, the propulsive force falls until a balance between
it and the resistance is struck. As a rocket car using fuel at a
constant rate accelerates, the instantaneous value of the horse-
power grows with the translatory velocity while the propulsive
effort remains constant. The former is therefore suited to
traction at a moderate speed but with quick acceleration up
to the cruising speed; the latter to the maintenance of a high
speed but not to rapid acceleration from rest.

Much has been done both on rail and road in the past decade
to improve the comfort of travellers. The loosely bound roads
of macadam in the era before the introduction of asphalt and
bitumen covering requireda steep camber at eitherside in order
to let the water drain off after a shower and to prevent the
formation of too frequent puddles. The rain carried with it
the loose top-dressing to the edges of the road, so that the chief
employment of the road-mender was to carry dislodged debris
from the verges to fill up the pot-holes in the centre of the road
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in the hope that traffic would consolidate it. The excessive
camber caused horse-drawn vehicles to hug the centre-of the
road and in extreme cases of lack of attention to the surface
made one or two pairs of deep ruts which acted like grooved
rails for vehicles. Moreover, the chosen camber was invari-
able, whether the road ran straight or curved; not that this
mattered very much when speeds were low. Bends were
often very sudden, S bends being common, since the roads
were originally boundary tracks between fields, and where
these belonged to different farmers they were not aligned.
(Exception must be made of roads built over those left by the
Romans, which were invariably forthright from Camp to
Camp unless their line intersected a steep hill.)

The necessity for inclining the road towards the inside of
a curve was first recognised by railway engineers. The
¢ super-elevation * of the outer rail on a curve is now a recog-
nised practice. It arises from the necessity for providing a
component of the reaction which the rails exercise on the
train to counteract the centrifugal force on the vehicles which
comes into play when they pursue a-curved trajectory. This
centrifugal force is in this case horizontal, directly proportional
to the square of the velocity and inversely as the radius of the
curve. It is consequently the high-speed vehicle moving
round a sharp curve which requires to lean most towards the
centre of the curve and which must be provided with a steeply
banked track. Cycle and motor racing tracks exhibit this
banking on curves clearly. On the former the angle of bank
is about thirty degrees but on the latter banks of twice this
angle are not uncommon. The same applies to indoor cycle
tracks where the steepness is necessitated by the small curvature
of the track rather than by abnormal speed. In virtue of
the rigid law connecting velocity, radius of curvature and angle
of bank, such a track is really suited to one speed only; speeds
in excess or defect of this critical speed give rise to a tendency
on the part of the vehicle to slither up or down the bank
respectively. It is therefore a common practice to increase
the angle of bank of a cement track in saucer fashion from
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the inside to the outer rim. A slow-moving vehicle will then
be running near the inside while the faster ones can career
round the outside of the bowl. In cycle racing in relays or
with pacers, it permits those machines which are ° resting’
to circulate slowly on the inner flat portion of the track until
wanted. On a railway track an allowance for variable speed
of this kind cannot be made, but the speed at which the curve
should be taken is published to the driver. To prevent exces-
sive speed round a curve derailing a train—due to the centri-
fugal force being possibly much in éxcess of the component of
reaction supplied by the obliquity—check rails are provided
running just inside the inner rail to take the outward pressure
of the flanges, if any, which accompanies the centrifugal force.
Too slow a passage round the curve is not so dangerous but is
often made manifest to the passengers by the noise of grinding
of the flanges against the rails.

The shock to the passengers and vehicles which accompanies
the entry to and exit from a banked curve at speed due to the
sudden change of direction and inclination of the vehicle has
led to the design of transition curves on modern roads (whether
of cement or of iron) on which the canting can be graduated
and the wheels be gradually set on the arc proper till the road
is ready to take up a fresh straight course. The favourite
entry curve of the modern surveyor is part of the ¢ lemniscate ’
of Bernoulli (a curve shaped somewhat like one side of a laurel
leaf) which has no curvature at the base—in other words it is
straight there—but whose curvature increases at arate propor-
tional to its distance from this point, until it grows to the value
required on the arc proper, where, of course, being part of a
circle it retains a constant curvature until it is necessary to
commence the exit curve; which is another portion of the same
lemniscate. Over the transition curves the outer edge is con-
tinually rising, while the inner edge falls correspondingly.
A layout for a right-angled bend is shown in Fig. 2.

If a junction occurs on a curve, the correct canting may have
to be abandoned partially for both routes or completely for
the less important track, while the main line is allowed to
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retain its correct banking, it being assumed that the vehicle

or train on the branch road will slow down for the junction.
On a curved road the camber is discarded as far as the outer

section is concerned and the road made to slope constantly

Fi1c. 2.—Lavour or CurRVES AND CAMBER FOR BEND IN ROAD; CENTRE-LINE
oF CAMBER SHOWN As BROKEN LINE

towards the inner edge, so that traffic on this portion must
suffer a reversal from an outward to an inward cant and back
again when it enters the following straight. It is also custom-
ary to allow a greater width to an arterial road on a curve
to give long vehicles room to swing round without taking more
than their share of the road width.
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A number of improvements in the running of express trains
are now being introduced in the interests of efficiency and
the comfort of the passengers. The first of these concerns
reductions in the tendency to roll and execute fore-and-aft
oscillation. A certain amount of the former is bound to occur
as the train passes over curves, but some damping of the lateral
motion can be assured by attention to the wheel flanges. On
the invention of the tramway—horse-drawn, of course—in
the seventeenth century, the wheels were given deep flanges
and virtually ran in grooves. It was soon found that wear was
less if the rim of the wheel ran on the top of the rail and the
flange used merely as a guide to prevent derailment. This was
the form of rail which became standard on the steam railway
from its inception (in spite of the misapprehension of the young
poet Tennyson who in his inaugural poem on the occasion of
the opening of the Manchester and Liverpool Railway
implied that the trains ran in grooves!). To aid the train to
keep to the track, the wheel rims were made conical, that is to
say, the diameter was somewhat less on the outside than on
the inside where it met the flange, the top of the rail being
likewise sloped inwards to correspond. Recent experiments
have shown, however, that a cylindrical rim, i.e. one having
the same diameter overall, gives a more regular motion to the
vehicle, and the wagon builders favour a coning of only one
in a hundred, which is practically flat.

Early in the history of the railway carriage it was found
that the bogie provided a means of traversing curves and
inequalities of the track with less jolting than wheels running
in axle boxes fixed to the frames. If, for instance, one wheel
is lowered suddenly by an inch in passing over points, while
the others retain, for the‘momcnt, their level course, the jolt
communicated to the coach through the bogie pin is only
one-quarter of an inch as against half an inch if the wheel
is on a separate axle. They are worth while even for short
coaches, and the practice then is to provide three bogies to a
pair of coaches, one end of each being supported on the central
bogie, which in this wise articulates the pair of vehicles. A
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bogie does, however, tend to ‘ hunt * from side to side if it is
too well sprung, but hunting is also reduced by the use of
cylindrical wheels, possibly because a coned wheel will run
up and down the rail a little as it proceeds. It is also found
that the running on curves is improved if each wheel is capable
of independent rotation on the axle. This independence of
movement of two wheels on the same axle is, of course, an
absolute necessity on vehicles capable of taking sharp turns,
and is used in the form of a differential gear on tricycles and
motor-cars, though occasionally one of the driving wheels
may be fixed on the axle while the other rotates idly at the
other end. The function of the leading bogie on express
locomotives is to ease the machine round curves and reduce
wear on the rims of the leading drivers.

The buffers between coaches should communicate without
jolting the forward pull of the locomotive to the rest of the
train. If the couplings are too slack, there will be a fore-and-
aft surging of the carriages during acceleration, which reaches
the extreme case of the longitudinal wave transmitted in
shunting to a train of loose-coupled goods wagons. To
measure the pull exerted on a train by a locomotive during
its trials, a dynamometer may be attached between it and the
first coach. Virtually this device congists of a style attached
to the coupling spring which writes upon a rotating drum of
paper anchored in the coach, and, in so doing records the
contractions and extensions communicated to the spring during
the run.

Other instruments record the vibrations of higher frequency
experienced by the coaches in running over points and the
joints between rail sections. Improvements in the axle
springing may be noted in this way. (Incidentally, the rail
joints are responsible for the major portion of the noise on
tube railways, and to reduce this, sections 180 ft. long and
welded in one piece are now being tried. The equable
temperature which is maintained underground makes it un-
necessary to allow for expansion to the extent that is necessary
on surface railways.) To damp out such vibrations, the axles

2
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are carried partly on laminated cantilever springs and partly
on spiral springs into which the ends of the former are stepped.
The axle-box itself runs in guxdes, as it is attached to the centre
of the arc of the laminated spring.

The subject of the insulation of noise will be more fully
discussed in the succeeding chapters.

Another subject, consideration of whose niceties must be de-
ferred to a later chapter, is the measurement of wind resistance.
We can, however, usefully describe the general considerations
which govern the subject of streamlining here and now in so far
as they concern trains and motor-cars. Streamlined trains
are now common on British railways, though inasmuch as
British locomotive practice has never favoured the multitude
of ¢ gadgets * which seem to hang on to every available part of
the body of Continental and American locomotives, the re-
duction in wind resistance achieved by such designs is not so
striking. The principles which govern the streamlining of
engines and cars are delightfully simple; one simply has to
avoid all bluff curves and protuberances, particularly at the
front and rear, while the gaps between coaches must be filled
up with flexible or jointed screens. It is merely a question
of how much of the driver’s freedom to get quickly at the vital
parts and the induced draught through the fire-box initiated
by the free passage of the air over the smokestack are to be
sacrificed to secure low resistance. It is interesting, in this
connection, to recall that the modern stumpy chimney did
not evolve from this aspect, but because the top of the boiler
gradually rose to meet it! Though streamlining may reduce
the fire draught a little, it usually improves the crew’s view of
the track ahead because it induces less turbulence in the flow
of the smoke over and about the boiler; a not unimportant
aspect of the problem.

Pioneer work was carried out on the resistance of a loco-
motive by the Canadian National Research Council in their
laboratories a few years ago. A scale model of a C.N.R.
express standing on a model ‘ ground ’ was suspended by a
system of cords in a horizontal position like the seat of a swing
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and a powerful draught blown upon it. The force of the wind
pushed the model back and at the same time lifted it a little as
when one pushes on a person in a swing. The extent to which
the model swayed back was a measure of the force of the wind
on it, i.e. of its resistance at that particular relative speed
of locomotive and air. The shape of the model was then im-
proved by putting a cowling over the domes, the cowling
extended to cover the tender, and metal curtains placed over
the wheels and reversing gear until only the smokestack and
the bell stood out from the rest (Fig. 3, Plate I). The cow-
catcher which prairie locomotives carry was also brought into
the streamlining of the front of the machine. The importance
of this work is brought out by the estimate that at sixty miles
per hour on the level a train of ten coaches requires four
hundred horse-power (one-quarter of the total) to be used in’
overcoming wind resistance. Of this the locomotive contri-
butes about thirty per cent., the last coach ten, and the re-
mainder about seven.

The motor-car manufacturers are not oblivious to the
importance of streamlining, and a marked improvement has
taken place in the past decade. The general layout of the
present-day car limits the improvement that can be made in
two respects : it usually has the engine jn front, and the draught
created by the car is used to help cool the engine. The wind-
screen must be vertical so there ensues a marked discontinuity
in contour where the engine joins the coach portion. With
an engine at the rear a much better shape is possible, but the
ideal car should resemble a section of an aeroplane wing as
closely as possible.
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CHAPTER I1

THE PHYSICS OF LOCOMOTION:
SHIPS

LocomoTioN on and in the sea takes more varied forms than
it does on land and more energy must be expended to propel
a ship at speeds comparable with those of a motor-car or
railway train—making exceptions of the hydroplane and speed-
boat, which merely skim the surface of the water and whose
mode of motion is rather like that of the aeroplane. _

Though the science of rowing has been carefully studied in
both its physical and biological aspects, it cannot be said to be
an efficient method of propelling a boat. Much water slips
past the blade of the oar to form a local turbulent wake. The
paddle wheel actually works on the same principle, though it
converts the reciprocating action of the skuller into'a more
efficient—from the engineering point of view—rotary one and
lacks the advantage of ‘ feathering’ on the returning blade,
which reduces to a considerable exteqt the resistance on the
blade in its motion through the air. At the low speeds common
to this form of propulsion, however, this wind resistance is but
a small proportion of the total force to be overcome. The
sailing vessel in a simple square rig with one sail square-on to
the wind employed by primitive peoples is not much better,
but in racing cutters the propulsion reaches a high degree of
efficiency, mainly on account of a well-groomed hull and the
practice of sailing close to the wind. Under the latter condi-
tions, given enough wind to belly the canvas out into a
moderate concave tautness, the horizontal section of the sail
approaches that of a thin aerofoil set at a small angleof incidence
to the wind, save that the surface in the case of the sail has
the same curvature on both sides. In spite of this equality of

curvature there remains sufficient difference in air velocity on
21
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the two sides to give rise to a cross force which replaces the lift
on the aerofoil and drives the yacht along without the waste
of overmuch energy in turbulence. If the vessel is driving
before the wind, the sail and tiller may be so set that this
cross force moves it continuously along the set course, but
should the wind blow dead on, tacking across the course
becomes necessary. At the end of each tack the sail-aerofoil
is turned over, by the help of the tiller and the wind, which
now fills the other side. During this change-over or *jib’
a-certain amount of way is lost, which makes the sailing vessel
unsuited for locomotion when speed or reliability is the main
object. :

A few years ago a new idea in sailing vessels was put out by
a German inventor, Herr Flettner, employing vertical rotating
cylinders to initiate the necessary cross force from the wind.
When a steady wind strikes a stationary cylinder in a direction
perpendicular to the axis, the resisting force is of course
directed in a line exactly contrary to the wind, but when the
cylinder is rotated an additional component comes into being
directed at right angles to the wind. Under favourable con-
ditions this cross force may amount to six times the drag, i.e.
the component in the line of the wind. A vertical cylinder
erected on the deck and capable of rotation by engines in the
hold can therefore act as a sail in the sense that the vessel can
be tacked into the wind, and that with more facility than the
real sail, since the cylinder, force for force, presents a much
smaller surface to the wind than a sheet of canvas and is conse-
quently easier to manceuvre. Actually the rotor ship has two
cylinders capable of being turned either in the same or opposite
directions. When the latter conditions are operative, the ship
of course can be swung round as the cross forces on the
cylinders point opposite ways. A vessel constructed on these
lines actually sailed from Hamburg to the Wear and back in
1924 but apparently did not justify the expected superiority—
in the economic sense—over a sailing ship (requiring no fuel)
or a screw ship (requiring an equal amount of fuel), though it
was said to be superior to both in respect of ease of navigation.
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It should be added that the experimental rotor ship carried
an auxiliary propeller of the conventional type, as the inventor
was not taking a chance of being becalmed without means of
locomotion!

