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PREFACE

The complexity of modern science and the enormous range of modern
knowledge have sometimes unfortunate consequences. One of these is
specialisation, a result of which is that one group of scientists does not
know how another group works. It often happens that one scientist
would like to know something of the fundamental principles and uses
of the instruments used by his collcagues, possibly in the hope that
they may be helpful to him—or just to satisfy a commendable curiosity ;
this book is an attempt to meet this desire.

Scientific instruments are here described in a way that may be
understood by the non-specialist so that the worker in one field may
get a useful idea of the instruments used in another. The book does
not set out to tell the specialist about his own equipment but about
the other man’s. The surveyor will not learn from it all that he ought
to know about the theodolite and its use, but he may gather some useful
information about calculating machines and lenses, while the mathe-
matician and the optician may well like to know something about the
theodolite or the mariner's compass which this book can tell them,
though it will not tell them anything that as specialists they should
know already about the slide rule and lenses, respectively. But how
many of the vast numbers of people who every day use optical instru-
ments—whether cameras or spectaclcs——undcrstand the functioning of
a lens?

The book is in no sense meant to be an exhaustive treatise on instru-
ments, but it is hoped that it will be valuable to the student and to the
research worker, as well as to many people who are using scientific
instruments and require a working knowledge of them without going
into the details of design.

As shown in the contents list, the book is divided into five sections
of broad types of instruments and each section contains a chapter on
various specific classes; thus Secction 1, on optical instruments, has
chapters on lenses, on microscopes and spectroscopes, etc.

Inevitably, selection and division of sections and chapters are some-
what arbitrary ; thus the theodolite and sextant are described as survey-
ing and navigational instruments but might have been included as
optical, as indeed could the majority of scientific instruments. Any
suggestions for rearrangement and indeed for any improvement in future
editions will be welcome and careful consideration given to them. The
Editor and Publishers are of course well aware that the book is very far
from being exhaustive in the number of instruments it describes, but it
is hoped that future volumes and editions will be justified by the rece)pfio,n
accorded to this first effort.
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CHAPTER 1
LENSES

A lens is, in general terms, a piece of transparent refracting material
designed to form images of objects placed so that pencils of light diverging
from points of the object are, after refraction by the lens, made to con-
verge toward or diverge from the corresponding point of the image.
The relative distances and the relative sizes of the object and image are
related to the focal length of the lens by simple formulae, and the focal
length is related to the radii of curvature of the lens surfaces and the
refractive index of the material. The lens surfaces are generally parts
of spheres, but they may be aspherical or cylindrical and the lens itself
is most commonly made of glass of optical quality, but progress is being
made in the use of plastic materials with characteristics similar to glass.
Lenses, either by themselves, or in combination with other lenses, prisms,
mirrors, ctc., are used in large numbers of scientific instruments and they
arc, of course, essential to most optical instruments. In this chapter it
is proposed to describe briefly the various forms which lenses take and
to discuss the defects to which they are subject so that the application
of lenses to scientific instruments in general may be properly understood.

Historical

In very ancient times glass globes filled with water were apparently
known, and the early development of lenses is shrouded in mystery, but
they were mentioned as early as the 13th century in the writings of
Roger Bacon. Their first usc was, as far as can be ascertained, as burn-
ing glasses and later for spectacles and magnifying glasses, but their
image forming properties must have becn observed at an carly date, and,
in his Magia Naturalis, published in 1558, Giambattista della Porta
mentions the camera obscura and the uses of mirrors and lenses. In
1608 Hans Lippershey, a Dutch spectacle maker, described a telescope
which was also invented at about the same time by Galileo. In 1758
Dolland of London was the first to construct an achromatic telescope
objective using a combination of two lenses of crown and flint glass.
Since that time pregress in the design and manufacture of lenses of all
kinds has been comparatively rapid. Camera lenscs became necessary
from 1840 onwards, and because of the new problems arising from wide
fields of view, it was at this time that most progress in the theory of
lenses was made. Much theoretical work on lenses and the formation
of images was done by Airy, Coddington and other British scientists but
the first really co-ordinated system of geometrical optics was due to
Gauss, who described the formation of images in optical instruments,
and to von Scidel, who discussed the defects of the image. It is to
Germany also that we must give the credit for the development of optical
glass of types specially intended for lenses, although it can safely be
said that British optical glass and British design work are the best in
the world.
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Raw Materials and Manufacture

The manufacture of optical glass is a highly-specialised trade involving
the careful selection of materials and regulation of temperatures. The
glass itself is usually made in “pots’ of fireclay, each pot furnishing a
so-called “melt” with definite characteristics as regards refractive index
and dispersion. Glasses are described according to their types as Crown,
Flint, Barium Crowns and Flints, Borosilicate Crown, Extra Dense
Flint, etc., and are listed according to their refractive index and disper-
sion. The following table shows some characteristic types, and it will
be noticed that in the “old” glasses the V-value, which is the reciprocal
of the dispersive power, decreases as the refractive index increases, while
in the “new’ glasses we have types in which the high refractive index
corresponds to a high V-value or low dispersion. This important dis-
tinction has considerable bearing on the design of lenses, and it was
these “new’’ glasses which were originally developed at Jena in Germany.

Table
Representative Types of Old and New Glasses

Old Glasses N 14 V/N
Hard Crown .. .. 1.5175 60.5 39.9
Extra Light Flint .. 1.5290 51.6 33.8
Light Flint .. .. 1.5746 41.4 26.2
Dense Flint .. .. 1.6041 37.8 23.5
Extra Dense Flint .. 1.7402 28.4 16.3
New Glasses

Barium Flint .. .. 1.6530 43.2 279
Light Flint .. .. 1.5674 43.6 27.9
Dense Barium Crown .. 1.6098 53.3 33.1
Extra Light Flint .. 1.5290 51.6 338
Dense Barium Crown .. 1.6016 59.9 37.3
Telescope Flint .. .. 1.5151 56.4 37.2

The glass from the pots is allowed to cool slowly and is then broken
up into lumps from which are moulded the lens blanks supplied to
manufacturers. The lens blanks are made as nearly as possible to the
size and weight required by the lens manufacturer so that the amount
of “roughing” neccessary will be reduced to a minimum. The lenses are
ground to shape on special machines, on tools of many types, usually
spherical cups, using emery of fine grades and finally rouge for polishing.
The accuracy of the surfaces so obtained is tested by placing the newly-
made surface in contact with a glass test plate whose curvature is
accurately known and the discrepancies noted by the appearance of the
interference fringes known as Newton’s Rings. In optical instruments
the lenses are carefully mounted and centred, the distances between the
cqmponents being an important part of the design. On this account it
is most unwise to take an optical instrument to pieces for cleaning unless
it is certain that it can be reassembled exactly. The surfaces of lenses
should not be touched by the fingers as the grease marks left are difficult
to remove. Excessive rubbing must be avoided and soft-boiled linen is
the best material to use for cleaning, moistened only with a little benzol
or methylated spirit.
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Types of Lenses

Simple lenses and the simple components of compound lenses are
found in a variety of shapes which are illustrated in Fig. I. 1, the dotted
pairs of lines in each diagram show roughly the position of the so-called
principal planes. The principal foci of the lens are situated at equal
distances from these planes when the lens is in air, and in calculating
the distances of object and image by the elementary Gaussian formulae
these distances must be measured from these planes. If the lens is
considered as “thin” the two planes coincide.

For most purposes, other than in spectacles, lenses are not used
singly but in combination with other lenses to form compound systems.
Sometimes they are balsamed together to form doublets or triplets or
they are spaced in mounts and are invariably associated with a stop or
diaphragm which plays an important part in the construction. The
reason for the use of these complex lens systems will be at once apparent
if an attempt is made to use a single lens say as a telescope objective
or eyepiece, or as a microscope objective, or a camera lens; the image
formed will be found to be so defective as to be quite nseless. The
defects of the image are duc to the aberrations resulting from the refrac-
tions at the lens surfaces. It is most instructive to study the aberrations
by examining the image formed by a simple bi-convex lens, using as
object a grid of lines in two directions forming a series of squares or any
convenient light source. For the lens a spectacle lens will serve provided
it is of reasonably short focal length, and the image should be examined
on a white card.

Defects of the Image

When an attempt is made to form an image with the object situated
exactly on the axis it will be found difficult to decide where the best
definition is obtained ; the image will be slightly fuzzy and surrounded
by a sort of halo. This defect is due to Spherical Aberration, which can
be defined as the failure of the light passing through the outer zones of
the lens to come to the same focus as the light passing through the central
zones. It will be found that the image can be made sharper by stopping
down the lens so as to reduce the aperture, but no difference will result
from moving the stop along the axis. It will also be noticed that the
image will be coloured. As the screen is moved farther away from the
lens there may be a red central dot surrounded by a greenish fringe
edged with violet, and as the screen is moved towards the lens the centre
becomes violet and the fringe reddish. This axial colour effect 1s due to
Chromatic Aberration and 1s caused by the differences of the refractive
index of the glass for different colours. In general the violet light is
bent much more than the red light so that the image of a point source
on the axis will be in the form of a spectrum with the violet end nearest
the centre of the lens.

The spherical aberration and the chromatic aberration of a concave
lens are in the opposite sense to those occurring with a convex lens, so
by using two types of glass in combination it is usually possible to con-
struct a lens consisting of convex and concave elements such that the
spherical aberration and the chromatic aberration are removed for any
given zone of the lens and for any given pair of colours, and very much
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POSITIVE LENSES
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DIRECTION OF LIGHT

FAND F'ARE FIRST AND SECOND PRINCIPAL FOCI £°1S THE FOCAL LENGTH AND
IS MEASURED FROM THE SECOND PRINCIPAL PLANE

Fig. I.1. Forms of lenses. The dotted lines indicate the positions
of the principal planes.

reduced in general over the whole lens. Such a corrected lens is known
as an achromatic doublet.

If now the lens is slightly tilted so that the object is no longer on
the axis it will be found almost impossible to form any semblance of
an image. The complex appearance which the image will take is caused
by a combination of a number of aberrations, which, for convenience of
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study are known as Coma, Astigmatism and Transverse Chromatic Aber-
ration. It will be found that these transverse aberrations are very sensi-
tive to the position of the stop and the shape and position of the image
will change as the stop is moved along the lens axis.

In an attempt to form an image by moving the screen to and fro, it
will be seen that when the screen is nearer the lens the image will be
drawn out into an elongated form tangential to an imaginary circle
drawn about the lens axis and that lines in the object in this direction
are reasonably sharp, but much elongated. As the screen is moved
away from the lens the image will contract in length and fatten out
until it is roughly circular but very fuzzy and on still further withdrawing
the screen the image will again be elongated but this time in a radial
direction. This defect is due to astigmatism, which simply means the
failure of the light to form a point image. Stopping the lens down has
no effect on the distance between these two elongated images, but moving
the stop has, and if lenses of different shapes are tried it will be found
that the amount of the astigmatism will change. All the astigmatic
images which have been examined will have been found to be associated
with a halo or fuzz in one direction, rather like a brush or the tail of a
comet, which will be reduced by stopping down and also by moving the
stop. This defect is Coma, which is defined as the failure of the lens to
form an image of the calculated size for all zones of the lens. In an
achromatic doublet the coma can be reduced by a careful choice of
glasses, and a coma-free doublet is often spoken of as an aplanat.
Telescope objectives are an important example of a type of lens which
is designed to be as free as possible from spherical aberration, chromatic
aberration and coma. When the astigmatism is corrected as in photo-
graphic lenses the lens is frequently called an anastigmat.

No mention has yet been made of transverse chromatic aberration or
chromatic difference of magnification as it is frequently called, but this
defect is almost self-explanatory and is noticed as a colour fringe par-
ticularly when examining an object with a magnifying glass; it is
simply caused by the failure of the lens to form images of the same size
for each colour of light.

In addition to the aberrations which have been described it will be
found, if an extended object is used, that it will be generally impossible
to find a position of the screen for which the whole image will be in
focus; this is of course due to curvature of the image. Assuming that
the best image will be_formed at the point between the two astigmatic
line images where the circular patch was found, it is obvious that the
only way to alter the curvature will be by altering the astigmatism, but
even if the astigmatism could be entirely removed the best images will
still be formed on a curved surface, and moreover, no changes in the
shape of the lens will in any way reduce this inherent curvature which
depends only on the focal length and the refractive index of the glass.
This inherent curvature is called the Petzval curvature of the lens, but the
best image will only be formed on this Petzval surface if there is no
astigmatism. Finally, it will generally be found that the image also
suffers from distortion, a defect which is very sensitive to the position
of the stop. In photographic lenses the elimination of distortion is
considered of the utmost importance, for otherwise it would be quite
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impossible to obtain good photographs of buildings and in fact, cheap
cameras, in which single lenses are used, have so much distortion that
architectural subjects cannot be photographed with any real success.

From the foregoing it should be quite obvious that the design of
lenses for optical instruments is no simple matter, and lens design, in
fact, is a highly-specialised business. The elementary formulae found
in text books on light are of no value whatever and unfortunately there
is no compact and logical algebra available to the designer. The work
consists in gaining experience from successful attempts and the laborious
tracing of rays by trigonometrical computation, repeated trial and error
and a final compromise. The possible combinations of curves, air spaces
and glasses is almost infinite, but rough guides and experience can be
used to curtail to some extent the early parts of design work. In the
following paragraphs will be found a short description of some of the
actual forms of simple and compound lenses.

Spectacles

The lenses used in spectacles for the correction of defective eyesight
form a good example of the use of thin single uncorrected lenses, but
even in spectacles the shape is of importance and in recent years contact
lenses have been produced which are fitted directly to the front of the
eye. Convex lenses arc used for the correction of long sightedness,
concave lenses for short sight, cylinders for astigmatic eyes and prisms
to correct any lack of parallelism: in the eyes. Spectacle makers usually
stock large quantities of half-finished lenses, ground to various shapes
on one side and with the other side ready for finishing to any curve,
cylinder or prism, according to the optician’s prescription. The power
of spectacle lenses is always quoted in diopires, one dioptre being the
power of a lens of one metre or forty inches focal length, and power
being defined as the reciprocal of the focal length. Thus the power of
a lens in dioptres is equal to 40 divided by the focal length in inches.
Spectacle lenses may be double convex or plano convex in shape, but it is
more usual and better to fit “periscopic’” or meniscus lenses to spectacles
because the correction is then better over a wide field. Meniscus lenses
are shown in Fig. I.1, and the periscopic type are of shallow meniscus
form, the curvatures being standardised for ease of production.

Magnifying Glasses

The simple magnifying glass or reading glass of moderate power is
so familiar that no description is necessary, but where more power is
required for greater magnification it is soon found that the simple lens
is no longer adequate. Distortion and chromatic effects are the two
main defects which become apparent as soon as high degrees of magni-
fication are used. Ordinary high power magnifiers for dissecting work
and other special purposes are often sold in the form of achromatic
doublets of plano convex shape and such lenses should be held with the
plano side nearest the object if the eye is far away from the lens, but
with the convex side nearest the object if the eye is held close to the lens.
The inconvenience of having to turn the lens over to find the correct
way of using it is removed by the use of an achromatic triplet first made

2
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WOLLASTON LENS

_ .___\

STEINHEIL APLANATIC STANHOPE LENS

Fig. 1. 2. Magnifying glasses. Some special forms of
magnifying glasses. Simple lenses are also used for
this purpose.

by Steinheil and shown in Fig. I.2. The Wollaston and Coddington
lenses were attempts to eliminate colour effects with the use of only one
glass but they have curved fields which are troublesome. The Stanhope
lens is much used in very minute form in which a picture, usually adver-
tising some resort, is transferred on the less curved surface and is seen
highly magnified when the eye is placed close to the other side.

The magnifying power of a lens is usually defined as the ratio of the
size of an image formed by the lens at the least distance of distinct
vision (10 inches) to the actual size of the object and the magnifying
power is thus equal to 10 divided by the focal length in inches, or the
power in dioptres divided by 4.

Telescope Objectives

It has already been said that for a telescope objective to be of any
value it must be achromatic and free from spherical aberration and
coma. For small telescopes, up to about 2 inches in diameter, these
conditions can be reasonably easily fulfilled by a cemented doublet
consisting of a hard crown and a dense flint glass, but where larger
diameters are required the pair of lenses forming the doublet are seldom
cemented and may be of the type shown as the Fraunhoffer objective
in Fig. I.3. The Gauss tvpe of telescope objective, frequently fitted in
large theodolites, is designed to be free from spherical aberration for two
colours, thus giving very good definition for very small objects on the
axis. For astrographic purposes, where it is important to be able to
focus visually and then to photograph a star, the Cooke photo-visual
objective is invaluable and for general astronomical photography where
a comparatively large field is required, a photographic objective such
as the Tessar type is often used.
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Il
\

CEMENTED FRAUNHOFER STEINHEIL GAUSS FORM
ACHROMATIC COMA- FREE ACHROMATIC OBJECTIVE
DOUBLET. DOUBLET DOUBLET GOOD CENTRAL
CROWN LEADING FLINT LEADING DEFINITION
COOKE ASTROGRAPHIC OBJECTIVE
PHOTO-VISUAL TESSAR TYPE
OBJECTIVE LARGE FLAT FIELD

Fig. I.3. Telescope objectives. These are typical forms; many other
types are used.

The manufacture of large diameter telescope objectives is a special-
ised trade and great care has to be taken to ensure that the glass discs
are free from flaws and very thoroughly annealed. After the lenses have
been giound and polished to the calculated curvatures it is always
necessary to work on the lens by hand, figuring the surface as it is called,
to remove irregularities due partly to errors in curvature and partly to
lack of homogeneity in the glass.

Microscope Objectives

In order that minute objects may be enlarged very greatly to make
them visible, the microscope objective is a lens of very short focal length,
placed close to the object so that an enlarged primary image is formed
at a standard distance behind the objective. This enlarged image is
further enlarged by the eyepiece and the magnification of the whole
instrurgent is the result of the combined magnifications of the objective
and the eyepiece. The standard distance at which the image is formed
is called the “tube length” for which the objective is designed. Some
typical microscope objectives are shown in Fig. I. 4. In the Lister type
of objective use is made of the principle that there are two pairs of
points associated with a corrected lens for which the spherical aberration
is least.
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LISTER TYPE OBJECTIVE

BAND B, CAND C'ARE PAIRS OF POINTS FOR WHICH THE SPHERICAL ABERRATION
OF THE LENSES HAS BEEN CORRECTED
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Fig. I.4. Microscope objectives. The principles of Lister and of the

aplanatic points are much used in microscope objectives and their

applications can be seen in the typical forms shown. Many other
types are, however, used.
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Fig. I. 5. Typical eyepieces. There are many forms of eyepieces in general use.
The Huygens type is common in microscopes and the Ramsden type in telescopes.
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In the immersion types of objectives the principle of the existence
of the aplanatic points of a sphere is used. These points are such that
all light diverging from one point appears to diverge accurately from the
corresponding point after refraction. The first of these points is within
the sphere, and since this point is inaccessible, the sphere is flattened
and a drop of cedar oil is placed between the flattened portion and the
object. Cedar oil has very much the same refractive index as glass and
thus the object point is virtually cmbedded within the sphere at the
required point.

Apochromatic objectives arc designed to be free from chromatic
aberration over a large range of colours, and frequently fluorite is used
in their construction, but these objectives usually have to be used with
compensating eyepieces because they suffer from chromatic difference of
magnification.

Eyepieces

Fig. 1.5 shows some typical forms of eyepieces. The Huygens eye-
piece is largely used in ordinary microscopes and in a number of telescopes
and is an example of the lens system which can be made achromatic by
spacing two lenses of the same glass at a calculated distance. In the
Huygens eyepiece the focal plane lies between the lenses, but in the
Ramsden type, which is also achromatised by scparation, the focal plane
is in front of the field lens and 1s thus accessible for cross wires or grat-
icules. In modern eyepieces, the component lenses are usually in the
form of achromatic doublets or triplets, a complication which has been
imposed by the demand for wider apparent fields of view.

Camera Lenses

Camera lenses differ from most other forms of lenses in that they are
intended to form images on comparatively large flat surfaces, i.e., they
have a flat field and a large field. It is therefore clear that a camera
lens should be as free as possible from curvature of field, astigmatism
and coma as well as colour magnification; it should also be free from
distortion, but a little spherical aberration can be tolerated as the grain
of the photographic emulsion does not permit of the resolution of the
finest detail.

Simple meniscus.lenses are used in huge quantities in the cheap
cameras and the average type of amateur camera seldom rises above a
simple double lens, which may be of the so-called R.R. type. In the
R.R. lens use is made of the symmetrical construction to eliminate as
far as possible the effects of the oblique aberrations. The introduction
of the new Jena glasses enabled considerable advances to be made in
the design of camera lenses and recently the introduction of some rare
earth glasses has led to a number of new designs in which better correc-
tions can be expected. The anastigmat type of lens largely found in
the better cameras and used by professional photographers may take
many forms, one of the commonest being the Tessar type. Fig. 1.6
shows a number of typical lens constructions but it is obviously impossible
to discuss the merits and performance of these lenses in the scope of
this chapter.
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Fig.1.6. Typical photographiclenses.
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The Wollaston and Steinheil types are much

used in cheap cameras, the Tessar and Aviar typesare very common in better cameras.
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The reader is referred to the following books on Optics generally and
to articles in the various editions of the Emncyclopedia Britannica for
fuller information.

Elementary Text Books :
Edser—Light.
Martin—A pplied Optics.
Houston—Light.
Steinheil & Voit—A pplied Optics.
Cox—Optics (Camera Lenses).

More Advanced Text Books :
Heath—Geometrical Optics.
Herman—Geometrical Optics.
Drude—Optics.

Conrady—A pplied Optics.
Steward—7The Symmetrical Optical System.
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CHAPTER 11
CAMERAS

A camera is an instrument by which a permanent record is made
of the image of an object formed by a lens. The image is recorded on
a piece of material which is sensitive to light and is called the negative
material ; it consists of an emulsion of silver bromide in a solution of
gelatine, which is coated on a transparent base. When glass is used
for the base, the negative material is called a plate. When a flexible
material is used it is called a film. Nitrocellulose, which is highly
inflammable, and cellulose acetate, considerably less inflammable, are
the most commonly used film materials.

When the negative material is exposed to light the silver bromide
undergoes a change which is not immediately visible, and a latent image
is said to exist. By development of the negative, the light-affected
silver bromide is transformed into metallic silver and the image becomes
visible, then being made permanent by.a process called fixing. The
negative does not give a true record of the object photographed, as the
light values are reversed, a light part on the object appears dark on the
negative and vice-versa. By exposing a piece of sensitive paper to light
through the negative, the light values are again reversed and a photograph
with similar light values to the object is obtained.

Shutters

The brightness of the object being photographed, the sensitivity of
the negative material, or the speed with which it reacts to light, and the
amount of light allowed to pass through the lens, are determining factors
in the length of time for which the negative material must be exposed.
Hence a camera must include a device, called a shutter, for regulating
the time of exposure. There are two types of shutters commonly used,
diaphragm and focal plane. A diaphragm shutter is placed between the
elements of the lens, and consists of a number of thin metal leaves which
can close in to form a perfect light shield, or open to allow the full passage
of light through the lens. The time for which the shutter remains open
is spring controlled and can be adjusted to give a range of times. The
focal plane shutter is placed directly in front of the negative material,
and consists of a blind of opaque cloth which contains a slit of adjustable
width so that as the blind passes across the negative material the amount
of light reaching it is controlled by the slit width. A double blind mkes
the slit width more easily variable and is generally used. The shortest
possible exposures are about 1/500 second and 1/1,000 second with the
diaphragm and focal plane shutters respectively. An important means
of obtaining a very short exposure, not possible with a mechanically-
operated shutter, is by use of the spark discharge of an electric condenser
in a gas-filled tube, which can be made to give a very high power light
flash of very short duration, 1/1,000,000 second being possible. This
renders a fast shutter unnecessary, the exposure being controlled by the
time of the flash.



24 SCIENTIFIC INSTRUMENTS

Focusing

As explained in the chapter on lenses, an object at an infinite distance
from a lens forms an image at a distance from the lens which is called
the focal length, and as the object approaches the lens, so the image
recedes from it. A focusing device allows the distance between the lens
and the negative material to be adjusted so that objects at varying
distances can be photographed. Correct focusing entails movement of
the lens backwards or forwards by means of a screwed lens mount or
leather bellows, and correct positioning of the lens so that the image is
formed at the correct distance from it. The following methods are
commonly used :—

(a) By inserting a ground glass screen in the place of the film or plate
and adjusting the position of the lens until a sharp image is formed
on the screen.

(b) By rangefinder. When the rangefinder is “uncoupled,” the distance
of the object from the lens is determined by the rangefinder, and the
position of the lens is adjusted against a distance scale. When the
rangefinder is “‘coupled,” the action of setting the rangefinder is
conveyed to the lens which is automatically positioned correctly.

(c) By a reflex device. A mirror is contained in the body of the camera,
between the negative material and the lens, and is set at 45° to the
lens axis. This mirror intercepts the light rays passing through the
lens and reflects them on to a ground glass screen on the top of the
camera, the position of the screen being such that each light ray
travels the same distance from lens to screen as from lens to negative
material with the mirror removed. Focusing is carried out on this
screen. When an exposure is made a mechanism lifts the mirror
just prior to the opening of the shutter. A twin lens “‘reflex camera”
consists of two compartments, the lower compartment housing the
photographing lens and negative material, and the upper compart-
ment housing a focusing lens, a mirror set at 45° to the lens axis,
and a focusing screen. The image is focused on the screen, during
which process any movement given to the focusing lens is also given
to the lower lens, the two lenses being coupled together.

In the focusing method (a) the image is seen the same size as it will

ultimately appear on the negative, thus affording a means of positioning

and composing the picture, with the disadvantage of the image being
upside down and reversed sideways. The focusing screen on a reflex
camera can likewise be used as a viewfinder, and in this case the mirror
rectifies the image and it is seen the right way up. A camera which
focuses by rangefinder must be supplied with a separate viewfinder.

Most focusing screen and reflex cameras are provided with an auxiliary

viewfinder.

Lens Apertures
The effective lens area, through which light is allowed to pass is made
variable in order to give a further control over exposure time, and also
to control depth of focus. If a negative is made with a given lens, and
then the lens is stopped to one-half its original diameter, the effective
lens area will be reduced to one-quarter the original area, and the exposure
required to give a similar negative will be four times the original exposure.
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Now consider two lenses of different focal lengths, one twice the other,
the effective lens diameters being equal. To obtain negatives of equal
density with the two lenses from the same object, the exposure with the
longer focal length lens would have to be four times the exposure with the
shorter focal length lens, as the image areas would be in the ratio of 4
to 1. The aperture of a lens, denoted by f, is defined as the ratio between
the focal length and the lens diameter, and exposure times are pro-
portional to f2. Thus a lens stopped to f/6 would require four times
the exposure as when stopped to f/3. A stopping device in a camera
in the form of an adjustable iris diaphragm between the lens elements
is set to a scale marked with the f number. A scale in common use is
marked f/2, f/2.8, f/4, f/5.6, f/8, f/11.8, so that stopping down to the
next number entails doubling the exposure.

Another effect of stopping down a lens is to increase the depth of
focus. Supposing a lens of 2 in. focal length and stopped to f/4 is focused
on an object at a distance of 20 feet from the lens, it would be found that
all objects between 15 feet and 30 feet from the lens would appear equally
sharp on the negative. In this case the depth of focus is 30 — 15 =
15 feet. If the same lens is now stopped to f/8, the depth of focus
increases, and all objects between 12 feet and 53 feet are equally sharp.
Thus it can be seen that with a sufficiently small aperture the depth of
focus could be increased to such an extent that all objects between, say,
6 feet and infinity, would appear equally sharp on the negative, and a
focusing device would be unnécessary ; such conditions hold with box
cameras. The depth of focus decreases with (i) decrease of distance of
object from lens; (ii) increase of focal length of lens, and (iii) decrease
of f number. Hence the majority of cameras suitable for serious work
must be provided with a focusing device.

PROJECTORS

A projector is an optical instrument which is used to produce an
enlarged image of an object. The image is projected on to a screen
and the object might be a lantern slide, positive film, microscope slide,
or an entirely opaque object, in which case the profile of the object will
be produced on the screen as the boundary line of the projected shadow.
The production of a glass slide or a positive film, from a negative, is a
similar process to the production of a photograph from a negative, but
in the case of cine-films the positive is sometimes produced by treatment
of the negative material, which is then called reversal film. Colour
films are processed so that a positive, or colour transparency, is produced
by treatment of the negative material, and projection is the most
satisfactory way of viewing a colour transparency.

The optical system of a still projector, as distinct from a cine-
projector, is simple, and consists of the following items: a high-power
projection lamp ; a light reflector, used to conserve as much of the light
as possible ; condenser lenses for concentrating the light rays; and a
projection lens. The object for projection is placed between the con-
denser lenses and the projection lens. This optical system must be
suitably housed, and means provided for adequate ventilation, as the
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high-power projection lamp is liable to produce much heat. Such an
instrument for projecting transparencies is sometimes referred to as a
diascope. 35 mm. positive film provides a very convenient medium for
making a series of pictures for projection. The film is kept in a roll
and a special carrier is used in which the film is wound from one spool
to another as each picture is projected, the film being held flat between
two glass plates during projection.

PROFILE PROJECTOR

A profile projector (Fig. II.1) is a highly accurate instrument and
is used for checking the shape and dimensions of the profile of such
objects as plate
gauges, screw
threads, templates,
and cams; and in
conjunction with a
surface illuminator
can be wused for
checking surface
dimensions and in-
specting surface
characteristics, The
optical system is
essentially the same
as for the ordinary
still projector ex-
cept that it is most
essential that the
condenser produces
a parallel beam of
light rays, and in
D some designs a water
— cell is inserted be-
tween the conden-
ser and the object
] for the purposes of

preventing heat
r 4 N from the projection
lamp from reaching

Fig. II. 1. Bausch and Lomb profile projector. the object.  The
Projection lamp F. Object positioning of the
Achromatic condensers ~ G. Projection lens parts and object is
Water cells H. Roof prism very critical, and
J. !

K

Mirror " Mirror h lete i
Glass stage plate . Mirror the complete instru-
L. Screen ment is usually

designed so that the
screen is in close
proximity to the optical equipment. A known accurate magnification
of the object, such as 50 or 100 times, is obtained according to the focal

HOOWE
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length of the projection lens, and the distance between the screen and
the lens, and the image is checked against a master profile accurately
drawn to the same magnification on a base not affected by changes of
temperature and atmospheric conditions. With the object of improving
definition the following procedure is advised with the Hilger projector.
A green light filter is placed over the lens, which gives a green background
on the screen, and the master profile is drawn with red translucent ink
on kodatrace. This drawing is mounted between two sheets of glass,
which forms the screen on to which the image is projected. Such a
screen is called a book screen.

A plain ground glass screen is used for the projection of surfaces
Master profiles and dimensions can be drawn on such a screen with
pencil which will wash off after use. A protractor screen consists of a
fine ground glass screen mounted in a ring graduated in degrees and
provided with etched reference lines, and it can be rotated in the ring.
A vernier enables angles to be measured to a fine degree of accuracy.
A photographic plate holder can be substituted for the screen, so that
permanent records can be made.

EPISCOPE

An cpiscope produces an image by reflection from the surface of an
opaque object. By its use erlarged reproductions can be made of
illustrations, photographs, botanical specimens, surface patterns on wood
and metal specimens, and similar objects. The optical system consists
of a source of light directed on to the surface of the object. Light
reflected from the surface is projected by a lens on to a screen. A
platform is provided on which the object is placed and which positions
the object correctly. It is essential that as much as possible of the
available light is used to illuminate the surface, mirrors being employed
for this purpose.

m ()

Fig. II. 2. Ross epidiascope. (1) Light rays direct from the projection
lamp A, and reflected rays from the reflector B, are concentrated by the
condenser lenses C and D, then pass through the slide E, the image of which
is projected onto the screen by the projection lens F. G is the object for
episcopic projection, H a mirror and K the episcopic lens. (2) This
diagram 1s a plan view showing the episcopic illumination system. There
are two reflectors B, and two condensing lenses C, in use, which direct the
light rays onto two inclined mirrors L and thence onto the object G.  For
diascopic illumination the lever M is moved to the position M1, one reflector

and one condenser lens then being used.
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EPIDIASCOPE

An epidiascope (Fig. II.2) is a compound instrument combining an
episcope with a diascope (a projector). A common light source is used
for both projection systems which can be used alternatively, selection
being effected by the movement of a lever.

CINE-CAMERAS

The requirements of a cine-camera (Fig. II.3) are similar to those
of a still camera, with a number of important additions. Exposures
must be made at the rate of 24 per second for sound films, and 16 per
second for silent films. This means that the film must be fed to a position
behind the lens and then held stationary whilst a shutter makes the
exposure, all in 1/24 second. The film is drawn from the supply roll
by means of a rotating sprocket wheel at a rate of 18 inches of film per
second for 35 mm. film, the sprockets fitting into the perforations in the
film, which is held against the sprockets by small rollers called sprocket
idlers. The film is made to form a loop after leaving the sprocket wheel
and is then passed behind the gate which is an opening the size of the
required picture, and is situated behind the lens. Film is drawn from
the supply roll continuously, but must pass the gate with an intermittent
motion. Such motion is derived from a mechanism, a simple type of
which is known as the Lumiére claw mechanism, in which a claw is
actuated so that it enters a perforation hole in the film, pulls the film
down the required distance, and then leaves the hole, the film remaining
stationary until the claw is in position for pulling down the next frame.
The time taken for moving the film is about 1/72 second, and the film
remains stationary for about 1/36 second. A more complicated form
of this mechanism uses two claws, one for moving the film and the other
for holding it stationary.

Fig. II. 3. Cine-camera. Diagrammatic representation. (1) The sprocket

wheel A draws films from the supply reel B. The claw mechanism C pulls

the film past the gate and the sprocket wheel feeds the film to the take-up

reel D. E is the revolving shutter and F the lens. (2) The end R of the

claw arm revolves in a circle. The point S moves round the cam profile
and the claw T traces out the shown curve.
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The exposure time is controlled by a revolving disc shutter, situated
between the lens and the gate. The shutter consists of two flat circular
discs each with a sector removed, hence by relative movement of the
discs an open sector of variable angle can be formed. As the shutter
revolves the open sector passes the gate at the time when the film is
held stationary, and the exposure is made. It is obvious that the
sprocket wheel, the claw mechanism, and the’ shutter must all be geared
together in some way so that their movements synchronise. The maxi-
mum exposure time must be slightly less than the time for which the
film is held stationary. A single disc with a fixed opening allows only
one exposure time in which case the exposure is controlled by stopping
the lens.

The film forms another loop after leaving the gate and then makes
contact with the sprocket wheel which feeds it to the take-up reel.

| ~CAMERA APERTURE

—PROJECTOR APERTURE

| __—-SOUND TRACK
—

D
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le————35um L'Gul - 95 un> LB ™

Fig. II. 4. Cine-film sizes. Diagram showing the relative sizes of 35 mm.
sound film, and 16 mm., 9.5 mm., and 8 mm. silent film.

When the film has been exposed, it is developed and fixed to form
a negative and then positives are printed from this negative on positive
film. 16 mm., 9.5 mm. and 8 mm. (Fig. II. 4) films, which were intro-
duced for amateur work, are processed after exposure so that a positive
is directly produced. This process is cheaper than the production of a
positive from a negative, and the film is called reversal film.

When a sound film is made the picture does not take up the whole
of the available film width, a strip being left at one side of the picture
for the sound track. The sound impression may be made at the time
of making the picture either directly on the film, or on a separate negative
from which it is printed on to the positive film ; or it may be made at
some other time and synchronised with the picture when the positive
is made.

CINE-PROJECTORS
The optical system of a cine-projector consists of a source of light,
reflector, condenser and projection lens. The mechanism must provide
a means of passing the film into the field of the optical system with
intermittent motion at the same speed as the film is taken, and whilst
the film is being moved past the projection gate, the light must be cut
off from the projection screen. After passing the projection gate the
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film must then pass through the sound gate where the sound track is
converted to sound. It should be noted that this takes place 15 inches
beyond the projection gate hence the sound track is displaced this
distance from its accompanying picture.

The intermittent motion is produced by the Maltese Cross mechanism
{Fig. 11.5). Whilst the film is being moved past the projection gate

Fig. II.5. Maltese cross mechanism. Position (1): The wheel A is
revolving at constant speed and the pin B 1s just entering the slot C in
the cross D. The film passes over a sprocket wheel E which rotates with
the cross. Position (2) : The cross is being rotated and the film is being
pulled past the projection gate. Position (3): The pin 1s just leaving
the slot and the cross will remain stationary until the wheel A has rotated
another three-quarter revolution and the pin enters the next slot F.

the light is cut off by a shutter which is coupled to the Maltesc Cross
mechanism by a gear train to ensure perfect synchronism. The disc
type shutter consists of a revolving flat circular plate with two diam-
etrically opposite sectors removed, leaving two blades. One of these
blades 1s called the master blade which cuts off the light whilst the film
is being moved, the other is called the cut-off blade and its function is
to adjust the relative periods of light and dark on the screen in order to
reduce flicker. Another type, the horizontal cylindrical shutter, consists
of a hollow metal cylinder with two diametrically opposite portions of
the curved surface cut away for the whole length of the cylinder, leaving
two blades. The cylinder revolves on its axis. This type of shutter
reduces the time of cutting off light by one-half compared with a single
disc shutter, by reason of the fact that as one blade is cutting down
through the light beam the other blade is cutting up. The shutter is
best positioned between the light source and the film for then only
50 per cent of the heat accompanying the light reaches the film.

The light source is either an electric arc, which is mostly used with
large projectors; or a filament lamp for small projectors. The mount-
ing of a projector is very important, particularly if it has a large throw,
because of the necessity of avoiding vibrations.
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CHAPTER 1II
THE MICROSCOPE AND ELECTRON MICROSCOPE

The function of a microscope is to produce an enlarged image of a
minute object, in order that its fine structure may be examined.

However this image is observed, whether directly through the instru-
ment, or indirectly by a photographic reproduction, an image is finally
produced on the retina of the eye which has a granular structure, like
the grains of a photographic plate, or the small dots which form a news-
paper photograph. This structure consists of a large number of minute
light sensitive clements, the rods and cones, the distance apart of which
is about 1/200 mm. Each rod and cone produces a separate visual
sensation in the brain. It is clear that any detail in the object examined
which produces an image on the retina smaller than this cannot be seen.

It is well known that as we bring an object nearer to the eye, it
appears larger and more detail can be seen. This is clearly due to the
increase in size of the retinal image. It is also a well-known fact that
objects become blurred if brought too close to the eye. This is because
the crystalline lens of the eye reaches its limit of refracting power for a
normal eye for an object distance of about 10 inches or 25 cm., a distance
known as the least distance of distinct vision, usually denoted by the
symbol D. This implies that detail in the object less than about
0.2 mm. cannot be distinguished.

The Simple Microscope
This consists of a single convex lens, or lens combination which
behaves as a convex lens, the purpose of which is to supply extra refrac-
tive power to the eye so that objects brought much closer than 10 inches
can be properly focused on the retina. As a consequence an enlarged
retinal image is formed, as if an enlarged object were placed at the near
point of distinct vision, so enabling finer detail to be observed. Fig. III. 1,

cr
N EVE RETINA

|
'
1
1

MAGNIFYING LENS
CRYSTALLINE
- LENS

Fig. III. 1. Simple lens used as a magnifier. oB: Object at least
distance of distinct vision (D), seen clearly by naked eye, producing
image IM on the retina. 1M 1mage of 0!B! on the retina formed with
the help of the magnifying lens, such that oc is the apparent position
and size of 0'B? as seen by the eye.

magnification {M‘ _oc _ + ]3 = numerical value of
b IM ~ oB f' °  focal length.
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which is self-explanatory, indicates how the magnification is produced.
This may be calculated from the formula m =1+ D where m =

/
magnification, f = focal length of the lens.

A simple convex lens is only useful for small magnifications, say up
to three times. For higher magnifications, because of the distortion and
colour effects which a simple lens produces with _
white light a compound lens is used, consisting of
lenses of different kinds of glass cemented together.
A very efficient type, much used, called an Aplanatic
is shown in Fig. III. 2, consisting of two concave
lenses combined with a single convex. It is made
with magnifications of from six to twenty times, is Fig. III. 2. Aplan-
colour free and distortionless, and gives a wide flat atic lens.
field of view. With some slight sacrifice of these qualities, magnifving
powers of up to a hundred can be obtained by other suitable combinations
of lenses.

For still higher magnifications, apart from the working distance being
too small, it is impossible to correct adequately for colour and distortion.
A magnifying power of a hundred represents the upper limit possible
with the simple microscope.

The Compound Microscope
Magnification is produced in the compound microscope in two stages.
This is illustrated in Fig. III.3. The lens near to the object (the
objective) produces a real magnified image, the magnification being given

e FINAL REALIMAGE EVE
—

EVEPIECE—
PROJECTION
LENS

INTERMEDIATE
IMAGE T

\
, / \
/ \
e OBJECTIVE g, \
x fINALVIRTUAL 7 \
IMAGE ———plf — = s e P = = A
P> €—————— CONDENSER ~————>9
LENS
b ! ——d
MIRROR MIRROR
L
SROJECTION MICROSCOPE VISUAL MICROSCOPE

Fig. III.3. Magnification by a compound microscope.
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by the ratio y/x¥. In the visual microscope, this image is observed
through the second lens (the eyepiece) which acts like a simple micro-
scope, so that the final image is viewed as if it were at the least distance
of distinct vision. In the projection type, the lens (the projection lens)
_throws the final magnified image on to a screen or photographic plate.

The tube length of a microscope (corresponding to y) is standardised
at about 160 mm. The shortest distance x (corresponding to the focal
length) is about 2 mm., so that the highest magnification produced by
an objective is about 80. The highest powered eyepiece used in practice
gives a magnification of about 15, so that the greatest overall magni-
fication used is about 1200. Now this corresponds to a superficial
magnification of over a million times, so that the illumination of the
final image would only be a minute fraction of that of the object. For
this reason it is necessary to provide concentrated illumination on to
the minute object. This function is performed by the condenser, which
focuses light from daylight or other source of illumination on to the
object.

A lincar magnification of about 1000 is the useful limit of magni-
fication with the best quality microscope for the following reason. The
mean wavelength (1) of white light is about 6 X 10-°* cm. Theory shows
that because of the wave nature of light,
the least distance (R) between two points
that can be resolved (i.e. distinguished as
separate) by the microscope objective is ~ OPTICAL MEDIUM /¢
given by R = {A»/N.A. N.A.is the num-
erical aperture of the objective, defined
by wsin« (Fig. III. 4), u being the refrac-
tive index of the medium in which the
object is immersed. Usually the medium
is air in which ¢ = 1, but in an oil im-
mersion, or water immersion objective,

p is greater than 1. Since the least

detail which the eye can detect is 0.02  MINUTE

cm., the microscope must convert a

distance R into 0.02 cm. Thus the OBJECT

necessary magnification is 0.02/R =

2/3 x 1000 X N.A. No more detail is OBJECTIVE LENS.
brought out by any further increase in Fig. 1II. 4. Numerical aper-
magnification, no matter how large. (The ture of an objective.
reader will find it instructive to examine

anewspaper photograph with a magnifying

lens.) The highest numerical aperture

theotetically possible is realized in an oil immersion objective at about
1.5, so that the highest useful magnification possible is about 1000.
For ease of viewing, magnifications of up to 1500 are used, but there is
no gain in resolving power.

A good microscope can reach this theoretical limit because it is
corrected for colour and distortion. This correction must be carried out
for all three components, condenser, objective and eyepiece.
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The Obiective

Fig. I11. 5 shows the construction of an
objective of large N.4., and consequently of
large magnification. An achromatic objec-
tive uses crown and flint glasses, whilst an
apochromatic uses fluorite in addition. The
latter is more highly corrected for colour
than the former, and is used in objectives
of the highest power (4 mm. and 2 mm.
focal lengths), in which the achromatic type
would show slight colour.

Fig. ITI. 5. Oil immersion
microscope objective.
The Eyepiece
This is made of two plano-convex lenscs of the same material
separated by a calculated distance, and is known as a Huyghen'’s cye-
piece (Fig. II1.6). The focal length of the field lens which receives the

EYE-RING DIAPHRAGM

N /

AN /
FIELD LENS EYE LENS

TFig. III. 6. Microscope objective.

light from the objective is three times that of the cye lens. The com-
bination behaves essentially as a simple microscope. They are made
with magnifying powers of X6 to X 16, and the magnifying power of
the eyepiece used should be chosen with due regard to thc numerical
aperture and magnification of the objective. When properly designed,
the light emerging from the eyepicce is concentrated into a circle of
light (the eye-ring) of-about the same size as the pupil of the eye (3 mm.),
which is automatically placed in this position by the
correct positioning of a diaphragm behind the eye-
lens. This gives the best visibility.

e v COnp!

L LONA,

The Condenser
The normal type (Fig. II1. 7) consists of a corrected
lens combination which concentrates the white light
from the illuminant on to the small object, which 12601
must be semi-transparent, such as the very thin Fio. TIL.7. M
? . . . . g. I11.7. 1cro-
sections used in biological work. These sections are scope condenser.
mounted on a microscope slide, and placed on to the
sub-stage. The varying degrees of absorption and refraction of the light
through the section show up the detail against a white background.
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Fig. I1I1. 8. Mechanical and optical system of a microscope.

In Dark Ground Illumination the light is so directed on to the slide
that none of the direct light from the condenser can enter the objective.
The image is formed by the light which is differentially refracted and
scattered by the object, and so can enter the microscope. As a result
the detail is shown up brilliantly against a dark background.

Fig. II1. 9. Vertical illuminator.

When opaque objects, such
as a polished surface of a metal,
have to be examined, a Vertical
Illuminator (Fig. 1I1.9) is used.
This attachment enables light
entering from the side to be
thrown down through the objec-
tive on to the surface, either
by a prism, or by a piece of
plane glass. The light which is
differentially reflected and scat-
tered from the specimen is

collected by the objective. Using the prism the light thrown down is
more intense than with the glass plate, but as only part of the aperture
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of the objective can be used for collecting the light, there is a reduction
in the resolving power, a defect from which the glass plate does not
suffer. A microscope in which the vertical illuminator is built in is
called a Metallurgical Microscope.

Petrological or Mineralogical Microscope

This is designed for the examination and recognition of crystals,
including such as occur naturally in rocks. It is thus of particular value
in crystallography and geology. The specimen is worked to a very thin,
highly polished, plane, semi-transparent section, fixed to a microscope
slide, and examined by transmitted light in the standard way. Between
the mirror and the specimen a polarising device, usually a Nicol Prism,
is placed, which allows light vibrating in only one direction to pass.
This plane polarised light is modified on passing through the crystal,
and is collected in the usual way by the objective. In front of the
eyepiece a second similar device is fixed and orientated in such a way
that without the crystal the ficld of view is dark. With the crystal in
position (which can be rotated on the special divided sub-stage) a char-
acteristic coloured pattern is observed which gives information of its
crystal structure.

Binocular Microscope

Vision: with both eyes gives a stereoscopic effect because of the
slightly different images produced in each eye. It enables depth to be
judged. (The reader should try threading a needle with one eye closed.)
Such a stereoscopic view of the magnified image of the object is pro-
duced by using a ‘“double microscope,” one for each eye, inclined at
slightly different angles. For high powers the two microscopes have a
common objective.

Depth of Focus

As the numerical aperture of the objective increases, the depth
of view which remains in sharp focus decreases considerably. For
example with a 25 mm. objective of N.A4. about 0.1 which gives a limit
of resolution of 2.5 X 10-* cm. (magnification about 80), the depth of
focus is 2.5 X 10 cm., that is ten times the resolving limit, whereas
with a 2 mm. oil immersion of N.4. 1.5 and resolving limit 2 x 10-* cm.
(magnification 1000), the depth of focus is only 6 X 10-* cm. (1/10
wavelength), only about one-third the resolving power limit. Anything
lying outside this depth will give a blurred image. This means that,
especially for high powers, an extremely fine movement of the microscope
tube relative to the substage is essential in order to focus accurately.
This is provided by the fine adjustment, an essential mechanical feature
of a good microscope.

General

The study of the minute, both animate and inanimate, was only
made possible by the invention and development of the compound
microscope, and it has proved of the greatest value in innumerable fields,
particularly in those of biology, medicine and metallurgy.

The detailed structure of the living cell was for the first time seen
under the microscope, and living bacteria and microbes of all kinds
can be seen and studied.



SCIENTIFIC INSTRUMENTS 37

The Ultra-Violet Microscope

The limit of numerical aperture is reached in the modern microscope,
so that the only method by which the resolving power can be improved
is by a reduction in the wavelength of the light used, since for the
same N.A. the least distance “R” of the object which can be
made visible is directly proportional to the wavelength. This is '
achieved in the Ultra-Violet Microscope in which the U.V. light of
wavelength about 3 x 10-° cm. is used. It follows ‘that the useful
limit of magnification is now doubled, at about 2,000. Since the eye
is not sensitive to this wavelength, a projection lens is used instead
of the eyepiece, and the final image photographed. The optical com-
ponents are made of quartz only, since glass is opaque to the U.V.
The component lenses, however, are simpler in design, for a single
wavelength from a mercury arc is used, so that no “colour’” correction
is necessary.

This U.V. microscope has proved of great value since it clearly shows
fine structure which the visual light microscope cannot resolve.

THE ELECTRON MICROSCOPE

It might appear from what has been said that it is only necessary to
reduce the wavelength to increase the magnifying power to any desired
extent. For example, if X-rays of wavelength between 10-* cm. and
10*° cm. could be used, the linear magnifying power of the microscope
would be millions of times. In fact, however, this cannot be done,
because of the atomic or granular structure of matter. In order that
regular surface reflection and refraction should take place, the wave-
length used must be hundreds of times greater than the distance between
the atoms. Now the distance between the atoms of a solid is rather
more than 10~® cm., so that X-rays cannot be reflected or refracted at
the surface. Most of the X-rays pass between the atoms, and those
that meet an atom are scattered in all directions. This means that it
is impossible to produce lenses for X-rays, so that no focusing effect
with X-rays is possible. Consequently an X-ray microscope is an
impossibility.

For a long time it appeared as if the limit of magnification had been
reached with the U.V. microscope, and that the last word had been said
in microscopy.

In 1925 the subject of wave mechanics was opened by some brilliant
theoretical deductions of Louis de Broglie. This was followed soon after
by further most important theoretical work by Schrodinger and
Heisenberg. Among other things they showed that moving electrons
were associated with a wave whose wavelength could be calculated from
the formule A = A/mv, where % is an important physical constant called
Planck’s constant, s the mass of the electron in grams, v the velocity
of the electron in cm/sec., and A the wavelength in centimetres.

By 1928, ample experimental evidence had verified this remarkable
prediction, and had shown that these waves had many of the attributes
of X-rays so far as their behaviour with matter was concerned. In
addition the electron is the ultimate unit of electric charge, so that it
can be accelerated by applying suitable electric fields and so given any
desired velocity within very closely controlled limits, and thus any
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desired wavelength. For example an accelerating voltage of 60,000
produces a wavelength of about 6 X 10~ cm. equivalent to short
X-rays about one hundred-thousandth part of the wavelength of light.

In 1926 Busch had shown that by arranging suitably short
magnetic or electric fields through which the electrons passed axially,
a diverging pencil of electrons could be focused or converged to another
point. This is identical with the behaviour of light which, diverging
from a point of the object may be caused to converge to an image point
by passage through a convex lens. For this reason these specially-
designed electric or magnetic fields are known as electrostatic and
magnetic electron lenses respectively.

The combination of electron waves and electron lenses provides the
essential ingredients from which the electron microscope has been built.

_MiLo IRO\N SHIELD POLE PIECES INNER MAG'\JETISING COoIL

X '0'0;0;0'0'0'0"

9. 0. 0.8
0.9.0.0.0.0,

Fig. III. 10. Magnetic electron lens.

Electron Lenses

Fig. III. 10 shows the construction of a magnetic electron lens in
section. The magnetising coil is surrounded by a shield of mild steel
ending in speccially-shaped pole pieces, producing a very short con-
centrated magnetic field. The electrons passing through this field are
so deviated that a divergent pencil which enters the lens leaves as a
convergent one. The minimum focal length at present attainable with
this type is about 4 mm., the focal length being adjusted by varying
the magnetising current. Fig. III. 11 illustrates the construction of an
electrostatic electron lens. The outer specially-shaped diaphragms are
e arthed, and the cent¢re one, which is fixed to an insulator, is connected
to the source of high potential.

INSULATOR DIAPHRAGMS The three apertures have a dia-
7 - : meter of about 1 mm. and are
The dia-

7 etic,
double magnetic shield, the outer
) one being of soft iron, the inner

z about 2 mm. apart.
phragms are made from highly-
polished chromium-nickel steel,
and all parts are carefully
— rounded to minimize the danger
Fig. ITI. 11.  Electrostatic electron lens. ~of Mu-metal. The focal length

of sparking. It is shielded from
external magnetic fields by a
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may be as small as 24 mm. For a number of technical reasons, the mag-
netic lens has proved more advantageous, so that the majority of electron
microscopes use this type of electron lens.

Limit of Magnification
This can be calculated by the same formula as for the ordinary
microscope, namely 0.02/R, where R = 42/N.A4.asbefore. Thestandard
accelerating voltage used is 60,000 for which the equivalent A = 6 x 10-°
cm. The numerical aperture so far possible is only about 0.001, but even
with this small value, the useful magnification possible is about 70,000,

which is a very great improvement
even on the U.V. microscope.
Some idea of what this means may
be gained from the fact that at
this magnification an individual
bacterium would appear to be the
size of a football, and a drop of
water the size of a swimming bath.

Lens System

In order to produce these
cnormous magnifications with a
recasonable size of microscope
two stages arc used. Fig. I1I1.-12
illustrates how the final image
is produced. Bundles of clectron
rays leaving the source are ac-
celerated and then focused on
to the minute object by the
clectron condenser lens.  The
parts of the object of greater
mass thickness scatter the elec-
trons more than other parts.
This means that less electrons
(or perhaps none) pass through
thesc parts, whilst the other parts
are more transparent to the pas-
sage of the electrons, so that
most of them pass through with-
out appreciable change of direc-
tion or velocity. The electron
pencils diverging from each point
of the object are converged by
the objective producing the inter-
mediate image. A fluorescent
screen can be temporarily intro-
duced to cnsure correct focusing.
Most of the forward scattered
clectrons are intercepted by the
stop, since otherwise they would
produce fogging of the back-
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P Intermediate image.
<

Fig. III. 12. Image formation by electron
microscope.
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ground. A projection lens behind the intermediate image produces the
final image. This also may be examined and sharply focused by the
aid of a second temporary fluorescent screcn, this screen being then
replaced by a photographic plate.

In order to realize the magnifications possible, the length of the
microscope proper would be over twelve feet. It is reduced to about
three feet by reducing the overall magnification to a maximum of 20,000.
A photographic plate of sufficiently fine grain is used and further mag-
nification is produced by enlargement up to the extent justified by the
detail which exists in a compressed form on the negative.

—{— Electron

Object Tube -i--

m

Projection. ; |
Coil ™1

Projection
Tube

Photographicy 7]
fate 77
Fig. I11. 13a. Details of early commercial electron .
micro3cope. o

Fig. I11. 13b. View of latest,
all-enclosed model of R.C.A.
electron microscope.

Fig. III. 14 shows two photographs of the etched surface of a speci-
men of stainless steel, both with a magnification of about 5,000. The
first was taken with a metallographic light microscope, the other with
the electron microscope. The striking improvement in the detail and
structure of the crystal faces illustrates the large gain in resolving power.
The magnification of the light microscope photograph is well beyond that
justified by its resolving power, whilst that of the electron microscope
can be considerably increased tc bring out the full detail.
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Vacuum Control

As in most electronic
devices, the space in
which the electrons move
must be highly evacuated,
otherwise they will be
scattercd in all directions
by collision with the mole-
culesof gas. To this end,
the electron source, accel-
erating electrode, con-
denser lens, objective lens,
projection lens, specimen
and photographic plate
are all enclosed in a single
tubewhich can be continu-
ously evacuated by suit-
able high-speed vacuum
pumps. (The tube can be
evacuated to the maxi-
mum permissible working
pressure in about two
minutes.) Oneimportant
consequence of this is  Fig. III.14. Left. Etched surlace of stainless

that bio]ogica_l specimens, steel .take'n with‘ a light microscope (S,QOO

which contain much magnification). Right. Same surface taken with

the electron microscope. Same magnification
(Polystyrene-silica replica method).

water, tend to be de-
hydrated, so that the
structure may be altered.
Again if very minute bacteria and viruses are being examined, there is
a limit to the electron current and exposure time which may be used,
otherwise these minute organisms will be destroyed. This is one of the
advantages of using relatively small initial magnifications.

Stereoscopic Electron Microscope

Because of its very low N.A4. (0.001), the depth of focus is very great
even with the highest magnifications so far used (about 200,000). To
produce the stereoscopic effect, a special object carrier is introduced into
the microscope which can be tilted by a few degrecs between two suc-
cessive exposures. The two corresponding photographs are then
examined under a stercoscope and produce a vivid impression of depth
and solidity.

Uses of the Electron Microscope

The first commercial model was made in 1940, but already thcse
microscopes are in use in many fields of science and industry. At
first they were used primarily as instruments of research, but have now
also been adopted for production control in processing plants, and for
analysis and control in the bacteriological field.

In the chemical field they are being used in determinations of particle
size and shape, analysis of materials, detection of impurities and study
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of molecular structure. In the metallurgical ficld they are used in the
analysis of ores, studies of processing and examination of fine surface
details such as pearlitic formations and in the bacteriological field for
viewing and photographing bac-
teria and viruses too small to be
secn with the light microscope,
and for studying bacterial struc-
ture, flagella and other details
never before visible. In the fields
of botany, zoology, anatomy and
histology, fine structure of living
matter previously invisible can
now be studied in detail, and
finally in the medical field the
effects of drugs, such as penicil-
lin, on harmful bacteria can be
studied, and much more detailed
information of diseased tissue
can now be obtained.

The field of use of the in-
strument is continually being
widened, and there seems no
doubt that the electron micro-
scope will contribute in no small
measure to important progress
in almost every field of human

1g. 111, 1o. Minute particles ol colloidal endeavour,
itanium dioxide, an extremely fine pigment.
‘he tiny particles are only one five-millionth
{an inch in diameter. Magnification 100,000
times.

Fig. III. 16. Electron microscope photograph ot unstained untrcated bacteria
(magnification 55,000 times), showing the extreme length of the flagella as well as
the connecting cell wall and internal protoplasm.
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CHAPTER 1V
POLARIMETERS

A polarimeter is an instrument used for detecting and measuring
the quantity of any substance which possesses the particular property
known as optical activity. Thus we find the polarimeter is used in
industries dealing with the production of sugar, starch, jam, condensed
milk, wine, essential oils, drugs, etc. In each case an optically active
substance is cstimated quantitatively by the polarimeter. The medical
profession also makes use of the polarimeter for the estimation of sugar
in urine.

To understand how a polarimeter works, one must have some know-
ledge of the properties of plane-polarised light. Light is a wave motion,
the plane of vibration being perpendicular to the direction of propagation

(Fig. IV.1). The intensity of light is proportional to the square of the
amphtude Fxg IV.1). In ordinary light the vibrations occur in every

LA~ E

Fig. IV. 1. ab. 1s the Fig. IV. 2. Fig. IV. 3.

amplitude of vibration. Light Plane-
approaching polarised
observer. light.

possible planc about the direction of propagation as axis (Fig. IV.2).
In plane-polarised light the vibrations are limited to one plane (Fig.
IV.3). The most useful method for producing plane-polarised light is
by the double refraction of Iceland spar (calcite) which can readily be
obtained as rhombs (solid with six faces each one being a parallelogram,
the angles of which are 102° and 78°). When such a crystal is placed
over a black dot on paper, two images will be seen by an observer (Fig.
IV.4). This phenomenon is known as double refraction and is always
observed in any dircction except one—the opfic axis. At corners A and
H all the angles are obtuse. A line through A (or H) making equal angles
with the threc faces meeting at A, and any line parallel to it, is the
optic axis of the crystal. If P is
viewed through the crystal along
direction AX, only one image will
be seen. !
A plane through the optic axis :
and perpendicular to a pair of
opposite faces is called a principal
section. .
It has bcen shown that ray [ .-
PO (the ordinary ray) and ray
PE (the extraordinary ray) are Fig. IV. 4. P is a black dot on paper. P,
both plane-polarised.  Further- is the second image. AX is the optic axis.
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mure, if the incident light is normal to a surface of the crystal the
vibrations of the ordinary ray are perpendicular to the principal section

whereas those of the extraordinary ray are parallel to the principal
section.

The Nicol prism is a means of preparing polarised light by using the
extraordinary ray only. A calcite crystal is taken such that ABGF is

A\\\\\\\\\\“‘,

A

[
! A D
E
K
G H
o]

G H
Fig. IV. 5. Shaded portion is Fig. IV, 6. ADHG is section of
plane of cut parallel to diagonal crystal. AH 1s film of Canada
BF. balsam. O is the ordinary ray

and E the extraordinary ray.

a rhombus and AD about three times the length of AB (Fig. IV.5),
and is cut through the blunt corners A and H by a plane parallel to
diagonal BF. The cut faces are polished and cemented together by a
film of Canada balsam. Canada balsam is used since if the angle of
incidence on face ABGF is not too great, the ordinary ray will be totally
reflected to the side whereas the extraordinary ray will pass through
(Fig. IV.6). The sides of the prism are blackened to absorb the ordinary
ray.

The simple Nicol prism has certain defects and these have been
overcome by various modifications. The prisms used in modern polari-
meters are the Lippich (Fig. IV.7) and Glan-Thomson (Fig. IV.8).
Both are right prisms with square ends.

0.A O.A

A

[\\ ,@

L kR Y — - -
\ )

Fig. IV. 7. Fig. IV. 8.

OA 1s the optic axis. The shaded portion is the section of cut. O and E
are the ordinary and extraordinary rays respectively.

To study the properties of plane-polarised light a second Nicol is
necessary and this is called the analyser. Suppose two Nicols are placed
with their corresponding principal sections parallel (Fig. IV.9). Then
the light which is polarised by the polariser will pass through the analyser

s P A
O~

Ilig. IV.9. Sis alight source. P is the polariser. A is the analyser.
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with undiminished intensity.
If the analyser is rotated Po)
about its horizontal axis,

the intensity of the light

transmitted will vary accord-

ing to the value of 6 (Fig. P,

IV. 10). Only the value Oa
(Op cos 6) gets through, and |
as 0 gets bigger, Oa gets )
smaller, and when 6 = 90°, ,
Oa is zero, i.e., no light is '
transmitted and the field is !
black. In this condition the /9 '
Nicols are said to be crossed. 1

Increasing 6 beyond 90° will @ Q <
again allow light to pass
through and when 0 = 180° the Fig. IV, 1_0. OoPp a,pd OA are paralle! to
field will have maximum in- the principal sections of the polariser

. . o and analyser respectively when angle of
tensity again. When 0 = 270 rotation 1s . Op and Oa are the ampli-
the Nicols are crossed and tudes of vibration in OP and OA respect-
with 6 = 360° the analyser wely. (Oa is the projection of Op on OA.)
is back in its original position.

When certain substances are interposed between crossed Nicols, the
field is no longer black. To get blackness again the analyser must be
rotated through some angle. Therefore the plane of polarisation has
been rotated by the substance and substances which can do this are
said to be optically active. If the analyser has to be rotated to the
right (clockwise relative to an observer receiving the light) to restore
the black field, the substance is said to be dextrorotatory (+); if to
the left (anti-clockwise) then leevorotatory (—). To restore the black
field the analyser could be rotated through say 30° to the right or 150°
to the left. In practice the smaller angle is always used.

C
& [N [ /%7

AN NN

Fig. IV. 11. S is a source of monochromatic light (i.e., light

of one wave-length). P 1s the polariser. A is the analyser

mounted at the centre of a rotating circle C fitted with a

scale from which rotation can be obtained. T is a tube of

definite length fitted with plane glass covers and contains
the solution of the optically active substance.

An instrument that measures the rotation of an optically active
substance is called a polarimeter. The essential feature of any polari-
meter is a combination of two Nicols: the polariser and analyser.
T\Iflelsi)mplest polarimeter would have the following arrangement (Fig.
IV. 11).

Such an instrument would not be very accurate since it is difficult
to determine the exact point of minimum intensity, a value of
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+ 2—3° about the actual zero giving the same minimum intensity.
This difficulty is due to the fact that the human eye cannot judge
absolute intensities accurately. It can, however, compare intensities
accurately, and so in all polarimeters the field is divided into two or
more parts which can be matched with an accuracy of + 0.01.°
Many end point devices have been invented but only two are used

in modern polarimeters, the Laurent and Lippich devices. A polarimeter
which has its field divided into two parts is called a half-shadow instru-
ment.

The Laurent Half-Shadow Polarimeter

(Fig. IV. 12 shows one possible arrangement.)

> L, »  al” T % ‘0:‘- Tel
B I OEU{“——M_____I%{E@

s F L

0m.

Fig. IV.12. S is a source of monochromatic ight. F is a filter. L,, L,,
M, and M, are lenses. D,, D, and Dj are diaphragms. P 1s the polariser
(Lippich or Glan-Thomson type). A is the analyser (Glan-Thomson
type). Q 1s a quartz half wave plate. T contains the optically active
substance. C is a rotating circle with a scale. Tel 1s a focusing telescope.

Operation

A source of almost monochromatic light is made quite monochromatic
by being passed through a filter. The first lens focuses the image of
the light source on the first diaphragm which is placed at the focus of
the second lens so that a beam of parallel light passes through the rest
of the instrument. The three diaphragms limit the diameter of the
beam and at the same time give rise to a circular field. Half of the
beam of polarised light passes through the quartz plate. Then the
whole beam passes through the substance under investigation and reaches
the analyser which is mounted at the centre of a rotating circle
fitted with a clamp and slow motion. and its rotation can be read by
two opposite verniers to 4 0.01°. Magnifying lenses are fitted over
each vernier. Finally the beam of light is rcceived by the observer via
a telescope which is focused on the vertical edge of the quartz plate.

0.A. Function of the quartz half-wave plate

The quartz half-wave plate is a semicircle cut with its
faces parallel to the optic axis (Fig. IV. 13). This is
mounted so that it covers half the field (Fig. IV. 12).
Quartz cut as above is optically active and its rotation
depends on (a) its thickness; (b) the angle between its
optic axis and the vibration plane of the incident polarised
light ; (c) wavelength of the light. By using monochro-
matic light and making the thickness of the quartz plate
equal to an odd number of half-wavelengths (hence name,
half-wave plate), the rotation is 26 (Fig. IV. 14a). Thus
the beam of light which reaches the analyser consists of two
Fig.IV.13. 0A halves, one half with its vibration plane along OP (the
is theopticaxis. half which did not pass through the quartz plate), and
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Fig. IV. 14. OQ is the optic axis of the quartz plate. OP is the amplitude

and vibration plane of the hght incident on the quartz plate. OP; is the

amplitude and vibration plane of the ight emerging from the quartz plate.

L.POQ = /. P0Q = 0. AOA, 1s the vibration plane (principal section) of

the analyser. OA and OA; are the component amphitudes of vibration of
OP and OP; respectively in AOA;.

the other half with its vibration planc along OP, (the half which passed
through the quartz platc). The intensitv of each half of the field will
now depend on the angle between the vibration plane of the light and
the principal scection of the analyser. In Ifig. IV. 14a the principal
section of the analyser is midway between the two vibration planes and
so the two halves of the field have equal intensity (Fig. IV. 14b). This
position is taken as the end point. Movement of the analyser from
this position in either direction causes one or other half of the field
to become dark (Fig. IV. 14c, d, e and f).

£ POP, is called the half-shadow angle and the smaller it is the
less the analyser nced be rotated to get half the field black, i.e., the
greater is the sensitivity. On the other hand, the smaller the angle the
less the light that illuminates the field, i.e., the smaller is AOA,. By
having an arrangement whereby the polariser can be rotated with respect
to the quartz plate the value of the half-shadow angle can be made any
value desired and so the instrument will have an adjustable sensitivity.
The actual value chosen depends on the transparency of the solution
under investigation. The less transparent the solution the greater the
illumination necessary and so the greater must be the half-shadow angle,
with corresponding decrease in sensitivity.

The Laurent polarimeter has the advantage of adjustable sensitivity.
Its disadvantage is that it must be used with monochromatic light. In
practice the quartz half-wave plate is cut for the sodium D line.

The Lippich Half-Shadow Polarimeter
The Lippich optical arrangement replaces the quartz half-wave plate
of the.Laurent device by a small Lippich prism which covers half the

P, Sa F

Fig. IV, 15. P, is the Lippich polariser. P, is the small Lippich polariser.
F is the field at the end point.

4
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Fig. IV.16. OP; is the amplitude
and vibration plane (principal
section) of the light from P,.
OP, is the amplitude and vibra-
tion plane (principal section) of
the light from P,. A;0A, is the
vibration plane (principal section)
of the analyser. OA; and OA,
are the component amplitudes
of vibration of OP; and OP,
respectively in A;0A,.
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field and has its principal section
making a small angle with the
principal section of the polariser
(Fig. IV. 15).

From Fig. IV. 16 it can be seen
that of the light from P, that reaches
P,, only the component in the prin-
cipal section of P, passes through,
i.e., the plane of polarisation of half
the beam is rotated through £ P.QP,.
Thus the fields of view obtained will
be as for the Laurent device (Fig.
IV. 14a, b, ¢, d, e and f). The
telescope is focused on the inner edge
of P,.

The advantages of the Lippich
end point device are (a) adjustable
sensitivity, i.e., half-shadow angle
can be varied, (b) can be used for
white light or any monochromatic
light.

The Lippich end point device is
said to be the most accurate, and the

sensitivity can be incrcased by using a Lippich triple shadow device

(Fig. IV. 17).
P

\.

&
A

Fig. IV. 17.
polarisers.
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P, is the Lippich polariser.
A is the field at the end point, b and ¢ are the fields when

(b)
P, and Py are the small Lippich

(<)

(a)

the analyser is crossed with the outer and inner fields respectively.

ez

Fig. IV. 18 - \
-
...’.._. e e —
‘ Fig. IV. 19

Fig. IV. 20.
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Polarimeter Accessories

Light Sources. Various wave-
lengths are used but the most
common is the sodium D line
(5893 Angstroms or 5893 x 10-®
cm.). This is a bright yellow
line. Several firms are now
making cxcellent electric sodium
vapour lamps which give very
high illumination. For accurate
work this light must be filtered,
since it is not absolutely mono-
chromatic. A cell 1 cm. thick
and containing a 99 solution of
potassium dichromate is satisfac-
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tory. Glass filters of equivalent absorbing power are now being made
and these are more convenient to use.
Tubes. These are of various types, but whatever the type the
following requirements must be satisfied.
(1) the diameter must be large enough to take the whole of the
incoming light,
(2) the cover glasses must be parallel, perpendicular to the length of
the tube and free from strain,
(8) the length of the tube must be accurate,
(4) the tube must be evenly centred in the trough of the polarimeter.
The tube may be made of glass, fused silica or metal. Common lengths
are 25, 50, 100, 200, 220 and 400 mm. The simplest tube is a glass tube of
uniform bore. Metal collars, threaded to fit the screw caps, are cemented
on (Fig. IV.18). Enlargement of one end gives the opportunity of
removing any air bubble from the field of view (Fig. IV.19). For work
at definite temperatures, metal jackets are used (Fig. IV. 20).

Fig. V. 21.

Fig. IV. 21 shows a polarimeter made by Bellingham & Stanley Ltd.
It is fitted with a glass circle which is illuminated by transmitted light.
The polariser is special to this firm. Two long
calcite rhombs are placed together at a small
angle. Due to the unusual length, the ordinary €,
ray is refracted to the side when it is absorbed £
(Fig. IV. 22). Since the principal sections of
the two rhombs are not parallel, the two beams Fig. IV. 22. E. and
will have their vibration planes inclined to one E:g. are’ the cxera-
another at a small angle which will be the half- ordinary rays.
shadow angle.

Specific Rotation
The rotation of a given substance depends on (a) concentration,
(b) temperature, (c) length traversed by the light, (d) wavelength of the
light. To compare rotations of different substances a quantity called the

specific rotation is used and is denoted by [a]; where £ is the temperature
(usually 20° C.) and A is the wavelength of the light used (usually the
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sodium D line). The value of the specific rotation is given by (a) for
pure liquids :

20° 20°
[«] = D : (b) for solutions in an optically
D 1d
20° 20°
inactive solvent: [«] = %D
D lc

where a%) is the observed rotation, I is the length in decimetres, d is

density in gm. per ml. and ¢ is the number of gm. of solute per ml.
of solution.

Saccharimeters
Since the rotation is proportional to the concentration, sugar is
bought and duty is paid on the amount of rotation of the specimen.

A Tel

s

Fig. IV.23. S is a source of white hght, L; and I., are lenses. D)4, Dy and

Dg are diaphragms. P; and P, are the Lippich polarisers. T contains

the sugar solution. A 1s the analyser (Glan-Thomson type). Tel is the

focusing telescope. W is a dextrorotatory quartz plate. W, and W, are

laevo-rotatory quartz wedges, W; being movable by a rack-motion, and
W, 1s fixed. S.S. is the sugar scale fitted with a vernier.

A polarimeter designed entirely for sugar estimation is called a
saccharimeter. Raw sugar solutions are highly coloured and so a
powerful source of light is needed to illuminate the field. Before the
advent of the electric sodium vapour lamp, the only source powerful
enough was white light which necessitated the use of a quartz wedge
as compensator. Fig. IV. 23 shows the optical arrangement of a
single-wedge saccharimeter.

Apart from W, W,, W, and S.S., the other parts operate as in the
Lippich polarimeter.

Function of W, W,, W, and S.S.

Unequal rotation of light of different wavelengths by an optically
active substance is called rotary dispersion. leevo-rotatory quartz has
about an equal and opposite rotary dispersion to a sugar solution so that
the unequal rotations of the different wavelengths in white light by the
sugar solution are neutralised by the quartz.

The polariser and analyser are stationary, being fixed to give equal
half fields in the absence of W, W, and W,. These are inserted and
when the thickness of W, and W, together is equal to W the light passes
through without rotation. The sugar solution is now interposed and
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W, is moved until equal half fields are again obtained. S.S. is a scale
from which the sugar concentration can be obtained.

There are several scales in use in saccharimetry and an attempt is
being made to make the International Sugar Scale (I.S.S.) universal.
This scale makes the rotation of 26 gm. of pure sucrose in 100 ml. of
water at 20° in a 200 mm. tube equal to 100 divisions. Thus (for example)
a rotation of 25 divisions would be equal to a concentration of 6.5 gm.
of sucrose in 100 ml. of water.

Due to the difficulty in cutting these quartz wedges accurately and
due to the production of electric sodium vapour lamps of high intensity,
there is a tendency to avoid the use of quartz wedge saccharimeters ;
e.g., Bellingham & Stanley Ltd. have made a saccharimeter using the
direct reading sugar scale on a polarimeter (Fig. IV.24).

Fig. IV. 24,
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CHAPTER V
PHOTOMETERS

The Grease-spot Photometer

Tt is convenient to begin with a description of a very simple photo-
meter. From a consideration of its working will appear the basic prin-
ciples of all photometers and a consideration of its limitations and
defects will make apparent the need for the refinements met with in
more elaborate instruments.

If a spot of oil or grease is dropped on to a piece of white paper which
is held between an observer and the light, the spot appears brighter
than the clean paper around it, while if the observer is between the
paper and the light, the spot appears darker. The spot on the paper
resembles the window of a room which appears to an observer in the
room bright compared to the wall in the daytime with the light outside,
and darker than the wall at night time with the room illuminated. This
is so because the window lets through mnearly all the light which falls
on it while the wall reflects back a considerable portion of what falls on
it. In the case of the grease spot on the paper the spot lets through a
greater proportion of the light falling on it, while the clean paper reflects
back a greater proportion. If the paper is equally illuminated on each
side, the spot will appear neither brighter nor darker, and, in fact, by
turning the paper at various angles to the light in a room, the spot may
be observed nearly to disappear for a certain orientation.

Fig. V.1 shows a simple arrangement for comparing two light sources
by this method. The distances from the grease spot of candle and of
lamp are adjusted until the spot disappears as nearly as possible, which
occurs when equal illumination on each side has been secured. The

relative powers of
the candle and lamp
are then inferred
from the distances
cand /. Obviously
- if 7 exceeds ¢, the
1 G lamp is more power-
ful than the candle.
It may be found by

C—al V4 experiment that, if
after a balance is
Fig. V. 1. Grease-spot photometer. obtained, a second

candle is placed
very close to the first but not shielding it from the grease spot, the
distance / needs to be reduced to .71 ! =//+/2, to regain a balance of
illumination. This means that a lamp produces on a screen an illumina-
tion which is inversely proportional to the square of its distance from
the screen. The same result may be inferred theoretically, for if two
similar shaped screens are placed opposite a lamp so that the further
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one coincides with
the shadow of the
hearer one exactly
(Fig. V.2), the fur- L
ther screen would
receive, in the ab-
sence of the nearer Fig. V. 2. Demonstration of inverse square law,
one, the same
amount of light as is received by the nearer screen. Thus the intensities
of illurtination (light per unit area) are inversely proportional to the
areas of the screens, and the areas are proportional to the squares of
their distances. Wherefore, in Fig. V. 1 we have

Power of lamp : power of candle : : /2 ; ¢

The grease-spot photometer, like all photometers, merely compares
the power of two sources, so that the absolute power of any source can
be obtained only by comparing it with some standard source whose
value is defined as so many candle-power. Furthermore, the grease-spot
photometer measures the illuminating power of the source in a particular
direction (horizontal in the case of Fig. V. 1). Most photometers resemble
the grease-spot photometer in this respect; those which measure the
total light emitted in all directions by a source, are called integrating
photometers. It is evident that if either of the light sources were
variable in intensity, we could secure a balance without varying the
distance ¢ or /. This method, employing a variable standard source, is
more common than the fixed source and variable distance method.

The grease-spot photometer suffers from two defects. The first arises
from the fact that the relative brightness of spot and paper depends
upon the angle at which they are viewed, because the clean paper diffuses
widely the light which it reflects, while the grease spot diffuses relatively
little of the light which it allows to pass through. The defect may be
overcome by arranging that each side is viewed at the same angle ; all
photometers of the grease spot principle incorporate a viewing tube or
eyepiece to secure this condition. The second defect is noticed when
sources of different colours are being compared. If, for instance, one
source is ruddier in hue than the other, the effect in a pronounced case
is that one can obtain a pink spot on a bluish background on one side,
and a bluish spot on a pink background on the other side. Different
observers will disagree, in general, in their judgments of equal intensity
of these colours, depending upon their subjective reactions to the colours.
The assessment of equal intensity is difficult in the same way as would
be the assessment of the relative intensities of two odours, one of roast
pork, and the other of spirits, if the two judges were, one a vegetarian
and the other a teetotaller. This is a very real difficulty in all photo-
metri¢ work, although some instruments partially avoid it. The opinion
of practised photometrists is that long experience of photometry tends
to make all observers react similarly to various hues. If this 1s so, it
has the advantage of securing uniformity of the estimation of the powers
of lamps, if made by experienced photometrists, but it does not follow
that the estimate is an accurate one for assessing the values of lamps
to the man in the street, whose subjective reactions to colour have not
been conditioned in the same way.
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Standard Sources

The historic British Standard is the British Standard candle, made
to specified shape and size of spermaceti wax. Owing to the difficulty
of controlling the wick by specification it was an unsatisfactory standard,
and is not now used. Its memory is preserved in the name of the unit
of power, the candle-power. A standard of German origin, used in this
country and widely on the Continent, is the Hefner lamp which burns
amyl acetate, and is provided with an arrangement to trim the wick to
a predetermined height. The Hefner lamp is defined as being of 0.9
candle-power in a horizontal direction. The Vernon Harcourt pentane
lamp is largely used as a standard in America. This lamp is provided
with a carburettor in which pentane vapour is mixed with pre-heated
air and fed to the flame under closely controlled conditions. It is
defined as being of 10 candle-power in a horizontal direction, which
makes the Hefner, the Vernon-Harcourt, and the old British candle-
power, nearly equal to each other.

Few industrial establishments making photometric measurements
employ any of these primary standards as it is more convenient to use
an electric lamp as a secondary standard. In this kingdom an electric
lamp can be calibrated against a primary standard at the National
Physical Laboratory. It may then be used in a photometer to calibrate
another elcctric lamp as a variable tertiary standard, i.e., to determine
the candle-power of the tertiary standard for various voltages across its
terminals. Provided the filament temperature is kept well below the
normal operating temperature of the lamp, such a standard will preserve
its characteristics for many hours, providing many hundreds of measure-
ments. Control by voltage is preferable to control by current, since the
candle-power of an electric lamp varies more slowly with voltage change
than with current change.

Essentially the same as a variable standard is a fixed standard with
a means for intercepting some of its light. The interceptor may be a
shutter provided with apertures of variable size, and revolving so fast
that the flicker is imperceptible to the eye. Or it may be a wedge of
neutral tinted glass calibrated so that the fraction of the light trans-
mitted may be known from the thickness of the part of the wedge in
its path. A favourite interceptor is a pair of crossed Nicol prisms; in
this case the fraction of the light transmitted depends upon the angle
between the axes of the prisms, and is conveniently controlled by rotating
one of the prisms, as described in Chapter IV.

Variants of the Grease Spot Photometer

The grease spot may be replaced by a wedge of plaster of Paris with
its edge vertical and faces equally inclined to the light sources. Joly’s
diffusion photometer uses a block of paraffin wax cut into two halves
and replaced together with a sheet of tin foil between them. This is
placed between the sources so that each illuminates one part of the
block. The observer watches the diffused glows in the blocks, and
slight want of uniformity of the two halves is compensated for by
repeating the balance with the block reversed.

Among the variants of the grease spot photometer, the Lumner-
Brodhun photometer is the most sensitive. Light from the sources
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strikes the diffusing surface
SS in Fig. V. 3 on both sides,
and the diffused light is re-
flected by mirrors M and M
into the two glass prisms.
The right-hand prism has a
square hypothenuse face,
while the similar face of the
other has been ground away
outside a circle on the face,
so that when the prisms
are put together, the area
of contact is the unground
circle. Light from the left-
hand source passes through
the circle of contact and
illuminates the centre of the
field view of the telescope T,
while the light incident on
the ground back surface is
reflected back to the prism
and lost. Light from the
right-hand source is reflected
back to the telescope over
the region of non-contact,
and illuminates the peri-
phery of the field of view of
the telescope while the light
incident on the circle of
contact is transmitted into
the left-hand prism and lost.
Adjustment until the field of
view is uniform may be made
by varying the distances
of the sources or by using
a variable standaid, or by
interposing filters.

Flicker Photometers

The Abney Photometer
(Fig. V.4) may be taken as
an example of this type. One
source illuminates a fixed
white screen AB while the
other illuminates a rotating
screen CD in the form of a
Maltese Cross. The telescope
views each screen in turn as
CDrotates. IfCDrotatesat
low speed and the surfaces
are unequally illuminated, a

S

TELESCOPE

N

\ FIELD OF

Fig. V. 3. Lummer-Brodhun photometer.

DRIVING BELT

Fig. V. 4. Abney’s flicker photometer.
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flicker is observed. This flicker may be reduced if the intensities of illumina-
tion are equalised. The photometer is very successful in minimising the
difficulty of matching with sources of different colours, for it happens
that if sources varying both in intensity and in colour are observed by
an eye in increasingly rapid succession, at first the eye observes the
flicker of changing colour as well as changing intensity. At a higher
speed the colour flicker disappears; the eye observes a single tint of
flickering intensity. This is the correct operating speed of the photo-
meter, and the intensity flicker is banished by adjustment of the distances
or by interposing filters. If the screen revolves too slowly, colour flicker
prevents an accurate match, while if it revolves too fast, the intensity
flicker is reduced, thus reducing the sensitivity of the adjustment. The
proper speed for the screen depends upon the difference of the colours
of the sources, and should be the lowest possible speed which gives a
field of uniform hue.

A variant of this photometer is the Simmance-Abady Photometer,
which employs a wheel of plaster of Paris whose edge is bevelled at 45°
on each side (Fig. V.5). The right-angled edge between these bevels,

however, passes

sinusoidally from

side to side of the

wheel as it goes

around the wheel.

Thus if the wheel is

viewed from a point

in its plane while it

is slowly revolved,

. . . ) the observer sees

Fig. V.5. Elevations of Simmance-Abady flicker wheel. sometimes more of

the left-hand bevel

and sometimes more of the right-hand bevel. If each edge is illum-

inated by one of the sources and the wheel revolved just above the

speed needed for the colour flicker to disappear, an intensity flicker
remains which is banished in one of the usual ways described above.

Integrating Photometers

It has already been remarked that the candle-power of a source is
its intensity in a particular direction. An electric pocket torch, for
instance, has a large candle-power in the direction of its beam, and zero
candle-power in any other direction. Thus the measurement of the
candle-power in a particular direction gives no index of the total illum-
inating power of a lamp. One could, and in fact, often does, measure
the candle-power in different directions, and so construct a ‘‘polar
diagram” for a lamp. Such diagrams for an electric lamp, with and
without a reflector, and for a candle, are shown in Fig. V.6 where from
a point, radii have been drawn proportional in length to the candle-power
of the lamp in the direction of the radius, and the end points of these
radii joined by a curve.

The total illuminating power of a source irrespective of direction is
measured in lumens. The lumen is defined so that a source which has
a candle-power of 1 in all directions, has a total illuminating power of
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4r = 12.6 lumens. The mean value of the candle-power of a source
may be found from a polar diagram, assuming the source to radiate
symmetrically about the vertical ; this value is called the mean spherical
candle-power, and the value of the source in lumens is

lumens = 4n X mean spherical candle-power.

The mean spherical candle-power, and therefore the lumen value of
a source may be measured directly by an integrating, or mean spherical
candle-power, photometer. A common form as used for measuring
electric lamps, consists of a hollow sphere some 5 ft. in diameter, whitened
inside, at the centre of which the lamp under test hangs. A small hole
in the wall of the sphere has a telescope attached to it, by which a white
screen hanging be-
tween the source
and the telescope
is observed. The
side of the screen
towards the tele-
scope is therefore
illuminated by light
diffused from the
walls of the sphere,
and if the reflecting
power of the wall
is high, the illumina-
tion is an accurate
measure of the mean
spherical candle-
power. Various
methods for balan-
cing the illumina-
tion against the
standard are used.
A standard source

CANDLE FLAME

ELECTRIC LAMP WITHOUT

of light may illu-

. REFLECTOR
minate a screen ELECTRIC LAMP
which is observed ) WITH REFLECTOR
over half the field Fig. V. 6. Polar diagrams.

of view of the tele-

scope. The intensity of the two halves of the field of view are then
matched by inserting a neutral tinted wedge of glass in one of the beams,
or by varying the voltage across the standard lamp. Or the filament of
the standard lamp may be observed directly by the telescope against a
background formed by the screen in the sphere. The voltage across the
standard is then varied until the filament disappears, being neither
duller nor brighter than the screen. This photometer needs calibrating
by means of a lamp whose mean spherical candle-power has been measured
by another method, say by calculation from the polar diagram. In this
case it is not necessary to know what is the reflecting power of the walls
of the sphere, but it should be noted that if this reflecting power is not
high, the photometer will give poor results for a light source whose
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polar diagram does not resemble the polar diagram of the source by
which it was calibrated.