Yet another outlandish type of propulsion was adopted by
Barnaby in the ’eighties for two experimental ships built for the
British Navy. These employed the same principle as that used
by the rocket, viz. the reaction of a jet. From the stern of
the vessels, above the water-line, jets of steam were impelled
towards the rear, giving them the appearance and sound of '
monster ginger beer bottles, so much so that this novel method
of propulsion was too much for the dignity of the Service and
they were broken up. They were followed by others on the
same principle, but of different design, in which water was
taken up by a scoop in the bows—somewhat in the fashion
that a locomotive takes up water from a trough between the
rails—and passed through a tube, inside which an ordinary
screw propeller accelerated the water and drove it out towards
the stern but beneath the water-line. Both types were in-
tended for service in weed-infested rivers, but, we believe,
the latter were also given up because of the impossibility of
preventing weeds fouling the entry, in spite of grids placed
in the scoop, so that their usefu]ncss rapidly deteriorated in
service. Itisinteresting that,in the two designs, jet propulsions
both above and below the water were found equally efficacious
in spite of the fact that the one jet was working into air while
the other was working into a much heavier medium, water.
This illustrates the point we have stressed elsewhere, that the
jet propeller functions in virtue of the reaction on the vessel
which, by Newton’s third law of motion, balances the action
exerted by the jet, and not—as some would put it—by pressing
on the air or water that it strikes in its path. You do not get
more reaction with the under-water jet, because the more
dense water resists the action more than does the air.

Coming at length to the screw propeller which is found on
the vast majority of craft to-day, we observe first that the
modern propeller has developed out of the rotating pair of flat
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inclined blades, which windmill-like constitute the archetype
of this apparatus, into a carefully graded screw having the
following characteristics:

(a) Blades of aerofoil section, instead of spar section.

(6) Section graduated from boss to blade tip, both in
respect of size of section and angle of incidence, though the
section remains similar throughout except near the boss and
the tip.

The object of this highly specialised and carefully calcu-
lated form is that each part of the blade shall fulfil its purpose,
which is to provide adequate thrust and to enable neighbour-
ing portions to exert their share of the thrust without mutual
interference. The force on an aerofoil section moving through
air or water is usually divided into two rectangular compon-
ents, one in the direction of the relative wind and the other
perpendicular to this direction, and producing the lift. When
the aerofoil forms a section of a propeller, these two components
participate respectively in the forward thrust and the torque
about the axis. The former drives the vessel forward while
the latter balances the turning effect of the engine working
through the shaft.

As the vessel travels the blade tips trace out spiral paths
usually made apparent in the water by the stream of air
bubbles which they drive out of the water as they thrash their
way through it. To a certain extent each blade disturbs the
medium through which its fellows have to pass and reduces the
thrust which they could exert if they were isolated aerofoils.
This limits the number of blades which can usefully be given
to a propeller. In fact, three is the limit for ships and four
for aircraft, though two are more common on aeroplanes.
There is a story current among propeller designers of a vessel
provided by its makers with a four-bladed screw which had
one accidentally knocked off in berthing and thereafter
travelled at a superior speed with less expenditure of fuel.

One source of wear and tear in ships’ propellers which does
not afflict the airscrew is corrosion, caused partly by chemical
action in salt water and partly through purely physical wear
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under the continuous series of shocks which are given and
received as the blades force their way through the water.
The exact nature of this corrosive force is not yet appreciated,
but it is the case that with certain propellers it has proved so
severe as to entail replacement after a voyage of a few months
duration. Until a few years ago propellers were nearly always
made of cast iron, but recently bronze propellers have been
introduced owing to their superior tensile strength and
decreased liability to corrode. Bronze is, however, a metal
much more easily set in continuous vibration than iron—as
witness its employment for bell founding—and its adoption
has brought in its train a new phenomenon to beset the
harassed ship engineer, called, for want of a more trenchant
name, the ‘singing propeller.’

An uncanny feature of these cases is that the trouble often
does not develop until the ship goes to sea, the basin trials
with the propeller submerged to different depths not leading
the owners to suspect anything wrong, while of propellers
made to identical patterns and as far as instruments can detect
of equal size, one may become a singer and the other remain
forever dumb.

The acoustic features of the phenomenon may be summarised
as follows: v

(1) The sound is rather difficult to describe but is somewhat
like that which would be expected if the blade received a
blow with a moderately hard hammer once in each revolution.
The low-pitched components of the ‘ grouching’ noise thus
resulting are rapidly damped, but the high-pitched components
remain as a metallic ringing from one impulse to the next.

(2) The noise is only blatant over a certain range of engine
speeds, reaching a maximum and then waning as the revolu-
tions per minute are increased through the noisy range.

(3) The pitch of the continuous ringing may be identified
with one or other of the torsional vibrations of the blade.
The pitch of the most favoured partial tone changes with the
speed of revolution.

(4) The noise is only important when an alloy of suitable



26 PHYSICAL SCIENCE IN ART AND INDUSTRY

clastic properties, such as bronze or stainless steel, is used.
Secular changes in the structure of the alloy may abate or
aggravate it.

(5) The same effect may be produced by a change of helm
or of physical properties of the water.

In the minds of many naval engineers the singing of a pro-
peller is closely bound up with the corrosion which it often
experiences in use. To the extent that corrosion changes
the physical properties and configuration of a propeller, itis
bound to have an influence on its acoustic properties, but it is
not yet proven that the noise is due to the same cause as the
corrosion, i.e. the liberation of dissolved gas as the blades lash
the water. There is also the difficulty of explaining fact (3)
on these lines, since one cannot conceive an obvious reason
why the frequency of degassing should be a function of the
speed. A more likely cause is to be found in the wolian
vortices formed behind the blades and which trace out helical
paths in the wake as the blades rotate. The vibrations so
forced on the blades would be considerably enhanced if they
happened to coincide with one of the natural frequencies of
the blade in a transverse or flexural mode, and the collapsing
of the liberated gas into these vortices might further add to the
energy available for exciting noise. In this connection some
experiments of Messrs. Stowell and Deming are pertinent.
They idealised a propeller into a uniform rod of circular
section, pierced at its mid-point by an axle about which it was
revolved by an electric motor, while they picked up the sound
produced on a microphone. The sound spectra so obtained
illustrate clearly how the pitch of the hum shifts from one set of
partial tones to another as the revolutions per minute of the rod
isincreased. The highest component in each case corresponds
to the frequency of production of vortices at the fastest-moving
portion of the rod, i.e. the tips. This would account for the
possibility of exciting vibrations at quite a range of speeds.
At the same time, disturbances from upstream of the propeller,
e.g. those produced at the stern post, which preserve for a
time their relative positions, produce additional impulses on



THE PHYSICS OF LOCOMOTION: SHIPS 27

the screw co-periodic with the revolutions. Such probably
give rise to the highly damped vibrations at low revolutions.
In the view of the writer, the phenomenon of the singing
propeller comes within the scope of relaxation oscillations.
These are produced whenever a system receives regular
impulses sufficiently detached to allow it to oscillate in one or
other of its degrees of freedom with diminishing amplitude
between each impetus. This would account for (1). The
permissible vibrations of the blades of a scale model flat-bladed
propeller have been studied by Hunter in the familiar method -
of Chladni dust figures used in studying the modes of vibra-
tion of metal plates, bowing at various places to exhibit the
modes of vibration when the real propeller is excited at corres-
ponding points. These model experiments were done in air
and the working stresses were absent, so that, as the author -
points out, the sound was far more musical and tolerable
than that which occurs at sea; under no conditions was the
distressing grinding or grating of noisy propellers set up in the
model.

It will be appropriate at this point to discuss the trans-
mission of sound and vibration in general and in its application
to ships in particular, since it is a matter of great importance
on passenger liners. Before one cap properly discuss this
question units of measurement must be agreed upon. Noises
are complex sound made up of a number of tones of varied
pitch and intensity. The noise can be analysed by suitable
instruments into constituent frequencies and the strength of
the components measured. Unfortunately, such an analysis
is not very helpful for present purposes, as attempts to deal with
each constituent separately would be impractical. Moreover,
the ‘spectrum’ of a noise may change from one second to
the next. The ear, even if it cannot perform the analysis into
constituents of such a complex sound as a noise, does have a
sense of the general quality of a noise and of its loudness. In
respect of both pitch and loudness the ear, like the other sense
organs, estimates relative and not absolute values of the
stimulus. Thus, we can tell when the pitch of a note is double
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that of a previously heard one or when the sound is doubled
in intensity while the pitch remains constant, but we cannot,
save as a feat of memory, tell how many vibratiéns per second a
sounding body is giving or what is the amplitude of the pressure
fluctuations produced by it on the ear drum. Intensity must
therefore be measured on a geometric scale, whose starting-
point is the intensity of the barely audible sound at that par-
ticular pitch. The logarithm of the ratio of the actual
intensity to the minimum is the intensity, reckoned in units
called, after the telephone pioneer, ‘bels.’” One-tenth of
this unit is more convenient in practice, and is called the
‘decibel.” The table below gives some typical noise levels
in order to show how this scale applies in practice:

In close proximity to aeroplane engine . 100 decibels
' » ’ pneumatic drill .90 ”
City traffic in noisy street . . . 70 '
Thunder . . . . . . 60 '
Ship’s siren at a distance of 100 yards . 60
Quiet residential street . . . .40 s
Ordinary speech at 4 feet . . . 25 »
Whisper at 4 feet . . . . . 10,
Inaudible . . . . . . 0

bR

As the ear is not equally sensitive over the whole audible
gamut of frequencies (about 20 to 20,000 vibrations per
second) the standard ‘ minimum audibility * does not represent
the same amount of acoustic energy over the whole pitch range.
Thus the normal ear is more sensitive to the middle of the
musical scale, which means that the minimum audibility is
lower in this region than it is in the treble or bass. This
complication, together with the difficulty of making precise
estimates of the least perceptible intensity for the normal ear
over a scope of several octaves, has led to the adoption of an
alternative unit, the ¢ phon,’ which is of the same nature as the
decibel but takes as standpoint the minimum audibility of a
tone of one thousand vibrations per second. The standard
pitch and intensity is thus a constant one no matter what the
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reference pitch may be, and only the one threshold of intensity
for a normal ear has to be defined. From the point of view
of the physicist and the engineer this is an advantage, indeed
they would be satisfied with a purely artificial standard pro-
vided it could readily be reproduced, for example by putting
the ear at a specified distance from a thousand-cycle tuning-
fork having a measured amplitude of vibration. Nevertheless
measurement in terms of the bel gives a better picture of how
the ear estimates noise. It is, of course, fairly easy to convert
one set of units into the other at any given pitch.

We shall describe later (Chapter IV) the way in which noise
can be measured, but we must now indicate what can be done
if, in a given location, an undesirably high noise level is found.
Of course, much can be done by treatment at the source.
Machines must be mounted on supports which are not set into
resonant vibration and, even if subject to forced vibrations
from the engine, have properties that initiate some damping
of the noise or vibration. Pads of rubber may be interposed
between the base of the machine and its foundation so that these
two are coupled only through the rubber, i.e. no rigid bolts
should pass directly from machine to foundation. This will
not be possible when the machine in question is the main
driving engine of the ship, but even \when the engineer is
restricted to rigid coupling of moving parts much may be done
in noise reduction by paying attention to such matters as (1)
prevention of moving contact between hard unyielding sur-
faces, (2) prevention of sudden discontinuities or accelerations
in the motion, the chattering of valves, the sudden exhaust of
high-pressure gases into the atmosphere (to be obviated by the
gradual lowering of pressure through a silencer), (3) oiling of
moving parts to prevent squeaks induced by friction, (4)
balancing the machinery so that as far as possible moving parts
have equal inertia.

Whenever sound in transmission strikes a medium of different
physical properties a certain amount of reflection occurs. The
rest of the energy passes on and is either absorbed or trans-
mitted by the second medium. The factor which characterises
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the behaviour of a medium in this respect is the product of the
velocity of sound in it and its density. If two neighbouring
media have identical values for this transmission factor, then
sound will pass freely from one to the other without reflection ;
but if the values differ very much, then a considerable portion
of the energy is sent back at the boundary and little is trans-
mitted into the second structure. A knowledge of the reflec-
tion and transmission coefficients of building materials to
sound is thus of grcat importance, but we shall defer considera-
tion of the methods by which such information is obtained
until a later chapter, confining our attention at present to the
application of the general principles to the noise reduction in
ships. From the foregoing theoretical considerations, the con-
ditions for the isolation of sounds may be summarised as
follows:

(a) Structure-borne sounds. Discontinuities in the structure
should be introduced so as to produce a marked diminution
in the acoustic energy penetrating each new panel of the com-
posite partition. Damping should be a feature of the inter-
vening strata whenever feasible.

(b) Air-borne sounds. The use of more or less porous
materials permits the sound incident upon them to be absorbed
by dissipation in the pores.