Colorimeters

The problem of measuring and specifying colours accurately has been
satisfactorily solved only of fairly recent years. Modern colorimeters
do this by one of two general methods.

As will be explained in Chapter VIII, white light is composed of an
infinitude of pure spectral hues, but these do not comprise the whole
gamut of colour sensations; for instance, pink, purple and brown are
not spectral hues. If from white light any single spectral hue is
abstracted, the remaining light is said to be of the complementary
colour to the abstracted hue. It is found that any colour may be
accurately matched, either by mixing white light with some spectral
hue in due proportions, or by mixing white light with the complementary
colour to that hue. This is the principle of monochromatic analysis
upon which many colorimeters (e.g., the Nutting colorimeter) depend.
White light from an electric lamp is split into two beams. One beam
passes through a filter to control its intensity and illuminates a screen.
The other passes through a prism to disperse its spectral hues. Either
a stop is used to single out any spectral hue, or to arrest any hue (com-
plementary) and the remaining light is recombined by passage through
a prism with its edge reversed to the first one, and this light also falls
on the same screen as the first beam. Control of the filter and the stop
will allow the colour of this illuminated screen to match any desired
colour placed beside it, and the resulting colour is specified by - its
dominant hue from the position of the stop in the dispersed beam, and
by its purity (ratio of dominant hue to white light) by the degree of
absorption of the filter.

The second general method depends upon the fact that any colour
can be matched by a hue mixture of three primary colours (trichromatic
analysis). Thus an instrument working on this principle will divide a
beam of white light into three, will pass each beam through a primary
colour filter (red, green and blue), and also through an intensity filter.
Any colour is matched by an adjustment of the filters, and the colour
is specified by the relative intensities of the three primaries. The
common disadvantage of these systems is that each has a small range
of colours from which matching is difficult or impossible, and special
arrangements are often incorporated in colorimeters for dealing with
these colours.
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CHAPTER VI
RANGE-FINDERS

A range-finder is an instrument used to measure the distance usually
from the place of observation to a target or object and in all forms it
is esscntially an angle measuring instrument in which the angles measured
are converted into ranges.
Fig. VI. 1 shows the
essential principle of all
forms of range-finders.
O is the observer and T
the target, so that OT is
the range it is required

to measgre. B is any Fig. VI.1 Essential principle of range-
other point and OB 1s finder. OB is the base, and if the angles
called the base, then it is are known the triangle can be solved to
obvious that if we know find the range OT.

the angle BOT and the

length OB of the base, the distance OT can at once be found if we
measure the angle BTO or the equal angle T!BT where BT is parallel
to OT. .

In most forms of range-finders the base OB is of fixed length and the
angle BOT is a right angle ; in these circumstances the solution of the
triangle for the length OT is very easy and can be made automatic.

Fixed Base Range-finders

In the early forms of fixed base range-finders, as for example in the
“Telemeter,” a piece of string of known length was the fixed base; at
one end was an instrument used for setting the string at right angles to
the line OT, and at the other end an instrument which measured the
angle BTO and converted it automatically into a distance read on a
scale. This form of instrument is now completely obsolete and has been
replaced by the well-known tubular range-finders of rigid construction
used very largely by all the fighting forces. In these instruments the
length of tube or base may be anything from a few inches to 100 feet,
although such large ones are not very common. The essential construc-
tion of such a range-
finder is shown in
Fig. VI.2. M, and
M, are two mirrors
fitted at the ends of
a tube of length B.
Mirror M, is fixed so
that the light from
the distant object
is reflected inwards
atan angle of 90° to “« 8
itsoriginal direction. Fig. VI. 2. Principle of fixed base range-finder.

NS
7
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At P it is again reflected towards the eye by a mirror at P. The mirror
M, may be capable of rotation, or on the other hand some other means
may be used, as described later, to bring the ray from the distant
object to the eye after it has been deviated through an angle 90° — E.
The angle E is a measure of the range, since B is fixed, and if the
range is great in comparison with B we know that the range is given by

the formula
_ B X 3438 B X 206260
~ E in minutes  E in seconds

In actual instruments mirrors are used only in the very smallest
range-finders such as those fitted to cameras, while in large and precision
instruments prisms are always used. The prisms at the ends of the

v tube to replace M; and M, are
of pentagon shape known as
Prandl or pentagonal prisms.
A section of one is shown in
Fig. VI.3. These prisms have
the property that the light is
Sty Mt a deviated exactly through a fixed
angle depending only on the
angle between the two reflecting
surfaces,nomatter how the prism
\ may be rotated through a small
\ angle. They are known as
\ constant deviation prisms and
~ a further property possessed by

T8 \ them is that therc is no latcral

~<y inversion asthere would be when

Fig. VI. 3. Pentagonal or Prandl prism.  there is only one reflection at

a mirror. The mirrors at P are

also replaced by more or less complicated prism systems depending on
the style of the range-finder.

Since we now have the two beams accurately bent through fixed
angles, it is obvious that some additional means of adding a measurable
deviation in one beam will be required. There are many ways of achiev-
ing this result, but they mostly depend on the deviations produced in
a beam of light by a prism of small angle. Fig. VI.4 now shows the
stage of development in which two Pentags (pentagonal prisms) and a

SILVERED

|

\
Y

Fig. VI. 4. The prism R consists of two prisms of equal angle which are
rotated in opposite directions so as to produce the effect of a prism of
continuously variable angle.

PRISM OF VARIABLE
ANGLE f
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prism R are used. The amount of deviation produced by the prism R
must be variable and this can be achieved by placing two prisms of
equal angle side by side and rotating them in opposite directions, giving
in effect a prism whose refracting angle is continuously variable. The
angle E of deviation will be related exactly to the amount of rotation
so that a scale can be fitted to the rotating prism and engraved directly
in range.

Since most range-finders have necessarily to be optical instruments
having definite magnification and incorporating in effect telescopic
systems, there must be parts of the paths where the light is converging

| RANGE SCALE

: \

g
~
Fig. VI.5. Torm of modern range-finder. The prism P can be moved

along the scale and the amount of the change of position of F depends
linearly on the position of P.
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towards an intermecdiate focal planc. Under these circumstances a
prism with only a movement of translation can be used and Fig. VI.5
shows finally the form which many modern range-finders take. It will
be seen that we now have a pair of telescopes with a common eyepiece
and with pentagonal prisms in front of the objectives to bend the rays
inwards. The moving prism P travels along the axis of the telescope
and its distance of movement can be made to indicate the range.

It will be seen that in the ;
instruments so far described
the two images from the ends
of the base have been combined
in a single eyepicce, and we
have therefore either a super-
imposed field or a split field
or a field with an inserted strip.
All these methods have been

“used and in addition onc field
may be an inverted form of the
other. There are advantages
and disadvantages with all
of therh and in range-finders
designed- for special purposes
one or other method may be
found most practical. For fast-
moving small targets, such as

. A Fig. VI. 6. Field of view in split field
f‘urcraft’ the split fields and m;ge-ﬁnder. The range is measured
inverted fields are generalll  when the mast appears to be continuous.
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Fig. VI. 7. A modern range-finder.

unsatisfactory, and it is then often desirable to use a stercoscopic form
of range-finder in which both eyes are used, and each eye sees one
image, the two images being fused by the brain into a single image as
in normal sight. In the field of the range-finder also is a floating mark
by the adjustment of which the mark can be made to appear near or
far away, and by making this mark appear to be at the same distance
as the target, the range can be found. The use of stereoscopic range-
finders is quite common but requires special training of the range takers.
Fig. VI. 6 shows the appearance of a typical field of view as seen in
a modern range-finder, and Fig. VI. 7 is a photograph of an actual
range-finder.

Depression Range-finders

The base length of most of the range-finders described above is
comparatively small, perhaps from 12 inches in portable instruments to
40 feet in large naval instruments or for coast defence, and attempts
to make still larger based range-finders have not been altogether success-
ful. In coast defensive works where batteries are often situated on cliffs
some two or three hundred feet above sea-level, it is obvious that use
can be made of this height as the base of a range-finder, and all that is
required is an instrument capable of measuring accurately the small
angle of depression to the target on the surface of the sea. The depres-
sion range-finder is one such instrument and in order that the angles
of depression may be converted directly into ranges, use is made of the
properties of similar triangles. In Fig. VI.8 O is the observer and BT
is the level of the sea at a given state of the tide. If we fix a scale SH
at a distance below O it is obvious that by dividing this scale we can at
once read a range by noting where the line OT cuts the scale.
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In depression range-finders a telescope is mounted on a pivot at the
eye end so that it can swing downwards and a sliding fitting under the
telescope slides along a scale or range arm on which the ranges are read

o
\
P R i
HEIGHT
8 T
<—————— RANGE ——————>

Fig. VI. 8. Principle of the depression range-finder. Triangles

OPR and OBT are similar and therefore OP : PR = OB : BT.

OP is a fixed fraction of the height OB and hence PR is the
same fraction of the range BT.

directly. The range arm is compensated for the curvature of the earth
and for the atmospheric refraction and the height between the telescope
pivot and the range arm is capable of adjustment to allow for the state
of the tide.

Stadia Methods
It is not always convenient to use either a fixed base range-finder
or a depression range-finder and use is then frequently made of the
reverse of the normal method, i.e., instead of observing a fixed point
from opposite ends of a base, the eye is the fixed point and two points
a known distance apart are observed and the angle between them
measured. Thus in Fig. VI.9 two wires in the field of view of a telescope

Fig. VI. 9. Stadia and subtense methods. The observer sees the scale

and measures the number of divisions between two stadia in his eyepiece

graticule. If the distance apart of the stadia and focal length of the object

glass are known the range can be calculated. In subtense methods the

ends of a rod of known length are brought successively on to a single
cross wire and the angle of rotation measured.

are a fixed distance apart and by observing where these wires appear
to intersect a staff a measure of the range is obtained.

This method is much used in surveying and many theodolites and
levels are fitted with stadia wires in the graticule for this purpose. There

5
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are many variations of the principle and another method known as the
subtense method may be used if the telescope has no stadia wires. In
the subtense method a bar of known length is held at the distant object
whose range is to be measured, and the angle subtended by it at the
eye is measured by the rotation of the theodolite. The technique of
measuring such small angles accurately is well known to surveyors and
will be found in text books on surveying.

It will be seen that the whole principle of range-finding is based on
the measurement of a small angle. In aerial gunnery, for example, the
span of the enemy aircraft can be guessed or known and made to fit
between two stadia or marks on a sight thus measuring the range.
Similarly, the known size of any object can be used as a base and a
number of methods are available for measuring the subtended angle.

Echo sounding machines used by ships are essentially range-finders
in which the time required for a sound wave to travel to the sea bottom
and return is measured (see Chapter XXIII), and of course one of the
simplest of all methods used for estimating range is to measure the
time between seeing a flash of lightning and hearing the thunder, an
interval of five seconds indicating a distance from the observer of
approximately one mile.
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CHAPTER VII
REFRACTOMETERS AND INTERFEROMETERS

An instrument of which the purpose is to measure the refractive
index of a solid or liquid is known as a refractometer.
When a ray of light passes from air into a transparent medium, like

sina/ i< constant

/ sin B
for all angles of incidence and is called the refractive index (p). It is
a fixed physical property of the material.

A knowledge of the refractive index of transparent solids and liquids
is of importance for a number of reasons. The computing and manu-
facture of the optical systems of telescopes, microscopes, cameras and
so on would be impossible otherwise. It provides a method of identi-
fication of pure liquids, since every substance has its own characteristic
refractive index, and also it gives a

glass, it is bent as shown in Fig. VII. 1. The ratio

quantitative estimate of the amount of =~ ANCLEOF

dissolved solid in a liquid. For this

latter purpose, preliminary measure- \ AIR
ments of the refractive index of the o

pure liquid and that of the liquid con-

taining known concentrations of the / /'/ / // / // / / / / / /

solid are made. A linear relationship p) ANGLE OF
is generally obtained, so that the con- REFRACTION
centration is directly proportional to GLASS

the increase in index. From this cali-
bration a simple determination of the g vi1 | Refraction of light
refractive index is sufficient to give the ,¢”'the boundary between two
concentration directly, a process which transparent media.

with a suitable instrument takes only a

few moments. It thus eliminates the neccessity of lengthy chemical
analysis, so that a manufacturing process does not need to be held up.
A refractometer is now an essential tool in almost all chemical labora-
tories, whilst it is indispensable in the sugar, jam, beer, wine, spirit and
other industries.

The Spectrometer

The most accurate refractometer, but not the most useful commercially,
is the spectrometer, shown diagrammatically in Fig. VII. 2. It consists
of a fixed collimator, containing an achromatic lens at the focus of which
is a fine, vertical slit, producing a parallel beam of light. This falls on to
a glass prism of refracting angle about 60°, the refractive index of which
it is desired to measure. The resultant refracted and deviated parallel
beam is received by a telescope which forms an image of the collimator
slit in the focal plane of the telescope coincident with the crosswire.
This is arranged to be in the focal plane of the eyepiece, so that a magni-
fied image of the crosswire and slit is seen by an eye looking through
the telescope eyepiece. The telescope rotates about the axis of a hori-
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DIVIDED CIRCLE

COLLIMATOR

Fig. VII. 2. Essentials of a spectrometer. A = Angle of the prism.
D = Angle of mimmum deviation.

zontal divided circle and its position on the circle is read by two verniers,
which are rigidly attached to the telescope mounting and rotate with it.
The prism rests on a table which can be clamped to the divided circle
and rotates with the circle. Thus the relative rotation of the prism and
the telescope may be measured.

The formula from which the refractive index may be calculated is
_sin}(4 + D)
T sini d

to air, 4 the angle of the prism and D the angle of minimum deviation.
The angle of the prism is measured
TO TELESCOPE by the method shown in Fig. VII. 3.
Light from the collimator is reflected
simultaneously by the two polished
faces of the prism, and received by
the telescope in the positions shown,
the angle between which is twice the
angle of the prism. To obtain the
angle of minimum deviation the
prism when approximately in the
symmetrical position shown in Fig.
VII.2 is slowly rotated in one
direction by the fine adjusting screw.
As the position of minimum devia-
tion (which is accurately sym-
metrical) is passed through, the
image of the slit moves across to
the right, reaches a limiting posi-
tion, and then moves back to the
left. This limiting position of the
image of the slit defines the setting for the minimum deviation, and can
be made with great accuracy. The prism is then removed and the
telescope rotated so that the light from the collimator passes straight
into it, the angle of rotation being the angle of minimum deviation.
In small instruments the circle may be 5 inches in diameter and
reads by vernier to 1 minute of arc, whilst in better instruments with
larger circles and more finely-divided scale, readings may be made by

where p is the refractive index of the glass relative

RAYS FROM
COLLIMATOR

(.
7

TO TELESCOPE

Fig. VII.3. Measurement of prism
angle A.
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vernier to 10 seconds of arc, or better.  This enables the refractive index
to be measured to about 1 part in 100,000.

If the refractive index is required for a number of different colours
it is only necessary to use a light source giving the various colours, and
to measure the minimum deviation for each.

For finding the refractive index of a liquid the liquid is put into
a hollow glass prism, the sides of which are made wholly or in part
of plane parallel glass plates cemented together. The procedure is
cxactly the same as described above with the solid prism, and the
arrangement is equivalent to a liquid prism. It is the most accurate
method for liquids, but not the most convenient.

Abbe Auto-Collimation Spectroscope
This is a modification of the above method in which a 30° prism is
used, and in which the telescope also serves as collimator (Fig. VII. 4).
In the upper half of the
focal plane of the eyepicce ~ AUTO-COLLIMATING \
is a slit into which light  TELESCOPE~

\
\
enters by a hole in the side I \
of the tube reflected by a Y '
small 45° prism. In the [[__ N
lower half of the field is a l JV
sharp pointer. In use the

Y

prism table is rotated until

the light refracted at the

first face of the prism meets Ing.VIL.4. Abbe auto-collimation spectroscope.
the second face normally,

and is returned along its own path to form an image of the slit in
the focal plane of the telescope, coinciding with the pointer.

It is clear from the diagram that u = 1111;11 y since the angle of refraction

is equal to the refracting angle of the prism.

The angle ¢ is found by rotating the telescope until it is normal to
the first face of the prism. The refracting angle of the prism 4 is deter-
mined by rotating the telescope into the two positions in which it is
normal to both surfaces of the prism.

The Abbe spectroscope has the
advantage over the normal type in
that no collimator is required and
only half as much glass as in a 60°
prism is necessary. A hollow glass
30° prism is used for liquids.

For industrial purposes the spec-  //////// /7 ///7/
trometer method of measuring REFRACTED
refractivities of solids and liquids 2] RAYS
has the disadvantages that a deter-
mination takes an appreciable timt():,
computation is necessary, a sub- . . Teoin
stantial quantity of liquid 1s required, Falgé M e showing how
and two first-class optically plane iween the normal and the critical
surfaces of the solid are necessary. angle, when |, is greater than y,.

INCIDENT
, RAY

/
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For these reasons the critical angle type of refractometer is used
in which one setting only is required, and in which the refractive index

may be read off directly on a scale.
Theory (Fig. VII. 5). For an angle of incidence of =/, it is clear that

w, sinw/, 1 ory, = y,sino

[ sin o,  sin,

Thus if p, is known, y, is obtained by the measurement of «, only.
This can be done accurately for light can only enter medium y, between
the normal and the direction of the critical angle. Thus there will be
a sharp boundary, one side of which is bright and the other dark, so
that by suitable arrangement of the optical system an accurate setting
may be made.

The Pulfrich Refractometer

This is an instrument of the critical angle tvpe. In its modern form

it uses a 60° prism, the top and the working side face being optically
flat and polished, with the top edges bevelled into a circular rim. For
liquids (Fig. VII. 6) a circular glass tube is cemented to the block with
a cement or wax which is not soluble in the

LiQuip liquid to be examined. In its application
: to solids (Fig. VIL. 7) the specimen is pre-
pared with polished faces, one 2-3 cm. long
> and accurately flat, and the other, which

—re
: should be approximately perpendicular to
~o the first, need only be of secondary quality,
PRISM “Ae but it must intersect the first surface in a

S~ clean sharp edge. A very thin film of liquid
LIMITING ANGLE &~ of higher refractive index than the specimen
Fi . is interposed between the two glass surfaces
ig. VII. 6. Pulfrich X .
refractometer for hq-  tO obtain optical contact. )
uids with 60° prism. A convergent beam of monochromatic
light is directed along the interface and the
emergent light is received by an auto-collimating telescope focused for
parallel light. The field of view is divided into two sections with a sharp
dividing line, one section being bright and the other dark. The cross-
wires of the telescope are set on this dividing line, and the angle 6
measured on the vertical scale, which is read by vernier to 15 seconds
of arc. To avoid having to place the head in inconvenient positions,
the telescope has a right-angled prism behind the object glass, so that
the main body of the telescope is horizontal.
The path of the light is shown, the formula for computation being :
w = sin 6 V2 —sin® 8 4 sin 6 cos 4

The angle A of the prism may be measured ## sifu on the instrument,

by using the auto-collimating telescope and measuring the angle between
the normals of the polished faces, and the refractive index (u,) by
measuring the angle of minimum deviation in the usual way.
Incidentally, this is a great improvement on the older models of the
Pulfrich, which utilised a 90° prism in the form of a solid cube, in
which neither the angle nor the refractive index could be measured
directly. The correctness of the 90° angle had to be assumed, while the
refractive index was that given by the makers for a representative
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sample, which could differ slightly from soup
the actual prism used.

The only subsequent measurement ‘I\-——\L‘L_\
necessary for any specimen, liquid or ;

solid, is the angle 0, which requires one
setting only, so that the required refractive
index (w,;) may either be calculated or
tables may be provided from which the
index may be rcad off for any value of 6.
The accuracy possible is one unit in the
dfth decimal place.

In small instruments of high accuracy,
temperature control is important, and
this is provided by surrounding the prism
and specimen with water jackets through which thermostatically
controlled water, usually at 20° C., is circulated.

Fig. VII. 7. Pulfrich refrac-
tometer for solids with 60°
prism.

Abbe Refractometer
This is another type of critical angle refractometer which is made
only as a direct reading instrument calibrated by the manufacturers.
The optical system (Fig. VII.8)

consists of two similar prisms of .:«/CR”'CAL*
suitable glass placed very nearly in £ EMERGENT
ANGLE

contact, and held in position by
hollow brass castings, through which
thermostatically controlled water
can circulate. A few drops of the
liquid to be tested, the index of
which must be lower than that of
the glass, are placed upon the matt
surface of the lower prism which
is hinged so that on closing the
box the liquid is squeezed into a
thin parallel film which fills the
small space between the prisms.
The mirror below the prism box is
then inclined in such a way that
light is directed on to the lower
prism normally. It strikes the matt
surface and is scattered into the
liquid film and the upper prism.
No ray can enter the upper prism
with a greater angle of refraction
than that of the ray at grazing
incidence. The emergent rays are ° Fig. VII. 8. Optical system of
collected by a telescope focused for Abbe refractometer.

parallel light. The field of view

will be divided into dark and bright portions with a sharp dividing edge
on which the cross wires of the telescope are set. In one form of instru-
ment the prism system is fixed and the telescope rotated, in another
the telescope is fixed and the prism box rotated. In both instruments

__—PRISMS

A
HINGE
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the index is read off directly on a graduated arc, to onc unit in the fourth
decimal place.

The instrument may also be used with white light, in which casc the
dividing edge would consist of a band of colour owing to the dispersion
of the system (variation of refractive index with colour or wavelength).
This is neutralised by a compensator, consisting of two direct vision
prisms which are rotated at equal rates in opposite directions by turning
a milled ring, and thus giving a black and white field. The reading of
the compensator scale gives the dispersion by reference to a table supplied
with the instrument.

For solids the lower prism is removed, and a specimen similar to that
employed in the Pulfrich refractometer is placed against the surface of
the lower prism, optical contact being obtained by a film of liquid of
higher index than the specimen.

The Abbe is usually designed to give the index from 1.3000 to 1.7000,
correct to one or two units in the fourth place and is in very general use
in the oil, fat, sugar and jam industries. For sugar solutions, fruit
pulps, etc., an additional scale is provided reading directly the percentage
of total solids in such solutions.

There are many other specialised types which depend on the prin-
ciples discussed. The Abbe Crystal refractometer is an adaptation of the
Pulfrich principle, enabling the index of crystals and precious stones to
be determined. The Immersion refractometer and the B. & S. projection
refractometer are similar in principle to the
Abbe refractometer, the former for liquids
available in fairly large quantity, as in the
becr, wine and alcoholic industries, whilst
the latter is designed specially for viscous,
dark-coloured, transparent or translucent
materials. The differential refractometer
measures minute differences of index between
liquid solutions of slightly different con-
centration.

Interferometers
All interferometers depend on the prin-
ciple of supcrposition applied to light vibra-
tions. Thus suppose that due to a single
wave train we have a displacement X
in a given direction at a certain point and
time, and that due to another train acting
by itself we have a corresponding displace-
ment Y, then the instantaneous resultant
displacement R of the two waves acting
together 1s the algebraic sum of the separate

displacements: R= X+ Y.
Fig. VII. 10 shows this principle applied

Fig. VII. 9. Abbe refrac- . . .
& tometer. “" to two sine vibrations of the same frequency

or period, each representing the variation of
displacement at the same point with time. Fig. VIIL. 10a shows the
resultant vibration at the point when they are in phase, i.e. both vibra-
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tions reach their maximum displacement positive or negative, at the
same instant. Fig. VII. 10b shows the result when the two vibrations

Fig. VII. 10a. Fig. VII. 10b.
Illustration of principle of interference.

are out of phase, i.e. the maximum positive displacement of one vibratior
occurs at the same time as the maximum negative displacement of the
other. It is clear that if the two amplitudes (maximum displacements}
were equal, the result would be no vibration whatever at that particular
point. Comparing Fig. VII. 10b with Fig. VII. 10a, it is clear that one
vibration is shifted relative to the other by one-half a period. A shift of
any exact number of periods would produce cxactly the same effect again
as in Fig. VII. 10a, whilst an additional shift of an extra half a period
would produce the cffect of Fig. VII. 10b.

Interference with Slits

Fig. VII. 11 illustrates the effect that would be produced by two
light sources of the same period, from which light is spreading out in
all directions. Consider a plane perpendicular bisector of the line join-
ing the two sources. At a point such as O, S,0 == S,0; consequently
the waves from the two sources arrive at O in phase, thus producing
increased brightness (as compared with one source only).

At a point such as Q therc is a path difference between the sources
of S0 — S,() so that the resultant intensity will depend on the phase
difference so produced. For a path difference of a whole number of
wavelengths, corresponding to a whole number of periods, they will be
in phase, so producing an increase of brightness, whilst for an additional
path difference of a half wavelength, corresponding to an additional half
period, they will be out of
phase, so producing a decrcase
in intensity, or zero intensity
if the two sources are of equal
intensity. For other path differ-
ences the intensity will have
an intermediate value. The
illumination in this plane will
therefore consist of a series of
Vertlf:al brlgh!; and dark bands Fig. VII. 11. Interference with two
or fringes, which because of the slit sources.
very small size of a wavelength
of light (4 to 7.5 x 10-° cm.) will be equidistant and close together.
From one bright or dark fringe to the next the path difference increases
by one wavelength.
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In practice it is impossible to use two independent light sources,
so that the experimental arrangement is such that one light source
only is used which by some optical device is virtually split up into two,
so that a path difference can be produced.

The Fresnel Biprism, Lloyd’s Mirror, Fresnel Double Mirror, Billet
Split Lens, and the Rayleigh Interference refractometer are examples.
Of these the Rayleigh instrument and its modifications only will be
described. The others are of historical interest only, in that they
represented the first method whereby a good approximation to the
true wavelengths of light was obtained.

Rayleigh Interference Refractometer
This was originally designed to measure the refractive index of gases,
which differ only very slightly from unity. Parallellight from a collimator
divided into two beams by the two slits (Fig. VII. 12), passes through

TO PUMP T| FRINGES two tubes usually
x - about 100 cm. long,
= |
1
J \

closed by optically

—

L
r worked glass plates.
v On emergence they

ll To Pump TELESCOPE are brought together
in the focal plane
of the telescope pro-
ducing very fine equidistant vertical fringes which are viewed through
a high power eyepiece.

The method of working may be understood as follows. Suppose
both tubes are initially completely evacuated. Now allow the gas under
test to pass slowly into ome of the tubes. This increases the optical
path, by which is meant the total number of light waves in the path.
A distance L in a medium of refractive index p will have the same number
of waves as (or is optically equivalent to) a distance wL in a vacuum,
since the ratio of the wavelength in a vacuum as compared with the
wavelength in the medium is as u: 1. ulL is the optical path. Thus the
fringes will move across the field of view and may be counted to within
;13 fringe. A shift from one fringe to the next means a change of path

of one wavelength (2). If the number moving across is #, the path
difference is 1. Also H the length of the tube is L, and p the refractive
index of the gas, then the path difference can also be expressed as
(u—1) L, so that (u.— 1) L = nA. Sincen, 2, and L are known, p — 1
and therefore p can be calculated. Thus for oxygen at atmosphere
pressure p — 1 = 0.0002728, or . = 1.0002728, an accuracy of one part
in 10 million.

For industrial use the instrument is provided with a calibrated
compensating device placed between both tubes and the telescope,
movement of which restores the band system to its original position
and gives directly the difference in refractivities of the gases in the two
tubes. It is used in this way for determining the percentages of impurity
in a mixture. For example it will detect the presence of 0.019%, of
hydrogen in air, 0.04%, of water vapour, 0.01%, carbon dioxide, 0.03%,
carbon monoxide, 0.0349%, sulphur dioxide, 0.003%, chlorine, and so on.

Fig. VII. 12. Rayleigh refractometer.
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Portable types arc made in which the tube length is reduced by using
multiple reflection. These are used for ecxample, in testing the per-
meability of balloon fabrics to hydrogen, in the quantitative analysis of
flue gases, and in the testing for fire damp (methane) in coal mines.

Application to Liquids

Because of the much greater refractive indices of liquids as compared
with gases, the length of tubes required, need only be from 1 mm. to a
maximum of 10 cm., the small sizes being used when an absolute value
of the index is required (relative to air), the larger sizes being used
when a comparison between two liquids of almost the same index is
required, such as the estimation of the salinity of sea water, and the
concentration of salt solutions, in which a higher accuracy is obtainable
than by laborious chemical analysis. Another interesting application is
in the testing of the blood scra of children.

Interference without Slits

Interference cffects may also be obtained in another way which has
very important applications, the principle of which is illustrated in
Fig. VIL. 13. A ray of light @ incident on a film is split up into two
rays, one reflected from the front surface, @ and one from the back ®.
(The rays shown separately in the diagram are actually coincident.)
The path difference between these two reflected
rays is 2f, twice the thickness of the film. If
2t = n), increased brightness results, whilst if

2t = nx + 3, the brightness is reduced. If the A
film is wedge-shaped as in Fig. VII. 14, then Y

with monochromatic light (of one wavelength 32
only) equidistant bands of light will be seen, the

spacing being such that d = 3/2«. To see these Fig. VII. 13.

bands the eye or optical instrument must be Interference by a film.
focused on the film, and the illuminant must
be an extended source. These are often called
localised fringes. It is clear that the greater the
wavelength the greater the spacing of the bands. ’ t
The red bands will have nearly twice the spacing t, 2

of the violet. It follows that with white light —d—
coloured bands will be seen, since at a given
point some colours will be missing. These Fig. VIIL. 14.

culours, however, are only seen if the film is Interference by a wedge.
very thin indeed, of the order of a few wave-

lengths, say about one twenty thousandth of an inch. The colours
seen on oil films on roads, and of soap bubbles are examples. With
monochromatic light bands may be seen with considerable thicknesses
of film.”

The formula 4 =% also tells us that as the angle of the wedge

decreases, the spacing of the bands increases, until if the film is strictly
parallel, so that « = 0, uniform illumination obtains.

If, however, a telescope focused for parallel light is used a system
of circular bands may be seen in the focal plane of the telescope
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objective. Fig. VII. 15 indicates how these are produced. The effect of
the reflections is as if there are virtual sources behind each other.
The rays reflected at an angle 6 will have a path difference of 2/ cos 6

Fig. VII. 15. Circular fringes produced by a parallel film.

{2ut cos 6 if medium has an index p), so that there will be brightness or
darkness for different values of 6. This applies to all points of the
extended source, all the reflections at a given angle 6 having the same
path difference and coming to a focus at the same point in the focal
plane. The complete picture is obtained by rotation about the axis of
the telescope, so that a system of concentric circular bands is produced,
which are wide apart if ¢ is small, and close together if #is large. If
we imagine the distance between the reflecting surfaces gradually
increasing, the bands would close in towards the centre.

A similar set of circular fringes would be seen by transmitted light.

Fabry-Pérot Interferometer

This utilises a pair of glass or quartz plates, onc of which may be
movable. They are adjusted by suitable screws to be accurately parallel
and produce circular fringes by transmitted light in the manner described
above, being equivalent to an air plate the thickness of which may be
varied. There is one.important differencc. The inner surfaces of the
plates arc silvered to such a degrec that only a small proportion of the
light is transmitted at each reflection, the remainder being internally
reflected. As a consequence there may be as many as forty or more
visible images formed which results in the bright bands being very
narrow. A very accurate slide actuated by a fine screw, controlled by
a worm, gives the necessary delicacy of movement of the mirror.

This instrument has two important functions, the details of which
will have to be omitted. First the accurate determination of a wave-
length of light. It will be appreciated that a movement of the mirror
such that one band takes the place of its neighbour means a change of
path of one wavelength. For the central band this corresponds to a
movement of the mirror of half a wavelength. By an extension of this
principle it is clear that any length may be found in terms of the equivalent
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number of wavelengths. Because of the sharpness of the bands, a
distance equivalent to a hundredth of a wavelength can be estimated
by this instrument. In this way the number of waves in a distance
of 1 metre is found to be 1,553,164.13, to an accuracy of at least 1 part
in 10 million, using the pure red line given by a cadmium arc. This
means that the wavelength of light may now be considered as the
primary invariable standard of length. Furthermore this wavelength
also forms the standard against which all other wavelengths are com-
pared, and the Fabry-Pérot interferometer may also be used for the
accurate comparison of wavelengths.

Secondly, the instrument is used for the determination of fine structure
of spectral lines which is of great importance in modern atomic theory.
For example, the well-known green line of mercury is found to consist
of a number of components very close together. Here again the sharp-
ness of the bands due to the silvering of the inside surfaces of the plates
is the important tactor in enabling the instrument to resolve the fine
structure.

The Lummer-Gehrcke plate is another type of interferometer par-
ticularly adapted to the determination of the fine structure of spectral
lines, which uses the principle of multiple reflection at the optically flat
sides of a parallel glass or quartz plate.

The Michelson Interferometer

Fig. VII. 16 shows a simplified diagram of the interferometer. Light
from an extended source is divided at the back half silvered surface of
an optically plane parallel plate of glass,
into two beams which fall normally on
the fully silvered mirrors. The returned
beams reunite at the same half-silvered
surface and enter the observing tcle-
scope. Itis clear that the effect of the
half-silvered mirror is as if mirror M,
were situated at M,, so that if M,
and M, are parallel we have exactly
the optical system of Fig. VII. 15 and
the bands are a series of concentric TELESCOPE
rings. They differ from the TFabry-
Pérot bands in that since only two  Fig. VIL. 16. Optical system of
images of the source are formed, the Michelson interferometer.
bright and dark bands are of equal
width. This ring system is formed for quite large path differences. If,
however, the path difference is small, then localised straight line fringes
may be obtained if the surfaces are not quite parallel. If, moreover,
the surfaces intersect, the localised straight line fringes arc obtained with
white light, consisting of a black fringe at the position of zero path difference,
with three to four coloured fringes at either side. The use of these
“coloured” fringes with white light enables the position of zero path
difference to be accurately determined. The movement of mirror M,
is governed by the same mechanism as is the Fabry-Pérot interferometer.
It also lends itself to an absolute determination of the metre. One of
the most important applications of the instrument from the purely
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scientific point of view was in the famous Michelson-Morley experiment,
which was designed to measure the velocity of the earth relative to the
: i

= -

Fig. VII.17. Michelson interferométer.
M and M!—fully silvered mirrors. ~R-——half silvered mirror.
T—compensating plate. SS—fine adjusting screws to M2

so-called “‘Luminiferous Ether.”” To everybody’s astonishment, the
answer was zero. As a consequence of this and other experiments
which followed, the Relativity Theory of Einstein was born, which
created a revolution in thought in the domain of Physics with important
repercussions in Philosophy.

Zeiss Gauge Testing Interferometer

This applies the principle of the

- Michelson Interferometer, and is shown

MIRROR in Fig. VII. 18. The mirror M, of the
FLAT PLATE Michelson is replaced by an optically
flat plate on which the gauges are
‘wrung,” i.e. pressed into optical con-
tact, using oil as lubricant. Two sets
of fringes are seen side by side, each
covering half the field of view, the
fringes of one set being displaced
Fig. VIL. 18. Zeiss gauge relative to those of the other set.
testing interferometer. By estimating the fringe displacement

CAUGES
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to one-tenth of a fringe, the gauges may be compared to within a
millionth of an inch. By using the method of fractional parts with
a number of selected wavelengths the absolute length of a single gauge
may be determined.

The only disadvantage is that the process of ‘wringing’ inevitably
entails some slight wear of the standard.

N\ MIRROR
LIGHT
FROM w
COMPENSATING CONVEX
COLLIMATOR PLATE MIRROR
PRISM -
UNDER TEST
MIRROR LENS
- UNDER TEST
Fig. VII. 19. Fig. VII. 20.
Optical system of Hilger prism Optical system of Hilger lens
interferometer. interferometer.

The Hilger Prism and Lens Interferometer

The general arrangement, which is similar to the Michelson. Inter-
ferometer, is shown in Fig. VII. 19 and Fig. VII. 20. In Fig. VII. 20 the
prism and plane mirror of Fig. VII. 19 is replaced by the lens and convex
mirror. Instead, however, of the extended source used by Michelson, a
collimator with a small circular diaphragm is used, so that a sensibly

Fig. VII. 21. Hilger prism and lens interferometer.
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parallel pencil of light is produced, emanating therefore from a very
small source. The focal length of the collimator lens is such that an
<ye suitably placed behind the diaphragm can focus on to the mirrors.
If the prism or lens is perfect, a plane wave entering the component
will emerge after reflection as a plane wave, so that since the mirrors
are accurately parallel, the interference pattern will consist of a uniform
field of view, as the path difference is the same everywhere. If, how-
ever, the prism or lens is imperfect, then the resultant field produces an
interference pattern which looks like, and may be regarded as a ‘“‘contour
map’’ of the imperfections. By local polishing superfluous material can
be removed from the prism or lens. In this way an optically perfect
component can be produced from inferior glass.

This instrument is in use all over the world, and has been modified
so that complex lens systems, such as camera lenses and microscope
objectives may be tested and corrected. In addition it forms a very
sensitive research tool in numerous problems of all kinds.

Hilger Gauge Testing Interferometer
An improved gauge testing interferometer designed by Adam Hilger
(Fig. VII. 22), based on the Michelson Interferometer, has the important

M
J9
L
Gl
GZ
UPPER ENDS  LOWER ENDS
—— OF GAUGES OF GAUGES
L
— N [ ——
K
- GN oM
SO G,N G,M
Fig. VII. 22. Hilger gauge test- Fig. VII. 23. Appearance
ing interferometer. of fringe system.

-advantage that no actual mechanical contact is made at either end of
the gauges, so that the master gauge is not subjected to wear of any
kind. Furthermore, it is possible to measure absolutely the length of
the master gauge.

It is similar in principle to their Prism and Lens interferometers.
A sensibly parallel pencil of light is divided in the usual way at a half-
silvered mirror. Considering the lower half of the half-silvered mirror
K, the transmitted light passes to the mirror N, where it is reflected
back along its own path, whilst the reflected light is reflected by the
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45° mirror J on to the ends of the two gauges G, G,, from where the light
is reflected back along its own path. The positioning of the mirrors
and gauges are so adjusted that these paths are equal, so that when
these are recombined they form fringes with white light as shown in
Fig. VII. 23. When the central black fringe is continuous in both surfaces
this pair of surfaces of the gauges must be identically in the same plane.
Now considering the top half of the half-silvered mirror K, the reflected
light passes to the mirror M, and is reflected back along its own path,
whilst the transmitted light passes to the mirror L, is reflected to the
other ends of the gauges, and is then reflected back along its own path.
These two beams also reunite forming a similar interference pattern. If
the gauges are not quite of equal length the appearance of the field of
view may be somewhat as in Fig. VII. 23. The number of bands and
fractions of a band by which the fringe system is displaced is measured,
giving directly the difference in length to a millionth of an inch. By
suitably tilting the mirrors M and N, the spacing of the fringes may be
adjusted to any value. Increasing the tilt increases the number of
fringes in the field of view. Using the fractional band method with a
number of seclected wavelengths, and a special reference gauge, the
absolute length of a gauge may be determined.

Other modifications of this instrument made by Adam Hilger enable
the angles of angle slip gauges to be checked against a standard to
within a small fraction of a second of arc.
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CHAPTER VIII

SPECTROSCOPES, X-RAY SPECTROGRAPH
and MASS-SPECTROGRAPH

The Spectroscope

The function of a spectroscope is to sort out the different kinds of
light emanating from a luminous source. The resultant appearance is
called a spectrum, and may be photographed or observed visually.
There are two main types of instrument for producing such spectra.
One utilises the Prism, and is called a Prismatic Spectroscope; the other
utilises the Diffraction Grating and is known as a Grating Spectroscope.
If designed to produce a photograph of the spectrum, the instrument is
then known as a Spectrograph.

The Prism

The use of a prism depends upon the experimental fact that different
colours are deviated (or refracted) by different amounts on entering or
emerging obliquely from one optical medium into another. Thisimportant
result was first investigated by Sir Isaac Newton (1642-1727) in 1672,
who proved by his crossed prisms experiment that natural white light is
made up of all the rainbow colours, red, orange, yellow, green, blue and
violet, superimposed.

Fig. VIII. 1 shows how a ray of white light is split up by a prism,

.- into its constituent colours,

Le” proceeding after emergence

in different directions. This

WHITE . is the essential factor which
INCIDENT ~ 7" gives the prism its import-

ance and enables it to sep-
arate out the constituent
colours. The essential parts
of a simple prismatic spec-
Fig. VIIL. 1. Passage of white light through  troscope are represented in
a prism. Fig. VIII.2. Light from
the source enters through a
narrow slit placed at the focus of an achromatic lens, producing parallel
light, an arrangement known as the collimator. The different con-
stituents of the source on emergence from the prism produce parallel
bundles of rays of different inclination. A second lens collects each
differently-coloured parallel bundle and forms an image of the original
slit in its focal plane, one for each constituent of the original light, at
different points in the focal plane. Thus there will be as many images
as there are different colours or wavelengths in the original light. This
pattern of images is called a spectrum (Fig. VIII. 3). It may be viewed
with an eyepiece or it may be photographed, the plate or film being
placed in the focal plane of the telescope objective, in which case the
instrument becomes a spectrograph.

)
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DIVIDED CIRCLE

PRISM TABLE

EVEPIECE

ENTRANCE
sLIT

Fig. VIIIL. 2. Simple Spectroscope.

Types of Spectra

Spectra are of two main kinds, (1) Emission Spectra, (2) Absorption
Spectra.

The first type is produced by self-luminous sources, and may consist
of a continuous spectrum, or a line spectrum. The former is produced
by incandescent solids or liquids, and contains all possible wavelengths,
so that the spectrum is spread out into a continuous band. It follows
that substances in this state cannot be distinguished from each other.
When the substances are in the state of luminous gas or vapour, they
emit line spectra, consisting of groups of discrete wavelengths, which
are characteristic of that particular substance, and by which it can be
accurately identified. ‘

When many non-luminous solids, liquids or gases are placed between
a continuous light source, such as an incandescent electric lamp, and the
entrance slit of the collimator of a spectroscope, the continuous spectrum
is found to be crossed by one or more dark bands, generally broad. Such
non-luminous solids or liquids absorb certain colours and allow others
to pass through. The resultant absorption spectrum is found to be
characteristic of these substances and forms a definite means of
identification.

Fig. VIII. 3. Typical line spectra. Top, iron arc. Bottom, copper arc,
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It follows from what has been said that the usefulness of any spectro-
scope depends upon the identification of the wavelengths of the bright
lines in a line spectrum and the dark bands in an absorption spectrum.
All prismatic spectroscopes have to be calibrated with known lines (or
wavelengths) and different methods are adopted in different instruments
to enable the user to read off the wavelengths either directly, or by
reference to a calibration chart.

The simple prismatic spectroscope (Fig. VIIIL. 2) consists of a fixed
collimator, a divided circle about the axis of which the telescope rotates,
and the position of which is read off on the circle by the verniers. The
prism rests on a table which can also be rotated about the axis of the
divided circle. Usually the telescope and the divided circle rotate
together, while the prism and verniers rotate together.

The most accurate method of use of this instrument for the com-
parison of wavelengths is to measure the angle of minimum deviation
(D, Fig. VIIL. 1) for a number of standard wavelengths, and to construct
a calibration chart, from which any unknown wavelengths may be
measured by interpolation. A ray passes through the prism at minimum
deviation when it is symmetrical. Measurement of the minimum devia-
tion involves manipulation and rotation of hoth the telescope and the
prism, so that the method, although accurate, is tedious.

An alternative method used by Bunsen and Kirchoff, is shown in
Fig. VIII. 4. A scale photugraphed upon glass is placed in the focal

plane of a lens. It is
%, SCALE illuminated frombchind,
and by reflection from
the last face of the
prism, an image of the
scale is superimposed
on the spectrum. The
prism is arranged to
be in the position of
minimum deviation for
the yellow sodium line.
The position of known
lines can then be read
) off on the scale (the
prism and telescope are now fixed) and a calibration curve drawn in
the usual way.

It may also be used as a simple spectroscope, a photographic plate
being fixed in the focal plane of the telescope objective. The method
consists in obtaining upon the same plate photographs of the unknown
spectrum and a standard spectrum, the unknown wavelengths are then
obtained by interpolation between the wavelengths of the lines in the
standard spectrum. The iron arc is generally used to provide the
standard, because of the large number of sharp lines in its spectrum.

COLLIMATOR
TELESCOPE

Fig. VIII. 4. Bunsen spectroscope.

The Direct Vision Spectroscope (Fig. VIII. 5)
This is the simplest form of spectroscope. It consists of a tube
containing a slit into which slides another tube containing an achromatic
lens, a train of prisms, and a circular diaphragm. The instrument is
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pointed directly towards the light source, and the spectrum observed
by viewing through the diaphragm. (Here the spectrum is formed
on the retina of the eve.)  The train of prisms may consist, as shown,
of five prisms, the second and fourth being of Flint glass and the others
of Crown glass, or of three prisms, the centre one of dense Flint glass,

— 7\ /
\ 1\ /
-sut \g T\:/ﬁ — 7

| Nl 4 /
| A

| /
ACHROMATIC LENS PRISM TRAIN DIAPHRAGM
Fig. VIII. 5. Direct vision spectroscope.

[

the other two being of Crown glass. This combination allows the middle
yellow ray to pass through without deviation, deviates the red to one
side and the violet to the other. For quantitative work comparison
with a photographic scale reflected from the last face of the prism
train is used. The advantage of this instrument is that it is small,
compact, fits into the pocket, and gives immediate and quick informa-
tion. It is, however, not very accurate and is mainly used for
preliminary qualitative work. .

Constant Deviation Wavelength Spectrometer (Fig. VIII. 6)

The collimator and telescope are fixed at right angles to each other,
and the only adjustment is the rotation of a large drum on which the
wavelengths are marked directly. This drum forms the head of a fine
tangent screw which rotates a table on which the constant deviation
prism is mounted. The prism is made in one piece but can be regarded
as built up of two 30° prisms (equivalent to a 60° prism) and a right-
angled prism. As the prism rotates every ray in turn passes through
the prisms at minimum
deviation, and is deviated TELESCQPE
through 90°.

This type of fixed-arm
spectrometer is very suitable
for use as a Monochromator,
i.e., an instrument for the
production of light of one
wavelength, since it is usually
essential that there should be
no alteration in the relative
positions of the principal ap-
paratus and the illuminator.

Any fixed arm spectrometer COLLIMATOR
can be used. It is only neces-
sary to replace the telescope

eyepiece by a slit placed in  Fjg VIII.6 Constant deviation wavelength
the focus of the telescope lens. spectrometer.

CONSTANT
DEVIATION

WAVELENGTH

DRUM—
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Ultra-Violet Spectrographs and Monochromators
Glass is opaque to most of the ultra-violet rays, i.e., those wavelengths
shorter than the violet. Such rays produce no visual response in the
eye. Thus only non-visual methods of detection and measurement are
possible and these are generally photographic or photo-electric.

For the purpose of wavelength comparison, quartz spectrographs are
used. The glass prism of Fig. VIII. 2 is replaced by a quartz prism,
and the lenses are also of quartz. Owing, however, to the change in
the focal length of the lenses with wavelength, the photographic plate
is inclined to the axis of the instrument. For best definition the surfaces
of the lenses are figured aspherically. A comparison standard spectrum
is used in the usual way.

In the U.V. the constant
deviation Monochromator uses
a Wadsworth mounting to mini-
mise absorption of U.V. radiation
by the quartz.  The optical
arrangement is shown in Fig.
VIII. 7. The plane mirror is
front surface aluminised, as
DRUM aluminium has a higher reflec-

l ting power in the ultra-violet,
that of silver being low. Since
the lenses are not achromatic,
provision is made for adjusting
their positions relative to the
slits. The prism and mirror
stand on one table, which is
rotated by a fine steel screw,

COLLIMATOR MIRROR the wavelength being read off
on a helical drum, each wave-
length in turn passing through
the prism at minimum deviation.
For use as a spectrometer in the U.V., a fluorescent eyepiece replaces
the exit slit.

EXIT SLIT

WAVELENGTH

Fig. VIII. 7. Wadsworth constant devi-
ation monochromator.

Infra-red Spectrometer and Monochromator

The optical layout is similar to that of the U.V. instrument in that
the Wadsworth mounting is used, but the collimator and telescope
systems are replaced by stainless steel or aluminised concave mirrors.
The type of prism material used, however, depends on the infra-red
limit and dispersion required and may consist of fluorite, rocksalt,
sylvine or potassium bromide.

The eye, photo-electric cells and photographic plates are all insensitive
to the far infra-red rays. The method of detection consists of placing
behind the exit slit some instrument which converts the radiation into
heat and then measures the minute change of temperature produced.
For most purposes a linear thermopile in conjunction with a sensitive
short period galvanometer is used, together with, if necessary, some
amplifying device.
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ADAM HILGER. LTD. LONDON.

Fig. VIII. 8. Constant deviation spectrometer showing arc and condenser.

Other Types
There are many modifications used for special purposes, such as the
Spekker Steeloscope for the quantitative estimation of small impurities
or alloying metals in steel, double monochromators, instruments with
multiple prisms, and so on.

The Diffraction Grating

Apart from its importance as a means of identification of the sub-
stances concerned, the accurate measurement and distribution of the
different wavelengths produced by a particular element or compound is
very important from the purely scientific point of view, since it gives
additional important information which helps to determine the structure
of the atom. It was in fact one of the earliest triumphs of the Quantum
Theory as applied by Bohr in 1913, that it brought order to the distri-
bution of wavelengths in line spectra, using the conception of electrons
rotating round a central nucleus. The instrument used most frequently
for the accurate measurement and comparison of wavelengths is the
Diffraction Grating.

The Transmission Grating
The simple transmission grating consists of a large number (usually
" about 14,500 to the inch) of equidistant transparent slits, separated by
opaque portions. The width of each slit is of the order of a wavelength
(») of light (about 5 x 10-* cm.), while the distance between consecutive
slits is of course 1/14,500 in. or about three wavelengths of light.
As a @onsequence of the minute size of each slit, light that passes
through it spreads out in all directions. If we consider this happening
simultaneously at all the slits or apertures, when a plane wave from a
collimator falls on it, then it is clear from the diagram (Fig. VIIIL. 9)
that there is a direction, such that the light from successive apertures
has travelled exactly one wavelength further than that of the preceding
one. A second lens will therefore focus these waves in its focal plane,
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PARALLEL
LIGHT

TELESCOPE

I [
I \

XcoLLIMATOR

Fig. VIII. 9 (top). Action of a diffraction grating.
Fig. VIII. 10 (bottom). Simple transmission diffraction spectroscope.

DIFFRACTION
GRATING

thus forming a “diffracted”’ image of the slit of the collimator. It is
clear that further diffracted images will be formed when the path
difference is 22, 32, etc. In addition the central image will be formed
at 6 = o (n = o) where there is no path difference. From the diagram
we can see that the grating condition is

gsin 0 = ») . where # is an integer.

Thus every different wavelength in the original light produces an
image of the collimator slit in different positions in the focal plane of
the telescope lens. This of course constitutes a spectrum. It will be
evident that for » = 1 (giving the first order spectrum) there are two
spectra symmetrically spaced about the zero. # = 2 gives the second
order spectra and so on. Usually the first and second order spectra
are the only ones used (since the intensity of spectra of higher orders
decreases rapidly.) Fig. VIII. 10 indicates also the simplest type of
Diffraction Spectroscope. It is identical with Fig. VIII. 3 except that
the prism is replaced by the grating. Clearly, by measuring the angle
of diffraction on the divided circle, and knowing the grating space, the
wavelength may be calculated.

The Concave Reflection Grating (Fig. VIII. 11)
Rowland, in 1882, succeeded in ruling very accurate equidistant lines
of about 14,000 to the inch on concave metal surfaces by using a diamond
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point moved by a dividing suT
engine controiled by an GPNCAVE GRATING

extremely accurate screw.

The spectra were now PHOTOGRAPHIC
formed by reflection instead PLATE }
of transmission, and owing VioLer

to the concave surface,
were  self-focusing, thus
eliminating use of lenscs.
The light is incident direct
on to the grating via a slit,
and the various orders of Fig. VIIIL. 11. Concave reflection diffraction
spectra are produced auto- grating.

matically in focus on a

calculated curve, on which the photographic plate or film is placed.
In this way there is no limitation of wavelength range, from the long
infra-red to the short ultra-violet.

The Vacuum Spectrograph
Since the atmosphere absorbs the very short U.V. radiation both
prism and grating spectrographs for work in the extreme U.V. are enclosed
in evacuated containers.

Direct Vision Grating Spectroscope
The principle of the method is shown in Fig. VIII. 12. White light
entering normally on one surface of a prism, enters undeviated, then
falls on the grating and is

diffracted out in all direc-

tions. With a grating of RED
14,000 lines to the inch, and

a prism angle of about 33°, ORANGE
the middle of the visible WHITE

spectrum is  undeviated. > > YELLOW
This gives a much wider GREEN
and better resolved spec- BLUE
trum than the direct visio_n VIOLET
prism spectroscope, but it Fig. VIII.12. Direct vision grating

is not as bright. It can,
however, be used for more
accurate quantitative work
than is possible with the corresponding prism instrument, provided
the light is sufficiently intense.

The Echelon Grating is a very high resolving power instrument used
only for the examination of the fine structure of spectral lines,

spectroscope.

X-Ray Spectroscope
The range of wavelengths comprised by X-rays varies from about
4 x 107 cm. to less than 3 X 10~® cm. (The shorter the wavelength,
the harder or more penetrating the X-ray.) The structure of matter
is too coarse to provide regular reflection or refraction for these minute
waves, s0 that no systems of lenses or prisms are possible.
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In fact, the individual atom of matter itself acts as a scattering
centre and diffracts in all directions an X-ray wave reaching it. This
idea was used first by von Laue in 1912, who showed that a natural
crystal may be looked upon as a three-dimensional diffraction grating so
far as its effects on X-rays are concerned. The method was improved
soon after by W. L. Bragg, who showed that X-rays are regularly
reflected by cleavage planes in crystals. Such planes are rich in atoms
which are arranged in a regular way. Further, these cleavage planes
are equidistant from one another. Fig. VIII. 13 illustrates the way in
which X-ray reflection occurs. The intensity of reflection at any one
cleavage plane, however, is
extremely minute, and in
order that the reflections
from the hundreds of such
planes in the crystal should
add up the path difference
between reflection from suc-
cessive planes must be a
whole number of wave-

Fig. VIIL. 13. Reflection of X-rays by lengths.  This means that

cleavage planes of a crystal. only if 2d sin 6 = #nx will

“reflection ”’ take place,

where d = distance between cleavage planes and 0 = glancing angle
of reflection. This relation is known as Bragg's Law.

For a Rock Salt crystal (a simple cube) the value of d is known
from other considerations, so that by measuring 0 the wavelength of
X-rays may be calculated.

Bragg X-Ray Spectrometer (Fig. VIII. 14)

This was the first instrument by which an accurate value of the
wavelength of X-rays was obtained. A fine beam of X-rays is directed
on to the crystal by two

———3 fine slits in the lead screens
(a small thickness of lead
being opaque to all but the
hardest X-rays). On reflec-
tion they pass through a
third slit, the purpose of
which is to cut out stray
scattered X-rays, and then
enter the ionization chamber
through a thin aluminium
LEAD STOPS Zvindow. 'flie a;gminium 13
ransparent to X-rays, an

) IONIZATION CHAMBER keepspthe chamber airtight.
Fig. VIII. 14. X-ray spectrometer. The ionization chamber is

an arrangement which

detects and also if necessary measures the relative intensity of the
reflected X-ray beams. The crystal and the chamber are rotated simul-
taneously, the latter being always rotated through twice the angle of
the former. This procedure is repeated for the different cleavage planes

DIVIDED CIRCLE

VERNIERS
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of the crystal. In this way an ionization curve is obtained, from which
the “reflection’ angles are found, so that the wavelength of the X-rays
may be calculated.

X-RAY SPECTROGRAPH

The use of the ionization chamber (except for some special purposes)
has been largely superseded by photographic film which makes for much
greater accuracy and simplicity. This is usually bent round into an arc
concentric with the axis carrying the crystal, which is slowly rotated
throughout the exposure. When a particular reflecting plane in the
crystal is at the correct angle, a reflected ray is momentarily produced
which records itself on the photographic film. The intensity of the
“lines” so produced is increased by rotating the crystal a sufficient
number of times. The spectrum appears symmetrically on either side
of the central bright band, this band being due to radiation which
has passed straight through the crystal. The procedure is repeated
for the different planes.

It is clear that the Bragg Law may be used in two ways. Using a
known crystal the wavelengths contained in a source of X-rays may
be determined, or using one or more known wavelengths, the structure
of an unknown crystal may be found. An instrument specially adapted
for the latter purpose is often called an X-ray Crystallograph.

The X-ray Powder Spectrograph

Relatively few substances give large single crystals, so that the Bragg
method is of limited application.

The powder method is of much wider scope. It uses the material
in a very finely-divided state enclosed in a thin-walled capsule. The
specimen consists therefore of a very large number of minute crystals,
orientated entirely at random. Using an X-ray beam consisting of one
wavelength only, and allowing it to fall on the powder, there will be
reflections taking place simultaneously from those crystals of which the
reflecting planes fulfil the Bragg condition. Thus a single photograph
gives a complete picture of the crystal structure. Since, however, only
a few of the crystal grains are effective for a particular direction, the
reflected beams are weak, and therefore an X-ray beam of high intensity
must be used together with long exposures.

In the soft X-ray region (greater than 2 X 10-* cm.) the absorption
due to air becomes very strong, so that the spectrograph must be placed
in an evacuated chamber. In the case of hard X-rays (less than
-7 X 10~ cm.) the glancing angle becomes very small, and special modi-
fications have to be adopted for accurate measurement.

The Grating X-ray Spectrograph
In 1922 it was shown that X-rays could be regularly reflected from
the polished plane surface of a piece of glass, provided that an extremely
small glancing angle of not more than 10 minutes of arc was used. This
is analogous to ordinary optical reflection and not to X-ray crystal reflec-
tion which is a body effect and requires penetration of the X-rays through
hundreds of planes. The reason lies in the fact that the refractive index
for X-rays passing from air to the glass is just less than unity
(1 —8.12 x 10-* for wavelength 1.54 X 10 cm.).
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As a result X-rays passing from air to glass are entering an optically
less dense medium, so that for angles of the order of 10 minutes of
arc or less total reflection takes place. If lines are ruled on the
surface of the glass (they vary from 200 to 1,100 lines per mm.) then
in addition to the reflected beam, diffracted beams are also produced,
following the same laws as optical diffraction gratings. The angles
of diffraction, though small, can be measured very accuratcly. It
provides an absolute method of measuring X-ray wavelengths,
particularly in the long wave X-ray regions where crystals with
suitable cleavage plane spacings do not exist. The grating space of the
diffraction gratings are measured by using known optical wavelengths.

For special purposes the concave grating has also been used owing
to its focusing properties.

Practical Applications

A short indication of some of the everyday applications of X-ray
spectroscopy and crystallography may not be out of place. These
include first the determination of the crystal structure of materials of
such diverse kinds as metals, alloys, geological and mineralogical crystals,
including precious stones, chemical crystals, organic materials of all
kinds, including wool, hair, fibres, rubber, celluloid and plastics of all
kinds. Secondly, the industrial application of the identification of
unknown samples by comparison with previously determined structures,
and in the field of metallurgy, apart from structure determinations, the
determination of the effects of heat and mechanical treatment on metallic
alloys. It has also been extended to the dectermination of the structure
of some organic molecules.

Finally, the importance of X-ray wavelength measurements from
the scientific point of view cannot be over-estimated. It led Moseley
in 1912 (he was killed in the World War, 1914-1918) to the idea of the
atomic number instead of the atomic weight as being the most important
property of an element, the result of which produced far-reaching and
fundamental changes in physical and chemical ideas.

MASS SPECTROGRAPH AND MASS SPECTROMETER

The phenomenon of radio-activity had by 1910 suggested the existence
of Isotopes, that is elements which have practically identical chemical
and spectroscopic prop2rties, but different atomic weights and thus
different densities. They cannot be separated by chemical methods.
The first tentative evidence that non-radioactive elements may also
consist of isotopes was obtained by Sir J. J. Thomson in 1912. His
experiments led him to the belief that neon of atomic weight 20.2 con-
sisted of two isotopes of masses 20 and 22, a result which was only
definitely proved when the first mass-spectrograph was constructed by
Aston in 1919. He followed this up by proving the existence of isotopes
in many other non-radioactive substances.

Mass Spectrograph
This is an instrument which will detect, sort out and measure the
relative masses of extremely minute quantities of atoms, and molecules,
far beyond the range of chemical methods. It gives direct information
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as to the sndividual masses of the constituent atoms of elements and
molecules of compounds, and not as in chemistry to the mean mass
of an immense aggregate. It does this by producing a focused mass
spectrum of lines on a photographic plate, each line representing
a different atom or molecule. By mcasurement of the relative positions
of these lines their masses can be compared to an accuracy which in the
latest instrument is claimed to be one part in a million. It is therefore
vital to the discovery and investigation of isotopes.

Mass Spectrometer

This is specially designed to detect and measure the relative abundance
of the isotopes of a particular substance, by bringing a focused beam
of mass rays of each isotope in turn to a fixed slit, and measuring the
intensity electrically, the relative abundances being proportional to the
intensities.

At the present time many different types of either instrument are
in use.

One essential factor common to all is some device for producing
positive ions (or positive rays) of the atom or molecule in question.
Such rays were discovered by Goldstein in 1886 in electrical discharges
in gases at low pressure. They move from the anode to the cathode.
By the provision of an aperture in the cathode, they pass through and
may be investigated. In this way Wien in 1898 showed that they
could be deflected by a magnetic field, and subsequently Sir J. J. Thomson
showed that they carry a charge of positive electricity. These positive
rays are now identified as atoms or molecules which have lost one or
more electrons by ionization at low pressure in a strong electric field,
and so carry a positive charge. As a result of falling through the high
potential they have sufficient energy to make their presence detectable
and their mass measurable.

In practice the methods of producing particular positive rays vary
according to whether the substance is gaseous, liquid, or solid with a
high or low boiling point. In a form other than gaseous the method in
principle consists of vaporising the substance by direct or indirect heat,
and then ionizing and accelerating the resultant atoms by a suitable
electric field. They are then analysed by the mass spectrograph.

Aston’s Mass Spectrograph

The rays generated in the discharge tube used by Aston are heter-
ogeneous. That is they contain particles of different mass having
different velocities and different energies. The essential feature of this
mass spectroscope is an arrangement of electric and magnetic fields
such that all rays of constant ¢/m are brought to a focus at the same
point on a photographic plate. Fig. VIII. 15 illustrates the principle
of this method. The rays from the discharge tubes are collimated by
two fine slits, and are then deviated by an electric field. This
spreads out the beam, the rays with large energy being deviated least,
and vice versa. A group of these rays is selected by the diaphragm
and then deviated in the opposite sense by a magnetic field perpendicular
to the plane of the paper. They emerge from the magnetic field in such
a way that they converge on to a photographic plate arranged as shown,
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those particles with small ¢/m (large mass) coming to a focus in the
region of F, whilst those with large ¢/m (small mass) come to a focus in
the region of G.

PHOTOGRAPHIC_PLATE 7

/LITS\ DIAPHRA\GM
>

PLATES OF
ELECTRIC FIELD

POLE PIECE OF
MAGNETIC FIELD

Fig. VIII. 15. Aston’s mass spectrograph.
Particles of smalli—-at F. Those of large-y—;— at G.

e = electronic charge. m = atomic mass.

Particles with the same mass may be singly charged, or multiply
charged. That is they may be ionized to such a degree that they lose
a number of electrons, so that a particle of given mass may have a number
of values of e/m. They will come to a focus at different points on the
photographic plate.

The latest (1939) development of the Aston Mass Spectrograph,
although using the same method, contains many refinements and modi-
fications, giving it considerably greater power and sensitivity.

Double Focusing Instruments

Aston’s use of fine slits to produce a fine parallel beam, means that
a large proportion of the initial mass rays are lost. As a consequence
long exposures are necessary, and rare isotopes will produce too faint
a trace to be observed. The principle of double focusing is applied to
those methods by which collimation is unnecessary. A beam of mass
rays diverging from a 8lit is deflected and focused by a combination of
electric and magnetic fields in such a way as to converge the beam and
produce the equivalent of an “image” of the original slit. It is the
exact analogy of an optical lens system collecting light diverging from a
slit and converging it to an image slit. It is clear that such an arrange-
ment will produce a much more intense image than Aston’s arrangement,
with a consequent reduction in exposure time.

Bainbridge and Jordan’s Double Focusing Mass Spectrograph
(Fig. VIII. 16)

A beam of mass rays generated in the discharge tube passes through

a narrow slit (S,) and a wider slit (S,;) which defines the limit of diver-

gence of the beam. It is then deflected by a radial electric field through
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PLATES OF
ELECTRIC FIELD

PHOTOGRAPHIC PLATE

POLE PIECE OF CAMERA

MAGNETIC FIELD
Fig. VIII. 16. Bainbridge and Jordan mass spectrograph.

an angle of n/+/2 radians, and after further control by a variable slit
(Ss) is next deflected by a concentrated specially designed magnetic
field through an angle of =/3 radians and comes to a focus on the photo-
graphic plate as shown. The focusing is extremely sharp over the length
of a 140 mm. spectrum, and constitutes one of the most powerful instru-
ments in use.

Nier’s Mass Spectrometer (Fig. VIII. 17)
This is based on an earlier instrument designed by Dempster in 1918
in which an ion beam of constant energy is deflected and focused by a
uniform magnetic field only. It is not a double focusing instrument.
The rays are formed by direct ionization of the vapour of the element
concerned, or one of its compounds, by means of a tungsten filament.
As they pass through the entrance slits, they are accelerated by suitable

DISCHARGE TUBE

ENTRANCE SLITS

PYREX OUTER COPPER -NICHROME
INNER TUBE

Fig. VIIIL. 17. Nier mass spectrometer
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voltages and are then bent through a semi-circle by a large electro-
magnet, coming to a focus on the exit slit, whence they are collected on
a plate situated just behind the slit and measured by a valve amplifying
device whose sensitivity can be increased almost without limit, so that
abundances as low as 1 in 100,000 can be detected.

As the accelerating field is altered particles of different e/m will in
turn be focused on the exit slit. The experimental procedure consists
in plotting the ionic current against accelerating potential. The peaks
on the curve correspond to definite values of e¢/m and their heights to
the relative quantities of the particles present in the beam.

The special feature of the Nier instrument is that the ion path is
enclosed in a nichrome and copper tube which in turn is enclosed by a
sealed pyrex glass container. This enables very low pressures to be
attained, and thereby, among other advantages, secures the complete
exclusion of contamination.

Other modern instruments of high power which can only be mentioned
are the double focusing instrument of Mattauch which gives perfect
focusing over the whole mass range on a plate of 300 mm., and the latest
and most powerful instrument of all designed by Jordan, which combines
double focusing with velocity selection.

These instruments have been built not only for examining the presence
and abundance of various isotopes, but also for finding out exactly by
how much the isotopic weights differ from whole numbers. The earlier
instruments had already shown that almost all the isotopes differed
very slightly from whole numbers, and the accurate value of this diver-
gence is of great theoretical importance. Among other things, for
example, it verifies to a high degree of accuracy Einstein’s theory of the
quantitative equivalence of matter and energy, a result arising from the
theory of relativity, and it provides a very exacting test of theories as
to the constitution of the nucleus.

Industrial Application

Within recent years an instrument of the Nier type, although of a
higher power, is playing a very important part in the petroleum industry.
It is found that each hydrocarbon, such as methane, ethane, etc., gives
its own particular sequence of intensities of the various carbon groups
known as its ‘‘cracking pattern,” which serves to identify both
qualitatively and quahtitatively the particular hydrocarbon present.
From previous empirical knowledge it is possible to deduce the actual
composition of a complex mixture of hydrocarbons with an accuracy of
better than -+ 59, of each of the various constituents. Furthermore,
this can be done in a very short time, and requires only a minute sample,
which represents a great improvement all round on standard chemical
methods.

Both the mass spectrometer and mass spectrograph have been used
on a small scale for other chemical problems, and there seems no doubt
that in time they will find increasing application in the chemical and
allied industries.
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CHAPTER IX
THE TELESCOPE

Telescopes can be divided into two classes, refractors in which the
primary image is formed by means of a system of lenses, and reflectors
in which it is formed by a system of mirrors ; with the exception of the
Galilean form of refractor the image is 7eal and can be caused to fall
on a photographic plate, the slit of a spectroscope, etc., and can be
magnified for visual inspection by means of a simple or a compound
microscope.

REFRACTING TELESCOPES

The Astronomical Telescope (Fig. IX. 1) consists of an object-glass,
usually of two components (a biconvex crown lens and a plano-concave
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Fig. IX. 1. Astronomical telescope. Key : 1, Distant object; 2, Object-

glass ; 3, Image at focus of object-glass, real and inverted ; 4 and 5, lenses

of eyepiece ; 6, Image as seen by eye, virtual and inverted ; 7, Ramsden
disc. (The eyepiece 1s of the Ramsden form.)

flint) to eliminate chromatic aberration, and of fairly long focal ratio
(f- 12 upwards) to eliminate spherical aberration : this forms a real and
inverted image of a celestial object which can be allowed to fall on a
photographic plate as in astrographic telescopes, or on the slit of a spectro-
scope, or on a photo-electric cell, or can be examined visually by means
of an eye-piece or ocular which is effectively a simple microscope what-
ever its construction may be; the image as seen through the ocular
remains inverted, but this is of no significance in astronomical work and
the simplicity of the construction leads to the minimum number of air-
glass surfaces with their inevitable loss of light by reflection and the
impairment of definition to which a multiplication of surfaces (which in
the very nature of things can be no more than close approximations to
a perfect optical surface) would give rise. The ocular most commonly
used is of the Huyghenian construction customarily used for microscopes,
but the Ramsden form, or the more complex monocentrics, aplanats, etc.,
all of which have their focal plane in front of the lens system and so can
be used with graticules, etc., in focus with the image, are more convenient
and optically preferable. (See Chapter I on Lenses.)

7
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The Terrestrial Telescope (Fig. IX.2) or spy-glass differs from the
astronomical telescope only in its eyepiece, which is designed to com-
pensate the inversion of the image at the primary focus so as to present

BN
NN

Fig. IX. 2. Terrestrial telescope. 1, Distant object; 2, Object-glass;

3, Image at focus of object-glass, real and inverted , 4 and 5, Lenses of

erector ; 6 and 7, Lenses of eyepiece ; 8, Secondary image, real and erect ;

9, Image as seen by eye, virtual and erect; 10, Ramsden disc. (The
eyepiece is of the Huyghenian form.)

to the eye an erect image which is obviously essential for terrestrial
observation. The arrangement most commonly used is an erector con-
sisting of a pair of lenses which project an erect and somewhat enlarged
image of that in the focal plane of the object-glass into the focal plane

g
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Fig. IX.3. Path of rays through Porro prisms.

of the eye-piece (it may be noted that the combination of erector and
eye-piece is essentially a low-powered compound microscope and can be
used as such, and conversely that a low-powered microscope can be
used as a compound eye-piece for a telescope) ; the erector and eye-piece
are commonly fixed at the opposite ends of a tube, but occasionally, in
the so-called pancratic (variable magnification) eye-pieces, their separa-
tions can be altered to give a variety of magnifications.
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The Prismatic Telescope (Fig. IX. 3) usually encountered in the form
of prismatic binoculars, is again an astronomical telescope modified to
give an erect image. While other arrangements exist, the usual con-
struction is due to Porro ; in this the rays from the object-glass undergo
two successive internal reflections at the cathetus-faces to each of two
right-angled prisms set with their planes of reflection at right angles to
each other : an examination of the illustration will make their mode of
action far clearer than can any verbal description—it may be noted that
the cathetus-faces can be replaced by reflecting surfaces, and that the
prisms can themselves be divided into pairs.

The Galilean Telescope (Fig. IX. 4) is usually met with in the form
of opera glasses and night glasses where a low magnification and small
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Fig. IX.4. Galilean telescope. 1, Distant object; 2, Object-glass ;
3, Biconcave eyepiece ; 4, Image, virtual and erect.

field of view are of less importance than light weight, compactness, and
low loss of light: unlike the types already described, no real image is
formed. It consists of an object-glass, and a bi-concave eye-lens set
well within the focus of the former so that the converging rays are made
to diverge as if they originated at an object set at the nearest distance
of distinct vision. The image is erect and the system behaves well
enough for the uses to which it is commonly put even if the lenses are
simple, while if more perfect correction is needed both the object-glass
and eye-lens can be cemented achromatic combinations.

The Periscope and such instruments as the Cystoscope, Introscope,
etc., are of the same fundamental construction. Fig. IX. 5 is included
here as being essentially a specialised form of telescope. Two basic
forms of construction are employed. If a short and fairly large instru-
ment is permissible, a modification of the prismatic telescope is available
(Fig. IX. 5a); here a totally-reflecting prism is placed at the head of
a vertical tube in front of the object-glass, while at the base of the tube
a second totally-reflecting prism (it will be seen that these correspond
to the first double-reflecting prism in the Porro system) and a double-
reflecting prism return the light to a horizontal eye-piece. Generally,
however, the instrument must be relatively long and slender (as in the
submarine periscope) and a different construction must be followed
(Fig. IX. 5b).

Omitting the prisms at the top and bottom of the tube, which serve
only to reflect the light downward and then horizontally, the construction
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Fig. IX. 5. Periscopes. (A) Periscopic telescope: 1, Upper prism ;

2, Object-glass ; 3, Lower prism ; 4, Eyepiece; 5, Plan of lower prism

(B) Submarine periscope : 1, Upper prism ; 2, ‘ Eyepiece ’ of first telescope ;

3, Object-glass of first telescope; 4, Common focal plane of 2 and 3;

5, Object-glass of second telescope ; 6, Lower prism ; 7, Eyepiece. (C)

Upper part of B for large field. 1 and 2 as 1n B. a eyepiece and b
object-glass of reversed Galilean telescope.

is essentially two astronomical telescopes, the first of lower power than
the second, placed with their object-glasses facing each other. The eye-
lens of the first telescope produces a greatly-reduced image of the object
under view in the focal plane of the first object-glass, through which the
light is passed as a parallel beam to the object-glass of the second tele-
scope : this forms an image in its own focal plane which is viewed through
the eye-piece by means of the lower prism. The final magnification is
in proportion to the powers of the two telescopes (e.g. if the first is X 12
when used as a telescope in the normal way, it will reduce the image to
1/12 when used ‘in reverse,” while the second telescope being, say X 24,
will magnify this reduced image X2 (1/12 X 24)). The field of view
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is rather small, and when a field corresponding to that seen by the naked
eyeisrequired, an additional lens system is necessary ; this very frequently
consists of a reversed Galilean telescope set in front of the ‘eye-piece’
of the first telescope (Fig. IX. 5¢), the concave and convex lenses
being of such a distance apart as to pass a beam of parallel rays on to
the “eye-piece,” and being so mounted as to be capable of insertion
into, or removal from, the beam of light from the upper prism. It must
be borne in mind that this simple construction has frequently to be
complicated by the introduction of additional unit-magnifying telescopes
in order to pass the maximum amount of light down a long and very
narrow tube, and that the prism at the head of the tube is frequently
somewhat complex both in structure and mounting.

The object-glass of a telescope is fixed at one end of a metal tube,
blackened internally and also fitted with stops to eliminate stray light
from the wall since even optical black paint is slightly reflective at extreme
incidence ; at the opposite end of the tube is a second one moving in
and out either by simple friction or mechanically, at the end of which
is the eyepiece. This construction is invariably employed for astro-
nomical instruments and for terrestrial instruments where great port-
ability is not requisite ; where portability is essential the main tube is
itself divided into sections sliding one within the other. Prismatic
telescopes are mounted in cases enclosing the prisms, and focusing is
effected almost invariably by movement of the eye-piece, though occa-
sionally by movement of one of"the prisms.

REFLECTING TELESCOPES
The Reflecting Telescope may take one of four forms; the most
common is the Newfonian ; the Gregorian, which affords an erect image,

! (B)

Fig. IX.6. (A) Newtonian reflector. (B) Herschellian reflector. 1, axis
of mirror ; 2, Concave paraboloid mirror ; 3, Focal plane of 2; 4, Diagonal
mirror.
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was formerly common and may be encountered as an antique; the
Cassegrainian has become more common of late years; and the Her-
schellian, which is now rarely found except in the form of fixed instruments
of high focal ratio. In all, the image is produced by a concave para-
boloidal mirror, silvered or aluminised on its front reflecting surface, and
the rays of light converge to a focus in front of the mirror, and, save in
the Herschellian form, in the axis of the telescope. In the Newtonian
form (Fig. IX. 6 (a)) the convergent rays fall on a plane reflector (or
in small instruments a right-angled total-reflection prism) set within the
focus, so that the image is formed at a convenient place to the side of
the tube within which the mirror is mounted, excepting occasionally in
photographic work when a comparatively small plate is set in the axis
at the focal plane. In the Herschellian (Fig. IX. 6 (b)) the second
reflection is avoided by setting the mirror a trifle askew, but except
with murrors of great focal ratio this introduces serious aberrations and
in consequence the construction is rarely employed to-day (when it was
first introduced by Sir Wm. Herschell at the end of the eighteenth century
the only reflecting surfaces available were of “speculum metal,” the
reflecting power of which is somewhat low even when newly polished,
and the loss of light from a second surface was felt to be more serious
than the aberrations introduced by the use of only one).

In both the Gregorian and Cassegrainian forms (Fig. IX. 7A and 7B)
the primary image is enlarged by a secondary mirror set in the axis of

i (8)

é———-—- -1
Fig. IX. 7. (A) Gregorian reflector. (B) Cassegrain reflector (as used
with unperforated primary mirror). 1, Distant object; 2, Primary
mirror ; 3, Secondary mirror. 4, Image in focal plane of primary
mirror, real and inverted ; 5, Image 1n focal plane of secondary mirror,
real and erect in Gregorian, real and inverted in Cassegrain ; 6, Axis
of primary mirror ; 7, Diagonal flat mirror in Cassegrain when used
with unperforated primary ; 8, Image in focal plane of secondary mirror
when primary is perforated, real and inverted.
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the primary. In the former case the secondary is a concave ellipsoid of
such curvature as to have its one focus coincident with the focus of the
primary while the second focus, at which the final image is produced,
lies at a convenient distance behind the primary mirror which is pierced
in its centre to permit passage of the light rays; or, to avoid piercing
the primary, a flat or prism may be set in front of it to reflect the rays
to the side of the tube : the construction gives a rather small field and
the concave ellipsoid is rather difficult t6 figure, while the position of
the secondary mirror beyond the focus of the primary makes such an
instrument rather cumbersome. In the case of the Cassegrainian the
secondary mirror is a convex hyperboloid, set within the focus of the
primary, the image being formed at any convenient distance behind the
primary or to one side as in the previous construction : like the Gregorian
the field is small, but the secondary is somewhat easier to figure, while
its position within the focus makes for a compact instrument ; further
it is easy to attain a very great equivalent focal length, which is occasion-
ally 1equisite as when spectroscopes with long-focus collimators are in
use. A considerable number of the larger astronomical reflectors are
provided with several interchangeable Cassegrainian secondaries for use
1n appropriate circumstances.

Mention should be made of various highly-specialised forms of reflect-
ing telescopes such as the Schmidt, Ritchey-Chrétian, etc., which have
been designed for photographic work ; in most of these the spherical
and other aberrations of a concave spherical mirror of short focal length
are corrected by means of a figured plate of glass, giving a wide field
of view and a very low focal ratio.

Newtonian reflectors form the vast majority of the telescopes
employed by both professional and amateur observers as they are devoid
of chromatic aberration (as are the other reflectors) and can be con-
structed with focal ratios as low as f.6, thus giving a conveniently-sized
instrument. In addition their construction does not demand optically
perfect glass, which cannot be produced beyond a certain size—the
inability to produce large pieces of glass of suitable quality, together with
the great loss of light through absorption in the lenses, puts an upper
limit to the size of refracting telescope, whereas it is mainly cost rather
than technical obstacles that will limit the upper size of reflectors.
Except in the case of small instruments, reflectors are invariably mounted
in skeleton tubes which serve to keep the components in correct position
and to connect them to the mounting; this form of ‘tube’ greatly
reduces disturbances caused by air currents which are inevitably present
in a tube which must be open at its upper end.

Mountings of Telescopes

Except in the case of binoculars and of small terrestrial telescopes,
some form of stand is essential if the instrument is to be steady enough
for comfortable observation. For terrestrial telescopes this can take
the form of a vertical axis at the head of a tripod or column, allowing
of movement in azimuth, while a cradle at the head of this axis carries
the telescope by means of trunnions, so allowing of movement in altitude.
Properly constructed, with the cradle given an overhang so that the
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telescope can be directed vertically
upwards, and preferably fitted
with slow-motion devices to both
vertical and horizontal axes, such
a stand serves for small refractors
and medium reflectors when put
to astronomical work; but in so
far as two motions are needed to
follow a celestial object in this
case, this Alfazimuth mounting
is not so convenient a mounting
as the equatortal, and is quite
unsuited for large instruments of
either type.

Equatorial Mounting. It is obvious that if the vertical axis of the
stand mentioned in the last paragraph is inclined until it is parallel to
the earth’s axis of rotation, a single movement will suffice to follow a
heavenly body once it has been brought into the field of view, and this
may be applied by means of clockwork of some sort. The telescope is
connected to this axis of rotation—the polar axis—by some form of
cross axis—the declination axis, so-called because it allows the instrument
to be set in declination.

Equatorial mounts may take several forms. In the open fork type
the polar axis carries at its upper end a cradle, in which the telescope
itself is swung on trunnions which constitute the declination axis; this
form is available for reflectors only. The ‘ English ’ mounting, in which
the polar axis is supported both above and below the telescope, is found
in two forms; in one the central part of the axis is open, and the tele-
scope swings in trunnions set in the two cheeks, while in the other the
axis is complete and the telescope is set at one end of a declination axis
passing through the polar axis and carrying a counterpoise at its outer
end—after being disused almost completely for many vears this form,
which can be used equally for reflectors or refractors, has again come
into popularity. The ‘German’ form of mounting, still that most
generally employed, has the declination axis set at the head of the polar
axis, the telescope being at one end and a counterpoise at the other ;
equally useful for either type of instrument, its main advantage over
the preceding type is its single pillar and somewhat more compact form.
Other forms of equatorial, in which the tube of the telescope itself forms
the polar axis, have been made, but are few in number.

Occasionally—and particularly in certain branches of solar physics—
it is desirable to use a refractor of considerable focal length ; in these
cases it is usuallv most convenient to mount the telescope itself in a fixed
(generally horizontal) position and to direct the light into it by a system
of movable mirrors. The preferable arrangement of mirrors is the
Coelostat, in which there is no rotation of the apparent field of view ; in
this a plane mirror, with its reflecting surface parallel to the earth’s
axis, is mounted on a polar axis which can be moved along rails in the
meridian so that light can be reflected to a second mirror mounted on
vertical and horizontal axes in the optical axis of the telescope, the first
mirror being rotated by means of clockwork. A second form, which

Fig. IX. 8. Section through a
modern prismatic binocular.
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suffers from the disadvantage that the apparent field of view undergoes
a slow rotation, but which has a much wider range of view in declination,
consists of a plane mirror at one end of a polar axis, the light being
reflected to a second mirror at the intersection of the polar axis and the
optical axis of the telescope. It may be mentioned that while these
instruments are usually employed with refractors, occasionally Her-.
schellian reflectors of long focus, and in a few cases Cassegrainians, have
to be used.

Transit or Meridian Circles, Altazimuth Circles and Prime Vertical
Transits, together with zenith telescopes and certain other less common
forms are employed in the astronomy of position for determining the
positions of celestial objects. The firct named is essentially a refractor
constrained to move very exactly in the plane of the meridian; by
timing the passage of a star over thin wires at its primary focus (or by
equivalent means) the meridional passage of a star can be observed,
while accurate circles allow of its distance from the celestial pole being
determined. Altazimuth circles are essentially altazimuths of very rigid
construction provided with circles by which the position of a celestial
body can be determined out of the meridian, while the prime vertical
transit is a transit mounted so as to move at right-angles to the meridian.
The zenith telescope is employed mainly in the investigation of the
variation of the latitude.

Some Theoretical Considerations

It is out of the question to deal with either the physical or geometrical
optics of the telescope in the space available, but certain matters which
have a bearing on the use of the instrument must be mentioned.

By reason of the fundamental nature of light, the image of a point-
source (or of an extended object at such a distance as virtually to be a
point) is not a point but a minute disc (spurious disc) surrounded by a
system of concentric circles ; the diameter of this disc is constant for a
given aperture of lens but varies inversely with variation of lens diameter :
it follows that there is a limit below which two adjacent points cannot
be distinguished as separate entities since their spurious discs overlap
too greatly (roughly this minimum separation, in seconds of arc, is given
by dividing the diameter of the lens or mirror, expressed in inches, by
4.5—thus a telescope of 4.5 inches clear aperture will just separate two
stars 1 second apart). This same phenomenon sets an upper limit to
the effective magnification that can be employed, since no greater power
. is required, generally, than will serve to separate clearly the spurious
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Fig. IX. 9. Astronomical refractor. The object-glass forms an inverted
and real 1mage in the focal plane of the eyepiece ; this image, magnified by
the eyepiece, is virtual and inverted.
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discs of two points at the limits of resolution ; both theory and experience
show that the highest magnification of use is about 50 times the aperture
in inches (thus, with a 3-inch telescope the highest useful power will
be about X 150).

The amount of light collected by a telescope—ignoring losses through
reflection at air-glass surface, by absorption in the glass, or through
imperfect reflection—will depend solely on the area of the object-glass
or mirror. Examination of Fig. IX. 9 will show that all the light passes
through a disc situated a short distance behind the back lens of the
eye-piece—the so-called Ramsden disc, which is in fact a real image of
the object-glass formed by the eye-piece. Brief consideration will show
that anything which prevents all this light passing through will effectively
reduce the aperture of the telescope, and therefore both its light-collecting
power and its resolving power, so that no aperture behind the Ramsden
disc, whether a stop in the eye-piece mounting, or the pupil of the
observer’s eye, can have a less diameter than the disc if all the light
collected is to be utilised. Since, as has been said, the Ramsden disc
is the image of the object-glass formed by the eye-piece, it follows that
with any given telescope there is a lower limit to magnification below
which both light and resolution will lessen. Experiments have shown
that the dark-adapted eye may have a pupillary opening as large as
% inch, from which it follows that the maximum size of Ramsden disc
must not exceed this diameter, which is attained by a power not lower
than three times the aperture in inches (so that the lowest useful power
on a 3-inch telescope is about 10).