Methods of application present some difficulty on board ship
inasmuch as there are various regulations to be met which were
established in the days before acoustic treatment was thought
of. The use of constructions which would be possible from
the practical standpoint on land are often impracticable on
seagoing vessels. The presence of so many angles and stiffeners
on the surfaces to be dealt with makes it difficult to satisfy
these theoretical rcquireﬁcnts of isolation through the con-
struction. If the angles are left uncovered they tend to conduct
sound and nullify the work done on the plane portion of the
surface. The acoustic engineer is left with two alternatives in
carrying out his work, these being:

(1) To carry the insulation directly against the plates
forming the walls and work round each stiffener, or
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(2) To work over a dummy wall formed by a plane over
the ends of the stiffeners, leaving an air space between this and
the main plates. The latter construction would in fact add
to the efficacy of the isolation but is often forbidden on technical
grounds. Fig. 4 shows how the cabin walls of the M.V,
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Ulster Queen were treated, (above) following the first method, and
(below) the second method. The partitions also were isolated
by rubber padding from the main walls. The wave form of
the transmitted noise from the engines was recorded before
and after the work was carried out, the results at four likely
cruising speeds being shown on Fig. 5, from which it is evident
hat a considerable reduction was effected. It usually happens
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that as the engines are speeded up the noise level in any part
of the ship rises rapidly at first—rather irregularly as the
engine revolutions strike one or other of the resonances proper
to components in the structure—but more slowly eventually
until a maximum is reached, beyond which an increase in
revolutions scarcely affects the noise. The mounting of the
prime movers to the seatings or main girders across the bottom
of the engine, in the fashion indicated earlier, does not offer
much practical scope, for, although so desirable from an
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acoustical point of view, the requirements of rigidity and
accurate alignment here outweigh all other considerations.
Auxiliary units such as ventilator fans, battery charging units,
etc., can be mounted on rubber pads to great advantage, thus
cutting off important structure-borne noises at their source.
Since seagoing vessels are for the most part travelling through
a very turbulent medium it might be thought unnecessary for
the designer to worry about niceties of form. This is not so,
however, and much research has been prosecuted in recent
years into the best shape for a ship to produce the minimum
of resistance. Streamlining below and—as far as the larger
protuberances are concerned—above the water-line is resorted
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to. Besides the usual skin friction and eddy-making resistance
to which every object traversing a fluid medium is subject,
a surface vessel experiences another waste of energy in respect
of the waves which its passage sets up. Large boats at high
speeds originate quite high crests both at the bows and the
stern, and work is done by the engines in lifting up the water
against the force of gravity to form these diverging waves. It
is also harmful to the banks of canals when the craft is so
confined, and the speed must then be kept quite low to avoid
erosion.

The wave-making resistance can be kept down by suitable
shaping of the fore-part of the vessel and the avoidance of
certain critical speeds. The angle with which the stem meets
the water and the rate at which the water-line diverges
from the stem to meet the parallel part of the ship’s sides are
modified in cut-and-try methods until the best model shape
at the scale speed appropriate to the test is reached. Critical
speeds arise in this way; the bow wave and the stern wave
travel out—like most wave systems—in all directions con-
tinuously from the point at which these sudden changes in
form make contact with the water. The envelope of the
diverging crests from these centres of disturbance forms the
arrow-head bow wave and stern wgve respectively from
whose angle the pilot of an aeroplane overhead can judge the
speed of the ship relative to the sea. More important from
the point of view of the resistance is the fact that the two
systems, passing alongside the hull, the one back and the other
forward, with velocities compounded of the speed of propaga-
tion and that of the boat, interfere; that is to say, produce a
resultant series of crests and troughs whose height is the
algebraic sum of the separate disturbances. At certain speeds
of the vessel the combination will give rise to ‘ standing waves ’
which move along unchanged in position relative to the ship
and appear stationary to a person on deck. These critical
speeds will obviously depend on the velocity of propagation of
the waves and on the distance between the sources of distur-
bance, i.e. on the length of the vessel. At low speeds conditions

3
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~with several ‘ nodes’ in the standing waves may occur, but
the crests and the increment of resistance are then slight. It
is when a single large crest near the bows followed by a deep
depression (corresponding to the length of the ship being nearly
awhole number of wave-lengths in the pseudo stationary waves)
is set up that the resistance increases enormously. In practice
the vessel must cruise at values below thlS ultimate critical
speed.

As the vessel may not be equally loaded on all occasions,
the midships section must be watched as well as the longi-
tudinal plan at the water-line. Endeavour must be made to
damp out that part of the wave which, formed at the bow,
travels along the hull of the ship. This can be assured to a
certain extent by bulging the hull amidships just above the
normal water-line. Attempts have been made to improve
the flow by giving the water-line on either side a constant
curvature instead of the more usual diminishing radius of
curvature near the stem and stern with a stretch of * parallel
body ’ between. Up to the present there is little evidence to
show that this ¢ arc form’ is any improvement on the old.

Models of boats carefully made in wax are first tested in a
long water tank, such as that named after the pioneer Froude
at the National Physical Laboratory. The resistance of the
model can therein be determined at a number of scale speeds.
The earliest experiments of this type were those carried out
in 1775 by d’Alembert and Bossut on a piece of water belonging
to the Ecole Militaire at Versailles. They attached a string to
the model, passed it under a pulley at one end of the pond,
over another in the branches of a tree, and hung a weight
on the free end. As the weight fell the model shortly attained
a limiting speed at which the resistance (which naturally
increases with velocity) balanced the tugging force of the
weight. Using different weights, it was thus possible to deter-
mine the resistance corresponding to a number of speeds.
Nowadays, a machine tows the model along the tank while a
balance fixed to the tow rope records the tractive effort exerted.

Physics plays an important part in the navigation of a ship.
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It would be difficult to conceive how the journeys of men like
Marco Polo and Columbus could have been brought to a
successful conclusion without the aid of the magnetic compass;
although in its absence other ways of taking a bearing—apart
altogether from astronomical information—would be available
to the navigator in this Year of Grace. The earliest types
were nothing more than a piece of card, to which a piece of
magnetic material had been attached, made to float on a
liquid surface, but at the present time more elaborate arrange-
ments, usually dependent on the gyroscopic principle, are
made to ensure that the compass preserves an even keel in
spite of the rolling or pitching of the craft. Since the compass
is affected by neighbouring masses of iron, it is usual to let
the ship, on commission, swing round its anchor in port with
change of tide to disclose such actions. As the earth’s magnetic
action is constant during the short time that these evolutions
take, any change in apparent bearing, other than that due to
swinging the ship, is to be ascribed to disturbing influences on
board ship and is to be counteracted by fixed pieces of iron
set up near the compass until the spurious effect has been
neutralised.

Navigation in shallow and obscured waters has been much
facilitated in recent years by the invention of a number of
pieces of apparatus based on the propagation of sound waves
either through the atmosphere or through the sea. If the vessel
is equipped with submarine microphones, a surer indication
can be derived from sounds traversing the sea than from those
in the air above it, subject as these are to deflection by wind or
absorption by fog. It is the practice to send out from import-
ant lighthouse stations simultaneous sound and wireless signals,
both of which can be picked up by ships in the vicinity. The
arrival of the latter being practically instantaneous, the time
which elapses until the submarine sound is picked up gives an
accurate indication of the ship’s distance from the lighthouse.
If there are two microphones, one on each side of the ship, the
bearing of the source of sound can also be obtained. If the
ship is steering directly towards the source and the micro-
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phones have been adjusted for equal sensitivity they will be
equally excited. Otherwise the signal picked up will appear
louder on that side of the hull which faces the direction from
which the sound is coming and the pilot having a stethoscope
connecting the microphones severally to his ears will be able to
lay a course accordingly. In one type of apparatus the cur-
rents from the two microphones are, after amplification, fed to
loud-speakers which can be moved along respective tubes, one
connected to each ear of the pilot. If, when the loud-speakers
are at equal distances from the two ears, one sounds louder than
the other, the pilot moves this one farther down the tube until
equality has been attained. This is done by a handle working
over a dial on which the bearing of the source of sound is read
directly.

Alternatively, a single microphone furnished with a baffle
may be employed. This is turned in the water until the sound
picked up is a maximum, in which position the baffie is directly
facing the source. In the ‘ light-body hydrophone * developed
by the British Navy during the war of 1914-18, the baffle was a
lens-shaped case, while the microphone itself was placed in a
boss in the centre of the case, consisting of a volume of air in a
glass vessel. The case being less dense than the surrounding
water vibrated with a greater amplitude than the water
through which the sounds came. The principle of this device
is, in fact, that when a body is set in forced vibration by
sounds coming through the surrounding medium, the relative
amplitudes of the two vibrations are inversely as the respective
densities. (In the same way, light sand grains on a steel tele-
phone diaphragm dance to considerable heights when the
diaphragm is given a feeble oscillation of weak amplitude.)
This light body thus gave good amplification in detection in the
days before the development of amplifiers employing ther-
mionic valves.

In taking soundings, two physical methods depending on
sound propagation are available, more elaborate than the still
very common line and sinker and less subject to error.

We have already outlined the sound and light or wireless
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signal method for determining the distance of a ship from a
signal station. When the sound signal is given by a sub-
merged bell, the value of the velocity in water is obviously
necessary to determine the required distance. There is, how-
ever, another important application in which this quantity is
involved and that is the determination of the depth to the
bottom of the sea or channel in which a vessel floats, by noting
the time for a sound to travel to the bottom, to be reflected and
to return to the vessel. The idea of this ¢ echo-sounding’
goes back to the middle of the nineteenth century, but has been
brought into practical use only within the last few years, not
without contesting a number of difficulties which presented
themselves. The earlier photographic apparatus of Behm in-
volved the projection of the light from a small lamp by a rotat-
ing mirror on to a sensitised film. In the absence of disturb-
ance the beam of light drew a straight line on the film, but at
the instant of firing a cartridge in the water to one side of the
vessel, a second mirror in the path of the beam of light and
connected mechanically to the diaphragm of the microphone
on the opposite side of the vessel was disturbed, causing the
trace to follow an unevenly sinuous track, which continued until
the sound returned from the bottom of the sea and struck the
microphone, causing a second and morg violent agitation. The
first disturbance was found to be due to direct propagation of
sound through the iron hull of the vessel (at about 5,000 metres
per second) and was continued by waves diffracted round the
hull through the water. The time of passage of the sound to
the bottom and back was given by that between the first dis-
turbance and the later more vigorous one, when the time of
transit through the hull could be neglected. The echo time
was found by comparison with a trace from a tuning-fork of fre-
quency 1,440 side-by-side with the trace from the microphone
on the film. Since the velocity of sound was nearly 1,440
metres per second, every complete vibration on the fork repre-
sented one-half metre of depth—remembering the double path
of the sound.

This apparatus had two defects—the * lag ’ in registering the
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sending out of the pulse, the delay in developing the traces—the
latter rendering it useless as a sounding device for the use of the
ordinary ship’s personnel. Behm himself has devised a dial
instrument, in which the action of firing the cartridge starts a
disc in motion at a constant and fixed speed; the arrival of the
sound at the microphone brings a brake into action, which
instantly stops the wheel. A pointer moving with the disc
gives the sounding directly on a scale graduated in metres.
This instrument requires careful screening of the microphone
from the direct transmission through or round the hull.

The instrument used by the British and U.S. Navies based on
Fessenden’s Principle is superior in this respect, and more com-
pact, as source, microphone, and registering device are incor-
porated in one instrument. A drum rotating at a constant
slow speed carries two pairs of contacts. The first pair actuate
electrically a submerged bell or hammer, every time they pass
two (fixed) brushes. The second pair periodically pass under
two other brushes, which connect telephones (on the bridge) to
submerged microphones close to the bell. These brushes can
be moved round the disc relative to the first pair. If both sets
of brushes are together, the sound of the direct transmission
over the negligible distance between bell and microphone will
be heard. If the second brushes be now displaced so that the
microphone contact lags behind the bell contact, no sound will
be heard in the microphone, until the lag has been so far in-
creased that the noise in the microphone caused by the sound
returned from the sea-bottom is caught. The scale showing
the angular displacement of the brushes is graduated to read
the depth in feet. '

An interesting application of the ¢ Behm-lot,” as the inventor
styles it, has been made to the determination of the height of
air-vessels, and of the nature of the earth or water surface over
which they lie, when in fog or darkness.

The principle of this apparatus is a combination of that of the
photographic type with that of the revolving wheel. The
sounding is indicated to the pilot by movement of a spot of
light along a ground glass scale in place of the sensitised film.
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The beam of light is again given two displacements, one a
transverse oscillation actuated by the microphone which
receives the echo, and the other a vertical movement at con-
stant speed started by the firing of the cartridge. At thisinstant
the spot of light begins to travel, more or less in a straight line,
vertically up and down the scale, until the return of the sound
throws it into violent oscillation, in which it continues with
diminishing amplitude until it disappears from view. The
oscillations are presumably the natural vibrations of the dia-
phragm of the microphone since the source of sound is a sharp
pulse. The vertical distance traversed by the spot of light
before the disturbance strikes it
gives the pilot his height in metres.
The scale of such an instrument is
shown in Fig. 6, with a typical trace
as it would appear to the pilot.
These echo altimeters are designed
for sounding at low altitudes, for
landing by night or in fog, since they
/00| cannot compete with the barometer
for convenience at greater heights.
But the instrument is designed to
give more information than the mere
height. The intensity of the echo will
depend not only on the distance from
the surface below (this will fall off as
the square of the distance), but also
on the form of the surface. Water—
as everyone must have noticed at the
seaside—is a good reflector of aerial
sound waves, hard ground rather
less, soft or snow-covered ground still
less. It is therefore possible, to a
##LUJLWM# certain extent, to distinguish at a
particular altitude what type of
Fio. 6.— Ecno-sounping COUNtry is causing the reflection.
APPARATUS (Behm) Alongside the vertical scale in Fig. 6
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will be noticed three dotted lines, which give, from an empirical
calibration, the intensity of the echo returned by the three
typical surfaces, from a source of standard intensity, i.e. the
average produced by the cartridges employed. To allow
for possible variations of the intensity of the pulse given by the
latter, another microphone measures this intensity by the
horizontal deflection of another beam of light at the base of the
instrument—rather a lot for the poor pilot to observe at once,
perhaps, but indicative of the possibilities of echo-sounding,
which will be improved and developed as time goes on.

A further possibility of the method is suggested by a sounding
taken over a surface with a table placed on it. With the
instrument at an altitude of some three metres, the record
showed, beside an echo from the table, a less intense disturb-
ance from the floor below. In view of this experiment it is
claimed that a pilot could distinguish between flat and broken
ground, and choose his landing-place accordingly. Larger
inequalities such as hills, or islands in the sea, could be detected
by repeated soundings from a greater height.

It is obvious that when the Behm apparatus, with its source
and receiver on opposite sides of the vessel, is applied to an
aeroplane, the screening of the direct sound-ray through the
vessel is more difficult to accomplish than when the bulk of a
large ship lies between them; and, moreover, the direct distance
between source and microphone becomes comparable with the
sounding to be taken at the slight altitude for which the air
sounder is intended. To effectually screen the microphone
from the direct ray, it has been found necessary to direct
the initial impulse downwards, and to ‘ cut out’ the receiv-
ing microphone at the instant of firing.

It is essential to remember that the energy reflected by a
surface when the source gives out a single or a limited train of
waves separated by a considerable period will depend on the
angle subtended by the surface at the source, so that the echo
sent back by a surface of limited extent will diminish in inten-
sity as its distance from the source is increased ; in fact, the
energy reflected will vary inversely as the square of the distance.
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The same applies to a source which gives a continuous tone of
low frequency, with the additional fact that bending of the
sound round the object will take place to an extent which
increases with the tenuity of the obstacle and the wave-length of
sound. Remembering, again, that on account of the increased
velocity the wave-length of a given tone in water is 4'3 times
that of the same tone in air, we see that an attempt to locate an
iceberg, for example, or another ship on the sea, must fail if
echo-detectors of the type at present described were used, except
at distances within which their presence would be obvious.

The problem is analogous to that of a lantern and a small
mirror at a distance by which we hope to reflect light back to
the lantern. The amount of light reflected will be negligible,
unless we concentrate the light of the lantern upon it in the
form of a beam.

If we attempt to make a beam of sound by allowing the waves
to pass through an aperture, we are faced with the difficulty
that the apertures we meet with in practice are large, or at any
rate of the same order as the wave-length of sound (the wave-
length of ‘ middle C’ is 5'7 metres in water), and in such cases
we know from optical analogies that the radiation is not
propagated in straight lines through the aperture but spreads
in every direction. To concentrate the sound energy into a
beam by passing it through an aperture of reasonable size it
becomes necessary to employ wave-lengths of a few centimetres;
the beam can then be focused on the reflecting surface.

It occurred to Prof. Langevin during the 1914-18 war to em-
ploy the vibrations of a quartz crystal excited piezo-electrically.
What may be called the static piezo-electric phenomenon has
been known a long time. If two metallic plates are fixed to
opposite faces of a quartz crystal and a current passed between
them in a direction perpendicular to one of the ‘ electric axes’
of the crystal, a slight elongation takes place in a direction per-
pendicular to both electric current and optic axis. On turning
off the current the crystal contracts again. If intermittent or
alternating current be supplied to the crystal, oscillations of the
crystal will take place owing to the rapid elongations and con-
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tractions, but the movements excited by this dynamical piezo-
electric effect will be of very small amplitude, unless the
frequency of the intermittent current coincides with one of
those—either fundamental or harmonic—natural to the
crystal, i.e. when the crystal and current are in resonance.
Since the slices of quartz employed are of quite small dimen-
sions, the fundamental vibration is of very high frequency,
usually above the audible limit—about 40,000 per second ;
hence their suitability for transmitting waves of short wave-
length into the surrounding medium. It is not feasible to
produce alternating currents of this frequency by the ordinary
means, but the thermionic valve supplies the solution. It is
known that oscillations taking place in the grid circuit of a valve
are magnified in the plate circuit, and these again reactupon the
former, tending, under suitable conditions, to maintain them.

Accordingly ‘the crystal with its connecting electrodes is
placed in the grid circuit, with sufficient capacity and inductance
to excite and maintain the fundamental vibration of the quartz
‘ resonator.” Then supersonic waves, a few centimetres long,
if sent out through a small hole, will be concentrated into a
beam without appreciable spreading on either side of the hole,
owing to the small wave-length compared to the aperture, herein
differing from the sounds of the normal speech range. Actually
an ad hoc aperture is not needed, the confines of the crystal and
electrodes being sufficient to compress the energy into a beam
of practically plane waves in a direction parallel to the electric
axis. If the waves strike a solid surface lying normal to their
course, they will be reflected and will strike the crystal again.

With this energy available, it is possible to send a beam upon
the sea bed 450 metres down, in spite of the damping of
amplitude suffered by the waves in their transit, and still obtain
a ‘readable’ echo. Ultrasonic soundings have the advan-
tage of a certain amount of secrecy, since the waves are in-
audible. It is not to be supposed on that account that they
are without action on the aural or other organs of the body;
the fishes which happened to be in the experimental tank were
killed by the action of the ultrasonic waves!
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CHAPTER III

THE PHYSICS OF LOCOMOTION:
AEROPLANES

THE aeroplane is such a common sight to us that it is a little
staggering to realise that only forty years separate us from the
day that the Wright brothers made their first epoch-making
flight in an engined heavier-than-air machine in the United
States. This, of course, does not mean to say that voyages
through the air were previously unknown, but that hitherto
the intrepid aeronauts had been more or less at the mercy of
the wind. Aecronautical research in this country began with
the home work of Sir George Cayley a century ago, was con-
tinued by Stringfellow and Henson on model gliders, flown in
an empty lace factory since they found out-of-doors too boister-
ous for fundamental research, as well as being destructive of
the fragile models. Two factors contributed to the rather
long delay which followed these experiments before man con-
quered the air. The one was the need to discover a suitable
lifting surface having a small drag resistance. This was
accomplished by Lanchester, who evolved the aerofoil section
as a body possessing circulation—and, therefore, lift—like the
rotating circular cylinder. The other was an engineering
rather than a physical lack, though moreserious than the former,
i.e. the absence of light motive power before the internal com-
bustion engine came along. Some of the early models were
driven by small steam engines, but they did little more than
lift themselves for a few seconds into the air at their first—and
often last—hop. Nowadays, models are still used—in advance
of the construction of the full-size *plane—and are tested in a
wind tunnel to aid the designer in his task and to predict, as
far as possible, the characteristics of the prototype.

Broadly speaking, there are three types of wind tunnel.
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The original one, de-
signed by the Frénch
engineer, Eiffel, of
Tower fame, for mea-
suring the wind resist-
ance of various simple
shapes as well as com-
plete models, was of
the open jet type (Fig.
8). In most tunnels,
however, the wind is
aspirated through a
long box (Fig. 7). The
section may be any-
thing from eighteen
inches up to seven feet
square, with two coni-
cal attachments at
either end. The entry
is rounded off to induce
a flow free from large
disturbances (although
some small-scale turbu-
lence cannot be ex-
cluded, this does not
upset the results). At
the exit the section
must change gradually
from square to round
to meet the circum-
ference of the imagin-
ary disc swept out by
the blades of the fan.
Each end of the box
has therefore a cone
attached to it; obtuse
at the suction end, more

10

ScaLe ofF FEeT
Fic. 7.—Wixp TunneL, CrLosep TypE (Piercy)

H, inlet honeycomb ; P, plane table ; S, guard grid (which need not be a honeycomb) ; D, regenerative cone ; W, honcycomb wall.
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acute at the exhaust end. Further, to prevent undue swirling
of the air on the part of the fan, honeycombs are placed at
each end of the square section. These consist of sheets of
tinplate placed criss-cross fashion and look rather like the
interior partitions of egg-boxes. The model must be placed
at such a distance from the throat of the tunnel that conditions
in the wind stream have more or less settled down, say at
about half a dozen diameters and some two-thirds of the total
length. This limitation makes the total length, including en-
trance and exit cones of a four-foot-square tunnel (an average
laboratory size), to be fifty feet. The power required from the
motor driving the fan and the total amount of material used in
the construction naturally rise very rapidly with the cross-
section of the channel, placing the seven-foot tunnel in a class
by itself as a monopoly of state testing laboratories. Windows
are provided at the testing section for adjustment of the models
and for noting their behaviour.

When the open jet is used, continuous circulation of the air
in a sealed chamber usually takes place. This necessitates the
provision of guiding vanes (Fig. 8) to get the air neatly round
the corners of the circus. The jet is totally enclosed save for
the experimental space, where the model is set up, both edges
of the metal case being faired off at this point and so arranged
that the jet suffers a slight expansion. This is because it is
found that a contraction just before the open portion is reached
steadies the air somewhat. Although in this type one avoids
any corrections to the forces measured on the models for the
friction suffered by the air stream in riding along the walls, it
is naturally easier to secure uniformity of flow over the jet
when it is perfectly straight.

Recently the totally enclosed roundabout tunnel of the
Eiffel type has been further developed. The whole chamber
enclosing the tunnel is hermetically sealed and raised to a high
pressure (up to twenty-five atmospheres); in fact, the chamber
consists of a large steel shell able to withstand the pressure.
In the one erected at the National Physical Laboratory, the
experimental portion is formed of a central tube six feet in
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diameter along which the compressed air is aspirated to be
returned to the suction end through the annular space between
this tube and the outer shell. The object of using air under
pressure will appear in what follows.

The force balance which measures the effect of the draught

SecrioN oF Cascabk VANE

)

Fig. 8.—WinDp TunneL, Open-JET TyYPE (Piercy)
A, jet; B, airscrew ; G, ring of straighteners; D, divergent diffuser.

on the model consists essentially of a lever pivoted in one of
the side walls of the tunnel by a joint which, if not ‘ universal,’
should be capable of movement in at least two azimuths, one
in a line parallel to the axis of the tunnel and one perpendicular
to this. The best arrangement uses for a pivot a thin steel
diaphragm through which the balance arm passes and to
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which it is bolted. The diaphragm is clamped round its
circumference to the wall of the tunnel and so obviates the
leakage of pressure which accompanies the free passage of the
beam through a simple hole, an alternative device. The
forces transmitted from the model to the lever may be measured
by the shifting of weights, suitably disposed, along the beam,
after the fashion familiar on the weighbridges of markets and
railway goods stations, or the deflection of the beam may be
opposed by compensating electrical attractions between coils
carrying currents, one on the beam and one fixed to the channel
supports. In a totally enclosed tunnel this second alternative
or some similar apparatus is a necessity. Thus, in the com-
pressed-air tunnel to which we have just referred, once the
model is in position and the air compressed, one cannot get
at the model or its supports to measure the aerodynamic forces.
Accordingly, the model is mounted on a ring frame which
can be made to pivot (by electric circuits operated through
external switches) alternately about a vertical and a horizontal
axis, and the force on the frame in each case is measured by
applying compensating electric forces until the ring frame
rides in the same position as in the absence of draught. As
this condition is also signalled to the operator by electric
contacts, the whole operation can be carried out  blindfold.’
If, on any model in a tunnel, there is a turning moment
tending to twist the balance beam, the twist is taken out by a
corresponding and measurable turning moment on the outer
end of the beam.

If the axis of the tube (and therefore of the model) is hori-
zontal, the force on the model is resolved into two components,
one horizontal, known as the ‘ drag,” and the other a vertical
constituent, or ‘ lift.” The designer naturally aims at producing
a design for which the lift/drag ratio is high. This ratio is
accordingly plotted (after the tests) on a graph for a number
of reasonable angles of incidence of the wind upon the plane.
On Fig. 9 the separate graphs of lift and drag for a typical
aerofoil are shown.

When the aeroplane is moving horizontally through the air
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at constant speed, the propulsive force of the engine acting
through the airscrew balances the drag, while the lift equals
the weight of the machine. If, however, the pilot tries to
climb too steeply so that the angle of incidence of the relative
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Fig, 9.—Lirr AND DRAG FOR TYPICAL AEROFOIL, UNSLOTTED (FULL LINE) AND
WITH SLOT OPEN (BROKEN LINE)

wind on the wings rises to such a value that the lift falls off
(cf. Fig. 9) to a value insufficient to sustain the weight of the
load, while the engine is unable to overcome the increasing
drag, the aeroplane stalls, i.e. falls back to earth and probably
crashes before the pilot can right it. Evidently under these
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circumstances an aerofoil section is demanded that has a large
lift/drag ratio at high angles of incidence if stalling is to be
prevented. This is the advantage of the slotted aerofoil. On
opening a slot near the leading edge of the wing, air passes
from the underside to join the sluggish air on the top, giving it
sufficient kinetic energy to carry it to the trailing edge without
breaking away into eddying, the prime cause of drag and
small lift in an unslotted aerofoil at these angles of incidence.
The dotted curve on our figure gives the lift curve for the same
aerofoil when the slot is open, to show the increased lift/drag
ratio above an incidence of twenty degrees. Below this its
curve is not so favourable, but to offset this the slot may be
closed for normal horizontal flight. In fact, the slot is normally
shut by springs, but when a stall is imminent pressure of the
air on the lower side of the wing opens the slot and automati-
cally wards off the danger, or at least postpones it until the
pilot has had time to reset the machine on an even keel.

The slot—although it is the most successful and widely used
—is not the only invention in which a knowledge of the physics
of air flow has been applied to reduce drag in the aeroplane.
The German experimenter Schrenk was the inventor and most
persistent advocate of devices which aimed at the inhibition
of the breakdown of streamline flow round sharp corners or
behind the bluff portions of models by means of apparatus
involving the sucking of some of the air into the rear portions
of wings. In his earliest experiments he used a sphere one
foot in diameter, mounted in a wind tunnel and having ring-
shaped slots contrived in the rear half through which air was
sucked into the interior, to pass through the hollow tube of
the force balance and finally through the aspirating pump
into the atmosphere outside the tunnel once more. Under
favourable conditions of suction, the resistance could be
reduced to one-quarter of its value for the untouched sphere.
By mixing smoke with the air passing near the sphere, he was
able to demonstrate that the suction did in fact cut down the
erstwhile turbulent wake behind the model.