Reference may be made to the following works :

Bell, The Telescope (McGraw-Hill Book Co.), for a general account
of the telescope.

Splendour of the Heavens, Vol. II (Hutchinson), for descriptions and
illustrations of many famous astronomical telescopes and other inform-
ation.

Amateur Telescope Making, and Amateur Telescope Making, Advanced,
for much miscellaneous information on the construction of reflectors and
refractors.

Glazebrook & Shaw, Dictionary of Applied Physics, Vo. III, for
telescopes, etc.

Encyclopedia Britannica, IXth to XIIIth editions, for various articles
on the Telescope, subsequent editions for the Periscope.

Couder et Danjon, Telescopes et Lunettes, for a general account,
somewhat more detailed than Bell’s.
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CHAPTER X
DENSITY

The density of a substance is its mass per unit volume in any related
system of measurement. Thus, commercially it may be stated in
pounds per cubic foot, or scientifically as grams per cubic centimetre.
Since the standard litre (the unit of volume) is not exactly 1 cubic
decimetre (1,000 cubic centimetres) this relationship is more accurately
expressed as grams per cubic millilitre (one thousandth part of one litre).
Thus the density of water may be written as 1 gm./ml. or 62.4 lb. /cu.ft.
Nearly all substances sensibly change in volume, and therefore in density,
with temperature, and thus it is necessary to specify the temperature
at which measurements are taken. Commonly, 15° C., 20° C. and 60° F.
are used.

Specific gravity (S.G. or sp. gr.) is the ratio of the weight of any
volume of a substance to the weight of the same volume of some
standard substance. The standard substance usually employed is
water. In the example quoted above the S.G. of water would be
62.4 Ib. /cu.ft.
62.4 1b./cu.ft.
system is numerically equal to specific gravity, which is a pure number,
the same whatever system of units be employed. For this reason the
terms density and specific gravity are often in practice used as if they
were mutually interchangeable. This, however, 1s not so: for density
(gm./ml.) is defined directly and unambiguously in terms easily under-
stood. The density of water is defined as unity at its temperature of
maximum density, i.e. 4°C. It iz 0.99823 gm./ml. at 20°C. With

specific gravity, both the temperature of the sub-
stance and the temperature of the water, with
which it is compared, need to be stated. Fre-
quently the temperatures are written 15° C./15° C.
indicating that the weight of a volume of the sub-
stance at 15° C. is compared with that of the same
volume of water at 15° C.

- The methods used in determination of density
are many and various. The method t{o be adopted
for any given purpose is chosen largely with
reference to the accuracy required and the speed

which equals 1.000. Hence density expressed in the metric

50 Grm. with which the result is wanted. One of the most
° widely-used for liquids is the so-called density
20C bottle, Fig. X.1. Thisis a bottle of approximately

a pear shape fitted with a carefully-ground glass

stopper made from capillary, i.e. fine bore, glass

Fig. X.1. Density tubing. Capacities in common use are 10, 25, 50,
bottle. 100 ml. In use. the bottle is first completely filled

with the liquid at room temperature. Insertion of the stopper causes
liquid to be displaced and at the last twist the liquid rises in the bore
of the capillary and the excess is forced out of the hole in the top.



SCIENTIFIC INSTRUMENTS 107

When the outside of the bottle has been dried it contains a very accurate-
ly reproducible volume. It is then weighed on an accurate analytical
balance, which has a sensitivity of 0.0001 gram. Subtraction of the
known weight of the empty bottle gives the weight of the contents,
and division of this value by the known volume of the bottle gives the
density directly in gm./ml. at the temperature of the determination.

Temperature effects may cause errors of appreciable magnitude in
determinations of this kind ; for example, in the handling of the bottle
during wiping, care must be taken that the temperature of the bottle is
not raised, causing the liquid to be forced out through the capillary.
In the most accurate work, after the bottle is filled, it is placed in a
thermostatic bath, maintained at a slightly elevated temperature, for
a period sufficiently long to enable the contents to assume the known
temperature of the bath, which is then taken to be the temperature of
the determination. If, during weighing, cooling of the bottle occurs,
causing the meniscus (or surface) to recede in the capillary, no error
is introduced, since the weight being measured is that of a volume
adjusted to the bath temperature, which is the same both for the water
and the unknown liquid. An error would, of course, occur if, during
weighing, the temperature of the contents rose, causing the liquid to
expand and to overflow through the capillary tube. Again, in accurate
work, a buoyancy correction is introduced for the apparent loss in
weight of the bottle due to its being weighed in air and not in vacuo.
The measurement of specific gravity by this method, though highly
accurate, is time-consuming. For many industrial and technological
purposes more rapid methods are required.

Specific gravity beads, Fig. X. 2, though more commonly used in the
last century than in the present, have a useful function. They are
specially useful for rapid determinations where the quantity of liquid
available may not be large. They consist of a small glass bulb,
diameter usually 5-15 mm. If the weight of the bulb is less than
the weight of the volume of liquid which it displaces, it will float
on the surface: if the converse, it will sink. If the weight of
the bulb is just equal to the weight of the volume
of liquid which it displaces, it will remain in any
position provided that it is fully immersed. The
beads are often made with a weight/volume ratio
differing by steps of 0.002. In practice a few of
them, covering a range within which the S.G. of
the unknown is expected to fall, are put into a
sample of the liquid. Some will float, while others
will sink. One bead will be found, which will dis-
play a tendency neither to rise nor to fall to any
depth. This bead is the one that indicates the
density of the liquid. It may happen that no
bead is present which exactly corresponds with ) ,
the density of the liquid and that all beads either F‘g'rz{v'if' bizgmﬁc
float or sink. It is then obvious that the density gravity ’
is intermediate between the heaviest bead that floats and the lightest
bead that sinks. In such a case if the liquid is slightly warmed or
cooled one of the heavier or lighter beads will sink or rise, and will
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enable the exact density to be determined at the temperature found to
be appropriate. Beads of this type have found wide application to
indicate when accumulators are in need of recharging. Since the state
of charge of an accumulator is related to the acid density, which
decreases as the accumulator becomes exhausted, an appropriate bead
will float in the acid of a fully-charged accumulator. When the bead
begins to sink a visual indication is provided that recharging will
shortly be necessary, and much inconvenience is avoided by the timely
warning.

The instrument most universally employed for density measurements
is the hydrometer. There are very many types of hydrometer—the
“density” hydrometer, the Baumé, Twaddell, Brix, Sikes, Nicholson
instruments, while the barkometer, salinometer, lactometer, urinometer,
alcoholometer, argentometer, saccharometer, etc., are all variants of the
simple density hydrometer. In the main these latter are calibrated with
special scales so that the strength in solution of a desired constituent is
read from the scale without cither tedious calculation or reference to
tables. We shall consider here only the general form of density hydro-
meter with one or two particular illustrations, though it is obvious that
where any property of a solid in solution is a function of the density of
the solution, then a special hydrometer, with a scale direct-reading in
that property, can be constructed. It must be said, however, that the
tendency in recent vears has been to abolish instruments with special
scales and to standardise on hydrometers indicating densitv only, in
gm./ml.

When a body floats in water under the action of gravity part of it is
below the water surface and part above. The weight of water displaced
by the part below the surface is equal to the weight of the whole body,
i.e. the weight of the body is equal to the weight of water
which it displaces. This principle is used in the construction
of hydrometers.

As formerly constructed, hydrometers weie of the shape
shown in Fig. X. 3. The small bulb contains either mercury
sealed in the bulb, or lead shot embedded in a wax to fix it
in position. This weight serves two purposes ; it is near the
base and, therefore, confers the stability necessary to make
the instrdment float vertically and, by adjustment of the
amount of the ‘““poising,” the instrument may be made to
float so that a mark near the top of the stem coincides with
the surface of a liquid of any desired density. This latter
is of great importance in adjusting the range of the instru-
ment. Modern forms of the instrument are shaped as in
Fig. X. 4. They are more robust than the older type, settle
more quickly to the work, have excellent floating character-
istics and are not liable to errors with viscous liquids due
to the trapping of an air bubble in the waist. As met with

Fig. X. 8.
Hydro- ! . Lo .
meter.  in commerce hydrometers are available for liquids ranging

from about 0.60 to 2.0 in specific gravity, i.e. from the lighter
hydrocarbons, benzole, etc., to sulphuric acid. Each instrument will
cover a range of 0.05, 0.1 or 0.2 S.G., according to its sensitivity.
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The sensitivity is fixed when the instrument is made and
is a function of the displacement of the bulb and the cross-
sectional area of the stem. Coarse instruments for works’
use have a relatively large diameter stem, say 6—8 mm.
More sensitive instruments have a smaller, 4—6 mm. diameter
stem. Considerations of fragility preclude reduction of the
stem diameter beyond certain hmits, for the instrument is
supported by the stem when it is being lowered into the
hydrometer jar containing the liquid to be measured. To
illustrate the sensitivity which can be obtained, however,
by reduction of stem diameter, it may be stated that hydro-
meters have been constructed with a bulb 7.5 cm. diameter
and with a wire stem only 0.5 mm. diameter. The addition
of a weight of 0.065 gram to the top of the stem causes this |,
instrument floating in water to sink by 25 mm. The usual '%?
practice, therefore, is to combine adequate sensitivity _
with the robustness consistent with that sensitivity. Fll\id}e(ﬁ?'
Such hydrometers are 6 in., 9 in. or 12 in. long and are form of
sub-divided to read directly to 0.005, 0.002, 0.001 or 0.0005 hydro-
gm_/ml_ meter.

One source of error in using hydro-
meters arises from uncertainty in locating
the plane of flotation due to the rise by
surface tension of the liquid around the
stem as represented in Fig. X.5. With
transparent liquids it is often of assistance
to read the meniscus from the underside g__,)
of the surface. ~ With highly-coloured
liquids this is not possible, but with prac-
tice in allowing for the rise the error is
much reduced. Tables are published (by
the British Standards Institution, No.
718—1936) giving the corrections for
liquids differing in surface tension by as
much as 40 dynes/cm. for use with certain ~ Fig. X.5. Method of using
types of hydrometers. These hydrometers hydrometer.
have been designed with great care so
that the temperature correction within the range 10 to 30° C. does not
exceed 0.0005 gm./ml.

The Sikes Hydrometer, Fig. X. 6, is the standard instrument used
by the Customs and Excise Department for assessing the duty to be
paid on beer, wines and spirits through a specific gravity determination
of the alcohol content. It furnishes an interesting illustration of
extension of the range of a hydrometer, by the use of additional
weights exterior to the instrument and applied to a stem near the base
bulb. Sikes’s instrument, being used in liquids which are non-corrosive,
is made of metal, gilded, with a rectangular stem about 3} inches in
length. The weights are numbered 10, 20, 30 . . . 90 and in using
the instrument a weight must be selected which will allow only a
portion of the stem to be submerged. The emergent scale reading is
then taken and is added to the denomination of the particular weight

_JenTanTwehenfnaTon T )

O

[kd]
~

,--.---.>E

| L0 ORI E




110 SCIENTIFIC INSTRUMENTS
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in use at the base. Comprehensive tables are
then consulted to determine the alcohol content
upon which the duty charge is to be based.
Nicholson’s hydrometer (Fig. X. 7) is an
illustration of a constant immersion-depth instru-
ment which can also be used to determine the
density of a solid by Archimedes’ principle. It
consists of a hollow, cylindrical metal body with
a heavy, conical basket attached to the base.
A small scale pan is attached to the top by
means of a wire on which is a mark indicating
the constant immersion depth. The scale pan
always contains weights. To find the density
of a solid heavier than water, the solid is placed
on the scale pan and weights are added until
the hydrometer sinks to the mark. The normal
: . scale pan load minus the weights used when the
Fl%ié; 6 I\I;ilcgl;oﬁézfs solid is on the pan gives the weight of the solid
hydro- hydro- in air. The solid is then transferred to the
meter. meter. basket. It will now be found that the hydro-
meter will stand higher in the liquid. The
weights to be added in this operation will be less than those in the first
by the weight of water displaced by the immersed solid. Since the
density of water is 1.0, the weight of water displaced in grams is
numerically equal to the volume of the body in cubic centimetres.
Thus, by a simple subtraction we have the weight of the body in air,
and also its volume, whence the specific gravity of it relative to the
liquid is evaluated. If the solid is soluble in water some liquid may
be chosen in which it is insoluble. Similarly if it float in water, and
be insoluble in alcohol, turpentine, etc., whichever
is suitable of these liquids may be used.
Hare’s apparatus (Fig. X. 8) provides a
simple means of comparing the densities of two
liquids with moderate precision. If the density
of one of the liquids is known, then the density
of the other can be evaluated. The apparatus
consists of two graduated vertical tubes, con-
nected together at their upper ends. In the
connecting tube is a third tube by which air
may be withdrawn from the apparatus. This
tubé is closed when not in use by a short length
of rubber tube fitted with a spring clip. The
liquids to be compared are contained in two
beakers into which dip the open ends of the
vertical tubes, On withdrawing air through the
suction tube the liquids rise in the graduated
tubes. Since these tubes are connected together
at the top, the air pressure above the liquids in
both tubes is equal. The pressure on the free
surface of the liquids in the beakers is also equal,
Hare's apparatus, viz., that of the atmosphere. The difference
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between the air pressures outside and inside the tubes just balances the
heights of the liquid columns. Hence the difference in lengths of the
liquid columns is inversely proportional to the densities of the liquids,
i.c., the lighter liquid rises to a greater height than the heavier liquid.
If tap water were one liquid, which rose 205 mm. in its graduated tube
and sea water were the other, which rose 200 mm. in its tube, then
the density of the sea water would be 1.025.

A very convenient and rapid method in wide use which is employed
where an accuracy comparable with that obtainable with a density bottle
determination is required, is the Westphal balance (Fig. X. 9). This com-
priscs @ beam, dclicately balanced on a sharp knife edge, with its right-
hand arm accurately divided into ten parts by nine notches, which serve to
accommodate U-shaped riders. The beam is in equipoise when, from the
hook at the right, there is suspended by a fine platinum wire a glass plum-
met, which displaces exactly 5 gm. of distilled water at 15°C. The
plummet is usually hollow and contains a thermometer. The U-shaped
riders weigh 5, 0.5, 0.05 and 0.005 gms. Immersing the plummet in dis-
tilled water at 15° C. the right-hand side of the beam experiences an up-
thrust equivalent to the apparent loss in weight of the plummet. Placing a
5 gm. rider on the hook exactly restores equipoise at the 1.0000 position.
If now the plummet is immersed in liquid of some other density the
up-thrust is altered and the riders must be placed in other pusitions on

= J{[
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Ig. X.9. Westphal balance.

the heam. In the illustration shown in Fig. X.9 the reading is 0.8842.
For liquids of density heavier than water, one 5 gm. rider is placed on
the hook and another 5 gm. rider, together with the smaller riders, is
placed on the beam until equilibrium is obtained. The chainomatic-
type of Westphal balance dispenses with the small riders, whose adjust-
ment is tedious, by the use of a chain, suspended at one end from the
beam, and at the other end from a vernier movable along a vertical,
graduated column.

R
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Chancel flask.

The determination of the density of a
gas is an operation more complex than that
of liquids or solids. These latter, under
normal density determination conditions, are
regarded as incompressible and therefore the
effects of variation in atmospheric pressure
can be disregarded. ‘With gases this is not
so, as both atmospheric temperature and
pressure exercise a considerable effect upon
their ‘volumes. The density of a gas is
expressed as measured at N.T.P., ic. the
normal barometric pressure of 760 mm. at
a temperaturc of 273° K. = 0°C. The
straightforward methad is by direct weigh-
ing, using a Chancel flask (Fig. NX.10). The
flask is first evacuated and weighed. It is
then filled with the gas, the barometric
pressure and prevailing temperature are

recorded, and the flask is weighed again. The difference of the two
weights gives immediately the weight of the gas, and if the volume
of the flask is measured, by filling it with water, the weight of 1 htre

of gas can be computed.

More rapid and practical is the type of specific gravity bell (Fig. X. 11)
used largely in gasworks.

This apparatus consists of an inverted bell pro-

vided at the top with a tube
containing a platinum plate
pierced with a minute hole
(orifice plate). The open end
of the bell is immersed in water
in a surrounding container.
Now the time required for a
given volume of gas to diffuse
through a small hole varies
inversely as the square root of
the density of the gas.  This
proposition is  known as
Graham’s Law. In use, the
bell is raised and is filled
with air. If now the tap

.

is opened, the air will diffuse
through the orifice plate.
The time is accurately meas-
ured for the pointer to pass
between two marks on the
scale plate. The procedure is
repcated for the same volume
of the unknown gas. The
times of effusion, and the den-
sity of air being known, the
density of the unknown gas

Fig. X. 11.

Gas specific gravity bell. is readily evaluated.
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CHAPTER XI
DIMENSION

The instruments described in this chapter are confined to those used
for measuring small linear dimensions to a high degree of accuracy.
There arc many such instruments and they cover wide fields of applica-
tion, such as the measurement of the diameter of a plug gauge to a
degree of accuracy of 0.0001 in. or less, the thickness of a layer of
chromium plating, the roughness of a machined or
lapped surface, the small extension of a piece of
material when stressed or heated, and the pitch
of a screw thread. Many measuring instruments
depend on obtaining a magnification of a small
movement, which can be produced by mechanical,
optical, electrical or hydraulic means. The very
common measuring instruments must not be des-
pised because of their simplicity. Simplicity is
usually a commendable feature. A steel rule, for
instance, if of reliable make, with care and the aid
of a simple microscope, can be used for estimating
measurements to 0.001 in. Internal and external
calipers can be used to compare sizes to the same
degree of accuracy. A flexible steel rule can be
used to make an accurate measurement of the
circumference of a large cyvlinder.  Measuring
instruments are designed not only with the motive
of making accurate measurements, by producing
large magnification or reducing the human error
in sight and touch, but also to enable measurements
to be made quickly.

The Vernier Caliper

A vernier caliper (Iig. XI. 1) can be used for
making external and internal measurements to a
degree of accuracy of 0.001 in. or 0.02 mm. One
of the jaws is made integral with one end of a
flat beam usually graduated in divisions of 1/40
in. or $ mm. The other jaw slides along the beam
and carries the vernier scale with 25 divisions, thus
permitting a measurement to be made to 0.001 in.
or 0.02 mm. The sliding jaw is connected to an
auxiliary slide by means of a fine screw and
knurled nut. By clamping the auxiliary slide to
the beam and turning the knurled nut the vernier can be accurately
adjusted.

It is not easy to get the “feel” of a job between the jaws of a vernier
caliper, considerable skill being required to make a measurement to the
finest degree of accuracy.

Fig. XI. 1. Vernier
caliper.
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The Vernier Height Gauge

A graduated scale is attached perpendicular to a base plate the upper
and lower surfaces of which are finished to a higher degree of accuracy.
In some height gauges a small flat-topped hard steel button is fixed to
the top surface. A sliding jaw with a vernier scale, coupled to an auxiliary
slide moves along the vertical scale and measurements are made between
the sliding jaw and the button, or between the sliding jaw and the bottom
surface of the base plate. The scales are graduated in the same way
as for the vernier caliper. The height gauge is used mostly on a surface
plate, and a scribing attachment can be fitted to the sliding jaw which
facilitates accurate marking out.

The Micrometer
The micrometer (Tig. XI.2) is one of the most common and most
useful of. measuring instruments and the micrometer screw is embodied
o in many ways in
different kinds of
instruments. An
external micrometer
_ indicates the distance
between an anvil,
which is fixed to the
micrometer  frame,
: and the spindle,
Fig. XI.2. 0—1 in. external micrometer. which moves relative
totheanvil. Ascrew
thread is cut on one end of the spindle, which turns in an internal thread
cut in the barrel which is integral with the micrometer frame. The
barrel is graduated on its outside surface with a scale of 0 to 1 in. by
fortieths of an inch. To the screwed end of the spindle is attached the
thimble which fits over the barrel, and is used to turn the spindle. Thus,
for one complete turn of the spindle, the thimble edge moves along the
barrel a distance equal to the pitch of the screw which is one-fortieth
of an inch. The thimble edge is graduated into 25 equal divisions, the
graduations registering against a base-line on the barrel scale, and so a
turn of one thimble division equals a spindle movement of 0.001 inches.
For metric measurement, the pitch of the screw is # mm., and the thimble
is graduated into 50 divisions, thus giving a reading of 0.01 mm. for one
thimble division.

The accuracy of a micrometer is limited by the accuracy ot the screw
pitch, the flatness of the anvil and spindle faces, and the parallelism of
the anvil and spindle faces for all screw positions. Care must be taken,
when making a measurement, in getting the “feel’” of the job betwcen
the measuring faces, and the thimble must be rotated slowly so that
the measuring faces are just touching the job, without any spring in the
instrument. To reduce this human error a friction drive is sometimes
incorporated in the thimble, in which case the thimble is turned by means
of a small knurled projecting knob which slips when contact is made
between the job and the measuring faces. With a well-made micrometer
a measurement can be estimated to 0.0001 in., a vernicer scale being
sometimes engraved on the barrel to aid such estimation.
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The total travel of a micrometer screw is limited to one inch, owing
to screw pitch inaccuracies and constructional difficulties, hence micro-
meters arc made to measure from 0 to 1 in., 1 in. to 2 in., 2 in. to
3 in,, etc.

In order to facilitate an accurate measurement to 0.0001 in. and to
eliminate the human element in getting the feel of the job, a movable
anvil is somectimes used. Any anvil movement is transmitted through
a magnifying mechanism to a dial in the frame of the micrometer. The
dial is graduated in divisions, each division representing an anvil move-
ment of 0.0001 in.

A uscful type of internal micrometer (Fig. XI. 3) consists of a micro-
meter screw, barrel and thimble, graduated as for an external micrometer.
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I1g. XI. 3. Internal micrometer. The range of the micrometer screw is

05 1. The extension rods increase in length by 1.0 in. increments, and a

0.5 1n. length extension collar can be inserted between the shoulder on the
extension rod and the barrel.

To the open end of the barrel a rod is fixed called an extension rod, the
projecting end of which constitutes one of the measuring faces, the other
face being at the end of the thimble. The measuring faces are curved
to a radius of curvature of just less than the smallest measurement which
can be made with the instrument. Extension rods of different sizes can
be fitted to vary the range. A typical internal micrometer would have
a micrometer screw with a range of 4 in., the total range by the use of
extension rods being from 2 to 6 inches. The use of an internal micro-
meter requires more skill than an external micrometer, particularly for
large measurements, a degree of accuracy of 0.0005 in. being reasonably
good.

Bench Micrometer

A bench micrometer is designed for greater accuracy than a hand
micrometer, and as the name implies, is not portable, but fitted to a
bench or table. Greater accuracy is obtained by having a much larger
thimble and some sort of moving anvil, small anvil movements being
magnified and indicated by mecans of a pointer on a dial. With a 0.025 in.
micrometer screw pitch and 250 divisions on the thimble the micrometer
would read direct to 0.0001 in. When used as a comparator a degree
of accuracy of 0.00002 in. can be obtained.

Dial Gauges
A dial gauge is an instrument in which the movement of a plunger
is transmitted through a mechanism which magnifies the movement, and
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indicates it by means of ¢
pointer on a circular dia
(Fig. XI. 4). The dial is
usually about 2 ins. ir
diameter. Two types o
magnifying mechanisms are
commonly used. In one
the plunger actuates a
toothed sector which drives
a small pinion to which
the pointer is attached.
Backlash is prevented, and
the plunger kept in contact
with the sector by means
of springs. This type does
not permit a large plunger
movement, which is usually
restricted to one dial revolu-
tion. In the other type, a
rack is cut on an extension
of the plunger, which
actuates a gear train ter-
minating in the pointer
spindle. A tension spring keeps the plunger in the fully-extended
position. This type permits larger plunger movements, usually up to
4 inch, and larger for special purposes.

The usual dial graduations are 100 divisions of 0.001 in. each, 50
divisions of 0.001 in. each, 100 divisions of 0.01 mm. each, and 100
divisions of 0.0001 in. each. A useful form of dial graduation is 100
divisions marked 0 to 50 and 50 to 0 ; this form is very useful for indicating
plus or minus errors.

The dial is fitted with a rotatable bezel and clamping screw, which
facilitates zero setting. The plunger is fitted with a removable contact
point, and the gauge is fitted with a lug for attachment to a comparator
or scribing block stem.

Dial gauges are most usefully employed as comparators, i.e. for the
measurement of small differences in dimensions. This is because the
degree of error increases with the plunger movement, and may amount
to 1 division over a complete dial revolution.

PLUNGER

Fig. XI. 4. Dial gauge mounted on clamp.

Slip Gauges

A slip gauge is a block of hardened steel, usually in the shape of a
rectangular prism, two opposite faces of which, called the measuring
faces, are a known accurate distance apart, this distance being the length
of the gauge. The measuring faces aie flat and parallcl to a high degree
of accuracy, and are finished to a high degree of smoothness. A set of
slip gauges consists of a number of pieces of different lengths, which by
various combinations can be used to build up a wide range of lengths.

The bigh degree of smoothness and flatness of the measuring faces
is necessary in order that two gauges may be wrung together. The
phenomenon known as wringing is of great importance in metrology,
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and the many uses of slip gauges depend upon it. If two sufficiently
flat and smooth surfaces are pressed together with a siiding action, and
a thin film of fluid exists between the surfaces, the two surfaces will
adhere to the extent that a force of as much as 100 lbs. per square inch
of surface may be required to separate them. The conditions for wring-
ing are that the surfaces have a high degree of polish, a similarity of
curvature to within 0.00001 in. at the centres of the surfaces, and a thin
liquid film of the order of 0.0000003 in. thick. Chemically clean surfaces
will not wring.

Considerable care must be exerted in the use of slip gauges. It is
not advisable to touch the measuring faces with the hand, and the
grease used to enable wringing to take place must be very clean and free
from corrosive matter. The length of a slip gauge is actually defined
as the distance between its top surface and a surface upon which it
has been wrung. Thus the length includes the thickness of one wringing
film.

The length is made to a degree of accuracy dependent upon the use
to which the slip is to be put, i.e. whether for workshop use, inspection
or reference. The highest degree of accuracy is two parts in a million.
If two piles of the
same nominal di-
mension are made L
and wrung on to
a common surface,
side by side, a slip
can be wrung on to
the top surfaces of
each pile, if the
two piles are of

th.e ?ame length .tO ON - OFF SWITCH

within 0.00001 in.

(.00025 mm.). \ SCALE SELECTOR SWITCH
Various acces- \Powen UNIT S eai

sories are available ' ADJUST/MENT

for use with slip -
gauges, and they are i
usefully employed
in conjunction with
a sine bar for the
accurate setting out
of angles.

Electrically Oper-
ated Gauges
The Electrolimit

comparator (Fig.

XI. 5) is an instru-

ment for measuring

small differences of
length. It consists of
three essential parts, Fig. XI. 5. Electrolimit comparator,
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the stand, the gauge head and the power unit. The stand is of robust
construction and consists of a base on which is fitted a hard steel anvil,
the upper surface of which is serrated and optically flat, and a vertical
column of ten inches height. The gauge head, 6 in. long and 1 in.
diameter, is held in a split jacket which fits round the column. It can
be adjusted to any vertical position by means of a screw, and fixed by
means of a locking scrtew. The gauge head contains a coil and plunger
mechanism, at the lower extremity of which is the gauging tip. There
are various forms of gauging tips which are interchangeable. A vertical
movement of the gauging tip causes the displacement of an armature
and induces an alteration in the inductance value of two coils in the
electrical circuit. A microammeter in the power unit records the amount
of current flowing in the electrical circuit, which is proportional to the
displacement of the gauging tip. Hence the microamnieter scale is cali-
brated to indicate directly the displacement of the gauging tip.

The method of operation is as fullows. The power unit is connected
to the electrical mains supply, and a master reference block of thickness
equal to the required dimension is wrung on to the anvil. The gauge
head is then lowered so that the gauging tip is in contact with the master
gauge and zero is registered on the scale. The gauge head is then locked
in position. The gauge head adjusting screw is not sensitive enough to
obtain an exact zero setting, hence a fine zero adjusting knob is provided
in the power unit, by which the final setting is made. The article to
be mieasured then replaces the master gauge, and any deviation in size
is registered on the scale.

A magnification, i.e. the ratio of the meter pointer movement to the
corresponding gauging tip movement, of 10,000 can be obtained with
instruments of this type. Dual range instruments are made, in which
the scale is calibrated for two scparatec magnifications, a switch in the
power unit controlling the scale in use.

There are other types of mecasuring instruments which use this
principle. The caliper gauge is a portable instrument and can be used
for measuring work without removing it from the machine. The con-
tinuous thickness gauge or “flying mike” is used for measuring the thick-
ness of rolled metal strip or plate as it emerges from the rolling mill.
A continuous reading to 0.0001 in. is indicated and facilitates roller
setting without stopping or slowing down the mill. The surface rough-
ness measuring instrument plots the profile of a surface automatically,
with a magnification that can be varied from 400 to 100,000.

Solex Air-Operated Gauge

A supply of compressed air is necessary for the operation of this
instrument (Fig. XI.6). The air pressure is governed by a device
called the air controller, which is essential in order to maintain a constant
pressure. The air is led from the controller through an orifice called the
control jet, and into a chamber, from which it passes through another
orifice, called the measuring jet, to the atmosphere. The measuring jet is
variable in size, but is always much larger than the control jet, thus the
air pressure in the chamber is between the controlled pressure and the
atmospheric pressure, and will depend on the size of the measuring jet.
The size or opening of the measuring jet is controlled by its proximity
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to the surface of the

article being meas-  qyxecrion To COMPRESSED AIR SUPPLY

urcd. A manometer
registers the cham- :g?l:f;ﬁ?vﬁg%m LIMIT THE AMOUNT

ber pressurc and is
provided with a
scale which is cali- DIP TUBE
brated to indicate WATER LEVER CHECK
thedistancebetween S _ H

the measuring jet N—"

and the surface

being measured or,

more generally, the

size of the part. A

master gauge of a  consTaNT
known size may be  pppssue
used as a reference

to check the zero

of the scale.

Magnifications
most suitable for
this instrument are s o=
from one thousand
to ten  thousand, —_—
but a magnification z .
of 100,000 can be Fig. XI. 6. Solex air operated gauge.
obtained for special
work.

This instrument can be adapted for use in various forms. The gauge
unit can be attached to a comparator stand and used as a distance
gauge. It can also be used in the form of a thickness gauge, a plug
gauge and a ring gauge. A special feature, apart from its accuracy, is
the absence of wear on the gauge unit. For instance, an ordinary plug
gauge has to withstand considerable wear and becomes useless after a
certain number of passes ; whereas a Solex plug gauge is made consider-
ably smaller than the part being measured, the measuring jets, two in
this case, diametrically opposite, being recessed in the gauge surface,
thus never coming into contact with the part being measured.

A new manometer calibration must be determined for each dimension
being measured, hence this type of gauge is most suitable for the measure-
ment of a large number of identical articles.
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Travelling Microscope

End measuring instruments measure the distance between two faces
of an article by contacting the faces with the measuring faces of the
instrument. Such instruments cannot be used for measuring the distance
between two lines or points on a surface, and not always for measuring
the distance between two faces. A line measuring instrument must be
used for such purposes, the travelling microscope being an example of
such an instrument. A cross wire in the microscope is aligned with the
two points or lines in turn, the distance between the points being either
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the distance moved by the microscope, if the article being measured
is held stationary, or the distance moved by the article, if the micro-
scope is held stationary.

In a typical instrument the microscope is held with its axis vertical
and is movable in a horizontal direction, the movement being controlled
by a micrometer screw of 1 mm. pitch, there being 100 divisions on the
drum and a range of 40 mm. The article being measured is held rigidly
on a table which can be adjusted to the correct position.

The range of a travelling microscope is limited by the pitch accuracy
of the micrometer screw, and the difficulty of ensuring that the distance
moved by the screw is exactly equal to the travel of the focal point of
the microscope.

A co-ordinate measuring microscope measures distances in two direc-
tions at right angles to each other. The microscope is carried on a
compound slide which allows a one-inch movement in the two directions.
The slide is rigidly fixed to the instrument bed. The table carrying the
article being measured is also attached to the bed, but can be moved
along the bed, any such movement being measured by means of end
gauges laid in a groove between the table and a stop on the bed. A
12 in. displacement is obtainable in this way.

Extensometer

An extensometer is an instrument which measures very small changes
of length, mainly in tests on material under compression or tension.
There are a number of important conditions which influence the design
and construction of an extensometer. For example, it might be required
to measure the increase of length over an 8 in. length of a 1 in. diameter
steel test bar, when placed in a tensile testing machine and subjected
to progressive tensile loading up to 10 tons or more. Measurements of
the extension must be made progressively so that a load-extension curve
can be plotted. Sometimes this curve is plotted automatically by a
piece of auxiliary apparatus called an autographic recorder. The
extensometer must be capable of recording
extensions of 0.0001 in. or less, it must be
robust in construction, light, the means of
attaching it to the test piece must be such
that little deformation of the test piece surface
is made, and the moving parts must be so
designed to reduce backlash to a minimum.
. The keynote of good extensometer design is
simplicity.

The Lamb roller extensometer (Fig. XI. 7)
is a type which has many commendable fea-
tures. It consists of two similar parts which
) are fixed, by means of a common clamp, to
. opposite sides of the test piece. Each part
. consists of two flat bars, and each bar has a
right-angle bend at one end, this end being
i : , . shaped to a knife edge. Each bar makes
Fig. XI. 7. Lamb’s roller contact with the test piece on its knife edge,

extensometer. and the bars are shaped and held so that a
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space is left between the flat portions, into which a small hard steel
roller is fitted. The bars can move relative to each other, such movement,
however, when the extensometer is clamped in position, can be induced
only by relative movement of the knife edges. Hence, when the test |
piece extends, the plates move relative to each other and the roller
rotates through a small angle. A small mirror is attached to the roller
and a beam of light directed on to the mirror and reflected on to a suit-
able scale, indicates the extension. By using a pair of extension elements,
the average of the extensions on each side of the test picce is measured,
the beam of light being directed from one mirror to the other and thence
to the scale. On a test length of 8 in. an extension of 0.00001 in. is
accurately recorded by this instrument.

Measurement by Interferometry
The phenomenon known as optical interference is used for the measure-
ment of the flatness of a surface, for comparing lengths, and for making
absolute mecasurement of length. Interfcrometers are described in detail
in Chapter VII.
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CHAPTER XII
ELECTRICAL

The enormous development of electrical engineering and the electrical
industry has been very largely due to accurate measuring instruments.
Instruments for indicating the presence of electric currents or charges
have been used since the discovery of frictional electricity, but prior to
1888 the tangent galvanometer illustrated in Fig. XII.1 was the only
instrument which could be used for the accurate measurement of a
quantity of electricity. Some modern instruments can measure currents
as small as one million-millionth of an ampere, while others can measure
the output of a large power station.

Fig. XII.1. Tangent galvanbmeter.

A measuring instrument measures the magnitude of one property of
an electric current or charge, and instruments may be classified according
to the property which they measure, namely (1) The magnetic effect—
this class includes moving magnet, moving iron, moving coil, dynamo-
meters and induction instruments, all of which depend for their action
upon the magnetic field of a current. Most of the instruments in general
use are of this type. (2) The heating effect, including hot-wire and
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thermo-couple instruments, which depend for their action upon the heat-
ing of a wire carrying a current. (3) Electrostatic, including voltmeters
and precision wattmeters, which depend on the attraction between electric
charges. (4) The chemical effect; the only measuring instrument of
this type is a supply meter which measures the quantity of electricity
passing through it, by measuring the amount of metal transferred from
positive to negative in a solution.

Most instruments have a moving system, suspended or pivoted in
jewelled bearings which can be twisted through an arc of 90° to 270°.
The magnetic, thermal or electrostatic cffect is made to exert a torque
on the moving sys- .
tem, which turns T
until the deflecting .-~ S
torque is balanced
by a controlling
torque cxerted
either by a spring
or gravity (Fig.
XII. 2). The angle
of deflection is in-
dicated by a pointer
attached to the
mOVing SyStCm, or GRAVITY CONTROL
by a spot of light Ing. X1IT 2.  Diagram of spring and gravity control.
reflected from a
mirror attached to the moving system, and is a measure of the current
or voltage under test. For satisfactory working a damping torque is
required, as otherwise the system Would oscillate like a pendulum before
coming to rest. This damping torque
is operative only while the system
is moving; Fig. XII. 3 illustrates
the various component parts.

Shunts. The term shunt is gen-
crally applied to a low resistance
which diverts a known portion of the
current from a measuring instrument
such as an ammeter. The name is
also given to the high resistance
placed in series with the instrument

POINTER
,
.
/,’
.

.
L ,7 BALANCE WEIGHT

—abs
SPRING — Q)

SPRING CONTROL

to increcase the range of a voltmeter. piston

They are chiefly used on D.C. instru- AR DamPER VANE DAMPER
ments of the moving coil type, in Fig XII.3. Two types of air
order to make multi-range instru- damping piston and vane.

ments.  Shunts are sometimes used o
to increase the range of A.C. ammeters or wattmeters, but this is generally
done by current or voltage transformers.

Moving Coil Permanent Magnet Instruments
In these instruments a light rectangular coil of fine wire wound on
a frame of copper or aluminium is mounted on a spindle, so that its sides
lie in the air gap between the two poles of a permanent magnet, and a
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MAGNET

CONTROL
SPRING

BALANCE

SOFT IRON
POLE PIECES

Fig. XII. 4. Diagram of moving coil permanent

magnet instrument.

frame sets up a torque opposing motion ;

soft iron cylinder
(Fig. XII. 4). The
deflecting torque is
produced by the
reaction  between
the magnetic field
of the coil and the
uniform  magnetic
field in which it lies.
The current is led
into and out of the
coil by means of
two control springs ;
these springs supply
the controlling
torque.  Damping
is electromagnetic;
the copper or alu-
minium frame
moving through the
magnetic field has
an e.m.f. induced in
it in such a direction
that the current
flowing round the
the reading is “dead bcat,”

i.e. its pointer does not oscillate. The scale of these instruments is
uniform, because the deflecting torque is proportional to the current.
These instruments can only be used on direct current.

Fig. XII. 5. General arrangement of unipivot
moving coil instrument.
S = Spherical core.
H = Control spring.
Lifting device.
Phosphor-bronze ligament.
Zero-adjusting device.
Pointer ;; and /; = projecting Jugs.

ONTR
o

Unipivot Moving Coil
Instrument

In this instrument, illus-
trated in Fig. XII. 5, the
coil swings concentrically
round a spherical iron core
mounted between the poles
of a permanent magnet.
The current is led in through
the cylindrical spring and
out through the flexible
ligament, Fig. XII. 6. The
pointer and counter weights
attached to the top of the
spindle are so arranged that
the centre of gravity of the
moving system coincides
with the point of the pivot.
This type is extremely sen-
sitive, though by fitting
different control springs the
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sensitivity can be altered.
Damping is electromagnetic.

Both the above types
can be used as ammeters,
voltmeters or  galvano-
meters. In the case of
ammeters the resistance of
the meter must be low, to
reduce the power loss (I2R).
In the case of voltmeters
the resistance must be high
to reduce the power loss.
With a galvanometer the
resistance can be high or
low, depending upon the
burpose for which it is to
pe used. A moving coil
instrument can be made up

into a multi-range instru- )
ment by mcans of shunts Fig. XII.6. Coil of unipivot moving coil
instrument.

and switches, reading say,
microamperes, milliamperes and millivolts, or milliamperes, amperes,
millivolts and volts. -

Moving Iron Instruments
These instruments can be divided into two types—the Attraction type
and the Repulsion type. Fig. XJI1. 7 illustrates both types. In the
first tyvpe the deflecting torque is produced by a picee of soft iron mounted

Tig. XII. 7. Diagram of moving iron instruments.
(a) attraction type, (b) repulsion type.
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eccentrically on the spindle ; this is drawn into the coil when a current
passes through the latter. In the second type, the deflecting torque is
produced by the repulsive force between two similarly magnetised pieces
of iron, one of which is fixed and the other mounted on a spindle. Most
modern instruments are of this type. The deflecting torque is practically
proportional to the square of the current (I2), and inversely proportional
to the square of the distance between the two pieces of iron. The scale,
therefore, is unevenly divided and crowded at the lower end. By using
specially-shaped pieces of iron, the scale can be improved. As reversal
of the direction of the current only reverses the polarity of both pieces
of iron, the instrument can be used on cither direct or alternating current
circuits. The controlling torque of these instruments may be ecither
gravity or spring, while the damping torque is produced by air friction.
The accuracy of these instruments is not the same on A.C. as D.C. These
instruments, unlike the moving coil are liable to be affected by stray
fields unless shielded by an iron case.

Owing to improved design and construction, the moving iron type
of instrument now has an accuracy of the Sub-Standard and First Grade
Ammeter and Voltmeter as laid down in British Standard Specification
No. 89.

Dynamometer Instruments
In this type the permanent magnet of the moving coil type is replaced
by two fixed coils, which provide an almost uniform field. The moving

Fig. XII.8 Dynamometer instrument.

coil is pivoted so as to swing freely in the magnetic field of the fixed
coils and carries a pointer which'moves over a scale. The controlling
torque is a spring and the damping torque is produced by air friction.
Fig. XII. 8 illustrates a typical instrument. In ammeters and volt-
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meters, the three
coils are connected
in series. The scale
of this instrument is
uneven, as the torque
is nearly proportional
to the square of the
current (IZ). This
type of instrument
can be wused with
ecqual accuracy on
either A.C. or D.C.
For various reasons,
such as power con-
sumption, change in
calibration due to
frequency, etc.,
ammeters and volt-
meters of this type
arc only used for
laboratory work. It
is as wattmeters,
both indicating and
recording, that they
are chiefly used.

If the current to
be measured, or a
portion of it, is passed
through the fixed jug XII.9. Standard wattmeter dynamometer type.
coils, and a current
proportional to the applied voltage is passed through the moving coil,
the torque at any instant will represent the power at that instant, and
the average torque shown on the scale will be the true power of the
circuit, whatever the form of the current and voltage waves. Some
dynamometer instruments use a high-grade nickel-iron alloy for the
magnetic system. The eddy current and hysteresis losses are small and
the mstrument is almost unaffected by external field.

Universal dynamometers are also manufactured ; these instruments
can be used as ammeters, voltmeters and wattmeters. A standard
wattmeter of the dynamometer type is illustrated in Fig. XII. 9. For
measuring polyphase power under commercial conditions, instruments
with two and three elements are made. Where a wattmeter is used to
measure power in a circuit of very low power factor, an astatic type of
wattmeter is used. The normal accuracy of these instruments conforms
to British Standard Specification.

SILK FIBRE

-—

FLEXIBLE
STRIPS POINTER

MIRROR
SCALE

Thermal Instruments
These instruments fall into two classes, thermo expansion or “hot-
wire,” and thermo-couple. In the thermo expansion pattern, the
quantity of current passing through the movement is measured by
the degree of expansion produced by the heating effect of the current.