We have now reached the stage at which we must consider
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in some detail the validity of applying model results obtained
in the laboratory to'full-scale design and to the prediction of
the behaviour of the actual machine or part when constructed.
For this we must go back a little way in the history of hydro-
dynamics to some fundamental experiments, which—all unbe-
known to their author—were to play a major part in the
evolution of aeronautical research. In the year 1883 Osborne
Reynolds carried out some experiments on the initiation of
turbulence in the flow of water along glass tubes, whereby he
gradually increased the speed until streamline motion broke
down. To indicate the change of régime he allowed a fillet
of ink from a siphon to pass along the axis of the tube. As
long as the motion remained smooth the ink ‘ kept itself to
itself as a thin thread stretching along the tube from end
to end ; but when a certain critical value of the velocity was
exceeded, the ink swirled round and round in spirals until the
whole of the water in the tube was coloured by it except for a
short length near the entry, which, being a convergent funnel,
prevented turbulence ab initio. He found that this critical
velocity was a constant factor for a given tube under the
conditions of the experiment, but that if he changed the tube
for a similar one of different diameter, the critical velocity
changed in such a way that the product of it and the diameter
remained constant. The only other relevant factor appeared
to be one which was peculiar to the fluid in the pipe, viz. its
‘ kinematic viscosity,” which is descriptive of the specific
resistance which the fluid offers to movement. If the kine-
matic viscosity of water were lowered by heating it, the critical
velocity was lowered in like proportion. Summing up his
results, he decided that turbulence would commence whenever
the quantity, velocity x diameter/kinematic viscosity, exceeded
a certain number, roughly one thousand. (It may be remarked
in parenthesis that the units in which these three factors are
measured does not matter provided they are at least consistent,
for this ratio has no dimensions.) This quantity has since
come to be known as Reynolds’ Number or Criterion. It is
now known that every type of flow has a characteristic
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Reynolds’ Number, which determines when a change of régime
will take place. But we can go further yet. If we have a
model of an aircraft in the wind tunnel, not only will turbulence
set in at the same value of the criterion for the model as for
the prototype, but at any stage the flow round each will be
similar—so that smoke pictures of the flow round each will
look identical when reduced to the same size—if the Reynolds’
Numbers for the flow round each are equal. Then all the
aerodynamic forces on the one can be derived from the other.
It appears, then, that we have only to secure equivalence in
this respect for our model and full-size work to get all the
information we wish in the wind tunnel. But this is not so
casy in practice, for in the nature of things the model has a
smaller diameter than its parent, so that it ought to be tested
at a proportionally higher speed if both are to be tested in
atmospheric air. With present-day cruising speeds of aero-
planes this is impossible, and so, willy-nilly, the practice has
been to accept model tests at lower Reynolds’ Numbers and
to extrapolate to full scale. Fortunately over a considerable
range of Reynolds’ Numbers this scale factor is small, evidenced
by tests on cylinders and spheres. Between R = 500 and
R = 500,000 the régime is practically invariable. Only below
this range, where the transition from streamline flow is taking
place, and above it, where speeds approaching the velocity
of sound make it so that compressibility of the air is no longer
negligible, are marked changes apparent. The former range
scarcely concerns aircraft, nor did the latter until recently.
In order to test models in channels at higher Reynolds’
Numbers we must perforce change the viscosity of the fluid
medium. The only liquid available in sufficient amounts for
tunnel work is water, which has a kinematic viscosity about one-
tenth of that of air, and so will raise the Reynolds’ scale of any
model by ten times. It is, unfortunately, so much more dense
than air that much more power on the part of the actuating fan
is required to move it along the tunnel at the same speed. It
was suggested by Margoulis in 1920 that an enclosed wind
tunnel might be filled with carbon dioxide which has a viscosity
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two-thirds that of air, but actually the variable density tunnel
as realised contains merely air whose pressure can be varied,
since it is airtight, as we have already indicated. The kinematic
viscosity of air decreases nearly in inverse proportion as the
pressure increases, and in practice a compression of 25 : 1 is
attainable. Thus, assuming that the wind speed in the tunnel
can be kept the same as that in actual flight—a condition only
reached with light aeroplanes—the model may be built to one-
twenty-fifth scale and still retain full-scale Reynolds’ Number.

At other laboratories attempts are being made to test an
aeroplane at natural size in a wind channel of the open jet
type. That at Chalais-Meudon in France has a working
section six metres square. Even so, parts of the wings must of
necessity project beyond the confines of the jet, and corrections
to the observed forces must be made for this. The whole
tunnel is an immense enclosed aerodrome, and since it would be
impossible to construct a single fan of the size required to
aspirate air over such an area, six separate fans are mounted
side by side in the entrance cone of the jet which embouches
directly from out-of-doors in the park housing the tunnel.

Some information on the forces acting on the different parts
of an aeroplane may be obtained in actual flight, if self-record-
ing dynamometers are fitted. For instance, one British mono-
plane has had springs fitted between its wings and the chassis
to make records of the forces on the wings at different steady
flight speeds in order to correlate these with similar observa-
tions on the same wings alone in a large tunnel and to obtain
factors for the scale effect, if any.

It must not be supposed that model research is entirely taken
up with the measurement of aerodynamic forces. Another
important service which it affords is connected with the
examination of the flow round models. It is often desirable to
have knowledge of the distribution of velocity and pressure
round a model aerofoil at various Reynolds’ Numbers. The
older instrument employed for this purpose is the Pitot tube.
If a narrow tube is bent at a right angle near its open end so
that this embouchure experiences the full force of the air
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current—this means pointing it directly into the local wind at
this point—an excess pressure is built up inside it (if the other
end is plugged) whose value depends on the equivalence of the
kinetic energy of the stream at the mouth and the potential
energy of the air within the tube. The pressure built up inside
is therefore a measure of the square of the velocity just outside
the open end. The French engineer Pitot used this principle
in 1730 to measure the speed with which a boat was being
tugged along the Seine. He actually used a tube open at both
ends. One end pointed upstream beneath the water, the
other stood vertically out of the surface. The water rose in the
vertical limb above the general level of the surface of the river
by an amount proportional to the square of the speed of the
boat. In aeronautical practice the pressure excess over the
atmosphere (static pressure) is measured by connecting the
Pitot tube and another tube (static tube) studded with holes set
sideways to the direction of flow, one to each side of a gauge
suitable for measuring small differences of pressure. In its
simplest form this manometer can be a glass U-tube having a
bubble of liquid which is pushed to and fro with the difference
of pressure between its ends, somewhat in the fashion of a spirit-
level. The same device, with a dial recording the difference of
pressure, is used for measuring the velocity of the aeroplane
itself through the air, the Pitot tube usually protruding above
one of the wings.

Velocity is not the only indication which the Pitot tube can
give. It can be shown by mathematics, which we shall not
reproduce, that, if the variation of static pressure round a
model be ignored altogether, the readings of the total pressure
head from point to point round the model give a measure of
the distribution of the vorticity or rotation of the air round the
model. Thus, if one Pitot tube be placed well upstream while
another is traversed across the stream behind an obstacle, the
difference of pressure between the two tubes when connected
through a gauge depends on the amount of eddying to be found
at the embouchure of the latter Pitot tube. With a well-
streamlined strut stretched across the channel, negligible
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differences of tqtal pressure head are to be found, but behind a
bluff obstacle the pressure head falls to a low value and may be
negative in some spots, i.e. less than atmospheric.

The use of the Pitot tube in a confined space or close to the
surface of the model raises difficulties, for it can neither be
made sufficiently small to record velocities in the crannies and
boundary layers of models, nor can it be relied on not to upset
the flow which it purports to measure in such a case—although
¢ disappearing Pitot tubes’ which protrude, trap-door fashion,
from the model itself have been tried with some success.
When one wishes to measure such local velocities it is better
to employ the cooling of an electrically heated wire, since such a
detector can be made quite small—say a quarter of an inch of
platinum wire one-thousandth of an inch in diameter. Fur-
ther, it need not be heated so much above the surrounding air
as to disturb the flow. The cooling effect of a given draught on
the wire is usually ascertained in terms of the change of
electrical resistance, measured in a Wheatstone bridge circuit.
The calibration of the hot-wire is effected by exposing it to the
unmodified draught in the centre of the empty wind tunnel, the
velocity being at the same time measured with the usual Pitot
and static tube. The relation between velocity and change of
temperature (or of electrical resistance) of the wire is not a
linear one. It is, however, possible to connect the wire in the
grid circuit of a suitable valve amplifier so that the current in
the plate circuit is directly proportional to the velocity, at any
rate over a moderate range of speeds.

Fig. 10 shows a typical set of velocity results in the neighbour-
hood of an aerofoil set at a usual angle of incidence to the wind.
The curves are actually contours of equal mean velocity and
the number attached to each gives its value relative to the
undisturbed stream velocity remote from the obstacle. For
ease in drawing the scale of distances outwards from the aero-
foil has been exaggerated eight times relative to the scale of
distances along the surface. This distorts the actual pattern
somewhat. In spite of this, the enhancement of velocity over
the upper surface and reduction below it is self-evident; like-
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wise the breakaway of flow over the back leaving a ¢ stagnant’
region of reduced velocity in the wake. "

The hot-wire readings are unfortunately subject to a correc-
tion when the wire is located in the boundary layer of air close
to the surface of the model. The error arises in this wise.
The wire is cooled partly by convection in the draught and
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Fie. 10.—ConTours oF EQUAL VELOCITY ROUND AN AEROFOIL AT 9+5° INGIDENCE

The linear scale normal to the aerofoil is magnified eight times relative to that
along the surface (Piercy and Richardson).

partly by conduction to neighbouring solid surfaces. The
regular laws of cooling by convection, on which the calibration
of the apparatus is established, apply only when the conduction
loss is negligible, i.e. well away from the model and the tunnel
walls. The nearer that the wire approaches one or other of
these and the slower the air current in which it accordingly
finds itself, the greater becomes the conduction loss in relation

025
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to the convection, and the reading gives an apparent local
velocity much exaggerated. Experiments have, however,
established the magnitude of the necessary correction, and when
this is applied to the readings of the hot-wire close to the sur-
face of the model, one can always check the validity of its
application by observing whether the velocity goes, as it should,
to zero where the surface itself is .attained. The results of
Fig. 10 have been so corrected.

The hot-wire is equally suited to the detection of turbulent
as of steady flow. In particular, when an aeroplane is in or
near the stalled condition—which occurs when the wings meet
the relative wind at a large angle of incidence—it is important to
be able to tell at what point over the upper surface of the wings
the breakaway of the air takes place. Over the forepart, where
the air is being accelerated along the upward curving contour,
the motion is usually steady, except for a small region enclosing
the front ‘ stagnation point ’ (where the two fluid streams divide
to pass one each side of the obstruction). At large angles of
incidence, the fluid is unable to continue much beyond the
maximum chord of the wing, but recedes from the surface,
leaving a wake which is the seat of the eddying to which the
large increase of drag just before a stall is due. When using a
hot-wire to detect the extent of the, eddying, the electric
current which feeds it is passed through the primary coil of a
transformer, whose secondary winding is connected in series
with a rectifier or thermo-junction in order to record the mean
value of the alternating current induced in the secondary by
fluctuations in the primary current, which are in turn in-
augurated by eddies or similar unsteady conditions in the air
flow over the hot-wire. While an induced current in the
secondary coil is a sure indication of unsteadiness in the local
wind in which the wire finds itself, its magnitude is not a true
measure of the mean value of the turbulence at that point un-
less the secondary coil forms part of a special circuit to com-
pensate for the thermal lag of the hot-wire. Suffice it to say
that a heated wire exposed to a vacillating wind responds
rapidly when cooled by a gust but does not warm up so quickly
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when the gust subsides to the prevailing wind velocity. One
can best see what happens if the wire is mounted on the prongs
of a vibrating tuning-fork. The effect is twofold. Thereis a
general lowering of the resistance as though the wire were per-
manently cooled, and superposed on this general lowering is a
ripple of resistance fluctuation. The amplitude of this ripple
diminishes as the frequency of the oscillation increases until at
very high frequencies the wire acquires a practically steady
resistance, which, however, is lower than that which it assumes
when stationary in still air. Of the casual fluctuations which
take place in an exposed position out-of-doors or in a natural
river in spate—the nearest approach to complete turbulence
one can cite—the hot-wire detector pays undue attention to
low frequency oscillations in the stream at the expense of the
high frequency ones. It is the function of the compensating
circuits to restore the balance as far as possible.

Finally in this connection, we may mention that the two
instruments for recording turbulence and breakaway, viz. the
Pitot head and the hot-wire, have been applied not only to
models in the wind tunnel but to full-size aircraft in actual
flight. A series of one or other of these two instruments is
arranged over the upper surface of a wing, one behind the
other, connected to a set of indicators which record continu-
ously on a moving strip, while the pilot endeavours to stall the
’plane—of course, at sufficient height above the ground to
allow plenty of room for recovery. The data so obtained are
valuable adjuncts to wind-tunnel research into the nature of
the instability of airflow which befalls when control of the
aeroplane is jeopardised.

We have already mentipned the importance of the concept
of the ‘ boundary layer’ in determining when the breakaway
shall take place. Some physicists speak of the ‘ local Reynolds’
Number of the boundary layer,” and opine that critical con-
ditions in the flow at a point on the model surface connote the
accretion of a critical local Reynolds’ Number. Of course, it is
difficult if not impossible to specify the °thickness of the
boundary layer’ for the purpose of stating a value for the
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Reynolds’ Number of the boundary layer; the most that one
can say is that it is that height reckoned from the surface out-
wards in which the major drop in velocity from its external
mid-stream value to zero at the solid boundary is experienced.
Various devices have been tried to prevent or delay this seces-
sion of the boundary layer from the body. Besides the afore-
mentioned suction or compression slots, whose purpose is to
confine the depth of the boundary layer to small dimensions,
we may keep down the local Reynolds’ Number below the
critical value by a suitable increase in the viscosity of the fluid
within the layer, since this factor intervenes in the denominator
of the expression. The obvious way to accomplish this in
aeronautics is to heat the air in proximity to the model. This
is tantamount to lubricating the surface in the same way that
a fish’s body is greased by the mucus which covers its scaly
flanks, though there is no positive evidence that a fish glides
faster through the water on that account.

The writer has carried out some experiments on the drag of
some cylinders in a wind tunnel when they were heated inter-
nally by spiral coils carrying large electric currents. It was
found that the drag of the hot cylinders remained low up to
higher speeds than the cold ones, but that above a certain
value of Reynolds’ Number (calculated in terms of the diameter
of the whole cylinder) the advantage was lost. It has also
been found that flexible bodies whose surfaces are given a
sinuous motion like that of a flag or a fish can under certain
conditions experience less resistance than a corresponding
rigid one. The subject of boundary layer manipulation by
this or other means is, however, in the experimental stage, and
more must be done both on the physical and mathematical
sides before one can say whether such manipulation is profit-
able.

We may conclude this rapid survey of the place of physics in
aeronautics by drawing attention to 3 number of special types
of aircraft which have evolved out of a study on the part of
their inventors of the application of physical precepts to the
science of flight. In the last chapter we described an experi-
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mental ship in which the place of the conventional sails was
taken by a pair of rotating cylinders. This—the Magnus effect
—has likewise been tried on aeroplanes. The rotor has usu-
ally an appendage in the form of a streamlined tail mounted
on the same frame as the cylinder but fixed to it, the rotor and
appendage together forming a wing. To a certain extent the
presence of the tail diminishes the lift that one can derive from
the Magnus effect, but since it reduces the drag by an even
greater amount below that of the cylinder without fin, the
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sacrifice of some of the lift is generally considered worth while.
Fig. 11 shows the lift (k,) and drag (k,) coefficients for a cir-
cular cylinder at various speeds of rotation relative to the
steady wind, together ‘with the resulting lift/drag curve.
Considerable enhancement of the lift is obtainable as the rotor
speeds up, but one must remember to take into account the
energy used by the engine in turning the cylinder before one
compares the efficiency of this aerofoil with one of the same
shape but with immobile parts of orthodox design. An
experimental acroplane fitted with such wings was built in
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Germany a few years ago, but, as far as the writer knows, the
results of its trials were never published. There are probably
not a few constructional difficulties to be overcome before the
device can safely be appropriated to general practice even if
its efficiency should satisfy its engineering and commercial
sponsors.