9
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Fig. XII. 10 illustrates
one type of instrument.
The expansion wire is made
of platinum-iridium wire.
The sag in the wire due to
expansion is taken up by a
phosphor bronze wire, and
attached to this is a silk
fibre which passes round a
small pulley on the spindle
carrying the pointer. The
whole system is kept taut
by a spring. Although this
type of instrument is slug-
Fig. XII. 10. Diagram of hot wire instrument. ~ gish in action, in order to

get rid of jerkiness in
operation, a damping device is fitted which consists of an aluminium
disc moving between the poles of a permanent magnct. The scale of
these instruments is uneven and crowded at the lower end. The power
consumption of these instruments is considerable, being about four times
that of a moving coil instrument.

The instrument has certain advantages as well as disadvantages.
The supreme advantage is that it is completely independent of change
in frequency or wave form ; it can be calibrated on D.C. and used without
any alteration on A.C. of any frequency. It is therefore used extensively
on high frequency work, such as wireless. The disadvantages are slug-
gishness in operation, wandering of zcro position due to change in room
temperature, and burning out of the instrument due to overloading.

The Thermo-Couple Instrument. This depends upon the fact that in
a closed circuit containing dissimilar metals, a current will flow if the
temperatures of the two junctions differ. If a moving coll ammeter is
placed in such a circuit, it will measure the current flowing, when the
temperature of one junction is raised by means of a heater. The current

to be measured is passed through
PERMANENT colLoFmovingToi,  this heater and the other func-
MAGNET MILLIAMMETER tion is kept at a constant tem-
perature.  Fig. XII. 11 repre-
sents the general arrangement
of such an instrument. To in-
crease the sensitivity of these
instruments, several thermo-
couples in series grouped round
one heater are used and for high-
grade work the single thermo-

MAGNET

JUNCTION-ANTIMONY ~
BISMUTH

HEATER RESISTANCE couple is mounted in a vacuum,
Fig. XII. 11. Diagram of thermo-couple t0 reduce heat losses. The heater
instrument. is made of a plain strip so as to

be absolutely non-inductive and
non-capacitance. The accuracy of this type of instrument for radio
frequencies is superior to that of the hot wire instrument. Wattmeters
using both the above-mentioned principles have been developed.
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Induction Instruments

These instruments do not possess the same high degree of accuracy
as the instruments already described, but their robust construction and
long scale 300° or more has resulted in their very general use for alter-
nating current switchboard work. Fig. XII. 12 illustrates the general
principle of the instrument, first described by Professor Ferraris in
1885. In this case
the instrument is POINTER
wound as a volt-
meter. Two opposite k::'gs:;w -
poles are wound in —1[7 N
serics with a non-
inductive resistance
and produce a flux gilinlUM
in phase with the line
voltage. The other LAMINATED
twopolesarewound in IRON CORE—]
serics with a highly-
inductive resistance ;
these produce a flux
which lags a quarter
of a cycle approxi-
mately behind the
line voltage. In be-
tween the poles is
a disc or cylinder, A)
somcwhat similar to Fig. XII. 12. Induction instrument.
the rotor of a squirrel
cage motor. The rotating field in this cylinder produces eddy current
in 1t, and so the cylinder tends to follow the field round. This gives a
torque, which is opposed by a spring, the resulting deflection being shown
by a pointer moving over a scale.

Another method of
achieving thisisthe“‘shaded”
pole, of which Fig. XII. 13 é
illustrates the general prin-
ciple. In this instrument a LAMINATED
laminated core is used. with ELECTRO MAGNET
a ‘“‘shaded” pole, that is,
one of the poles is sur-
rounded by a heavy copper
ring. A portion of the face
of the iron core is cut away ;
this divides the magnetic o
circuit into two parallel COPPER
paths and round one of COPPER SHADING
these is placed a copper ring  SHADING BAND
called the ‘“shading” ring. BANDS
This reduces the resistance ENLARGED VIEW OF POLE
and reactance to a minimum  gjg. XI1. 13. Diagram of induction instru-
and causcs the flux passing ment ‘“‘shaded” pole type.

NONINDUCTIVE
RESISTANCE

INDUCTANCE

ALUMINIUM

DISC DAMPING
MAGNET

S|

o
=
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through this portion to lag behind the flux through the unshaded
portion by an angle 6. The disc therefore has a current induced in it,
and the torque produced is proportional to the square of the current.
The controlling force is a spring, and damping is by electromagnetic
induction provided by a permanent magnet. The graduations on the
scale of these instruments are not equal, but can be made nearly so
over the major portion of the scale, by cutting away some of the disc.
These instruments should only be used on the frequency for which
they are calibrated. They have the advantage of very long open scales.
Induction wattmeters involve the same general principles as already
described. Fig. XII. 14 illustrates the general principle of such a meter.
A laminated electro-

SHUNTCOILS ~ TWOSMALL SMALL SHUNTCOIL LAMINATED
N Poiss.\ AIRCAP ELECTRO-MAGNET magnet has at the
- =y / bottom one large
U DD \ I} : : : T / l . . d
THAE AHHHE pole series wound,
HUK HFH R RS and carrying the line
| [ current, while above
c = - are two smaller poles
e - which are shunt
/ E wound and are con-
\ nected across the line
ALUMINIUM DISC | SERIES coIL by a circuit which is
made as inductive as
SUPPLY LoAD ] possible. In this way,
when working on a
Fig. XII. 14. Diagram of induction wattmeter. unity power factor

load, the two fluxes
will be a quarter of a cycle out of phasc. At power factors other than
unity, the two fluxes will not be exactly in quadrature, and the torque
produced will be less. This gives a lower reading corresponding to the
lower value of the true power E.I. Cos ®. The power consumption of
these instruments is fairly high.

Electrostatic Voltmeter

The principle of this instrument is the force of attraction between
two bodies, betwcen which a potential difference is maintained. The
voltage is measured by the relative movement of two or more plates,
between which the potential difference to be measured is established.
In the normal type of electrostatic voltmeter, the force of attraction is
directly proportional to the square of the distance between the surfaces,
the exposed area of the surfaces, the specific inductive capacity of the
medium between the surfaces, and inversely proportional to the square
of the distance between the surfaces.

Electrostatic voltmeters are of various types. One type only will
be described, that of the attractive disc type. Fig. XII. 15 illustrates
the Kelvin multicellular voltmeter. It consists of two sets of vanes,
one fixed in a horizontal position, equally spaced, and the other the
movable set attached to a vertical spindle ; both the fixed and moving
vanes are made of aluminium. The movable vanes rotate symmetri-
cally between the fixed vanes. The whole moving system is supported
by a fine platinum-iridium wire attached to the top of the spindle,



SCIENTIFIC INSTRUMENTS 131

while the other end is connec- ———TORSION

ted to the torsion head; this HEAD
enables the pointer to be ad-

justed to the zero position. SPRING
The pointer is attached to the ——SUSPENSION

spindle and moves over a hori-
zontal scale. At the bottom of
the spindle is a damping vane
which rotates in an oil bath.
This type is suitable for lab- V(I FIXED
oratory work, but a modified SC\ALE VANES
form is made for commercial
use. The range of these instru-
ments can be increased by using
one or more condensers in MOVING
series with the instrument. VANES

By suitable shaping of the
moving vane, a fairly open scale
above a quarter or a third of
the full scale reading can be
obtained. They can be built to
sub-standard accuracy. The
chief errors are those due to
mechanical sources, resulting
from the smallness of the
working forces. Except for
stray clectrostatic fields (from
whicli they can be shielded),
they arc immune from errors
due to stray magnetic ficld,
frequency hysteresis, eddy cur-
rents, ctc.  They are especially useful in measuring very high pressures.
They can also be used as leakage indicators or “‘ground detectors,”
since they carry no appreciable current and so do not introduce what
is virtually a parallel leakage.

The clectrostatic instrument can, by means of suitable additions, be
used as an ammeter or a wattmater. The National Physical Laboratory
uses an electrostatic wattmeter for standardisation work.

PHOSPHOR-BRONZE
POINTER

Fig. XII. 15. Kelvin multicellular
electrostatic voltmeter.

Supply Meters

These meters can be classified under three headings—Electrolytic
meters, Motor meters, Clock meters. The first can only be used on D.C.
circuits unless it is fitted with a transformer and full wave rectifier unit,
when it can be used on A.C. circuits. The others can be used on either
D.C. or A.C. circuits, depending on their construction. Supply meters
used on D.C. circuits can be either watt-hour or ampere-hour meters.
The registrations of the ampere-hour meter can be converted into watt-
hours by multiplying by the voltage of the circuit, which is assumed
constant. The meters are generally calibrated to read direct in kilowatt-
hours. This type of meter cannot be used on A.C. owing to the question
of power factor. It should be noted that the ampere-hour meter is a
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quantity meter and the kilowatt-hour meter is an energy meter and is
more important to the engineer since it takes into account the pressure
at which the quantity was consumed. This gives a measure of the charge
which should be made for the service. Since the pressure on any supply
system only varies within a few per cent of the stated figure, it is usual
to employ a simple ampere-hour meter that is calibrated in kilowatt-
hours. This instrument has the advantages of simplicity, cheapness and
low power consumption. A true watt-hour meter is usually used for
power work, on A.C. circuits when the power factor varies, and on D.C.
circuits where large equipment is used.

Electrolytic Meters

The readings of this meter are proportional to the weight of metal
deposited, or of gas liberated, from an electrolytic solution. That is to
say the readings are proportional to the number of ampere-hours passing
through the meter. This meter is cheap, simple, and accurate on small
loads, it is unaffected by stray magnetic fields, and as there are no moving
parts, there is no frictional loss. Its disadvantages are a 1 to 2 volts
drop across the terminals, and being made mostly of glass it is fragile ;
it also requires constant refilling and resetting. The two types most
commonly used are the Bastion and Wright meters.

Motor Meters

These can be used on either D.C. or A.C. circuits. In this type the
moving system revolves continuously, the speced of revolution is pro-
portional to the current in the circuit, in an ampere-hour meter and to
the power in a watt-hour meter. The number of revolutions in a given
time is propertional to the quantity of electricity supplied in the ampere-
hour meter and to the energy supplied in the watt-hour meter. The
number of revolutions made by the spindle of the meter is recorded by
a counting mechanism.

The speed of the rotating system is controlled by a permanent magnet
which induces a current in a disc connected to the rotating system ; this
produces a retarding torque which is proportional to the speed of the
rotating system. When the driving torque balances the retarding torque,
the system attains a steady speed. Motor meters are subject to two
principal errors, friction and braking. The friction error is the most
important, since it operates continuously and affects the speed of the
rotor, for any given value of the current. Static friction may even
prevent the meter from starting on small loads, or if it starts, to register
low. This can be compensated for. The frictional torque when the
meter is running merely adds to the braking torque and is not very
important in some meters, but in the mercury motor type it is pro-
portional to the square of the speed and must be compensated for.
The rotary system must be as light as possible in order to reduce the
load on the bearings and hence the friction. The error due to braking
is due to variation in strength of the brake magnet, and the increase in
resistance of the disc due to a rise in temperature. Many devices are
used to overcome this error.
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There are two classes of motor meters for D.C. circuits—the mercury
motor meter and the commutator motor meter. The main difference
between these two types is in the method of leading the current into
the armature. In the first type the armature is a thin disc of metal
rotating in a bath of mercury, the mercury serving as contacts to lead
the current in and out of the disc, the commutator doing this in the
second type. The mercury type of meter is much more commonly used
as house service meters than the commutator type. It has the advan-
tages of simple construction, small voltage drop across the terminals,
can carry larger currents without shunting, and smaller starting friction.
The commutator motor meter can be used on D.C. circuits but not the
mercury type. The principles of operation are essentially the same as
those of the dynamometer watt-meter. The induction type of meter is
generally used for A.C. energy measurements. It has many advantages
over the commutator type. The principle of operation is almost exactly
the same as that of the induction wattmeter. The construction of this
instrument is in general the same as the wattmeter except the spring and
pointer are replaced by a brake magnet and a recording mechanism.
The accuracy of this instrument depends on making the following adjust-
ments : the pressure flux to lag 90 degrees or slightly more behind the
line voltage, “full load” adjustment and low load adjustment.

Clock Meters
The Aron “clock’” meter is the most important of this type. It is
unaffected by external fields and is practically free from wave-form and
frequency errors, especially when .the pressure coil is made as near as
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possible non-inductive. The meter registers accurately on very low
loads. It can be used on either A.C. or D.C. It is not used as a house
service meter owing to cost

and complicated construc-

tion. It consists essentially ENDULUMS RESISTANCE I

of two identical pendulums AN X

(Fig. XII. 16) kept in con-

stant oscillation by means

of clockwork, electrically

wound. At the bottom end

of the pendulums are two . rg_l -

flat coils connected in series Fig. XII.16. Diagram of Aron ‘‘Clock”
and with a high resistance meter.

across the line. They carry

current proportional to the low voltage. if this circuit is non-inductive
and the resistance does not vary with temperature. Beneath each
pendulum a current coil is fixed, these coils being connected in series
with the line and wound so that the fields are in opposite directions.
When no line current is flowing, the pendulums swing at the same rate,
but if a current flows through the current coils, the speed of one pendulum
is increased while that of the other is decreased. In short, the meter
is in effect two clocks, one of which runs faster and the other slower
when a current flows in the line. The counting mechanism is so arranged
as to register only the difference in the number of swings of the two
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pendulums, which is proportional to the current flowing, and this is done
by differential gearing. Since it is practically impossible to get two
pendulums having the same natural periods, the direction of the current
in the pendulum coils is automatically reversed every 10 minutes, and
arrangement is also made to prevent the meter from reading backwards
when this is done by having two alternative trains of driving wheels,
so that the drive from the differential gear can be thrown over at the
same time as the direction of the current is changed. This instrument
will read true watt hours on D.C. or A.C. of any wave-form or frequency.

There are many other important instruments that should be des-
cribed but space does not permit. The reader who requires further
information on the instruments described above, is referred to the
standard reference books on the subject.
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CHAPTER XIII
FLUID

Fluids comprise both liquids and gases and fluid measurement deals:
with the methods and instruments employed in measuring weights or
volumes or rates of flow of both these substances. Liquids and gases
have different properties, and so it is convenient to deal with their
measurement separately, although in certain cases the same principle
may be used for the measurement of either. Different types of instru-
ment are required, depending upon whether the fluid is at rest, or in
continuous motion.

Units of Measurement
Volume. Fluids may be measured by volume, the unit being the
cubic foot in the British system, or the millilitre in the metric system.
A more common British unit is the gallon, which is the volume of 10
pounds of water weighed in air at 62° F. When gases are measured by
volume the temperature and pressure at which the measurement is made
must be stated, since the volume of a given weight of gas changes con-
siderably with change of cither of these factors.
Weight. Measurcment by weight is convenient for either liquids or
gases and involves no correction for temperature or pressure.

Measurement of a Liquid at Rest

A liquid at rest is usually measured by a standard vessel, of such a
size that when it is filled to a given mark it contains a known quantity
of liquid, or the vessel may have a series of graduations each indicating
the quantity of liquid required to fill it to that mark.

Measures. The common two-gallon petrol can is an example of this
type of measure as is also the pint glass and the quart bottle. In
scientific work more precise instruments are required. The pipette
consists of a narrow glass tube, tapered at the lower end, with a bulb
blown in the centre of its length. A mark is engraved on the tube
above the bulb so that, when the liquid is drawn up to this point, the
pipette holds a known amount at a given temperature.

The standard flask is used for larger quantitiecs. When filled to a
mark on its neck the flask contains a known quantity of liquid. The
neck 1s made narrow so that a slight error in filling will not cause a big
error in volume.

Graduated Vessels. Standard measures will only measure one stan-
dard quantity and, where other quantities have to be measured, vessels
carrying a number of graduations are convenient. On a large scale,
these take the form of tanks fitted with gauge glasses or dipsticks to
show the level of the liquid. These can be calibrated to read either the
volume of the tank up to that level or, for a specified liquid, the weight.

Precise measurement of small quantities can be carried out with a
measuring cylinder or a burette. The former is a glass cylinder of 1 in.
to 2 in. diameter which stands on a base and has a series of graduations
up the side, each showing the volume of liquid which the cylinder holds
when filled to that mark. The burette is a long glass tube about % in.
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diameter fitted with a tap at its lower end. It is graduated up the side
so that, by opening the tap, any required quantity of liquid can be
measured out.

Measurement of Liquids in Motion

Low Pressure Meters. This type of meter is convenient for measure-
ing liquids which are not under pressure, such as waste water. One
type consists of two tanks, mounted on trunnions so that the tank over-
‘balances when it contains a certain quantity of liquid. A chute directs
the flow into one tank and, when the fixed quantity has flowed into it,
the tank tips and discharges its contents into the outlet. The tipping
-of the tank tips the chute so that the other tank starts filling and the
process continues. A counter automatically records each discharge and
<an be calibrated to read the quantity in gallons direct.

Positive Meters. The positive meter 1s a small hydraulic motor
-either of the reciprocating piston or rotary piston type. All the water
to be measured passes through the cylinder of the engine and the volume
passed per stroke will be equal to the piston displacement. By counting
the number of piston movements by a suitable mechanism the meter
can be calibrated to read direct the quantity of liquid passing through.
Note that the flow through the meter is divided into uniform isolated
-quantities, but by using double-acting pistons or a multiple cylinder
arrangement, a continuous flow is maintained.

POSITION | POSITION 2

DIVISION

G\
©

POSITION 3 POSITION 4

Fig. XIIl. 1. Rotary piston meter.

Position 1. Water from inlet port enters space 3 inside the piston, forcing it down
and round. Spaces 1 and 2 are neutral and water is discharged from space 4.
Position 2. Spaces 1 and 3 are receiving water. Spaces 2 and 4 are discharging.
Position 3. Spaces 3 and 4 inside piston are now neutral. Space 1 is receiving
water and space 2 is discharging.

Position 4. Spaces 1 and 3 are receiving water. Spaces 2 and 4 are discharging.
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The Empire meter is an cxample of the rotary piston type. Fig.
XIII. 1 shows the method of action. The hollow piston is free to slide
along the division piece and carries a pin at its centre which slides round
a groove in the fixed hub as the piston oscillates inside the cylinder.
The circular motion of the pin is transmitted to the recording gear.
In position 1 the piston is over the inlet port and water enters the inside
of the piston causing it to slide down the division piece and move round
the hub at the same time displacing water to the outlet port which is
now open to the cylinder as in position 2. The inlet water is now able
to press both on the inside of the piston and on the inlet side of the
cylinder and the piston is forced round to position 3. At this point the
inside of the piston is cut off from the inlet port, and the pressure of
water on the inlet side of the cylinder forces the piston on. Finally, the
inside of the piston is brought over the outlet port thus allowing it to
return {o position 1 for the start of a new cycle.

The Imperial Positive Meter is a typical example of the reciprocating
piston meter. It comprises three single-acting vertical cylinders grouped
symmetrically about a central hemispherical gun-metal distributing
valve on a hemispherical vulcanite seating. The pistons are connected
to the valve, so as to give it a rotary oscillating motion. The inlet
pressure acts on top of all three pistons. The underside of each piston
is connected, in turn, to the outlet by the motion of the valve allowing
it to be forced down by the pressure on top whilst at the same time water
is admitted beneath the other two pistons as they rise.

Inferential Meters. In the inferential meter the flow passes through
a small turbine impellor or fan, driving it round, and operating the
recording mechanism. The liquid is not measured in definite quantities
as in the positive meter but the flow is inferred from the number of

g

i

Fig. XIII. 2. Tylor’s inferential meter. The quantity of liquid passing through
the meter is inferred from the number of revolutions of the fan.
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revolutions of the fan. For this reason the meter must be calibrated
by passing known quantities through it. It is light, cheap and small,
but its accuracy decreases for small rates of flow until finally, for very
slow flows, the force on the fan becomes insufficient to actuate the
recording mechanism. Also the runner tends to go on rotating after
the flow ceases, causing the meter to record too large a quantity. This
type is therefore only suitable for measuring continuous flow at good
speed.

P Tylor’s inferential meter is of this type. The mode of action can be
seen from the illustration (Fig. XIII.2) where the nickel fan can be
clearly seen. Another version is the ‘“Fulllow” meter, which is designed
to measure large flows with a minimum loss of head. The liquid passes
through the meter in a straight line, driving a light fan as it flows
(Fig. XIII. 3).

Fig. XIII. 3. “Fullflow” meter. An inlerential meter specially
designed for low loss of head.

Sightflow Meter.  This consists of a vertical transparent tube, having
a conical bore and set with its wide end at the top, in which there is a
free top-shaped float. If there is no flow the float rests at the bottom
of the tube. When flow begins the float must rise towards the wider
end of the tube. The position of the float in the tube can be read on
a scale and is a measure of the rate of flow in the tube. The scale is
calibrated to rcad quantity directly and is linear. Advantages claimed
for this meter are great accuracy and the fact that any fouling of the
meter can be detected immediately. Special arrangements can be made
for metering opaque fluids or for fitting remote reading or recording
instruments.

Venturi Meter. The action of this meter depends on the fact that
the total energy of a continuous flow of water remains constant and so
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when a constriction is formed in a pipe the pressure must fall since the
velocity and therefore the kinetic energy of the liquid has increased.
From measurement of the difference of pressure between the liquid in
the reduced section and that in the normal section of the pipe, the rate
of flow can be calculated. The illustration (Fig. XIII. 4) shows a typical

Fig. XIII.4. Venturi tube (short pattern). The pressure

tapping at the throat is taken from an annular chamber

connecting to the throat at a number of points round
the circumference.

short pattern venturi meter, partly in section. The pressure difference
between the two tappings is measured by any type of manometer which
may be calibrated to read the rate of flow direct or made to operate a
graphical recorder.

Orifice Meters. 1f a thin orifice’ plate is placed in a pipe line with a
diameter of opening less than that of the pipe the liquid will pass through
the opening in the form of a jet. The velocity immediately beyond the
plate will be higher than upstream of the plate and therefore, as in the
venturi meter there ;
will be a pressure dif-
ference between the
two sides of the plate.
This difference is meas-
ured by a manometer
and can be used to
calculate the rate of
flow in the pipe. The
illustration (Fig. XIII.
5) shows the method of

L L AR

installing such an Olji' Fig. XIII. 5. Installing a carrier ring type orifice
fice plate which, in plate. Pressure tappings are taken from annular

3 Y 1 srooves, on the upstream and downstream side of
this case, is mounted & )

. . . I ifice, and are integral with the carrier.
in a carrier ring com- the orifice, and are integral with the carr

plete with pressure
tappings on the upstream and downstrcam sides. The carrier is placed
between the flanges of the pipes and is automatically located by the
bolts. Flow can be read direct from a special manometer connected to
the pressure tappings.
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Current Meters.
The inferential type
of meter can be used
- tomeasure the speed
of flow of rivers and
open channels. The
meter consists of a
propeller or. bucket
wheel (Fig. XIII. 6)
with a guide vane
to keep it head on
into the current and
a sinker to maintain
its axis horizorital.
The rotation of the
bucket wheel oper-
ates a eounter,
usually electrically,
by breaking an elect-
rical circuit at each
revolution, and from
the counter reading
the speed of flow
can be found. Such
instruments will re-
cord velocities from
about 6 inches per
second.

Wetrs and Notches.
A weir consists of
a barrier across a
channel or river
over which the water
must flow. If an

'Fig. XIII.6. Current meter. Speed of the bucket opening 1 (.:Ut in the
\l;'llflbeel iIsHp(rsoporCtional to the spcréd of the current. barrier it is t‘?rmed
An electric circuit is_ broken at each revolution @ notch and if the
enabling the speed of the wheel to be found. opening is V-shaped .
it is called a V-notch.
[n both cases the quantity of water flowing over a weir or notch is a
function of the height of the upstream water level above the top of the
weir or the apex of the V-notch. By the simple process of measuring
the height of upstream water level above the bottom sill of the notch or
weir the quantity of water flowing in the channel can be measured. To
record this level a float is used in a float-well communicating with the
channel upstream of the weir and the level of the float can be made to
operate a recorder showing the rate of flow.

Where large fluctuations of flow may cccur a V-notch is used to
measure the small flows, while the top of the notch is enlarged to form
a rectangular weir, to handle large flows, the recording mechanism auto-
matically correcting for the change, and reading the rate of flow direct
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g, X111, 7. (Lompoumi obtusc-angled V-notch and rectangular weir.
Installation measuring the flow of a river in North Wales. Capacity

250,000,000 gallons per day.

for any water level. The
illustration (Fig. XIII. 7)
shows such a compound
V-notch and rectangular
weir used to measure the
flow of a river.

Standing Wave Flume.
The water level below a
weir is considerably below
that upstream. This fall in
level cannot always be
arranged. For such cases
the Standing Wave Flume
is a convenient mecthod of
measurement as it opcrates
with a very small loss of
head. It consists of an open
channel with a large con-
striction in it (see Fig.
XIII. 8) through which the
water flows very swiftly, the
water level in the throat
‘falling  very considerably
below the upstream level.
When this fast flowing shal-
low stream of water comes
out of the constriction it is
slowed up and the water
level rises rapidly in the
form of a standing wave.
The rate of flow through the

Fig. XIII. 8. Standing wave flume, Instal-

lation at Manchester Waterworks. Capacity

35,000,000 gallons per day. Note V-shaped
standing wave in the foreground.

constriction is a function of the height of the upstream water level
above the bottom of the constriction and the measurement of flow
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becomes the simple operation of measuring the upstream water level.
These flumes are easy to construct and operate, causing little loss of
head and offering no obstruction to floating or suspended matter, a
point of importance in river or sewage measurement. The recording
gear is similar to that used for weirs and notches.

Measurement of Gases

The legal standard of gas measurement is the cubic foot bottle which
is specified as holding 62.321 pounds of water when weighed in air at
62° F. It should be noted that the weight of gas occupying a given
volume will depend on the temperature and pressure which should be
recorded for all volume measurements. Quantities of gas measured
under different conditions can be compared by referring them to Standard
Temperature and Pressure (S.T.P.), that is to say by converting the actual
volume measured to the volume the gas would occupy at a tempcrature

of 0°C. and a barometric pressure equivalent to 76 cm. of mercury.
Wet Type Coal Gas or Air Meter. This consists of a drum revolving
in a cylindrical casing which is rather more than half filled with water.
The drum is divided into compartments by partitions. One end of each
partition is always below
the water surface while at
the other end there is an
opening between the com-
partment and the outer
casing. Gas enters through
a central pipe and leaves
by the outer casing as
shown in the diagram (Fig.
XIII.9). Compartments B
and C are full of gas, C is
delivering to the outlet, B
is about to cut off from the
inlet and A is just beginning
to reccive gas. As the gas
in C is drawn away to the
burners the pressure of in-
coming gas causes the drum
to rotate and brings B into
communication with the
outlet. Thus each compart-
ment fills and empties in
Fig. XIIL. 9. Wet-type gas meter turn as the drum rotates
and a revolution counter
attached to the drum can be arranged to rcad the volume delivered
direct. The position of the water level in the drum is very important
since it affects the amount of gas delivered to each compartment.
Various devices have been developed to maintain the level constant ;
large station meters are fitted with syphon overflows. This type of
meter is accurate but is bulky and the use of water introduces complica-
tions due to evaporation, freezing and the maintenance of water level.

As a result the dry gas meter is more popular for houschold use.

OQUTLET
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Dry Type Coal Gas or Air Meter. This type of meter is, in essence,
a small double acting reciprocating cngine with diaphragms instead of
pistons and having the ordinary type of slide valve mechanism to regulate
the admission of gas to either side of the diaphragm. The usual meter
consists of a rectangular box divided into two compartments by a solid
partition. Each compartment is divided in two by a diaphragm and is
fitted with a slide valve mechanism so that the whole meter comprises
two double-acting cylinders. The diaphragms each consist of a metal
plate with a flexible leather gastight connection to the sides of the com-
partment. Guides are provided to make the diaphragm move parallel
to itself. A slide valve is actuated by the motion of the diaphragm. As
the gas is drawn away to the burners from one side of the diaphragm
the pressure of the incoming gas on the other side pushes the diaphragm
over until, as it reaches the end of its travel, the slide valve comes into
action to admit gas to the empty chamber and connect the full chamber
to the outlet. The purpose of having two diaphragms in separate
compartments is to maintain a steady flow of gas by arranging that when
one diaphragm is at the end of its stroke the other is at the centre. A
counter connected to the slide valve mechanism records the number of
times the diaphragms fill and empty their compartments and is usually

Fig. XIII. 10. Dry-type gas meter. Iron-arc meter in secﬁons.

made to read in cubic feet. The diaphragm and slide valves can be
seen in the illustration (Fig. XIIIL. 10) which shows the components of
a typical gas meter.

Orifice Meters. The orifice meter described for liquids can also be
used for measuring the rate of flow of gases. The pressure difference
will not be as great as for liquids and a sensitive manometer is required. .
A U-tube having one leg vertical and the other inclined and filled with
water or oil is suitable, since the liquid will move a long distance in the
inclined leg for a small change of pressure. The rate of flow is a function

10
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of the square root of the pressure difference at the orifice and this causes
the graduations of a scale reading quantity to be very close together at
the lower end, but an evenly-divided scale can be obtained by curving
the inclined leg so that it becomes more nearly vertical at its upper end.

Shunt Gas Meter. The pressure difference caused by an orifice plate
in the main pipe is used to force a certain proportion of the gas flow
through a by-pass circuit where it is directed by nozzles on to the blades
of a fan. The number of revolutions of the fan is an indication of the
volume of gas passing in the
main. The mode of action can
be seen from Fig. XIII. 11.
The fan actuates a counter
mechanism through a magnetic
drive which makes a gland
unnecessary, thus ensuring no
leakage of gas from the fan
chamber. Such meters have
an accuracy of plus or minus
2 per cent and will handle
flows from as low as 400 cu. ft.

per hour.

i Gate Type Air Flow Indi-
cator. A light hinged gate is
pivoted eccentrically in a cir-
cular chamber and controlled
by a spring. As the rate of
air flow increases the gate
opens and a pointer attached
to it moves over a scale cali-
brated to read the rate of flow;
the instrument is robust and
suitable for use with pneumatic
tools.

Amnemometer. This instru-
ment is used for measuring
wind velocity and the speed

Fig. XIII. 11. Shunt gas meter. Sectional of air currents, for examp]e in

drawin.fg,r showing the 9riﬁce which diverts ventilating ducts. The flow of

a portion Of"fflza':eg?;lt;reot‘;?h afantype o rotates a light mica fan

geared to a counting mech-

anism which reads the number of feet of air passing through the fan.
The air speed can be found by taking the reading over a given time.

Pitot Tube. For high velocity air, gas or water currents a pitot
tube gives good results. It consists of a bent tube terminating in a
small orifice pointing upstream. An.outer tube surrounding it has a
number of small holes in its wall but is not open in the direction of flow.
The centre tube records the pressure due to the impact of fluid on the
orifice and the outer tube records the mean static pressure. The two
tubes are connected to a manometer and the velocity of flow can be
calculated from the pressure difference recorded (see air-speed indicator

page 178).
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CHAPTER XIV
PRESSURE

The pressure exerted by a fluid is defined as the force acting on unit
area, and expressed as pounds per sq. in., or kilograms per sq. cm. Other
units also are used, high pressures being given in terms of atmospheres,
and low pressures as a ‘“‘head” of liquid such as inches of water, or mm.
of mercury. It is usually understood that pressures are measured as
above or below that of the
atmosphere, thus a state-
ment that the oil pressure

in an engine is 40 1b. per

sq. in. is understood to

mean that it is so much - -
above atmospheric pressure. JL 4t
Absolute pressures are usu-
ally referred to specifically
as such.

U Tube (Fig. XIV.1). 1r 1r
This simple device is used
extensively to determine gas
pressures in the lower ranges.
The most elementary form
is a bent glass tube, half-
filled with liquid, and fitted
with a scale. Pressure
applied to one limb causes
the liquid to rise in the other
until equilibrium is reached,
when the “head” can be
measured. Unfortunately in
this simple form only half
the total change occurs in
either limb, but this can be
overcome by using a vessel
of comparatively large area —
on one side, when most of Fig. XIV. 1. Liquid-filled U tube.
the movement will take
place in the other. The sensitivity may be further increased by inclining
the tube, and the pressure scale may be graded by using a curved one.
The most useful liquids for U-tubes are water and mercury, although
greater sensitivity is obtained with light oils, and intermediate calibra-
tions with some heavy organic liquids. Viscous or volatile liquids are
definitely unsuitable. Measurements are usually made with one limb
open to the atmosphere, but if the two limbs are connected to separate
sources of pressure the gauge shows the difference between them. In
this way it is frequently used to measure flows in pipes or ducts; the
pressure difference being produced by a restriction or orifice of known
characteristics.

PRESSURE
OIFFERENCE

4
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The industrial applications of U-tubes are innumerable. Sometimes
they are seen in a very simple form, whilst for some purposes the design
becomes so involved that the elementary principle may be difficult to
recognize. When it is required to show the pressure by a pointer and
scale, or to record it on a chart, this can be donc by having a float on
the liquid in one limb linked to a suitable mechanism.
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Fig. XIV. 2. Capsule, metal bellows, and Bourdon tube.

This type of gauge can be made to measure pressures down to 0.01 in.
water, although at these low values the accuracy may be limited by
surface tension effects. The maximum pressure is determined by the
length of column it is convenient to read. If this is assumed to be six
feet, then with mercury filling this corresponds to about 35 1b. per sq. in.

Diaphragm Gauge. This sensitive élement is a disc of thin material,
which being held at the periphery, is deflected by a difference between
the pressures on the two sides. Diaphragms are commonly made of
corrugated metal, but fabric such as oil silk has been used for low pres-
sures. Suitable metals include nickel-silver, phosphor-bronze, beryllium-
copper, and steel. Diaphragms are often assembled in pairs to form
a capsule, and there is considerable scope for variation in the pressure
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characteristics by the suitable selection of material, and of the form of
corrugation. The uscful movements of a diaphragm are rather small,
and generally require magnification, so the centre is linked to a rack
and pinion mechanism, and this, or some similar device, turns a pointer.
This type of gauge is rather liable to damage by excessive overload so
the deflection has to be limited by stops, but otherwise it is very service-
able, and has wide applications in industry, and aeronautical science.
The useful pressure range is wide. Diaphragm gauges can be made
to measure fractions of an inch water gauge, or to withstand pressures
of many pounds per sq. in.

Metal Bellows (Fig. XIV.2). These can be built up from a number
of capsules, but more commonly are formed from a thin walled tube by
hydraulic pressure, or a spinning process. They are generally used with
higher pressures than are simple capsules, and they can give considerable
movement, but their rigidity is ncarly always augmented by a spring.
They are generally used in pressure-operated control devices, but a few
are employed successfully as pressure gauges. When bellows are built
up from a number of diaphragms the same choice of metals is available,
but when formed from tube the metal has to be capable of withstanding
the severe cold-working which this process involves, and the choice is
limited to fewer alloys. Flexibility can be increased by making the
bellows with laminated walls.

Ly

i

i
Fig. XIV.3. Mechanism of Bourdon tube pressure gauge.

Bourdon Tube. This is the basis of most commercial gauges (Fig.
XIV.2 and 3). It consists of a curved tube of elliptical cross-section.
Under the influence of internal pressure this tends to become straight,
that is the radius of curvature increases, so that if one end is held firmly
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the other moves in proportion to the pressure. The movements are
quite small, and so some form of rack-and-pinion mechanism is necessary
to work a pointer. There is considerable difference of opinion as to the
best form for the elliptical tube, and as the theoretical treatment is
very complex, the ultimate shape is usually based on experience.
Bourdon tubes are rather liable to distortion by overload if attempts
are made to use a large movement, so commercial practice is to allow a
generous margin of safety, and the result is an extremely robust, and
economically produced instrument. An overload stop may be found
on the more precise instruments, and sometimes stops are fitted at
intervals along the bourdon tube to modify the scale shape. These
gauges can be designed to measure pressures between 5 and 20,000 Ib.
per sq. in., although special difficulties attend the construction of instru-
ments with extreme ranges.

-
S=—WEIGHTS
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I1g. XIV. 4. Piston gauge.

Piston Gauge (Fig. XIV.4). This instrument has a piston of known
area working in a cylinder so that fluid pressure applied to one end can
be opposed by measurable forces at the other. It is usually arranged
so that the piston moves up and down in a vertical cylinder in which
it is an accurate fit, and oil pressurc is applied below it. Weights are
then suspended from the top of the piston by a carrier, and being in the
form of rings: hang around the cylinder. Alternatively the force can be
applied through a lever, and other elaborations become necessary when
dealing with very high pressures. Friction between piston and cylinder
must be avoided when taking a reading and this is done by causing the
piston to turn, which is quite easy with the arrangement described above,
for the weights can be spun by hand, and carry the piston with them.

The ranges of these gauges are limited by practical considerations of
the size of the piston, and of the weight needed to load it. Pistons with
areas between 0.1 and 0.01 sq. in. are usual, and can carry weights up
to 100 Ib., which in the case of the smaller size corresponds to a pressure
of 10,000 Ib. per sq. in. The larger size can be used for pressures down



SCIENTIFIC INSTRUMENTS ’ 149

to 10 Ib. per sq. in. if manipulated with care. These instruments are
generally employed as primary standards for the calibration of other
gauges, and they do in fact lend themsclves to the determination of
definite values rather than the measurement of unknown ones. That
they are not readily applicable to the standardisation of low pressures
does not matter, for U tubes containing cither water or mercury provide
primary standards in this range.

Gauges for Special Purposes

Very High Pressures. The measurement of very high pressures calls
for special apparatus although the bourdon tube can be used up to
30,000 1b. per sq. in., or 2,000 atmospheres, if particular care is taken in
the construction of the gauge. Other principles are employed for
still higher values. Therc are methods depending on the change in
volume of a vessel when under pressure, or on the determination of the
stress in its walls, and gauges have been made which utilise the change
in electrical resistance with pressure which most metals show to some
extent.

The high pressures generated by explosions present unique problems,
and if the build-up of the pressure is to be followed then apparatus like
that described in the next paragraph is required, but often it is necessary
to know only the maximum value, and this can be found in other ways.
One practical scheme is to use a piston of known area to press a steel
ball into a metal block, and to determine the pressure from the size of
the resulting “Brinell” indent, and the hardness of the metal block.
This apparatus can be calibrated without the application of fluid pressure;
it is simple and can be used for the highest pressures. The standard
comparative test for explosives is known as the Trauzl test. The
explosive is detonated in a cavity in a lead block under standard conditions
and the resulting distension provides a comparison of the explosive effect.

Pulsating Pressures and Engine Indicators. These instruments com-
monly make a record of the pressure against either a time base or crank-
shaft position in the case of engine indicators. These were first introduced
to study the pressure cycle in slow-moving steam cngines, and the
principle of such an istrument is depicted in Fig. XIV. 5. The engine
pressure is fed to a cylinder with a piston whose movements are con-
trolled by a calibrating spring, and recorded on a chart by the pen to
which it is linked. The chart is wrapped round a drum and this is
caused to oscillate in synchronism with the cngine piston by a cord
attached to the link-work, and kept taut by a spiral spring inside the
chart drum. Thus the pen makes a cyclic diagram on the chart in which
cylinder pressure is graphed against crankshaft position. The same prin-
ciple can be applied to modern high-speed engines, but much refinement
of design is necessary to ensure that the record is a true picture of the
actual conditions in the engine. The moment of inertia of all moving
parts has to be reduced, and also the extent of their travel; in fact the
apparatus may be made so small that the diagrams can only be studied
after optical magnification. It is often desirable to make the trace on
a continuously moving medium, using an electrical signal to correlate the
record with crankshaft position.
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Fig. XIV. 5. Engine indicator.

The cathode ray oscillograph is a very effective tool for the study
of rapidly-changing phenomena, and can follow the most transient
pressures when used in conjunction with a “pick-up” to convert the
pressure changes into electrical impulses. It has been used for work
on engines with the highest speeds, and on explosive effects.

Micro-manometers. This name is applied to instruments which can
measure small differences of pressure not far removed from atmospheric,
and they find particular application in the study of problems associated
with ventilation and in aeronautical research. The liquid-filled U-tube
may be used if the surface levels can be determined with sufficient
accuracy, and in onc type associated with the name of Threlfall this is
done with a micrometer. The limbs are of large diameter, and the
micrometer is mounted over one of them. The screw ends in a point,
and the surface is located by turning the screw until the point just
touches the liquid when this seems to jump up and adhere to it. In
this way pressures can be measured to within 0.002 in. water gauge
by careful manipulation. Another type known as the Chattock gauge
measures the head by tilting the tube until there is no displacement of
liquid. The glass U-tube is mounted on a frame which can be tilted
by a micrometer screw, and the limbs are more widely spaced than usual.
One is continued upwards into, and concentric with a central vessel to
which the other limb is connected. This central vessel is filled with
water and oil, the surface of separation in the inner tube being viewed
through a microscope with cross wires in the eye-piece. Pressures are
therefore read off on the micrometer screw when the frame has been
tilted to bring the surface of separation back to the datum line provided
by the microscope.

A thin metal diaphragm can also respond to these small pressure
differences but the deflections may be so minute that mechanical magni-
fication is quite out of the question. However, they can be measured
by a microscope, or better still with the help of an optical lever. This
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comprises a pivoted mirror which is rocked as the diaphragm moves,
and so deflects a beam of light projected on to a scale, and great magni-
fications can be obtained in this way. Another way of locating the
diaphragm is by means of a micrometer which completes an electric,
circuit as soon as it touches it. If a sensitive galvanometer is used to
detect the current, measurements can be made to within 0.00005 in.
Diaphragm gauges have certain advantages over fluid types for they are
instantaneous in response and free from errors due to drainage or
surface tension. However, they do need calibration against a primary
standard.

Boost Gauges. These are also called manifold pressure gauges for
their purpose is to measure the pressure of the fuel mixture in the intake
manifold of internal combustion engines. They are calibrated in terms
of absolute pressure although sometimes the zero mark on the scale may
correspond to some standard atmosphere, and the instrument is cali-
brated to measure both above and below this value. Boost gauges
usually comprise an evacuated capsule or metal bellows, and the unknown
pressure is applied externally. The capsule or bellows respond to the
pressure difference between inside and outside, and since the pressure
inside is zero, the movements are dependent on the absolute value.

Vacuum Gauges

Vacuum pressures are expressed in mm. of mercury above theoretic-
ally perfect vacuum or zero pressure, and therefore are absolute values.
The term vacuum actually covers a wide range of pressures which cannot
be covered by any one type of instrument. Rough vacua, that is,
pressures above 1.0 mm., can be read on a simple U-tube having one
limb sealed off, and evacuated above the mercury, and refinements can
be added to make lower pressures readable, but generally vacua down
to 10~ mm. are most conveniently determined by instruments based
on Boyle’s Law, or the compressability of gases. A typical example
is the McLeod Gauge. Below 10-* mm. other gauges can serve, but
these depend on some other property of a gas such as its thermal
conductivity or viscosity.