An apparatus to rise vertically from the ground is known as
a helicopter, but no such arrangement has yet been perfected.
The principal reason for this is that an airscrew does not func-
tion in a stagnant or limited supply of air with reasonable’
efficiency, so that when set with its axis vertical a short dis-
tance above the ground in the manner that most designers of
such machines have chosen, it merely creates large whirling
motions of the air without making any upward progress; or if
it does succeed in lifting the craft to which it is attached
from the ground, the latter merely performs a few inelegant
and unsteady hops. More hopeful is a design for an aeroplane
with the usual forward-acting propeller, but having the wings
replaced by a large slow-running airscrew with its axis set
nearly vertical.

This is the principle of the auto-gyro invented by the late
Sefior M. da Cierva. The large airscrew possesses such a
considerable inertia and presents, too, such an effective area of
lifting surface when in rotation, that ‘the auto-gyro offers two
outstanding distinctions to the fixed wing aircraft. In the
first place it can rise from and return to the ground at a very
steep angle (something like a bee settling on a flower), and
secondly, it shows no tendency to stall at these steep angles of
climb. Hence it is at its best when required to land on or
take off from a very small field and in training a learner.
Perhaps the easiest way to regard its flight in a horizontal
path is to visualise it as continually tending to fall through the
air and so setting the large windmill in motion, whereupon the
motion of the sails acts as a brake to prevent its falling farther.
The pilot counteracts the falling tendency by driving the
machine forward with the propeller. As the axis of the
* windmill’ is set back slightly from the vertical, this forward
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motion brings into play a draught which has a component
acting along the axis of the supporting airscrew and keeping it
in rotation. If the machine climbs, this rate of revolution
should diminish; on the contrary when it sinks. But the inertia
of the huge blades is too considerable to allow of a sudden stall
at either extreme.

When taking off from the ground, the large screw must first
be set’in operation and then the machine ‘ taxies’ under its
propeller along the ground until the horizonal blades have
sufficient impetus to lift the acroplane off the ground, the speed
of rotation increasing as the aeroplane accelerates for the reason
Jjust given. In the early auto-gyros the preliminary rotation
was obtained by groundsmen pulling on a rope round a pulley
on the windmill axis, but now the starting up is usually carried
out by the engines working through suitable gearing.

The blades of the supporting airscrew are not fixed rigidly
to their axle as is the case with a conventional propeller screw,
for the following reason. As the blade comes forward its
velocity relative to the wind is greater than when it recedes ;
consequently the lift on the advancing blade is greater than
that on the recessional blade on the opposite side of the axle,
the maximum and minimum forces occurring when the blades
stick out perpendicular to the chassis axis of the aeroplane.
If the blades were fixed to their axle, this alternating rise and
fall in lift would cause an unpleasant rocking of the craft, or,
at the very least, an ungainly list to one side. By setting them
on the boss so that they are free to move in a vertical plane,
the varying lift on them can make them flap up and down
slightly as they go round, while leaving the chassis on an even
keel. Actually, there is a lag between this lift and the position
taken up by the wing so that the wing tip does not reach its
highest position in the orbit until it is pointing straight ahead
and its lowest when it is pointing directly astern. This flapping
can be seen if one watches an auto-gyro in flight from the side
or on photographs taken from such an angle. It is then
apparent as a tilting back of the ¢ disc’ of the airscrew from
its normal position at right angles to the axle.
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This aspect of the auto-;gyro brings us to consider the problem
of flapping flight in the usual sense of the word, i.e. an imita-
tion of the flight of a bird. Up to the present this problem has
remained insoluble by man, although it was the natural
method for him to copy. Until recently, no progress has been
made beyond a series of catastrophes, of which the origin is to
be found in the legendary exploits of Icarus. Even in these
enlightened times there are not wanting fanatics who will risk
their lives in emulation of the Icarus exploit, without pre-
liminary experiment or calculation. The niceties of control
required for flapping flight baffle the experimenter, though, of
course, they are instinctive in the young bird. There have,
nevertheless, been some wind-tunnel tests on aerofoils which
either moved up and down in rhythmic motion or had a
sinuous movement passed along their flanks after the manner of
locomotion of fishes. Actually the former arrangement does
give an increase of lift in certain circumstances over that to be
gained from the corresponding aerofoil when held steady in the
wind. The effect is named after its discoverer, Katzmayr.
As the aerofoil moves up and down the angle of incidence of the
relative wind on it varies ; indeed, the same effect may be got
by fixing an axis through the centre of the aerofoil and oscillating
it to and fro through a small angle instead of lifting it bodily
up and down, so letting the air attack it now at a larger, now
at a smaller angle. In terms of our Fig. 9 we may imagine the
aerofoil taken through a cycle of lift/drag values, say from an
angle of incidence of 5 to one of 10 degrees about the mean
value 7-5 degrees. Now although the lift is actually varying,
yet the average value is for most aerofoils greater than that of a
steady aerofoil kept at a position corresponding to the angle
7-5, and the same thing is probably true of the bird’s wing.
The Katzmayr effect has never, so far as the writer knows,
been applied to full-scale aircraft owing to engineering diffi-
culties, and it is doubtful, even if these were overcome, whether
its efficiency would warrant such application. It has, how-
ever, been cited to explain why certain aeroplanes appeared to
gain efficiency when the fabric on the wing became accident-
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ally loose and so free to oscillate. Naturally this condition was
contrary to safety regulations and the fabric was forthwith
made taut again with recovery of the former (less advanta-
geous, so it was alleged) lift and drag.

The only other excursion into the mysteries of flapping
flight of which the author knows consists of some tests of a
machine recently made in the Chalais-Meudon wind tunnel
for complete aeroplanes. This freak has two pairs of slowly
flapping wings fixed to the chassis in tandem, one pair being
up while the other is down, and looks from the front like a
monstrous insect resuscitated from the neolithic age. Results
of the tests are not yet published.

Although not the last word in aeroplane design, the successful
aeroplane in the last Schneider Trophy Race, which we have
chosen for our illustration (Fig. 12, Plate I) as companion to
the streamlined locomotive, probably represents nearly per-
fection in the application of streamlining to aircraft.
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CHAPTER IV
COMMUNICATION PHYSICS

THE earliest signalling over a distance was by beacon fires.
Readers of Carlyle will remember his vivid description of the
chain of beacons which announced the sighting of the Armada.
Though these beacons are no longer fired except at coronations
and jubilees, they have left their marks upon the ordnance
survey maps in the frequent occurrence of the name Beacon
Hill between London and the South Coast. Later a system of
semaphores took the place of the beacons over routes which
required frequent messages, such as that between the Court
and the Naval Dockyards at Portsmouth and Plymouth.
There are still Telegraph Hills in the South of England. In
their heyday, before the coming of electricity, this system could
transmit a signal from London to Portsmouth in 15 minutes.
Visual signalling still holds its own on the railway. In the
early years of the railway age it was a copy of the semaphore
or flag telegraph. It is rather surprising to reflect that a
clever engineer like Brunel should have been so ignorant of
physics—or perhaps one should say of the British climate—as
to equip what is now part of the Great Western Railway with
signals working on the fashion of a roller blind; a red square
of material was exposed for ‘ danger ’ and rolled up for ‘ line
clear’ The wind soon disposed of these. About the same
time the familiar board type of semaphore was ‘introduced
and has remained standard practice on British and Colonial
lines, save that nowadays the semaphore is more often inclined
upwards than down for ¢ go ahead.” This upward deflection
has an advantage over the old ‘ nodding,” which again finds
its explanation in meteorological physics, viz. that the weight
of snow resting on the upper edge of the board cannot cause
an erroneous indication of ¢ line clear.’ In fact, an accident
5 65
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at Abbots Ripton in the closing years of the last century was
attributed to snow setting the signals at clear. As a result
of the inquiry into this, the former Great Northern Railway
introduced a semaphore balanced at its centre of gravity,
which earned the name of ‘ somersault signal’ and of which
not a few are still to be found on the L.N.E.R. system south
of Doncaster. Another company seems not yet to have learnt
this simple lesson in physics, for, curiously enough, the Castle-
cary accident in 1936, at which a driver failed to receive
warning of a stationary train in front of him, was attributed
to snow having set a distant signal in the off position. On
the French railways, another signal, less susceptible to inter-
ference on the part of nature, became standard. This was
the disc signal, a coloured board which presents its broadside
to the driver for ‘ danger’ and is set edge-on for ‘ line clear.’
The signal is more definitive, in that the two settings are given
unequivocally, whereas sagging of the wire cox;‘necting the
semaphore to the cabin may make the indication uncertain,
if the board merely gives a passing nod to the driver.. Minia-
ture disc signals are used in this country to indicate the position
of points. The railwaymen call them, for some obscure
reason, ‘ Tommy Dodds.”

The introduction of red and green flags and lights first drew
the attention of industrial psychologists to the defect of colour
blindness. Since the railway companies demanded that their
operating staff should be free from this affliction a body was
set up to inquire into the tests which should be made to deter-
mine to what extent a man suffered from colour blindness.
Some interesting variations in colour vision were found and
the affliction proved to be more common than had heretofore
been suspected, for the reason that such a person learns from
intercourse with his fellows what colours to associate with
.common sights such as trees and sunsets, but is at a loss when
confronted with a colour without context, such as a coloured
token. One guard who was completely colour blind but never
made a mistake with his flags was found to have a secret notch
cut in the red one for its identification! Others who could
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not name a green or red flag when it was presented alone
could distinguish them when side by side, one apparently
seeming a darker shade of grey than the other. Nowadays
tests of sight and hearing are routine for recruits to the railway
service, since they will probably spend a lifetime therein,
though it was of less importance in the early days when the
personnel was both casual and impermanent; witness poor
Bramwell Bronté’s brief employment as booking clerk at
Bank Foot Station on the Lancashire and Yorkshire Railway.

The test of colour blindness is usually carried out on the
Eldridge-Green apparatus, consisting of a lantern in front of
which tinted glasses are exposed in succession. These the
candidate has to identify. It is also possible to dilute the
primary colours of the spectrum with various amounts of
whiteness or blackness to see if this affects the ease of identifi-
cation. If the subject mistakes a red for a green, or either of
these for white or grey, he is usually rejected out of hand.
Otbher rarer cases suffer from a falling off in sensitivity at one
end of the spectrum, especially the red end, resulting in diffi-
culty in separating purple from crimson. Unless this defect
is serious, it does not result in the candidate’s rejection from
the signalling service. Similar tests are applied to would-be
signallers in the Navy.

The electric telegraph followed close on the heels of Oersted’s
and Ampére’s famous experiments on the deflection of magnetic
needles by the action of an electric current passing through
a neighbouring coil. With a single needle, three indications
were possible: zero, leftward deflection, and rightward deflection
on reversal of the current. This led to its use by the railways
for the block system of telegraphing the passage of an impend-
ing train from one signal cabin to the next. The three positions
of the needle then stand for: ‘line clear,” ¢ train accepted,’
¢ train on line,” and are worked in conjunction with an electric
bell for audible warning. The bells for the ‘ up ’ and ‘ down’
lines have different pitch. The necessity in Post Office
messages of getting more indications than these three led to
official adoption of the Morse code, whereby the dots and
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dashes making up the alphabetical signals were transmitted
as deflections of the needle to left and right respectively.
Before this became established a number of weird and
wonderful systems for giving each letter a separate indication
appeared. Some of these involved successive movements of
the needle by steps round a dial until it stopped at one ‘of
the twenty-six letters marked on the dial, something in the
fashion of a barrel typewriter. Others had fearsome arrays
of needles, each operated by a separate circuit, so arranged
that one set pair pointed to a letter on a diamond frame.
A number of these relics can be seen in scientific museums.

The telephone originated only about sixty years ago. It
was the invention of Graham Bell, who conceived the idea of
turning the mechanical vibrations of a steel diaphragm into
electrical ones in the telephone line and back again into
mechanical vibrations in the receiving end of the system.
Actually, the telephone no more than the telegraph necessitates
the intervention of an electric current, at least over short
distances. A telephone can be rigged up by stretching a wire
between the vertices of two taut cones of bladder. On speaking
into one trumpet, the sound can be heard in the other.
Presumably the flexural vibrations of the bladders are trans-
formed to and from longitudinal sound waves in the wire.

The original sender for the electric telephone worked on a
different principle from the receiver. The electric current
from a voltaic battery was varied in intensity through the.
intermediary of a loose carbon resistance. A thin steel
diaphragm was stretched across a capsule containing granules
of carbon. As the diaphragm vibrated under the action of the
voice it shook up and so altered the resistance of the carbon
in series with the battery that pulsations of the current in
synchronism with the voice passed along the wire to the far
end, where they traversed a miniature electro-magnet mounted
under another steel diaphragm. This thereupon emitted
sound waves which were a more or less faithful replica of the
voice at the sending end.

Edison replaced the carbon microphone with an electro-
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magnetic sender identical with Bell’s receiver. The telephone
then no longer required a battery, for the sender transformed
acoustic into induced electric waves in the line which were
retransformed into sound waves in the receiver. Yet another
type of sender-receiver was invented about the same time,
though it was not used extensively until years later. This
was the condenser microphone in which an electric condenser
was set up between the vibrating diaphragm and the back
wall of the metal case, which was in turn connected to the line.
Transient changes in the electrical capacity of the condenser
initiated by changes in the separation of the plates as the dia-
phragm responded to the voice caused surges of electric charge
along the line which in turn set up corresponding changes in
the attractions of the plates in the condenser of identical pattern
housed in the receiver. The condenser transmitter gives
better distortion-free reproduction of the initial sound, but
because its sensitivity is much lower than that of the carbon
transmitter, it had to await the invention of the thermionic
valve amplifier to overcome this deficiency. It is now used
whenever exact measurement of sound intensity or close repro-
duction of sound waves is demanded in the laboratory.