McLeod Gauge. A typical construction of this gauge is shown in
Fig. XIV. 6. It consists of a bulb connected to the vacuum system by
a side tube entering at the bottom, where it also joins a barometric
tube filled with mercury, and connected by rubber tubing to a reservoir
whose height can be altered. It is seen that the bulb ends in a tube of
small bore sealed off at the top, and that the side tube has a loop
arranged alongside this. To make a measurement the reservoir is
lowered until the mercury is below the junction of the side tube and
bulb, so that this is in connection with the rest of the apparatus,
and’ therefore reaches the same pressure. The reservoir is then raised,
and as the mercury also rises in the barometric tube it traps the
gas in the bulb, and compresses it into the upper or bulb tube. The
excess pressure needed to do this is shown by the difference in level of
the mercury. The loop on the side tube is made of the same size as the
bulb tube to prevent errors due to capillarity. The gauge can be used
in two ways. Either the gas can be compressed into a given length of
the bulb tube, and the vacuum calculated from the pressure required to
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Fig. XIV.6. McLeod vacuum gauge.

do this, or the mercury in
the loop can be brought to
some selected zero, opposite
the closed end of the bulb
tube, for example, and
the level of the mercury
in this tube read off against
a calibrated scale. The
first method gives a uni-
form scale of short range,
whilst the second results
in a scalewhich is more open
at the lower pressures, and
covers a wider range.
This gauge serves as a
standard for calibrating
other types of low-pressure
gauges for its own cali-
bration is calculated from
the capacity of the bulb,
and the bore of the bulb
tube, and the relations of
these two control the range
of the instrument. For
example, a bulb with a
volume of 100 cc. having
a tube of 1.2 mm. bore
would permit pressures up
to 0.1 mm. to be read by
the second method on a
tube 10 cm. long. In this
form the McLecod gauge is
slow in action and requires
a measure of skill for its
use, so various modified
forms have appeared, most
of which try to avoid the
manipulation of the mer-
cury reservoir. They doso
either by using pressure to
control the mercury level,
or by tilting the whole
instrument, but the fun-
damental principle remains

unchanged. The gauge has the disadvantage that it contaminates the
vacuum with mercury vapour unless this is trapped.

Thermal Conductivity Gauges. These are usually associated with the
name of Pirani, and the most common arrangement consists of a length
of platinum or tungsten wire sealed into a bulb, like a lamp, which is
fused on to the vacuum system. If the wire is heated by an electric
current the energy required to maintain it at a temperature of say
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100° C. will depend largely on the rate at which heat is lost through the
wire supports, and the surrounding gas. The latter will vary with
pressure. The wire is connected electrically into a Wheatstone Bridge,
and since its resistance changes with temperature, this bridge can be set
so that it is balanced when the wire is at some particular temperature.
The condition of balance is detected by a galvanometer and measure-
ment is generally made by adjusting the current through the bridge until
it is balanced, when the current is read off on an ammeter calibrated
directly in mm. of mercury. The principle permits the construction of
satisfactory commercial instruments, but unfortunately its calibration
does depend on the gas involved, and it has to be calibrated against
some standard such as the McLeod Gauge. It functions satisfactorily
with pressures between 0.1 and 10~* mm. mercury.

Ionisation Gauges. These are similar in form to a triode valve, and
are sealed on to the vacuum system in the same way as the Pirani Gauge.
The filament, or cathode, is heated by a current in the usual way, and
when a positive potential is applied to the anode a current results. As
the electrons forming this current pass through the gas, they collide
with some of the molecules which become ionised, the resulting positive
ions being attracted to the grid or “collector” which is charged negatively.
Thus there flows in this circuit a small current whose magnitude depends
on the pressure at low values, provided that other factors are kept con-
stant. It can be used to measure pressures from 10-* mm. mercury
down to the lowest obtainable provided that instruments with adequate
sensitivity are available to measure the ionisation currents. The actual
calibration depends on the gas present, and its chief use is in the routine
evacuation of such appliances as valves and X-ray tubes.

There are other gauges based on different principles. For example
the Langmuir and Dushman molecular gauge, and the King Decrement
gauge both depend on the change of gaseous viscosity with pressure,
whilst Knudsen has devised instruments using radiation effects, but their
ficld of use is rather limited to special applications.
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CHAPTER XV
TEMPERATURE

Temperature Scales

Temperature is measured by measuring the change of any precisely
measurable property of a body which has been cbserved to change when
the body is made hotter or colder. For instance, if a glass bulb with
a capillary tube sealed to it is filled with mercury to a suitable level in
the tube, the height of the mercury level in the tube may be used to
measure the temperature of the bulb, and, thercfore, of any material in
which the bulb is inserted. To set up a temperature scale with this
thermometer, it is first immersed in melting ice, and the level of the
mercury in the tube is marked when it is quite steady. The thermometer
is then immersed in steam from boiling water, and the new level marked.
The precautions for making this calibration accurately will be noticed
later. These two levels are called the fixed points of the thermometer,
and the interval between them the fundamental interval. For a centi-
grade scale (used internationally and for scientific work) the fundamental
interval is divided into a hundred equal lengths and numbered 0° C. to
100° C., assuming the capillary to have a uniform bore. The division of
the stem may be extended above and below the fundamental interval.
For a Fahrenheit scale (used for British meteorological and clinical work)
the fundamental interval is divided into 180 lengths and labelled 32° F.
to 212° F. The difference between the Centigrade and Fahrenheit scales
is merely a numerical one ; the simple formula :

degrees Fahrenheit = (g X degrees centigrade) + 32

or degrees centigrade = g X (degrees Fahrenheit — 32)

converts from one to the other. The difference in temperature scale
resulting from the choice of another expanding substance (e.g. alcohol
or a gas), or of another thermometric property (e.g. the change in elec-
trical resistance of a wire), is, however, a difference of a more radical
nature, and no simple formula will convert mercury thermometer tem-
peratures into, for instance, gas scale temperatures. Every thermometric
property has its own temperatuie scale ; all these agree at the fixed points
(since every thermometer is calibrated with this fundamental interval
in the way described above) but at other temperatures the scales differ.

For theoretical reasons, the temperature scale adopted internationally
as standard, is one measured by the expansion of a gas, and the fixed
points are labelled 273.16° and 373.16°. This scale is variously called the
perfect gas scale, the absolute, the thermodynamic, or the Kelvin scale,
and is denoted by °A or °’K. For accurate work it is desirable to calibrate
the particular thermometer used against the absolute scale, and to do
this without the very arduous process of using a gas thermometer, an
international commission has published a number of accurately repro-
ducible temperatures on the absolute scale, together with a specification
of how to measure any intervening temperature. This scale is called
the international temperature scale (°Int.).
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The Choice of a Thermometer

By calibrating against the international scale we are free to use any
thermometer without committing ourselves to the scale peculiar to the
particular working substance chosen. We now review some of the
considerations that should be made in choosing a suitable instrument
for any particular purpose, from among the wide variety of thermometers
available. The range of the thermometer is an obvious consideration ;
any thermometer has its own useful range. The thermal capacity of
the thermometer may be of paramount importance for measuring rapidly
changing temperatures, for a large thermometer whose thermal capacity
will be large, will always lag behind the temperature changes of its
surroundings, if these are rapid. For the accurate measurement of
temperature, however, a large bath, thermostatically controlled, is
cssential, so that in this case a large thermal capacity is no objection.
Obviously a thermometer of small capacity must be used for measuring
the temperature of a small body. Ease and directness of reading are
desirable features, especially for unskilled observers. Several factors
concerning the accuracy of a thermometer should be considered. The
sensitivity may be taken as the smallest detectable difference of tem-
perature. Usually extreme sensitivity is associated with a limited range
of temperature. A thermometer should be frec from troublesome
corrections and should give consistent results. Permanence of calibra-
tion is an extremely desirable feature unless convenient means of frequent
calibration are available.

Mercury-in-Glass Thermometers

The precise nature of the temperaturc scale depends upon the glass
used, but a temperature of 50° C. on the gas scale corresponds to about
50.1° C. or 50.2° C. on a mercury-in-glass scale. Owing to variation in
the bore of the capillary, every mercury thermometer needs individual
calibration on the international scale, unless very rough thermometry
is suitable. Gas-filled mercury thermometers may be obtained reading
up to 650° C. ; if not gas-filled, care must be taken to see that mercury
has not condensed in the upper part of the tube. If half-an-inch of the
mercury thread is separated by applying a small luminous gas flame to
the stem so that the mercury boils at that point, the thread will reunite
upon cooling if the thermometer is gas-filled. The lower range of the
thermometer is —39° C., which is the freezing point of mercury. The
sensitivity of the thermometer depends upon the bulb size and the
capillary bore; for a given temperature range the sensitivity can be
increased only by increasing the length of the stem. The Beckmann
thermometer (Fig. XV. 1) is a special modification with a sensitivity of
about .001° C. and an extremely limited range of about 1°C., but the
position of this 1° C. range can be varied at will over a much larger
range. The thermometer has a very large working bulb and a very fine
capillary, and is provided with a trap bulb at the top of the stem. By

TRAP BULB EXPANSION BULB
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Fig. XV. 1. Beckmann thermometer.
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heating it to just above thc desired temperature range, the mercury
fills the capillary and expands into the trap bulb. If the thermometer is
now cooled the mercury recedes entirely into the working bulb, but the
thermometer has been adjusted toread a small range of temperature slightly
below the temperature to which it was heated. The value of a division
on the stem depends upon the quantity of mercury in the working bulb,
and, therefore, upon the range to which the thermometer has been set.

Simplicity and convenience are the chief advantages of the mercury
thermometer ; precision work is accompanied by a number of trouble-
some corrections, for failure to immersc the stem completely in the
measured temperature, for external pressure of the fluid on the bulb,
for internal pressure of the mercury on the bulb, according to its angle
to the vertical, and for the thermal hysteresis of the glass. Mecrcury
thermometers often move in jerks, due to fouling of the mercury surface
by traces of solids and gases on the walls of the capillary. In rough
measurements the chief source of error of an unskilled observer is the
parallax error due to observing the thermometer obliquely. This may
be avoided by using a small telescope or by arranging the lighting and
the thermometer so that an image of the scale is seen by reflexion in
the mercury thread. The eye is placed so that this image is eclipsed
by the scale itself in the vicinity of the end of the thread.

Thermocouples
If two dissimilar metal wires are joined at both ends to form a com-
plete circuit, and if the two junctions are kept at different temperatures,
TO MILLIVOUMETER or poTenTioMerer 27 electric current will flow in the
circuit, and can be measured by a
galvanometer inserted therein (Fig.
A A XV.2). This phenomenon is used
thermometrically by placing one junc-
B tion in the temperature to be measured,
and the other in melting ice. The
electromotive force is measured most
accurately by a potentiometer, or,

all® 811A more conveniently and with fair accur-
HOT JUNCTION . . ol

acy, by a moving coil millivoltmeter

COLD JUNCTION whose resistance is large compared with

the resistance of the circuit. The mag-
Fig. XV.2. Wiring of thermocouple, nitude of the e.m.f. depends upon the

metals used but is of the order of 10
microvolts per °C. A thermocouple should be calibrated individually
with the millivoltmeter with which it is to be used.

Any third metal may be introduced anywhere in the circuit without
affecting its reading, provided the two ends of the third metal are at
the same temperature. We may, therefore, use two copper wires to
transfer the e.m.f. at the ice junction to the millivoltmeter or potentio-
meter ; furthermore, the hot junction may be soldered, welded or brazed,
provided that the solder does not extend outside the uniform hot tem-
perature. A practical form of thermometer is a rod of unglazed porcelain
bored with two longitudinal holes in which the wires are threaded, and
welded together where they project at one end. These wires must
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continue from the other end of the rod to the ice junctions, insulated
by glass beads if their temperature will be high in use. The ice junctions
should be close together but insulated electrically, in a small glass tube
immersed deeply in small lumps of ice from which the water is drained
away. A wad of cotton wool or a small quantity of paraffin oil in the
tube will keep the junctions uniformly at 0° C. Each junction is between
one thermometer wire and a copper wire, and the two copper wires run
from the junctions to the millivoltmeter or potentiometer.

Up to 300° C. a copper-constanton couple is fairly sensitive and has
a nearly uniform graph of e.m.f. against temperature. Up to 1200°C.
to 1500° C. platinum-platinum rhodium is a satisfactory couple. Near
the maximum of the range, care must be taken to avoid corrosion of
the wires. The thermocouple is an invaluable thermometer since it can
be made with a very small thermal capacity, so that the speed of reading
is limited only by the sluggishness of the moving coil meter. For con-
sistent results it needs frequent calibration and scrupulous attention to
details such as the purity of the metals, identical purity of the copper
leads, and uniformity of temperature at the binding posts of the meter.
Prolonged use at high temperatures is apt to cause changes of crystal
structure in the wires and so to vitiate readings. Some couples are
slightly sensitive to mechanical strain.

Platinum Resistance Thermometers

The electrical resistance of platinum, as that of most metals, increases
with temperature, and this effect is used to measure the temperature of
a winding of platinum wire in a porcelain or silica thermometer tube.
The tube carries four terminals at its head ; two are used to connect
the platinum wire to the Wheatstone bridge circuit for measuring its
resistance, and the other two are connected together internally by a
platinum wire running close beside the platinum leads to the thermometer
wire (Fig. XV.3). Externally these terminals are connected to the
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Fig. XV.3. Platinum resistance thermometer.
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arm of the bridge adjacent to the thermometer arm, by a pair of copper
leads identical to the pair connecting the thermometer to the bridge,
and the four leads are plaited together. The purpose of the second pair
of leads is to compensate the thermometer circuit resistance for the
resistance of the leads which vary in temperature to an uncontrolled
extent. Any change in lead resistance results in equal resistance changes
in the two adjacent arms of the bridge and so does not affect its
balance. The bridge commonly used with this instrument is a special
adaptation of the Wheatstone bridge known as the Callendar-Griffiths
bridge (Fig. XV. 4). It is balanced by a step control of ten steps,
and a fine adjustment on a slide-wire.
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In its most elaborate form, this thermometer is the most accurate
available. The great precision is obtained by following Callendar’s
THERMOMETER specification for the method
of measurement, and using
the very exact -calibration
STEPPED given by him, of the tempera—
VARIABLE ture scale of pure platinum
REs]'s'rAN/cg/ against the gas scale.

COMPENSATING
LEADS

The maximum temperature
is in the neighbourhood of
1000° C. to 1200° C. if mica is
excluded from the construction
of the thermometer; above
this temperature electrical
insulation is difficult and the
platinum is liable to con-
tamination. It can also be
used at extremely low tem-

Fig. XV. 4. Wiring of platinum resistance peratures, although for tem-
thermometer bridge. peratures in the region of

liquid air, etc., lead is more sensitive than platinum. It is evident that
taking a temperature with this thermometer is not a speedy operation.

Pyrometers

The name pyrometer is usually given to an instrument which measures
high temperatures (usually furnaces) by means of the radiation which
they emit. They are of two main types, viz., full radiation, and optical,
pyrometers. The first type measure the complete radiation, visible and
invisible, emitted by the furnace. In one form, a concave mirror pro-
jects an image of the furnace presented to it, on to a small thermo-
couple, and the e.m.f. produced is a measure of the energy radiated by
the furnace. Apertures in the “optical” system are arranged so that
the reading shall be independent of the distance of the thermometer
from the furnace. In a modification of this instrument, a helically
wound bimetal strip such as is used in thermostats, replaces the thermo-
couple, and the rotation of the strip turns a needle over a dial marked
directly in °C.

Optical pyrometerss are more common ; they are simpler in con-
struction and usually give more accurate results which are practically
independent of their distance from the furnace. They depend upon
projecting an image of the furnace on to the filament of a lamp, placed
in the focal plane of a telescope, and an eyepiece allows the filament to
be viewed against a background illuminated by the furnace. The fila-
ment current is varied until the filament just disappears in the background,
neither brighter nor duller than the furhace. A reading of the filament
current or voltage is then taken as a measure of the temperature. The
range of the instrument can be extended to higher temperatures than
that of the lamp, by inserting between the furnace and the instrument,
red filters, or a revolving shutter which intercepts a known fraction of
the light. These instruments need frequent calibration of the lamp for
accurate results.
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Vapour Pressure Thermometers

If a closed vessel is partly filled with a liquid, the liquid will evaporate
until the vapour generates a pressure which depends upon the tem-
perature, and is perfectly definite in value for any temperature. Since
the increase of pressure for a given increase of temperature is quite
large for volatile liquids, the phenomenon provides a sensitive thermo-
meter. The range uscfully measured depends upon the characteristics
of the pressure meter; the pressure range corresponding to a given
temperature range depends upon the liquid chosen, so that volatile
liquids such as cther will measure lower ranges of temperature, water
will suitably mecasure higher ranges, and liquefiable gases can be used
for measuring extremely low temperatures. For the measurement of
very low temperatures, a gas such as oxygen or hydrogen is used, and
the pressure is measured by a mercury manometer. For high tem-
peratures water or an oil arc used with a Bourdon gauge. The thermo-
meter has been used for industrial measurements, with an ether filling
and a Bourdon gauge suitably modified for measuring low pressures.

Calibration of Thermometers

As has already been noted, the fixed points at which any centigrade
thermometer must read 0° C. and 100° C. are the temperatures of melting
ice and boiling water. For the lower fixed point, the thermometer is
immersed deeply into a copper can filled with small lumps of ice prepared
from distilled water. The lumps should preferably have been exposed
for some time to room temperature, for the larger pieces from which
they have been broken are often at a temperature below 0°C. The
copper can should have drainage holes so that the water is removed as
formed. It is an advantage to stand the can inside another and to fill
the intervening space with ice. A mercury thermometer should be
immersed to the whole height of the thread, and removed slightly to
take the recading. Sometimes a mercury thermometer in an ice can will
record a temperature below its true zero, and then revert to the true
zero a few hours if kept in the can ; this is due to a lag in the contraction
of the glass on cooling. For this reason it is desirable and usual to
cahbrate the ice point before the steam point.

For calibrating the steam point, a simple apparatus called a hypso-
meter is used, which consists of a copper boiler with a double steam
jacket around a copper tube above the boiler, through which the steam
passes. The hypsometer is filled with distilled water so that the water
level can be seen in the glass gauge fitted to it, and the thermometer
is inserted through a bored bung in the copper tube, with the whole
stem up to the steam point, immersed, and the bulb sufficiently above
the water level to avoid splashing it when boiling. If the stem is not
completely immersed, standard tables are available for the correction in
this respect. The ratc of boiling is varied to find a small range of rate
of boiling over which the thermometer reading is steady; this rate is
maintained until the reading is quite steady, and when taking the read-
ing, the barometric pressure is noted. The precise boiling point of the
water at this pressure can be found from standard tables.

II
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For the calibration of the thermometer at other points on the Inter-
national temperature scale, the use of a platinum resistance thermometer
is specified up to 660° C., a platinum-platinum rhodium thermocouple
for higher temperatures up to 1063° C., and an optical pyrometer for
temperatures above this.

In making any accurate comparison of two thermometers they should
be inserted close together in a bath of liquid suitable to the temperature
range, of large dimensions, well-lagged and screened against loss of heat
by radiation. Each comparison temperature should be thermostatically
maintained for a long period, and the contents of the bath efficiently
stirred during this time.
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CHAPTER XVI
TIME

The measurement of time is one of the most fundamental and
important in all human affairs. From the earliest days, the need for a
means of measuring and recording time must have been apparent, but,
as time is decidedly an abstract factor, accurate measurement cannot be
directly achiecved. The best method is to use a device which does work
at an cven speed, and to measure time in terms of the work done in a
given period.

The first divisions of time were undoubtedly the hours of light and
darkncss, the apparent movement of the sun across the sky giving some
rough idea of time of day. Later the change in the position of shadows
of stationary objects suggested the sundial. At first this was probably
a stick, set upright in the ground, with the convenient time divisions
marked by stones. Later, the day was divided into regular time intervals,
the beginnings of hours, minutes and seconds.

The need to measure time at night and on dull days led to other
timekeepers, such as the water-clock or clepsydra, in which the even
drip of water into or out of a vessel marked the intervals of time. Obser-
vation of the stars must have revealed that these had recurrent motions,
somewhat like that of the sun, but to use these to give time indications
must have been considerably more difficult. From the clepsydra evolved
the sand-glass, employing sand instead of water. Lamps and candles
also served as timekeepers, the amount of oil consumed being marked
in one, and the burning of marked lengths giving a time reading with
the other.

Early Mechanical Clocks

The introduction of mechanical clocks was the next step, though the
period is uncertain, and the details of construction unknown. They
were probably used by religious communities, who would have the greatest
need for accuracy in the timing of their services. The earliest clocks
were weight driven, had their timekeeping controlled by a fan or “fly,”
or a crude cscapement of the roasting jack type, and denoted time
intervals by striking a bell. Dials seem to have come later, a rather
strange fact considering that the sundial long preceded the clock.

These early mechanical clocks were large machines, designed for erect-
ion in towers and turrets, and seem to have been quite elaborate. The
most ancient remaining in England is dated 1386, and can still be seen
in Salisbury Cathedral, but others dating from somewhat later times
still exist in several places. Some have astronomical dials, which attempt
to show the arrangement of the heavens, as it was then believed to be.
Smaller clocks followed, the reduction in size bringing about much
improvement of detail, and the invention of the mainspring as an alter-
native to the weight for providing motive power. Weights, however,
are still the most constant source of power, and are used for many
precision clocks.
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The Pendulum

The next important development was the invention of the pendulum,
the work of Galileo Galilei, about the year 1585. It was superior to
any former device, for it enabled clocks to maintain reasonably accurate
timekeeping for long periods, an advantage not possessed by the crude
weighted-lever mechanisms that preceded it. The feature of the pen-
dulum which makes it so valuable as a timekeeper is its isochronism, a
term denoting that, within limits, its time of swing is a constant, despite
variations in the arc through which it swings. It is, accordingly, able
to measure intervals of time at an even rate, despite quite considerable
variations in the power delivered by the clock mechanism.

The introduction of the pendulum soon caused the design of clocks
to develop along lines similar to those adopted to-day, particularly in
the case of regulators, and precision clocks used for astronomical work.

About the same time, another type of timekeeper began to assume
a specialised form. At first known as portable clocks, these timekecpers
soon received the more familiar title of watches. When the mainspring
was invented, attempts were made to produce timekeepers which would
function reliably when carried, but with disappointing results. When
the application of the pendulum to clocks demonstrated the desirability
of isochronism for good timekeeping, horologists sought for means to
apply the principle to portable timepieces by using some other force to
replace gravity.

Balance and Spring

This was achieved by using a wheel with a heavy rim, and controlling
its motion by a light spring. The spring was mounted on the arbor of
the wheel, and stored power when either coiled up or uncoiled beyond
its normal position of rest. Coupled together, the wheel and spring
formed a unit, the oscillations of which had a definite and isochronous
periodic time, depending on the weight of the wheel and the strength
of the spring. The assembly was called the balance and spring, and
was at first used with an escapement very similar to that used for early
clocks. Other escapements were later devised, including the lever, which
is now standard on all good watches, and also on clocks where mobility
is an essential feature.

Sea travel and navigation were developing rapidly at about the period
that these improvements were being made, and it became nccessary to
find a reliable means of determining longitude at sea. Instruments for
observing the stars and sun were greatly improved, but the real need was
for a portable timekeeper which would give accurate time at sea, and so
enable the navigator to determine his longitude. The problem became
so urgent that an Act of Parliament was passed offering a reward of
£20,000 “for an instrument which would enable longitude to be deter-
mined within half a degree.” Many timekeepers attempted to mect the
terms of the award, but it was finally won by John Harrison, whose
fourth ‘““chronometer’’ surpassed all requirements. From then until the
present day, the ‘“marine chronometer” has remained an extremely
specialised type of timekeeper, unchallenged in its own sphere until the
introduction of radio time signals, and still the standard timepiece for
ships at sea.
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The greatest development in horology since these inventions has been
the application of electricity to clockwork. This revolutionary step
involved the adoption of completely new principles, but effected remark-
able improvements in standards of timekeeping.

Sidereal and Solar Time

Before dealing with the various forms of timekeepers at present in
use, a few words on the two standards of time known as Sidereal and
Mean Solar will not be out of place. The former, which is almost exclu-
sively used for astronomical work, differs to some extent from Mean
Solar time, which is that familiar to us all. Sidereal time is obtained
from obscrvation of the stars, and a sidereal day is the interval elapsing
between two successive transits of an imaginary point, known as the
First Point in Aries, across the observer’s meridian. The instant of
transit is sidereal noon, and the measurement of sidereal time is checked
by observations of the transits of fixed stars. Mean solar time is obtained
by taking an average of the transits of the sun across the meridian
throughout the ycar and obtaining from it a measurement of time
which is called a mean solar day. A mean solar day is longer by 3
minutes 55.91 seconds of mean solar time than a sidereal day.

Modern Mechanical Clocks

Present-day clocks are of two main classes, mechanical and electrical,
and the principles of each type, though somewhat different, are fairly
simple. In a mechanical clock, the source of power is alternatively a
weight or spring, which stores sufficient energy to operate the clock
mechanism for a certain length of time. When a weight is employed,
it is usually hung on one end of a length of line, the opposite end of which
is attached to the rim of a drum or barrel, pivoted on a spindle or arbor
running in a bearing in the main clock frame. Winding up the line
raises the weight, and the stored power can then be used to drive the
clock. A toothed wheel coupled to the barrel by a ratchet serves to
transmit this power to the rest of the wheelwork.

The spring used as an alternative form of motive power storage
consists of a ribbon of high-grade steel, shaped into a loosely coiled form.
If such a spring is wound into a closely-tightened coil, energy is stored in
it by bending the steel ribbon along its entire length. The spring will
give out most of this stored energy as it returns to normal form, and if
suitably attached to the wheelwork of a clock, can be used to drive the
mechanism.

In the commonest clocks, the spring is unenclosed, one end being
fastened to the frame, and the other attached by a hooking catch to
the arbor of the first or main wheel. Better quality clocks have their
springs enclosed in a barrel, a cylindrical box which protects the spring
and permits it to operate under better conditions. In most clocks the
main-wheel is attached directly to this barrel, to which the outer end
of the spring is also hooked, and the winding of the spring by turning
of the central arbor causes the barrel and wheel to transmit power.
This form of mounting is known as a going barrel. An alternative,
sometimes used in precision clocks, is the provision of a fusee. The
action of this device is to vary the power leverage of the mainspring
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on the main wheel, and so to compensate for the somewhat variable
power output which is the defect of even the best spring. The spring
is mounted in its barrel, but is coupled to the main wheel, which is on
a separate arbor, by a line or chain which winds round the conical fusee,
and so alters the leverage as the power changes.

The wheelwork or train of a clock consists of a number of toothed
wheels and pinions which transmit the power of the weight or spring to
the escapement, where it is released in evenly-timed units by the action
of the pendulum or balance. The ratios of the train wheels and pinions
are chosen to enable this timing action of the escapement to be recorded
on a dial in terms of hours, minutes, and sometimes seconds. The
normal clock has four wheels, including the escape wheel of the escape-
ment, and three pinions, though many cight-day clocks with going
barrels have an extra or intermediate wheel and pinion between the
main-wheel and the remainder of the train to provide a full eight-day run.

The Escapement

The escapement is the most important section of a mechanical clock.
Its function is to release the energy stored in the driving weight or
spring in an even and regular manner, and in correct proportional relation
to the passing of time. This is done by allowing the escape wheel, which
is mounted on the last arbor
of the train, to move forward
step by step, a distance of
half a tooth space at a time.
The teeth of the escape wheel
are of special form, and engage
in turn with the pallets (Fig.
XVI. 1) which control their
motion.  These pallets, of
which there are usually two,
are so pivoted that as one
advances, and engages with
a tooth on the escape wheel,
the other recedes a corre-
sponding distance. As the
spacing of the pallets in rela-
tion to the wheel is such that
when a tooth is resting on
either pallet, the other pallet
is midway between two other
teeth, this advancing and

f receding action will permit
the wheel to escape a distance
ESCAPE WHEEL equal to half a space between
Fig. XVI. 1. Recoil escapement, as used two teeth at each movement
on pendulum and domestic clocks. of the pallets. This pallet

movement is, in turn, con-
trolled by the pendulum or balance, which thus ensures that the escape
wheel is only able to advance at correctly timed intervals. The inter-
action of escape wheel and pallets has a dual purpose, for, in addition to
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being concerned with the timed release of the wheel train, both are so
designed that a portion of the power transmitted by the escape whecl
is transferred through the pallets to the pendulum or balance. This
power is known as the impulse, and maintains the swing of the pendulum
or balance by making good the losses due to friction. To give sufficient
clearance for correct escapement action, the escape wheel is permitted
a small amount of free movement between the point where one tooth
drops off a pallet and the next tooth to act falls on the opposite pallet.
This free movement is known as drop, and is the cause of the ticking
sound made by a clock.

The pallets of pendulum clocks are usually linked to the pendulum
by the crutch, which enables the motion of the pendulum to actuate the
pallets and also transmits the impulses from the pallets to the pendulum.
The pendulum is not pivoted, being hung from a firm support by a thin
flat spring, known as a suspension. The periodic time of swing of a
pendulum is adjusted by raising or lowering the mass, or bob, at the free
end of the rod. This is done by a nut, running on a fine screw thread,
usually located below the bob. Raising the bob shortens the periodic
time, and lowering it has the contrary effect. The expansion and con-
traction of the pendulum rod as a result of variations of temperature
can effect the periodic time in much the same way as an alteration of
the bob, and to overcome this, pendulums are frequently fitted with a
compensating device. This usually consists of an arrangement of tubes
or rods of dissimilar metals, so arranged that their collective expansion
or contraction neutralises changes in the length of the pendulum. An
alloy, known as Invar has also been developed and this has such a small
coefficient of expansion that its use for a rod renders the pendulum
almost unaffected by changes of temperature.

Escapements using balances and balance-springs to control their
timing differ somewhat in detail from pendulum escapements, though

Eig, XVI. 2. Modern 8-day murine chronometer, one of the standard
timekeepers for navigation. Chronometers of a similar type are also
used extensively for surveying.
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their main principles are similar.
The lever is the most widely used,
its special virtue being that it is
a detached escapement. The term
detached means that the balance
performs most of its swing when
entirely disengaged from the rest
of the escapement, and so operates
under favourable conditions for
maintaining good timekeeping. The
less interference with the free swing
of a balance or pendulum, the more
constant is its measurement of time,
and the design of an escapement
aims to reduce such interference to

Fig. XVI. 3. A chronometer balance o
showing cylindrical balance-spring and ~ @ minimum.
bi-metallic rim with cuts. In a chronometer escapement,
the balance is even more detached
than in a lever, for it only receives its impulse at alternate swings. The
escape wheel impulses the balance directly, and as the balance makes

its return swing it trips a very light spring.

Watches

The construction of watches is generally similar to that of mechanical
clocks, the main differences being due to the reduced size. Most watch
mainsprings are enclosed in going barrels, and the lever escapement is
almost universal. Some high-class watches are fitted with the chrono-
meter escapement, and are accordingly known as pocket chronometers.
The limited power of a watch mainspring, and the need to reduce friction
to a minimum has brought about the extensive use of jewels as bearings
for the pivots of the train and escapement. Some precision clocks also
employ jewelled bearings. The frictional efficiency of a steel pivot
running in a jewel bearing is particularly high, and its durability is also
excellent. The jewel stones are usually rubies, mostly of the synthetic
variety, which have no intrinsic value, but assist greatly in ensuring the
smooth transmission of power throughout the train.

Most watches run for about thirty hours with one winding of the
main spring, and the ratios of the train provide for 18,000 swings or beats
of the balance each hour. Some very small watches have faster trains,
with the balances making 20,000, or even more beats per hour, and
special timing watches used for recording small fractions of a second
operate at even higher speeds, but in all cases the principles remain
unaltered.

Mcchanical timekeepers are often adapted to many special uses, and
have attachments and constructional features which make them suitable
for their individual duties, but to cover these would require a volume.

Turret Clocks
Another special form of timekeeper is the turret clock, the type used
on churches and public buildings. The conditions in which these clocks
operate, and the timekeeping required of them, entails special design and
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construction. The frame is usually cast iron, and of the flat-bed form,
this permitting any part to be adjusted or even removed and replaced
without any interference with other parts. As weather conditions can
affect the hands of these clocks, a special escapement, known as the
gravity, and invented by the late Lord Grimthorpe for the Houses of
Parliament clock at Westminster, is used instead of the kinds used on
smaller clocks. This escapement maintains the swing of the pendulum

Fig. XVI. 4. A modern turret clock movement, using the gravity escape-
ment, and striking the hours. The timekeeping mechanism is on the right,
and the striking mechanism on the left.

by the impulses given by two weighted arms which are raised and locked
by the escape wheel, and are unlocked by the pendulum as it makes
contact with each in turn. The unlocked arm then descends with the
pendulum a distance equal to that which it was raised by the escape
wheel, and in so doing delivers its impulse. By this means the escape

- wheel only delivers an impulse indircctly, and, as the weight of the
descending arm is always constant, the impulse is as nearly as possible
invariable. Many other refinements are also fitted to turret clocks to
improve their performance, and if properly constructed and maintained,
these timekeepers can maintain extremely accurate time over quite long
periods.

Electric Clocks
The electrical operation of clocks has led to alterations of design,
and, generally speaking, to a great simplification. There is a distinction
between true electrical clocks and the electrically wound types, which
are merely mechanical clocks fitted with automatic electric winding
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attachments. The truly electrical clocks are those in which electrical
power supplies the energy to maintain the swing of the pendulum, either
directly or by means of some gravitational device which is reset electric-
ally. The latter method is used by most systems, and has proved very
successful, largely because of the accuracy of timekeeping and great
reliability obtained. The cxcellence of timekeeping is due to the almost
unimpaired freedom of swing afforded to the pendulum, the simple
mechanism, which has only one wheel, and the even gravitational impulse
to the pendulum. The Synchronome claims to be the oldest of the
various systems using this principle, and the master clock made by this
firm will serve quite well as a type for purposes of description.

The pendulum, having an Invar rod and a heavy cylindrical bob, is
hung from a bracket at the top of the main casting which carries the
rest of the mechanism. Near the top of the rod, on a level with the
rest of the mechanism, is mounted a pallet, having a curved acting
surface by which the impulse is given to the pendulum. Just below
this pallet is fixed a thin springy arm, which carries a semi-circular
gathering jewel at its remote end, and on the base, at a point where its
teeth can be gathered by this jewel, is a 15-toothed ratchet wheel, pivoted
on an arbor. As the pendulum swings, it causes the gathering jewel to
alternately trip over and gather the teeth of the ratchet wheel, a swing
in one direction causing the jewel to step over the tip of a tooth, and
the return swing to draw this tooth round until the jewel has moved
far enough to disengage from it. One tooth is gathered at each return
swing of the pendulum, and as the wheel has 15 teeth, and the pendulum
makes one swing per second, the wheel will make one complete rotation
every 30 seconds.

A small vane is also mounted on the arbor of the 15-toothed wheel,
and at each complete rotation of the wheel this vane engages with and
trips a spring-loaded catch which normally supports one end of a right-
angled gravity arm, pivoted at its point of angle, and located on the base
plate in such a manner that it can fall a short distance when the spring
catch is drawn aside. As the catch is tripped and the gravity arm
descends, a small roller pivoted on a bracket on the arm, drops on to the
pallet previously mentioned as being on the pendulum rod, and then
rolls down the curved pallet face. This action causes the weight of the
arm to deliver an impulse to the pendulum sufficient to maintain its
swing until the end of the next half-minute, when the process is repeated.
When the roller reaches the end of its path down the pallet, the other
-angle of the gravity arm moves to a point where a contact mounted on
it meets another similar contact fitted to the end of a pivoted armature.
As this occurs, the circuit through the two contacts is completed, and
the magnet which attracts the armature is energised. This causes the
armature to replace the gravity arm on its spring catch, where it awaits
the repetition of the cycle at the conclusion of the next thirty seconds.
Completion of the circuit energising the electro-magnet and replacing
the gravity arm also records time by operating special impulse-driven
dials for the series of electric impulses which occur at exactly half-
minute intervals are utilised to energise the dial mechanism.

The dials and the master clock are connected in series, and mounted
on the minute hand spindle of each dial is a 120-toothed ratchet wheel.
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Engaging with these ratchet teeth is a pawl, coupled to an electro-
magnetically actuated armature which is attracted to its magnet at each
impulse. This causes the pawl to step back and drop into the next
tooth of the ratchet wheel, tensioning a small spring as it does so. The
conclusion of the impulse allows the armature to return under the power
of the spring, and so propel the hands forward a distance indicating one
half-minute. If the battery power is suitably increased, a large number
of dials can be included in the master clock circuit, all in series, and all
making the necessary step forward when the impulse is transmitted by
the master clock.

The master clocks and impulse dials of other similar systems differ
in detail from those described, but variations are small. There are other
types, however, which dispense with the gravity arm principle and use
direct magneticimpulses to maintain the arc of the pendulum. In this type
of clock, the impulsing magnet usually acts upon an armature attached
to the pendulum, current being automatically applied to the windings
of the magnet as soon as the arc of the pendulum falls below a certain
point. As the timing of this impulse may be variable, it is usually
necessary to provide additional contacts to close the circuit operating
the impulse dials at regular intervals instead of using the maintenance
impulse of the master clock for both purposes.

The most notable development of the electric master clock from a
timekeeping standpoint is the Synchronome-Shortt ‘“Free Pendulum,”
which is an amplification of the more ordinary type of master clock
already described. It is an established principle of precision timekeeping
that the less interference to which a pendulum is subjected, the more
accurate is its time of swing. Even the friction of the air constitutes
interference, the degree of which will vary with changes of atmospheric
density.

In the ordinary master clock, used for driving circuits of impulse
dials, interference from mechanical causes is very small, but the pendulum
still has to engage its gathering jewel with the teeth of the ratchet-wheel,
draw the wheel round, step-by-step, and trip the gravity arm catch
every thirty seconds. These actions are all interference with the free
swing of the pendulum, and even the travel of the roller on the gravity
arm down its track on the pendulum impulse pallet is an interference,
though an unavoidable one. As most of the interference with the
pendulum of the master clock comes from the gathering jewel and the
work it does in releasing the gravity arm, it follows that if the gravity
arm could be released at the correct instant by some external control,
the pendulum would be freed from all disturbing influences except those
due to the delivery of the maintenance impulse. In the Shortt free-
pendulum clock, this is achieved by linking two clocks, one being the
free pendulum and the other the “slave’ clock, kept in step with the
free pendulum by a synchronising device, and serving to release the
gravity arm of the free pendulum by the fall of its own arm every 30
seconds. The free pendulum swings in a sealed case, exhausted to a
partial vacuum. Its gravity arm is of very light weight, and rests upon
a spring-loaded catch which is tripped by an electro-magnet energised
by the slave clock. The construction of this slave clock is identical
with that of an ordinary master clock, but it has an additional syn-
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FREE
PENDULUM

Fig. XVI. 5. Schematic diagram of the Synchronome-Shortt free pen-

dulum. In the slave clock the letters are as follows: P, Pendulum ;

A, Armature; M, Magnet; C, Ratchet wheel; J, Impulse pallet; G,

Gravity arm; R, Roller, K, Catch; B, Gathering jewel; D, Vane;
I., Backstop lock ; H, Synchronising magnet and armature.

On the free pendulum the letters are as follows: P, Pendulum; GI,
Impulsing gravity arm ; E, Gravity arm release magnet; G2, Re-setting
gravity arm ; K, Re-setting arm catch ; R, roller pallet ; T, Re-setting cam.

chroniser by which it is governed by the free pendulum. When the
clocks are in operation, their synchronisation ensures that the slave clock
will release its own gravity arm just as the free pendulum approaches
the correct point in its swing for the reception of its impulse. The
completion of the circuit by the descent of the slave clock gravity arm
energises the slave replacement circuit, and effects the raising of the arm
in the usual way, but it also energises the magnetic trip which releases
the gravity arm of the free pendulum. This arm delivers its impulse
as it descends on a roller on the pendulum rod, and then, as it drops
right off the roller, trips a light catch holding up a heavier, subsidiary,
gravity arm. This arm falls in turn, raising the impulsing arm and
making a contact which energises both its own replacement magnet and
the magnet of the synchroniser on the slave clock. This synchroniser
is so arranged that if the slave pendulum is slow, it is automatically
accelerated, but if it is correctly timed, it is left unaltered in timing.
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This form of construction so greatly improves the conditions in which
the pendulum operates that the performance of the free pendulum clock
is superior to that of any other pendulum timekeeper, and has won for
it a premier position in observatories all over the world. The first
challenge to it comes from the quartz crystal clock, which will be
described in its place.

The Synchronous Electric Clock

Mention should be made of the synchronous electric clock, operated
from the A.C. supply mains, which is probably the most popular of all
electrical timekeepers. Although this form of clock has undoubtedly
brought reasonably accurate timekeeping to a much wider public than
any other, it is not really a clock at all, being merely a form of impulse-
driven dial, receiving its impulse many times per second instead of twice
per minute, and being completely dependant on external control for its
timekeeping. Actually it is a frequency meter, consisting of a small
synchronous motor, driving a suitable reduction gearing at a speed
which keeps the hands of the clock indicating correct time whilst the
supply current is maintained at the correct frequency, which, in Britain,
is 50 cycles per second. If the frequency increases, the clocks will gain,
but if, conversely it decreases the clocks will lose.  From this it is apparent
that the A.C. mains merely form a time distribution system, kept accurate
by reference to a standard master clock. The type of clock used to
control A.C. frequency is usually an electric master of the type pre-
viously described, but fitted with a seconds counter of the impulse type.
A dial driven by such a clock is compared with one driven by a syn-
chronous motor, and when the time shown by the synchronous dial shows
a divergence, the power station staff adjust the speed of the alternators
to make the nccessary correction. Later it may be possible to devise
automatic control, but this is not used at present.

The Quartz Crystal Clock

The quartz crystal clock, the most recent development in timekeeping,
is entirely novel in principle. Its action depends on the fact that if an
electric voltage is applied to the faces of a piece of quartz crystal, the
crystal will undergo a slight change of shape in a direction at right angles
to the points of application of the voltage. When the voltage is removed,
the crystal will return to its former shape. If an alternating current of
a frequency approximately equal to the natural frequency of the crystal
is applied in this way, the changes of shape will occur at the natural
frequency of the crystal, and become vibrations or oscillations. The
important feature of these oscillations is that they can control and keep
constant the frequency of the applied alternating current at a value in
synchronism with the natural frequency of the crystal. In practice, the
applied alternating current is provided by a thermionic valve circuit,
and the resultant controlled frequency current, whose value is kept
constant by the resonance of the crystal, is amplified by a series of
thermionic valves to a point where it can be used to drive a synchronous
motor. The frequency of the crystal controlled current is far too high
for direct use, being some 10,000 cycles per second, and to reduce this
a sub-multiple generator circuit is employed. This is, in effect, an elec-
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trical reduction gear, controlled by current at crystal frequency, but
delivering current at a much lower frequency which is an exact sub-
multiple of it. This lower frequency current, which has a value of about
1,000 cycles per second, is used to operate the synchronous motor, the
latter being coupled to the dial of the clock by a reduction gear of the
normal type. The synchronous motor somewhat resembles that used
for the familiar mains-operated A.C. clock, but is designed to operate at
1,000 cycles instead of the normal 50 cycles.

The frequency reduction effected by the sub-multiple generator
circuit, and the reduction gearing of the clock train are so selected that
when the crystal has its natural frequency of vibration exactly, the
clock will show accurate time. From this it will be apparent that the
timekeeping of the clock depends entirely on the constancy of vibration
-of the crystal. This in turn, is dependent on the conditions under which
the crystal operates, such as temperature, pressure and so on. Most of
these influences can be kept under control. At the present time, the
clock is still in a state of development, but it has already demonstrated
its capabilities as a very high precision timekeeper.

In this brief survey of the instruments used for timekeeping, we have
traced their development from the crude stick sundial to the quartz
crystal clock. In few, if any, of the developments of scientific research
has man achieved such a near approach to perfection. In the crystal
clock deviations from the mean as small as one part in a hundred million
have been discerned, and the most accurate of our time measuring instru-
ments have even shown variations in such things as the motion of the
earth itself. Even so, the ultimate goal has not been reached, for further
advances are even now on the way.
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CHAPTER XVII
SPEED

The speed of travel of an object is the rate of change of position
with time, thus it can be determined by finding the time required for the
traversal of a mcasured distance. This fundamental method generally
gives the greatest accuracy, but ordinarily the quotient is determined
instrumentally, and shown by a pointer moving over a scale, or by a
pen tracing the value continuously on a chart. The principles employed
in these instruments depend on the medium in which the object is moving,
and will be discussed under three main headings, (1) the land speed of
objects moving on the land, (2) the air speed of objects moving in the
air, and (3) the water speed of vessels travelling on the water. No
attempt will be made to deal with the problems of navigation which
arise in the determination of the land speed of air or water-borne craft.