The telephone remained a fashionable toy for short-distance
transmission for some years after its inception. Attempts to
use it over greater space intervals, however, soon disclosed one
of the fundamental stumbling-blocks to long-distance tele-
phony, i.e. that of the attenuation of the signals, and the
variation of attenuation with frequency which produces dis-
tortion of the speech. The latter weakness is not so damaging
to telegraphic communication, and the early attempts at tele-
messages confined themselves to the Morse code. A sub-
marine cable was laid across the English Channel in 1851,
and later, after much loss of cable, between Valencia and
Newfoundland under the Atlantic Ocean, through which it
became possible to send signals which could deflect a sensitive
mirror galvanometer. (This mirror galvanometer was, in
fact, devised by Lord Kelvin for this very purpose, though
nowadays it is more familiar in physical laboratories than in



70 PHYSICAL SCIENCE IN ART AND INDUSTRY

the offices of cable companies.) In those days, before valve
amplifiers were known, the feeble current would have been
insufficient to operate a telephone receiver even had the dis-
tortion of speech sounds introduced by such a long line not
rendered the intelligibility nil. The current along such a
cable does not reach the further end instantaneously but
travels at a definite velocity. Ifa sinusoidal variation of electric
potential is applied to one end, a damped wave passes along
the cable so that at every point there is an oscillation of poten-
tial copying the initial one but having a smaller amplitude
and with a lag of phase becoming progressively greater along
the cable the farther the point from the sending end. The rate
of attenuation naturally depends on the resistance of the cable
per mile, but both the damping factor and the velocity of
propagation depend on the distribution of inductance and
capacity along the cable, and even a simple copper wire pos-
sesses a certain modicum of both these factors. The armoured
submarine cable having a gutta-percha and hemp insulation
between the copper cable and the metal sheath is, in fact, a
long condenser of coaxal plates in a gutta-percha sheath,
¢ earthed > on the outside through the conducting sea-water.
The damping factor becomes greater as the frequency of the
sine wave goes up. This latter point is less important in
telegraphy than in the transmission of speech, but it does limit
the rate at which the ¢ dot-dash ’ variation of potential can be
applied at the sending station if the signal is to be clearly
perceived at the remote end and not to become a meaningless
and more or less continuous blurr. It was Kelvin again who
realised that the line must be treated as a condenser, charged
and discharged at each application of potential and that the
capacity limited the rate at which Morse signals could be
applied to the system. Before this, an Atlantic cable had been
ruined by engineers who thought that all they had to do to
get a detectable signal through was to apply a sufficiently
high potential at one end. It is the rate at which messages
can be sent through rather than the power which must be
considered in regard to successful transmission.
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But since the sounds of speech are made up of various
admixtures of sine waves—forming- the vowels—and of
stopping and starting noises—forming the consonants, it
becomes important that this attenuation shall be diminished
or, at any rate, evened out for all those frequencies which
govern the intelligibility of speech. This was accomplished by
the French engineer Pupin, who invented the loaded line. A
Pupin line has inductances set along it at regular intervals, or
—in later modifications—inductance uniformly loaded along
it, between the cable and the earth or sea, whichever is the
local habitation of °zero potential” By this means the
damping may be made uniform for all sine waves up to a
limiting frequency which can be set fairly high in the treble
so that in practice all speech sounds except those characterised
by high frequency components such as the s sound may pass
through a long line without becoming unrecognisable. Pupin
at the same time showed how to construct an ‘ artificial line’
consisting of a series of lumped inductances and capacities
which can simulate the transmission of a real cable yet take
up much less space.

Artificial lines are valuable for both teaching and testing
purposes, since a complete trunk cable can be built up by
sections in a small laboratory. These shadow lines are also
used in duplex telegraphy, that is, the sending of simultaneous
messages in opposite directions along one and the same pair
of cables. It again rests on the fundamental wave theory of
transmission along cables. If along two parallel cables of
different characteristics and therefore different phase velocities,
sine waves are being propagated, there will be places where
waves in the nearby cables are in phase, and others where they
are in dead opposition of phase. A suitable current measuring
instrument connected across the two cables will record the signal
at the ‘in-phase’ points but be deaf to the message when
tapped across ‘ out-of-phase ’ points. If we so send the waves
that each pair of ends are out of phase with regard to sending
but in phase with regard to arriving signals, both sending and
receiving can be carried on simultaneously, thus doubling the
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usefulness of the line. In practice, the earth is used for the
return circuit so that the second ‘shadow cable’ consists of a
stratum of soil to which is appended an artificial line at either
end. This, in conjunction with the real cable, can then be
used for two-way signalling. An extension of the system
enables several pairs of subscribers to use the same telephone
cable, though not all simultaneously.

We have said that there is a limit to the pitch at which
sine waves are transmitted without abnormal degradation.
Above a certain frequency, in fact, the loaded line rapidly
becomes opaque to signals. We find the same effect in
mechanical analogues of the loaded line. A stretched string
loaded by equal weights at regular intervals forms a good
analogue to the electric cable loaded by inductances, the
mechanical inertia of the masses taking the place of the
electrical inductance of the coils. If one end of such a string
is oscillated to and fro after the manner of a person sending
waves along a rope, it will be found that the system shows a
marked preference to transmitting the low frequencies of agita-
tion. If the end is vibrated sufficiently fast, little except an
uncouth and erratic disturbance will reach the far end,
provided the string is long enough to allow the inertia of the
masses to exert their full influence; whereas at a low frequency
waves pass to the far end and are reflected without let or
hindrance. It is, in fact, a ‘ low pass filter.” All such filters
must comprise a fairly large number of elements—whether of
mass, inductance, or capacity—for their operation to be effective,
since the mathematical formule on which their design is
based apply, strictly speaking, to an ‘ infinite line.’

In the acoustical sphere we find similar devices. The air
in an orifice or embouchure of a pipe supplies inertance
(mostly), while that in a reservoir or nearly closed cavity acts
as a spring, the acoustical analogue of the electrical condenser,
whose size determines its capacity. Thus a low pass acoustic
filter can be made out of a long tube with equidistant side
holes, like a never-ending flute. If a telephone or loud-
speaker transmitter be applied to one end and supplied with
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alternating current of rising frequency, while the listener puts
his ear to the far end, he will notice- a marked fall in the
amplitude of the sound signals above a certain critical fre-
quency. The threshold value depends on the size and spacing
of the side holes. The cut-off is never so sharp as in the
corresponding electrical filter, because every acoustic ‘ inert-
ance’ carries with it a certain amount of ineradicable ‘ capa-
city’ and vice versa. Such filters have occasionally been
tried between the tone arm and horn of gramophones to
remove the scratch noise of the needle, which is of high pitch.
Of course, such an expedient removes the same part of the
gamut from the whole of the reproduced music. It is usually
easier, if electrical pick-up is used, to take the offending sound
out of the electrical waves before reconverting them to sound
waves in the loud-speaker. It remains to remark that high
pass, band pass, and band reject filters can be constructed both
in the electrical and acoustic form by suitably reiterated
arrangements of elements in the ‘ main line ’ and its * branches.’
When distortion in the line has been corrected the troubles
of the telephone engineer are not yet over. It is then necessary
to check the conditions at the two ends. Do the transmitter
and receiver—in which we must include the listener’s ear—
faithfully copy the speech sounds picked up by the system ?
We have in an earlier chapter described the place which
resonance plays in determining the response of a vibrating
system to the forced vibrations impressed upon it. In micro-
phones and telephone transmitters it is important that the
response shall be uniform over as wide a range of speech
frequencies as possible. If there are marked resonances to
certain isolated frequencies, the sounds transmitted will be
distorted, since any component in the voice which happens to
fall with one of those resonances will be magnified out of
proportion to the rest. A poor transmitter and receiver
coupled to an uncorrected line can give but a poor imitation of
the speech sounds injected into the line at the issuing station.
To verify the trustworthiness of the transmitted signal, records
may be made of the signal picked up on a good microphone
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first when it is near the person speaking through the air directly
and then after the same words have passed through the
telephone line. Fig. 13 shows such records of the vowel
‘a’ before and after transmission, while Fig. 14 is a photo-
graph of the microphone, amplifier, and cathode-ray oscillo-
graph on which the records were made (Plate II).

“We have already cited the condenser microphone as being
one of the best of its class from the point of view of uniformity
of response; it can be made to have this property for all
frequencies between 20 and 5,000 cycles per second, but un-
fortunately it is not very sensitive. To get a more serviceable
instrument it is better to make application of the electro-
magnetic principle and make up for non-linearity in_the
response by grouping the resonances throughout the scale, so
that over that part of the range which is most important for the
understanding of speech, i.e. between 150 and 3,000 cycles
per second, no considerable hills and dales in the response
characteristic curve exist. The levelling of the response curve
can be done by the introduction of additional resonances, by
shaping and adjusting the size of the capsule which carries the
diaphragm, and by the shape of the throat and little conical
horn which usually finishes off the mouthpiece. The natural
frequencies of the diaphragm can be manipulated by grading
its thickness from boss to edge. Incidentally, this fact was
known in India long before the telephone era. Certain
Indian drums were treated in the same way by enclosing iron
filings between the drum skin and a dummy skin placed
behind it in such a way that the effective thickness was greater
in the centre than at the edges.

A fairly cheap transmitter which is finding favour, particu-
larly for broadcasting, is the ribbon microphone. It requires
a certain amount of amplification but has a good characteristic.
The diaphragm consists of a very thin aluminium plate tightly
stretched in the gap between the coils of an electric magnet in
which it induces currents as it vibrates.

Owing to its tenuity and tautness, its fundamental frequency
can be placed high in the treble and the response below made
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fairly uniform. It has another desideratum, though this is of
more moment in broadcasting than in wire telephony, that it
can pick up sounds from oblique directions, instead of merely
in a straight ahead direction as most capsuled microphones do.

Even if one could build the ideal telephone system from the
purely physical point of view, i.e. one in which each com-
ponent received the same amplification whatever its frequency,
this would not have solved the problem of communication from
a distance, for we should have omitted one important constitu-
ent of human intercourse, the ear. The ear differs in several
respects from a piece of physical apparatus. In some respects,
indeed, it is superior to artificial receivers, but it also suffers
from a number of ‘ defects,’” regarded from the aspect of the
telephone engineer. The most important point to be grasped
is that loudness as judged by the ear is not the same as inten-
sity of sound measured on a man-made instrument. This
aspect was realised by the compilers of a scale of loudness when
they made the decibel and the phon to be logarithmic units,
and is also expressed in the Weber-Fechner law which says of
the senses that as the stimulus (in this case, the sound intensity)
increases according to a geometric progression the sensation
(in this case, the loudness) rises in arithmetic progression. An
electrical or mechanical detector such as we have in the physical
laboratory will indicate the former, whereas aural judgment is
based on the latter. If this law were exactly true under any
circumstances and for any simple tone or conglomerate of
tones, no matter what the pitch, the scale of loudness would
go up by degrees proportional to the logarithm of the physical
intensity of the sound.

Although as far as our present knowledge goes, the logarith-
mic or decibel scale is adequate for commercial purposes, it
is by no means certain that it conforms precisely to the physio-
logical and psychological facts. Look first at the difficulties
which beset the investigator who attempts to measure loudness
without recourse to a physical instrument. Who can say when
one sound is exactly twice as loud as another? How far can
such estimates agree, as between different listeners ? Will the



76 PHYSICAL SCIENCE IN ART AND INDUSTRY

answers be the same whether the listeners are trained to this
type of response or not; whether they are fresh or tired; and
whether the comparison tones are presented in slow alternation
or in rapid succession ?

A critical survey of the scope of such determinations was
recently made by the staff of the Bell Telephone Laboratories
in New York. The experiments in essence involve a subjective
judgment of ‘twice as loud.’ The first set of experiments
deal with monaural versus binaural hearing. If the observer
having normal hearing hears a sound with one ear only and
then with both ears, it is assumed that the effective loudness
to him is doubled. If p, represents the intensity heard with
the one ear, and p, is the intensity to which it is necessary to
raise it before the loudness is the same as it is with both ears
open, corresponding values of p, and p, for a number of persons
are measured and the results plotted on a graph as circles on
Fig. 15, o. In the second experiment a pure tone of frequency
1,000 cycles per second is sounded in sequence to a pure tone of
another pitch at intensity p; until both sound equally loud.
They are then sounded together, and again it is assumed that
the loudness is doubled. The reference tone is now raised to
intensity p, until it sounds as loud as the combination. Points
so obtained appear as crosses on the figure. Finally the
standard tone alone is sounded at pressure p, and then at p, so
that it sounds twice as loud; these data (for three subjects) are
also shown. The consistency of the results obtained by the
three very different methods is considered to justify the con-
struction of a loudness scale based on successive doubling.
This has been done and exhibited on Fig. 15, B, where n indicates
the number of times the loudness has been doubled, while p
is the corresponding sound pressure recorded on a physical
instrument. The scales of both the factors plotted have been
reckoned logarithmically, and the fact that a straight line is
obtained—at least over the range which matters in telephony
and broadcasting—justifies the choice of the logarithmic
scale of loudness.

Another factor with which we must reckon is the varying



(42y7n71) ssANANOT dO STTIVOG—'g[ oI

d i -
Ol 00 (01 0l 01 0 00 OI 4001 (O 0l 01 0
J T T T ! T T me La— !
0l 401
(s121uawiIadxa yuasayip) W x
Juyqnop ssaupno v m\
01 /m.wv_.:omﬁoo sau0) mm %u.*? {.01
T SdBd g CSa 4R |
mO_ 7 mO— n&
u
vo_ h QO—
A
Ol 4.0l

77



78 PHYSICAL SCIENCE IN ART AND INDUSTRY

sensitivity of the ear in different parts of the audible pitch
range. The threshold of minimum audibility is lowest at
about 1,000 cycles per second (hence, the choice of this fre-
quency for reference tone) but rises on either side of it. This
means that the ear is most sensitive to a tone of 1,000 cycles per
second but less so if the pitch is higher or lower, since it takes a
greater sound pressure to excite any sensation of hearing in the
upper treble and in the bass. To a certain extent a variation
of this nature is found in artificial receivers. At any rate, it is not
difficult to make one which will simulate the ear in this respect.
The falling off in sensitivity in the bass is the probable explana-
tion of a significant experiment due to Dr. Harvey Fletcher.
He found that if a complex note like that of an organ pipe
having a low fundamental were presented to an auditor, listen-
ing through a telephone or loud-speaker, and the fundamental
suddenly removed by means of filters in the amplifying circuits,
the opinion was expressed that only the quality and not the
pitch of the note had been altered by the change. Imagina-
tion evidently supplied the missing fundamental. At the time
this conclusion was favourable to the makers of loud-speakers
and gramophones who were not able adequately to represent
the bass within the compass of a modern reproducing instru-
ment.

While it is possible, with some practice, for an individual to
evolve his own scale of loudness where a single and simple tone
is concerned, it is another matter to estimate the relative loud-
ness of two notes which differ markedly in timbre and pitch.
When this has to be done the masking principle is employed.
The sound whose loudness has to be estimated is presented to
the listener at the same time as a pure tone of fixed frequency
(usually the 1,000 cycle‘standard) whose intensity is gradually
raised from minimum audibility. When the comparison tone
is just audible above the other noise, the listener makes a sign.
The procedure of the test is now reversed. Starting with the
standard much louder, it is reduced in loudness until it is just
masked by the constant noise. A meter now records the
limiting intensity in terms of the minimum. If the meter has a
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logarithmic scale, the level of the sound under test can be read
off directly in phohs.

There are a number of ways in which the masking test may
be carried out. The two sounds may be presented simultane-
ously to both ears in the open, or one sound may be heard by
an uncovered ear while the comparison tone is conveyed to the
other ear through a telephone earpiece clamped to the head,
so that this ear remains unaffected by extraneous sounds
except in so far as a certain amount of conduction of sound
takes place through the bones of the head. When this second
method is used—and it corresponds more closely to conditions
in actual telephoning than the first—the interference between
the tones is less. Thus one can tolerate much more noise in
the left ear, while listening to a message received in the right
ear without the sense of message being masked than one can
if message and undesired noise are mixed before reaching
both ears together. The comparison tone is often produced
from an electrically maintained tuning-fork in a sealed box,
where the electrical energy is picked up by a coil, purified if
need be by filters, amplified to a determined level by valve
circuits, and fed to the ear capsule. In the final stage, the
voltage applied to the earpiece coils is read on a meter, which
can be calibrated to read the sound level directly in decibels.
Such an apparatus is known as a noise meter. It was by means
of such an apparatus that the table of noise levels quoted in the
last chapter was drawn up.

Even if the physicist is not equipped with an electrically
maintained standard of frequency and a sound-level meter, he
can still estimate masking with a simple technique. All that is
required is a 1,000-cycle pocket tuning-fork with a little clamp
to compress the prongs placed between the jaws to a specified
position, and a stop watch. While listening to the noise, the
fork is held at a fixed distance from the ear, the clamp suddenly
removed and the watch started. The fork commences to
vibrate, but having no independent supply of energy, its
amplitude begins to fall from the initial value on release at a
constant rate, until it ceases to be audible above the other
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noise, when the watch is stopped. The experiment is now
repeated in the absence of the noise in question, preferably in a
sound-proof room. The second recorded time will, of course,
be longer than the first. Now it is a well-known fact about
damped vibrations, that their amplitude falls off according to a
logarithmic law, the same as that we are assuming for our scale
of loudness. Thus the loudness of the fork drops by the same
number of decibels for each second that it continues, reaching
zero level at the instant it ceases to be audible in the quiet
room. Therefore the difference between this time and the
shorter one recorded while the noise was on is a measure of the
loudness of the said noise, although the units of the operator’s
loudness scale will be arbitrary ones. Though the scale in this
simple technique will not be an absolute one, it will be particu-
lar to that experimenter and his fork, which he can compare
when he has the opportunity, with a calibrated noise-level
meter. After a little training, he will find himself well
equipped with this simple apparatus for the comparison of
noise levels.

This principle of masking is an important one for the tele-
phone engineer, since the operation of a telephone system is
beset with many unwanted noises which seep in from external
sources. These comprise noises picked up at the microphone
due to inadequate sound insulation or complete lack of a kiosk
to house the sender; noises reaching the disengaged ear of the
person receiving the message, from similar causes; electro-
magnetic noises—currents induced in the line by the passage
of currents along a neighbouring line. All these faults must be
sedulously sorted out and eradicated if the line is to work well.
The last-mentioned—* cross-talk effect '—is the most difficult
to trace. ‘

We have spoken of the necessity for adjusting the capacity and
inductance of unit length of a telephone line, that is, giving it a
characteristic impedance of such a value that it exercises no
distortion on the signals transmitted, or perhaps, one should
say more precisely, exerts the same distortion on all frequen-

~cies. In such a scheme the receiving apparatus must not be
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neglected. Though we have discussed the effect of the shape
of the sending and receiving capsules on their acoustic imped-
ance, we ought not to overlook the external ear (meatus) itself
since it forms part of the impedance at the receiving end.
Fig. 16 shows an apparatus by which the impedance of the ear
may be determined. C is a telephone unit working into a long
tube T, terminating in an adjustable volume V, (which
communicates with T through the hole H) and the volume V,
formed between the rest of the tube and the ear drum D. The
pressure on D is proportional to the current in the telephone C
and its impedance. The total impedance of the system of
tubes is mainly due to the combined effect of V, and V;. The
impedance of the source may be expressed in terms of this and

Fic. 16.—APPARATUS FOR MEASUREMENT OF IMPEDANCE OF EAR (Sivian and
White)

the impedance of the ear drum, which is calculated in terms of
the other pair. An alternating current of fixed frequency and
amplitude is supplied to C and its impedance measured electric-
ally while the volume V, is made to assume a series of values in
turn. From a series of experiments of this nature, the equival-
ent capacity and inertance of the ear are found.

There are certain other characteristics of the ear which we
may mention although they do not affect ordinary telephony
to an appreciable extent; but they are to be reckoned with
when loud-speakers are used to radiate the message to a large
audience. If the ear is subjected to great intensity of sound,
intelligibility may disappear because the ear itself introduces
adventitious sounds called ‘subjective tones’ since they are
not present in the sound which strikes the ear drum and cannot
therefore be picked up from the air by any physical resonators

6
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or recording device. Such are the subjective combination
tones, built up inside the ear as frequencies equal to the sum
and difference of two simple tones loudly presented to the ear.
Even if a single pure tone is presented at a sufficiently high
sound level to the ear, it is accompanied when perceived by the
brain with the octave and higher harmonics, superposed on the
original by some inherent structure of the organ which causes
it to distort sounds when overloaded, in the same way that some
loud-speakers do. In order to estimate—for the purposes of
measuring the intelligibility of messages—the extent to which a
line is subject to noise interference, the practice has grown of
conducting a series of standard articulation tests over the line.
The operator at one end enunciates a series of meaningless
syllables with pauses between them, while the listener at the
other end writes them down to the best of his ability to under-
stand them. Recently, the tendency has been to replace the
nonsense syllables by a phrase-intelligibility test, short phrases
having no connected context being read by the examiner at a
specified rate. A great deal depends, of course, on the
listener. A person who is familiar with and tolerant to one
particular line is likely to stomach a higher degree of masking
thereon than one who uses the telephone but rarely.

With the development of repeater circuits, listening on a
trunk call may be less subject to interference than on a local
line. This is because every time the signal is amplified,
opportunity is taken to purify it. But there is now a different
system in vogue for long-distance transmission; with or
without wires. This consists in using a ‘ carrier wave’ and
modulating it with the audible signals in such a way that the
audio frequency wave makes beats with the transmission wave
after the fashion adopted for broadcast wireless telephony.
The carrier frequency for the wire systems lies usually below
100,000 cycles per second, but a cable is now being made
which can carry up to 1 million cycles per second without loss.
Suppose now that a pure tone of 500 cycles per second is being
sent along the wire. This will beat with the carrier current
and give rise to sidebands having frequencies 100,000 + 500
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and 100,000 — 500 respectively. At the receiving end these
two combination tones of frequencies 100,500 and 99,500
cycles per second are dealt with in the same way as they would
be in a wireless receiving set, that is, an oscillating valve circuit
tuned to the carrier frequency experiences surges of amplitude
up and down at the original rate of 500 per second, which in
the earpiece reproduces a pure tone of this frequency, provided
that overloading has not been permitted to distort. The
advantage of this scheme over the old Bell system is that a
number of carrier waves, each with its own modulated message,
can be passed simultaneously along the same wire, and each
picked up by an appropriately tuned oscillator which is deaf
to the rest; just as the @ther can be shared by a large number
of broadcasting stations provided the frequencies of their
carrier waves do not jostle each other too closely. The same
limit circumscribes the wire and the broadcast systems, i.e.
that the possible sidebands formed by beats with reasonable
audio frequencies—say, up to 5,000 cycles per second—shall
not overlap.

Naturally, a good deal of message telephony takes place
through the intermediary of short ®ther waves radiated as
beams across the sea from island to mainland and between
distant countries.” For these the virtue of secrecy cannot be
claimed since it would be easy for an amateur having a short-
wave receiver of the correct range and amplification situated in
the path of the beam to tune in to the oncoming signal. This
would not be the case if supersonic sources were employed to
send a beam of (mechanical) high-frequency sound waves,
either through the air (for short distances) or along a solid
transmission channel, since the receptor would have to be a
mechanical oscillator—piezo-electric or magneto-strictive—cut
to the precise length to have a frequency exactly the same as the
source. In other words, a variable tuning system would be
impossible, since there is at present no means known of tuning
piezo-electric quartz crystals or magneto-striction rods, short
of removing them from the receiver and paring them down to
raise their natural frequency. Listening to the message would
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be virtually impossible for an eavesdropper who did not know
the carrier frequency and had not provided himself with an
oscillator of exactly this frequency. The audio-frequency
message would be imposed on the supersonic carrier as in the
corresponding electrical system. Patents for such supersonic
communication have been taken out in the United States;
although it is unlikely that the process will receive general
adoption until considerable technical difficulties have been
surmounted. It is suggested that it may find application in
military and naval services.
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CHAPTER V
PHYSICS AND POTTERY

THE ceramic industries have evolved through centuries of
more or less empirical methods to a high state of craftsmanship.
In so far as they have sought the advice of pure science in this
development, it has been mainly to the chemist that they have
taken their problems. While chemistry plays a considerable
part in the processes which take place during the firing and
glazing of pottery, the writer thinks that there is still plenty of
scope for physical research in the processes which precede the
firing, i.c. in the preparation of the clay, its moulding and the
earlier changes through which it passes in the drying and firing
ovens, which are predominantly physical ones. This is now
being recognised by the pottery trade, using these words to
cover in a very general sense the marketing of all moulded
articles whether of glass or of earthenware, and the manu-
facturer is not now content to take his materials without some
information as to their composition and behaviour in the
mould.

The substances which comprise the solid inorganic materials
of the soil are of rather widely differing characteristics, at least
to the eye, but, the author believes, are not so variable in
chemical composition. A certain amount of calcium carbonate
(under the forms of chalk or limestone) and silica comprises
the bulk of the surface soils in this country, together with the
oxides of aluminium, iron, calcium, magnesium, etc., to
which the varying colour of the soil is mainly due. The mean
particle size is perhaps the most important physical charac-
teristic differentiating one specimen of soil from another.
The subdivision of size can range from actual pebbles down
to the minutest fragments of the abrasion of rocks, so fine as
to float in permanent suspension in the atmosphere as dust.
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As a rough calculation it is usual in pedology—the science
which treats of the classification of soils—to call those particles
with diameters between 2 and 0-2 mm. ¢ coarse sand,” those
down to 0-02 mm. ‘fine sand,” down to 0-002 mm. ‘silt,
while all less than this last size are  clay.’” The names and
divisions are, of course, quite arbitrary. (The micron is a
convenient unit in which to measure the size of microscopic
materials. Its value is one-thousandth part of a millimetre
and its symbol p.) When a system contains discrete particles
(whether solid, liquid, or gaseous) finer than one micron
distributed through a coarser
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Fi1G. 17.—SEDIMENTATION OF A

PoLY-DISPERSE SYSTEM

structure, or in suspension in a
vv. ri . ..%] A fluid, it is called colloidal as
RATS : ::‘:,' opposed to homogeneous systems
o N " f'.,‘-.:- like air and water. So the fine
PR L clay fraction is often called the
Vel " S colloidal fraction, since it has
L R these very fine particles within
': S ;'. : ?..' h its structure conferring on it
o o peculiar properties, of which
MR o more anon.
teore el The best way to make the
'.‘, . S .";..._‘ analysis in terms of the relattive
2004 . 3 numbers or masses of parflcles
= T v, T o1~ — comprised within narrow limits
P...' s .“-°. ’..’. < of diameter is to stir up the clay,
3 ‘: .S ...b. deprived of any soluble or
{g.-"- . e organic matter by successive
ol e washing with hydrogen peroxide
in water or some other suitable

liquid in a tall tank, and allow
the particles to settle under
gravity (Fig. 17). The settlement

takes place at a rate dependent on the difference between the
specific gravity of the clay and that of the liquid directly
and on the viscosity of the liquid inversely. It is not the same
for all particles, varying directly as the square of their respec-
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tive diameters; that is as their superficial areas if they can be
assumed all to have the same shape. Thus at a given depth,
h, below the surface of the liquid, if samples are taken at
various times after the initial dispersion of the clay, the early
samples will be fairly representative of the whole suspension ;
but as time goes on they will become progressively deficient
in the larger particles which will have settled more quickly,
until eventually samples will only contain those small enough
to be supported permanently by their Brownian motion and
unable to sink. Then if we take samples in water at
17° C. at a depth of 30 cm., soil particles of 10p. will be all
clear past this point in 20 mins., those of half this size in 80
mins., etc., whereas all smaller than 5y still remain in both
samples with their original relative concentrations unchanged.
Thus the difference between the weights of the two samples
represents a decrease due to all particles between 10 and 5p,
and so on for the other sizes. (One can appreciate this more
readily if one conceives a suspension containing only these two
sizes. Then the top of the cloud of the 10y individuals will
be passing the observation post in 20 mins., thereafter a sample
would contain always the same amount of the 5u ones alone
until 80 mins. had elapsed, when we should merely take up
pure water.)

In the author’s instrument, the sampling is done by means
of a narrow horizontal beam of light traversing the tank at
the required depth and falling on a photo-electric cell, coupled
to a sensitive galvanometer. The photo-electric current at any
instant gauges the amount of light which gets through the
tank. At first the current is low, but as the heavy grains
settle, the liquid begins to clear and the current gradually
rises to approach its ultimate clear water’ value. Before
proceeding further it is essential to establish a relationship
between the number and size of the particles and the light
which they cut off. Provided the concentration is small—in
practice, a one p