Land Speed

When low speeds have to be measured the fundamental method can
be appliecd with the simplest of equipment ; a yard-stick to measure
distance, and a stop-watch to measure time. These, and possibly two
observers are all that is required to give results of normal accuracy,
and for years they have sufficed to record the speed of travel of man
and beast, but as speeds increased greater precision became necessary
and the chronograph was evolved from the } sec. stop-watch. But as
speeds rose further, and competition became keener, the human element
had to be eliminated, and electrical methods were introduced. These
usually involve placing at a known distance apart two devices which
give clectrical impulses as the travelling object passes them. A wheeled
vehicle can conveniently operate contact strips laid on the ground, whilst
photo-electric apparatus, which involves the interruption of a light
beam, has wide fields of application. The breaking of a tape, too, can
be made to open or close contacts.

The electrical impulses may be used in a number of ways. The
most accurate method, particularly for short time intervals, is to record
photographically the deflections of an oscillograph or of a string gal-
vanometer concurrently with a standard time signal. Alternatively,
they may be made to deflect pens making traces on a strip of paper
drawn continuously under them by a motor, and on which another pen
is recording standard time signals. This method is particularly suitable
for measuring longer time intervals when otherwise the consumption of
photographic material might be excessive. Direct readings may be
obtained from the impulses if they are made to trip time measuring
devices. Thus they can control magnetic clutches on a continuously
running clock mechanism, or if magnified by relay can be made to
work an electro-magnetic clapper device applied directly to the knob
of a stop-watch ; simply replacing manual operation.
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Speedometers

The foregoing fundamental methods are used to measure vehicular
speeds only when academic accuracy is required, and normally instru-
ments called speedometers are carried for this purpose, and operated
either mechanically or electrically from the road-wheels. Early types
were driven from the front wheels of motor vehicles through a
friction driven shaft to which was coupled a flexible shaft of sufficient
length to reach the speedometer itself, but in more recent years it has
become general practice to take the drive from the transmission, and
provision is often made for it in the gearbox. These instruments usually
display a counter, or odometer showing the mileage travelled in addition
to the speed pointer. There is a limit to the length of flexible shaft
which will give satisfactory service so electrical instruments are useful
on large vehicles. These comprise a small generator connected to the
indicating head by 2 or 3-core cable, and since this can be of quite appre-
ciable length, the two components can be put in the most convenient
positions.

Mechanical Speedo-
meters.  Instruments
driven  through a
flexible shaft, i.e.
ARBOR : mechanically driven,
employ one of three
general principles.
The earliest instru-
ments used centrifugal
force as their basis,
and some of this type
are still made, being
commonly referred to

s ‘“‘governor”’ instru-
ments because of the
similarity of their
mechanism to that
seen on some steam
engines. The design
usually comprises a
pair of weights carried
round by a governor

Fig. XVII. 1. Principles of the centrifugal arm and hinged to a
speedometer. rotating arbor as
shown in Fig. XVII. 1.

The weights are thrown outwards by centrifugal force, against the con-
straint of a spring, thus the distance the governor arm is displaced is a
measure of the rate of rotation, which is obviously proportional to the
road speed of the vehicle. It will be seen that the arm is linked to a
sliding sleeve on the arbor, and it is through this that the position of
the weights control the instrument pointer. Instruments of this type
have the advantage that their readings are independent of the direction
of drive, but they have the disadvantage that they require to be driven
at a rather high speed which increases the strain on the flexible shaft.

‘SLIDING SLEEVE
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These ‘‘governor’” instruments have now been very largely replaced
by those using the eddy-current principle, and illustrated by the classical
experiment known as Arago’s Disc. These are usually referred to as
“magnetic’’ instruments, for the driven shaft carries a permanent magnet,
which as it turns produces a rotating magnetic field in a cylindrical or
annular air-gap. A ‘‘drag-cup” or disc of aluminium or other good
conductor is mounted on a pivoted spindle so as to swing in this gap
with the magnetic field passing through it. Thus, as the magnet revolves,
eddy-currents are generated in the drag element which is pulled round
against a restraining spring. The forces produced are directly propor-
tional to the speed of the magnet, so the instrument has a uniform
scale. These mechanisms can be designed for the most economical
production, but may also be refined to give great accuracy. The major
difficulty is to compensate for the change with temperature of the elec-
trical conductivity of the drag element, for this has a proportional effect
on the readings. Normal requirements are met by applying a shunt of
thermo-magnetic alloy to the magnet. These instruments usually develop
enough torque in the drag element to give reliable readings at com-
paratively low speeds of rotation; indeed this condition is essential if
the pointer movements are to be sufficiently damped, thus the demands
on the flexible drive are not so severe as for ‘“‘governor” instruments,
and a longer length can be tolerated. The pointer turns in the same
direction as the magnet, consequently instruments have to be calibrated
for a particular direction of rotation, unless some mechanical device is
added to cause the magnet to turn always in the same direction, which-
cver way the driving shaft revolves.
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Fig. XVII. 2. Chronometric principle.

The third class of speedometers employ the “‘chronometric” principle
and work out mechanically the quotient of time into distance. The
mechanism of a typical instrument will be described with reference to
Fig. XVII. 2. The centre of interest is the camshaft, for this provides
the time- base and in addition to the cam carries an escape wheel which
together with an escape lever, and balance-wheel, constitutes a complete

12
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escapement. Thus as the camshaft is driven through the slipping clutch
it is constrained to run at a constant speed in exactly the same way as
is a timepiece, and the three cams will move the spring fingers in contact
with them in a regular sequence at constant time intervals. The top
cam controls the rocking lever, which, at the beginning of the sequence
moves the pinion into mesh with the first ratchet wheel. The pinion
is driven continuously by the road-wheels, so the distance it turns the
ratchet wheel during the constant time of contact with it is dependent
on the speed of the vehicle. This first ratchet wheel carries a peg which
can engage with a similar one on the second ratchet wheel, so that as
the first is moved round it can pick up the second ratchet wheel and
carry it round too, and the pointer with it. The continued rotation of
the camshaft causes the pinion to move out of mesh with the first ratchet
wheel, and then momentarily releases the ratchet on the second ratchet
wheel, so that if in the previous cycle the pin on this second ratchet
wheel had been left above the point to which the first wheel had been
carried it will now drop back to it under the influence of the control
spring, taking the pointer as well. Thus in actuality, the pointer shows
the position of the pin on the first ratchet wheel.

The bottom cam then releases the ratchet on the first wheel, when
this is returned to its starting point by its spring, and is ready to com-
mence the cycle all over again. The pointer naturally moves in jerks
from one reading to the next but as the cycle is repeated about every
second the maximum change that can take place between each is limited
to an amount which is not serious. The chief limitation of the instru-
ment is that it will not record speeds below that at which the clutch
begins to slip and the driving spindle must always turn in the right
direction. This is usually ensured by the insertion of an automatic
jockey gear.

Electrical Speedometers. The indicating portion of an clectrical
speedometer is a voltmeter adapted to measure the output of the gen-
erator. This usually has a permanent magnetic field, and can be designed
to generate either direct or alternating current, the output voltage vary-
ing substantially with speed. A direct current system permits the use
of a high-grade moving-coil voltmeter or of a moving-iron instrument,
according to the accuracy desired, but the commutator with its brushes
may need periodic attention for consistent results. This weakness is
eliminated with an alternating system, but there is some difficulty in
finding voltmeters for alternating current which give the same accuracy
as the D.C. counterparts without imposing a greater load on the generator.
This is important, for if the readings are to be independent of the gen-
erator temperature, which may vary considerably in service, the resist-
ance of the indicating instrument must be many times that of the
generator. Voltmeters for A.C. are based on one of four principles :
moving-iron, induction, dynamometer, and D.C. moving-coil with rectifier,
and in making a choice from among these it must be remembered that
the output from the generator will vary in frequency as well as in voltage.
Consequently, the first two types will have non-uniform speed scales,
the lower portion being extremely cramped, but the induction type can
give an almost full circle scale, and is suitable for normal technical use.
The dynamometer unfortunately has a square law scale, and tends to
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impose a heavy load, consequently the rectifier instrument is the most
attractive, and is now quite satisfactory. The accuracy of this equip-
ment does depend on the generator retaining its calibration but this is
not difficult to ensure with modern magnetic alloys.

Air Speed

The precise determination of aircraft speed is a problem of great
technical difficulty, and is the subject of continuous research. The time
required to pass two fixed points of the ground speed can be measured
accurately with modern apparatus as long as the craft is near to the
ground, but the deduction of the airspeed from this data demands that
the direction and velocity of the wind shall also be known with equal
precision. Consequently most measurements of air speed are made with
apparatus carried by the aircraft itself, comprising a pitot-static tube
fixed to the airframe, and connected to a differential pressure gauge.
Fig. XVII. 3 shows the principle.
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Fig. XVII. 3. Principle of pitot-static head.

The pitot-static tube assembly consists of two concentric tubes. The
inner one has an aperture pointing into the airstream, and receiving the
impact or ‘“ram” pressure, whilst the other, with the holes in the
cylindrical surface, measures the static pressure of the atmosphere.
The difference between these two pressures is, at low air speeds, equal
to half the product of the air density, and the square of the speed, but
at high speeds other terms, dependent on the compressibility of the air,
become of importance, and cannot be neglected.

The indicator itself (Fig. XVII. 4) commonly has a flexible capsule
and magnifying mechanism mounted in an airtight case. This case is
connected to the static tube, whilst the capsule receives the impact
pressure. Thus its distension is dependent on the difference between
the two, and this is shown by the pointer moving over a scale calibrated
in miles per hour, knots, or other units. According to the relationship
quoted above, the pressure is proportional to the square of the speed,
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Fig. XVII. 4. Airspeed indicator.

and this tends to make the scale become more open at the higher readings.
Whilst this might be useful for navigational purposes it is very undesirable
from the pilot’s point of view, because he is acutely intcrested in the
lower values in the neighbourhood of the stall, which he must read with
great facility. Therefore the mechanism must be designed to compensate
for this effect in conjunction with suitable capsule characteristics. In
this way it is possible to produce an instrument with a perfectly uniform
scale over a pressure range of 100 : 1, that is a speed range of 10: 1.

It is to be noted that the readings of this instrument are proportional
to the density of the air, and since this falls progressively with increasing
altitude an airspeed indicator as outlined above will be correct at one
atmospheric pressure only, and in fact calibration is usually made for
standard sea-level conditions. The readings of such an instrument are
referred to as ‘‘indicated airspeed’” and satisfy the pilots’ requirements
as far as the handling of normal aircraft is concerned, for the same
factors which affect the readings of the indicator control the aerodynamic
forces on the aeroplane. But the navigator must know the ‘“‘true”
airspeed, and this requires the application of a density correction.
Several attempts have been made to apply this correction in the instru-
ment itself, but logically this involves not only the measurement of the
atmospheric pressure, which can be obtained from the static line, but
also the measurement of the air temperature at the pitot head, and
when an instrument has been designed to correlate these mechanically,
the result has usually been extremely complicated. These instruments
do not find general favour, however, for navigation is an exact science,
and preferred results are obtained by calculation using corrections based
on the measurement of air temperature and pressure by separate instru-
ments whose individual performances are known.

Modern instruments can be made so precisely that in practice the
overall accuracy of an installation is much more likely to be limited by
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errors arising in the pitot head than from those in the instrument.
Theoretically the pitot head should be mounted with its axis parallel
with the air-stream, and in that part of it which is unaffected by the
passage of the aircraft itself. Consequently it is usually fixed on a
support or strut in front of, or well below the leading edge of the wing,
or under the fuselage. Unfortunately, aircraft change their attitude of
flight according to loading and speed, and the region of disturbed air
changes too, so that in practice the best position on any new aircraft
has to be found by experiment. As the aeroplane changes its attitude
the axis of the pitot tube will cease to be parallel with the direction of
flight, but it is not difficult to proportion the head so that this factor
does not cause serious errors.

The pitot head can be rendered completely useless by a deposit of
ice, and this may imperil the aircraft and crew, so it is usual to build
an clectric heater into it to be switched on when conditions require it.
Precautions have to be taken in an installation to ensure that water
which cannot be entirely excluded from the system does not collect in
a bend and cause a stoppage.

Airspeed indicators have been made in other ways. On some types
of elementary aircraft the indicator consisted of no more than a sprung
vane mounted on a strut where it is visible, and deflected by the air-
stream over a graduated scale. Another variety comprises an airscrew
mounted forward of the wing. It is driven round by the air-stream and
electrical means are used to show its speed of revolution. Actually this
instrument always shows the true airspeed so it can be used for navi-
gational purposes, and can provide a record of air miles flown, but it
was never used to any extent because of its vulnerability, and the difficulty
of giving protection against ice.

Water Speed

This is usually measured in terms of nautical miles (of 6,080 feet)
per hour, expressed as “knots.”” This word originates in the means by
which these speeds used to be found, that is, by means of a “log.” This
was a piece of wood attached to a long length of cord having knots tied
in it at certain equal distances and coiled up on a reel. When the log
was thrown overboard the cord was pulled out and the number of knots
which passed in a certain time were a measure of the ship’s speed. The
certain time must bear the same relation to the hour as the distances
between the knots do to the nautical mile.

This way has obvious disadvantages and so instrumental methods
have come along, giving not only a continuous indication of speed but
also a record of sea miles travelled. Some of these improved ‘logs”
use the same principles as the air-speed indicators, one or two types
using the pitot-static tube. This is designed to project some distance
from the bottom of the ship so as to be clear of the water which is dragged
along by the skin of the ship. Itis provided with “pressure’ and “static”
orifices and the difference of pressure produced by the motion of the ship
are transmitted by pipes to an instrument within the hull, but situated
below the water-line to permit the elimination of air. This converts
the pressure difference into a proportional electric current operating
remote indicators on the bridge or in the chart room. The conversion
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may be achieved by mechanical means or through a mercurial manometer.
It should be noted in passing that the relation between speed and pressure
follows a square law as in the air-speed indicator, so that accuracy will
be greater at higher speeds.

S — Another type uses a screw or
propellor, which when mounted
in the stream will spin at a
rate dependent on the pitch of
the blades, and steaming speed,
provided that it has to do no
work. The most simple form
has a cylindrical body tapering
to a point in front where it has
a ring for attachment to a line.
The cylindrical part has three
fins arranged in a helix forcing it
to turn as it is drawn through
the water, and a given number
of revolutions correspond to a
definite distance of travel, so the

Fig. XVII. 5. A ‘patentlog’ giving the

distance run through the water by a

(small) ship, showing the rotor trailed

through the water and connected by a

plaited line to the recording head

mounted on the ship—usually on the
taffrail,

forward end of the line is
attached to an instrument,
which by means of gearing
shows the distance travelled on
a dial. The instrument head is
conveniently mounted on a strut

off the ship’s quarter so that the
screw member is free of water disturbed by the ship itself. Mechanical
or electrical transmission may be used to give readings at other locations.
Another form carries the screw on an arm that can be projected from the
ship’s bottom, and in this case it is required to work only a pair of elec<
trical contacts. Each closure of these corresponds to a certain distance’
travelled, so the total can be recorded by a simple electro-magnet and
ratchet mechanism. If it is desired to show speed, then a time base
must be introduced by a clockwork device, and such arrangements are
not unlike the “‘chronometric”’ speedometer described earlier. As in the
case of other electrical instruments, readings can be made available at
various points on the ship.

It is possible to calculate the speed from the revolutions of the ship’s
propellor, and to-day the corrections which have to be applied can be
determined with such accuracy that mariners often prefer this method
of obtaining their speed. Electrical tachometers, such as those des-
cribed earlier in this article are suitable for this purpose because they
can provide the reading on the bridge, or at any other station remote
from the engines.
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CHAPTER XVIII
WEIGHT

Weighing machines operate on the principle of obtaining a state of
equilibrium between two forces, one of the forces being the weight of
the mass being weighed, and the other either the weight of a standard
mass or the force exerted by a body in resisting elastic deformation, as
in a spring balance or torsion balance. A simple or compound lever
system is embodied in most weighing machines, the simplest form of
which, an equal armed lever, being used in the balance.

The Balance

A balance consists of a beam pivoted at its centre on a knife edge
called the fulcrum, and the pans, one for the load and the other for the
standard weights, are suspended from each end of the beam. For a
balance to be true, i.e. for the beam to assume a horizontal position,
when the balance is both unloaded and loaded with equal masses, the
following conditions must be satisfied :(—

(a) The moments of the weights of the arms of the beam, about the

fulcrum, must be equal.

(b) The two scale pans must be of equal weight.

(c) The distances between the points of suspension of the pans and the
fulcrum, must be equal. In order to ensure this equality the
pans are suspended on knife edges which are fixed to the beam.

Errors in (b) and (c) might counteract each other, but will not do
so if the pans are interchanged.

A balance must also be stable, i.e. the beam, if disturbed, will oscillate
or vibrate, and ultimately come to rest in its initial position. For this
to be so the centre of gravity of the beam must lie below the fulcrum.

For a balance to be capable of accurate weighing, it must be sensitive
to small differences between the loads suspended from the terminal knife
edges, by giving an appreciable deviation of the beam from the hori-
zontal. If the loads in the two pans differ by an amount w and the
beam deviates an angle « from the horizontal, the sensitivity is measured

tan

by the ratio 2. For a beam in which the three knife edges are in line

tano L

w  Wxd
beam, and d the distance between the fulcrum and the centre of gravity
of the beam. If the fulcrum is above the line joining the terminal
knife edges the beam is less sensitive, and its sensitivity decreases with
increase of load. In practice the fulcrum is positioned slightly below
the line joining the terminal knife edges, so that the bending of the beam
when loaded tends to bring the knife edges into line. Care must be
taken that the fulcrum is not placed too low, or the centre of gravity
of the beam might coincide with, or lie above, the fulcrum, establishing
neutral or unstable equilibrium of the beam.

, where L is the length of each arm, W the weight of the
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A balance is provided with a mechanism for raising the beam from
the fulcrum support and for lifting the pans from the terminal knife
edges whilst the load and weights are being applied. When the beam
and pans are lowered onto their supports, the beam is free to vibrate,
ultimately coming to rest at the rest point. A pointer attached to the
beam indicates on a scale any deviation of the beam from the horizontal.
In a balance which is not highly accurate the weights are adjusted until
the beam comes to rest in a horizontal position. In a very sensitive
balance the registered deviation is corrected to the amount of weight
required for perfect balance, by reference to a sensitivity chart for the
balance. The pointer is sometimes used to carry a small weight which
can be raised or lowered so that the centre of gravity of the beam can be
adjusted.

A finer degree of accuracy than is possible with the smallest weight
can be obtained by the use of a rider. A rider is a small weight made
of wire so that it can be placed over a graduated horizontal scale attached
to the beam. If the rider weight is 0.005 gr. and the scale is graduated
into ten divisions, the beam balancing with the rider at zero, when the
rider is on division x the corresponding addition to the scale pan weight is
X
10
degree of accuracy is obtainable ; for instance, a precision balance with
a capacity of 10 gr. is capable of making a weighing to 0.000001 gr.

The finer the sensitivity of the balance the longer time will the beam
vibrate before coming to rest. The rest point can be estimated by
averaging the divisions registered by the pointer at the extremities of
the swing. A damping device is sometimes used, in the form of a flat
plate which is fixed to the end of the beam and which oscillates in a
closed cylinder containing air, as the beam swings.

X 0.005 gr. By the use of riders and a sensitivity chart a very high

Gram-Chain Balance
The gram-chain balance®
(Fig. XVIII. 1) is a type
which renders possible a
high degree of accuracy
combined with speed of
operation. A finc chain is
attached at one end to a
point on the beam near the
fulcrum, the other end being
attached to a slider which
can be moved vertically (by
means of a mechanism oper-
ated by a small handle out-
side the balance case), up
and down a vertical column,
thus decreasing or increasing
. the amount of the chain
c. wecight supported by the
beam. The column is grad-
liig. XVIII. 1. Gram-chain balance. uated so that the position
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of the slider indicates the equivalent weight in the scale pan, and the
slider is provided with a vernier. All weighings from 0.1 to 0.0001 gr.
are made by use of the chain. When this device is used in conjunction
with a rider, the rider is used for weighings from 1 to 0.1 gr., hence no
weights below 1 gr. are required.

Roberval Balance

A large proportion of weighing machines used for trade purposes in
retail shops, and for many other purposes, make use of the principle
invented by a Frenchman, Professor Roberval, in 1670. Such machines
usually have the pans above the beam, thus eliminating possible obstruc-
tion due to the pan supports, but there is a loss of sensitiveness due to
the friction at an increased number of pivots, usually six or seven in
number.

Roberval’s balance in its original form (Fig. XVIII. 2) consisted of
two horizontal members

of equal lengths each A

pivoted at its centre e -
point, two vertical mem- P e w
bers of equal length being ya 4 -

joined to the ends of the e P,

horizontal members, by /7 )

pivots. To the mid- _ 4 Ve "
point of each vertical { w
member a horizontal arm -1
was attached and weights

were applied to the arm.

Balance between two

equal weights was always L 1
established irrespective of  Fig. XVIII. 2. Original form of Roberval
the horizontal positions balance (h; = h, irrespective of horizontal
of the weights on the positions of the equal weights).

arms, apparently contra-

dicting the principle of equilibrium of moments of forces (if the moments
of the equal weights are taken about a line joining the central pivots).
This phenomenon can be most easily explained by applying the principle
of work. When the mechanism, with equal weights is deflected from
the normal position, the vertical distances moved by the weights are
equal, hence the work done by one weight equals the work done on the
other (work being equal to the product of force and distance).

There are many different ways in which the Roberval principle is
adapted to weighing machines. Most commonly the top horizontal
member is the beam, which must fulfil the same conditions as the beam
of-a balance. The lower horizontal member is called the stay and the
side vertical members, or the legs, are continued above the beam and
carry the pans. The beam and stay have fulcrum knife edges at their
centres, and the legs make knife edge contact with the beam and stay.
A load at any point in one pan will be balanced by an equal weight at
any point on the other pan, if the beam and stay are parallel and their
fulcra at their mid-points, and if the legs are both parallel to the line
joining the beam and stay fulcra. If the stay is not parallel to the
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beam the machine will weigh heavy or light according to the position
of the load on the scale pan, and if the leg is not parallel to the line
joining the fulcrum the sensitivity of the machine is affected by the
position of the load on the scale pans.

By consideration of the forces acting on a
leg (Fig. XVIIIL. 3) we get the relationship

DI <X WXxx=Pxl
L Vo w .p - Wxx
N ) o -l
l 1 From this may be deduced the fact that
' the smaller the value of x, which is limited
| by the size of the pan, and the larger the
'

» value of /, the smaller will be the side

. thrust P on the kmfe edges tending to

E;%AIEEZIII?&C&O%&? displace and wear them. Also D should be
on leg. kept small for the sake of rigidity.

Having the load pans above the machine
has several advantages but it is disadvantageous from the point of view
of lifting heavy weights onto the pans. In the inverted or Imperial
machine the pans are above the beam, but the legs and stay are also
above the beam. The stay is in two parts but the Roberval principle
holds provided that the four pivot points on each side form the corners
of a parallelogram, and that the beam is pivoted at its centre.

The Beranger Balance

Certain notable features are embodied in the design and function of
this machine (Fig. XVIIIL. 4). The motion of each scale pan is such

PAN
SUBSIDIARY w / E
BEAM A

c D E

\ -PILLAR J

{cRADLE

Fig. XVIII. 4. Beranger balance.

that the pan remains horizontal for any vertical displacement, and the
application of a load not central to the scale pan does not affect the
equilibrium of the balance. By the use of subsidiary beams and links
the load is transmitted vertically to the main beam, hence there are no
lateral thrusts on the knife edges. The pans are above the beam and
mechanism.
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Due to a weight w on a pan, let the vertical downward forces at the
points Aand Ebew,and w,. The vertical downward force on the main beam

at B, resulting from w, is w, X CE (found by taking moments about C).

CD
. CE . CE FB
The equivalent downward force at A due to w,. CD at B, is w.. CD T4
which is equal to w, when %3_111;_4 . Hence when this condition is

fulfilled the total equivalent downward force at A is w, + w, = w.

The Steelyard

The steelyard is an unequal armed balance, and operates on the
principle of a lever of the first order. The beam is supported by means
of a shackle which bears on the fulcrum knife edge. The load knife
edge is a fixed distance from the fulcrum, the load being supported by
a hook and shackle. The load is balanced by a movable counterpoise
which operates along the long arm. When a load is applied the counter-
poise is moved along the beam until the lever becomes steady in a hori-
zontal position, then the position of the counterpoise indicates the load,

A SUSPENSION SHACKLE

]
!Nof I OF STEELYARD /1

1
LOAD l i
SHACKLE ! ‘ COUNTER POISE
1 e d —

ot :

Fig. XVIII. 5. Steelyard.

for which purpose the long arm must carry a scale graduated so that
the load may be read off directly from it. It is advisable that balance
can be established by a certain position of the counterpoise, when the
load is zero. This will be possible if the moment of the counterpoise is
balanced by the moment of the weight of the steelyard about the fulcrum ;
and the position of the counterpoise will then be called the zero graduation.

W = load being weighed.

! = fixed distance between load knife edge and fulcrum knife edge.

w = weight of the steelyard with load shackle and hook but
excluding the counterpoise.
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= the distance of the centre of gravity of the steelyard, etc., from

e
the fulcrum.

d = the distance of the zero graduation from the fulcrum.

P = the weight of the counterpoise.

x = the distance of the counterpoise from the zero graduation when

balance is established.

By taking moments of the forces about the fulcrum,

Wi+ W.e =P (x+d)

= Px 4+ Pd
And if P.d is made equal to w.e
then Wil = Px
P.x.
. W = —T—

Hence the zero graduation is made at a position satisfying the condi-
tion stated above, the load then being proportional to the distance of
the counterpoise from the zero graduation and the beam scale can be
graduated to read directly in units of load weight. An adjustable balance
weight is provided so that balance can be established with no load when
the counterpoise is on the zero graduation.

Another type of steelyard provides variable counterpoise weights
always situated at a fixed distance from the fulcrum. Using the equation
derived above, x + d is this fixed distance.

Wi + we. = P(x + d)
W _ P(x + ld) — w.e.

Thus for W to be proportional to P which might be advisable, the
centre of gravity of the beam should coincide with the fulcrum, which
would reduce the term w.e. to zero.

The two types described can be combined, the counterpoise weights
in the fixed position (at the end of the beam) being used to measure
certain units of load, and the sliding counterpoise to measure subdivisions
of one unit.

The steelyard is frequently incorporated in platform weighing
machines, weighbridges and tensile and torsion testing machines.

Platform Machines and Weighbridges

These machines are commonly used for weighing heavy loads, and
consist of a platform close to the floor level, supported on a system of
compound levers terminating in a tension rod and shackle connected to
the load knife edge of a steelyard. It is essential that the true weight
will be indicated irrespective of the position of the load on the platform,
and also that the load platform when depressed remains horizontal.
The principle of the Beranger balance is utilised for this purpose.

Self-Indicating Weighing Machines

The operation of balancing a load by means of standard weights or
by the positioning of a counterpoise is eliminated by the use of these
machines in which the load is indicated by a movable pointer on a
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graduated scale. Such machines are
very widely used for purposes where
the highest degree of accuracy is not
required, as for counter machines, plat-
form machines and the load indicating
unit of testing machines.

The load pan is attached to a lever
mechanism terminating in a tension rod
coupled to the end of one of the arms
of a bell crank lever. At the end of
the other arm is a heavy mass which
is raised when the tension rod exerts
a downward pull, and a position of
equilibrium is attained when the moment
of the pull equals the moment of the
pendulous arm about the lever pivot,
ie. when Pl = Wx (Fig. XVIIIL 6).
A pointer is attached to the lever which
indicates the angular movement of the
lever on a scale. In the simplest form
of this machine the scale is not linear,
ie., cqual load increments are not
indicated by equal scale divisions.

Iqual scale divisions for equal load
increments can be obtained by making
the tension rod in the form of a flexible
metal strip which operates on the
periphery of a cam (Fig. XVIII. 7) so
designed that the variable moment which
it produces compensates for the variable
moment arm of the pendulum.

Spring Balance

The extension of a helical wire spring
is proportional to the load producing
it, provided, of course, that the wire
is not stressed beyond its elastic
limit, and a spring balance consists
of a simple means of indicating the
extension on a scale which is suitably
graduated so that the load producing
the extension may be read directly
from it.

Rocket and tubular balances use a
single spring and indicate the load directly
on a linear scale. Circular balances use
springs in pairs, from one to four
pairs according to the load capacity.
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Fig. XVIII. 6.
Self-indicating weighing
machine.
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Fig. XVIII. 7.
Self-indicating weighing
machine.

In a circular balance with one pair of springs (Fig. XVIIIL. 8) a
yoke fixed to the balance frame is connected across the tops of the
springs.  Another yoke, which carries the load fixture, is connected
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across the lower ends of the springs and is free to move when the
springs elongate. A rack which is attached to the bottom yoke actuates
a pinion connected to the pointer spindle, which rotates as the springs
extend. The rack is not rigidly connected to the bottom yoke, but is
pivoted at one point, and a small spring presses the rack into contact
with the pinion. This arrangement ensures contact and eliminates errors
due to backlash and imperfect setting of the rack and pinion.
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Fig. XVIII. 8. Circular spring balance mechanism.
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CHAPTER XIX
BAROMETER, BAROGRAPH AND ALTIMETER

The barometer is an instrument for measuring the weight of the air
or atmospheric pressure, which varies within certain limits from place
to place at a given time and from time to time at a given place. Know-
ledge of these variations is the most important of several factors in the
science of weather forecasting and has several other practical applications
such as indicating the height of a place or thing—e.g. aircraft—above
sea-level or depth below sea-level, as in mines.

That the atmosphere has weight and exerts a pressure was first
definitely proved by Galileo in the early 17th-century and his pupil
Torricelli (1608-1647) was the first to make a barometer. Between them
these two Italian scientists exploded many strange ancient ideas about
the atmosphere and its nature.

The basic principle of the barometer is to balance against the weight
of the atmosphere a column of liquid of known weight in a tube scaled
at the top to provide an empty space—a vacuum—above the liquid
while the base of the tube is open to the air pressure so that this may
bear against the lower surface of the liquid and support the weight of
the column. To provide this lower surface the bottom end of the tube
may be turned upwards in a U-shape, but the details of barometer
construction are described later.

Changes in the air pressure are indicated by changes in the level of
the liquid at the top of the tube and means are provided for measuring
these changes by a scale graduated in inches (in.), millimeters (mm.)
or millibars (mb.) alongside the part of the tube through which the top
surface of the liquid may be expected to vary. Normally the tube is
mounted vertically, though this is a matter of convenience rather than
essential.

As will be described later, the liquid and the tube may be replaced
by a mechanical device which expands or contracts under varying air
pressure, e.g. an arrangement of sealecd metal bellows which open or
close as the air pressure decreases or increases. When this arrangement
is used, in what is known as the aneroid barometer, the scale to indicate
the height of liquid is replaced by a light metal arm connected at one
end to the bellows and at its other end to a pointer which moves over
a scale or dial. This may be graduated in inches or millimetres to give
an equivalent reading to the liquid type of barometer or it may be
graduated in feet to indicate directly the height of the place where
readings are taken, in which case this barometer becomes an altimeter.

Choice of Liquid for Barometer. The liquid generally used for
barometers is mercury, on account of its high density (13.596 gm./ml.
at 0°C.) and very low vapour pressure; it is also opaque. If water
were used, the barometer would have to be over 34 feet in length If
glycerin (1.26 sp. gr.) is used the barometer would be over 27 ft. long.
The only advantage gained by using lighter liquids is the great alteration
in the level of the liquid for a small change in pressure. J. B. Jordan
designed a glycerin barometer in 1873.
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Barometers
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The two main types of standard mercurial barometer in use in this

avoids moving the scale,
which measures the height of
the barometer column. The
mercury can also be raised
ounss roaves so as to fill the tube, thus
SLASS BARCNETES "1y N
making the barometer por-
table. The fixed datum
point in the cistern is an
ivory pointer the tip of which
coincides with the zero of the
scale. When a reading is
[ eares aue taken the level of the mercury
is adjusted so that it is just
[ wevsmme st in contact with the ivory
== point ; the zero of the scale
is then on the mercury sur-
SECTION OF face, The length of the mer-

r10UCIAL SOINY

BOXWOOO CiSTERN

CISTERN cury column is read by a
SHOWING vernier which is moved over
DETAILS OF  the graduated scale by a

FORTIN rack’ and pmion. The scale
BAROMETER

is graduated in inches and
centimetres, and can be read
to an accuracy of 0.002 in. or
Fig. NIX. 1. Standard 0-05 mm. .Attached to the
lortin barometer  Section INstrument is a thermometer,
of cistern showmg details as the observed height must
for adjustinglevelof mercury  bhe corrected for scale errors,
in cistern. temperature, latitude and
reduction to sea-level. How

this correction is made will be described later.

The length of the graduated scale depends upon
where the barometer is to be used. If the barometer is
to be used in a mine, the upper limit must be increased.
If it is to be used for high altitude surveying, the scale
must be graduated down to 18 or even 15 inches—this
corrgsponds to approximately 20,000 ft. altitude. since a
difference of one inch of mercury corresponds to a rise
or fall of 900 ft. at ground level and to 1,350 ft. at
11,000 ft. altitude.

The Kew Pattern Station Bavometer. This type is
constructed on similar lines to the Fortin, but differs
from it in three essential points, (1) the barometer tube
has a narrow bore for most of its length (Fig. XIX. 2),

13

country are the Fortin and Kew patterns.
In the Fortin type (Fig. XIX. 1) arrange-
ment is made for raising and lowering the
level of the mercury in the cistern to the
fixed datum point in the cistern. This
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station bar-
ometer tube
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tube and air
trap.
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Fig. XIX.3
Standard
Kew bar-

ometer
showing
scale,
vernier,
cistern
and
levelling
SCIrews.
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(2) the scale is fixed (Fig.
XIX. 3), and (3) in having
a cistern which is made of

steel, (Fig. XIX. 3). It is

also provided with an air
trap in the form of an in-
verted pipette (Fig. XIX. 2),
which collects any air from
the cistern and prevents
it from passing into the
vacuum space above. The
scale on this type of bar-
ometer is different from that
on the Fortin. The Fortin
depends upon a double set-
ting of the scale to give the
atmospheric pressure. This
procedure is shortened in
the case of the Kew pattern
which is adjusted by a single
setting of the vernier (Iig.
XIX. 3). The scale is a
uniformly contracted one, to
compensate for the lack of
adjustment made in the
mercury level in the cistern
by means of the fiducial
point. This is called “‘com-
pensation for capacity.” In
practice the amount of
contraction depends upon
the internal diameter of the
barometer tube, the internal
diameter of the cistern, and
to a lesser extent on the
external diameter of the
piece of tube dipping into
the mercury. If the cistern
diameter is made five times
that of the tube, the scale
contraction is 0.96 approxi-
mately, that is to say a
nominal inch measures 0.96
true inch. If greater ac-
curacy be required, the ratio

- of cistern diameter to tube
L must be increased.

Marine Barometers. Many
types of marine barometers
have been designed and
discarded for one reason or
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another. The most interesting of these is perhaps the conical barometer,
made by Amontons in 1695. It consisted of a conical tube closed at
the top and open below, the diameter gradually increasing from the to
to the bottom, variations in pressure causing the mercury to rise ang
fall in the cone. The one in use at the present time is the Kew Pattern
Marine Barometer. In its present form it is similar to the station pattern
(Fig. XIX. 3) except that it has a section of capillary tubing (Fig. XIX. 4)
inserted above the air trap, so that the movement of the mercury is
damped. This oscillation of the mercury is technically called ‘“pumping.”
When the barometer is used for meteorological purposes, thé specifi-
cation requires that the damping is such that it takes from six to nine
minutes for the barometer to record the actual barometric pressure
after having been made to register from between 15 and 18 mb. above
this pressure. The scale, etc., is the same as on the Kew station
barometer. .

The Gauge Barometer. This instrument has a wider sphere of use
than any so far described, though it differs from them only in detail,
and can be put in connection with any artificial gas pressure that it is
necessary to measurc. It may be of the cistern type or siphon type.
When the cistern type is used, the cistern is made airtight and it is
fitted with a cock for connection to the pressure that is to be measured.
The siphon type of gauge barometer is less accurate than the cistern type.

Correction of Mercury Barometer Readings to Standard Conditions.
The rcading of a mercury barometer is influenced by changes of tem-
perature and of gravity acting upon the mercury, so the reading must
be reduced to standard conditions. It should be noted that there is a
fundamental difference between temperature correction for a Fortin and
a Kew type barometer, though this difference is relatively small. There
is also a slight difference in the formula for temperature when the scale
is graduated in inches from that when the scale is graduated in milli-
metres. In the Fortin and siphon barometer the scale is graduated in
true linear measure, uncontracted. The temperature coefficient involves
two quantitics, (1) the coefficient of expansion for mercury and (2) the
coefficient of expansion for the scale. When the barometer is graduated
in millimetres, the scale is considered standard at 0° C., while if the
scale is graduated in inches, the scale is considered standard at 32°F.,
so the mercury has to be corrected to the standard temperature.

For the Fortin and siphon barometers the correction to be applied
in order to obtain truc millimetres of mercury at 0°C. is

¢t (B —«) H,
Hy — Mo 1+ B
When the barometer is graduated in inches the correction to be applied
in order to obtain true inches of mercury at 32°F. is
_ [(t—32) (8— ) + 30a] H,
B —Ho = 1+ (¢— 828
where H, is the true barometric height at 0° C. or 32° F.

H, is the barometric height at temperature ¢° C. or #° F.

a is the coefficient of linear expansion of the scale.

B is the coefficient of cubical expansion of mercury.
In the case of the Kew barometer the above temperature coefficient can
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be used as a first approximation. If a more accurate correction is
required the reader should consult a standard book of reference on the
subject.

JCorrection of the Barometer for Gravity. Standard gravity is the value
of gravity at mean sea-level in latitude 45°. The height of mercury
column varies inversely as the value of gravity at the station where
the barometer is read. For precision work the value of gravity at the
station must be known and as this is practically impossible in many cases,
especially at sea, the following formula is generally used :—

Go = Gy (1 — 0.00259 cos 21).

Gy = Go (1 — 0.000000597 x H). If H is measured in feet.

Gr = Go (1 — 0.000000196 x H). If H is measured in metres.
where Go is the gravity at sea-level in latitude .

G,; is standard gravity.
Gy is the gravity at height H above sea-level in latitude .

The Aneroid Barometer

This, as its name implies, is a non-liquid barometer Wthh was invented
by Lucius Vidi in 1843. The modern aneroid barometer is an instrument
of high precision and is nearly as accurate as the mercurial barometer.
It has the advantage of being able to be used where a mercurial
barometer is not admissible, for example on aircraft. The general
principle of this instrument is the fact that a thin metal disc
responds elastically, to an appreciable degree, to the difference of
Pressure on its faces.

Base plate.
Corrugated vacuum chamber of
nickel silver, from which all
air is exhausted.
C. Bridge which spans vacuum
chamber B. :
D-D. Adjusting screws, for altering-
tension on chamber B.
E. Adjusting screw which raises
bridge C up or down.
F. Steel spring sliding in bridge C.
G. Knife-edge.
B B H. Bar or arm, compensated for
temperature which at its end
magnifies movement of spring F.
AL Two support pillars, fitted to
i plate A.
; E.] Bar or regulator, set between
e and working on steel points, or
pivots, passing through sup-
ports I-1.
I{. Arm or cock.
"~ L. Pin or arbor, passing through
“ end of cock K.
- M. Hairspring, fitted to pin L
N. Chain of steel, one end of
. . ) . which is fitted to arm passing
Fig. XIX. 5. Construction of an aneroid upward from regulator L., the
barometer movement. other end being secured to pin
L to which the indicating hand
is fitted.

A.
B.
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The general construction of the instrument is shown in Fig. XIX. 5.
The vacuum chamber is usually made of thin sheet, nickel-silver alloy
or hardened and tempered steel (see Fig. XIX. 6). In the most modern
type where hardened
and tempered steel
is used, a number
of diaphragms are
formed into one
complete unit. The
chamber is exhausted
of air and the dia-
phragms are corru-
gated in order to
produce greater flexi-
bility. The method
of transferring the
movement of the
diaphragm to the dial
of the instrument is
by a suitable system
of magnifying levers.

The relation be- = C==
tween the amount of

movement of the cen- '///

tre of the diaphragm

«——I1INN 3INQO—

\\\2‘

and the pressure g
change which causes 4,
the movement, is //; ’4

very nearly linear.

For pressure change .
. DUMMY \\ EXHAUST NIPPLE
from 15 to 31 in. of DIAPHRAGM \ \

mercury, a magnifi-
: FOR ZERO
cation of the order of ADJUSTMENT N|=(X

200 can be obtained. =
Changes in tempera- Fig. XIX.6. Vacuum chamber unit, showing
ture affect the accu- number of diaphragms built up to form unit.

racy of the aneroid

and have to be allowed for. The thermal expansion of the mechanism
introduces a small error, but the main error is due to the change
in the value of the elastic moduli of the material of the vacuum
chamber system due to temperature changes. Two methods are
adopted to compensate the aneroid for temperature changes. One
is to make the long arm of the lever system of two different metals,
viz, brass and iron brazed together. With this method the vacuum
chamber must be thoroughly exhausted. The other is to suitably pro-
portion the volume of the space inside the vacuum chamber when closed
to that when open, and by leaving a definite amount of dry air in the
chamber. The modern aneroid with the improved method of construc-
tion of the vacuum chamber and its mechanism is an instrument which
over its whole range has practically perfect compensation for temperature
and other errors. Fig. XIX. 7 illustrates one of these precision aneroid
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Fig. XIX.7. Precision aneroid barometer, showing scale, knife edge
pointer, anti-parallax mirror and magnifying lens.

barometers. For the range 28 to 31 in. the scale is divided to 0.01 in®™
In the 21 to 31 in. range, the scale is divided to 0.02 in., and it is therefore
possible to estimate pressure to 0.001 in.

The Ameroid Barograph. This instrument is a self-recording baro-
meter, which is generally used for meteorological purposes where a
continuous record of
the variation in pressure
is required (see Fig.
XIX. 8). It is also used
for certain work in the
field of aeronautics.
The principle of the
instrument is the same
as that of the aneroid
barometer, except that
the metallic chain oper-
ating the indicating
needle is replaced by a

AR long pen which  traces
Recording barometer. out the record on a

|

IX. 8.

vl

Fig. X
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uniformly revolving drum driven by clockwork. The accuracy of
this instrument is not quite as good as that of the aneroid owing to
the friction of the pen on the paper, and other errors.

Fig. XIX. 9. Precision recording barometer or micro-barograph.

The Micro-Barograph is an instrument with a higher degree of sen-
sitivity (Fig. XIX.9). This is a refined development of the barograph.
In this instrument the chart is figured and divided to read to 0.02 in.
of mercury pressure. The records are on a much larger scale than in
the barograph.

Altimeters

These instruments are chiefly used to measure the height of an
aircraft above the ground level and they are also used in surveving.
They are very similar in principle and construction to the aneroid
barometer, the main difference being in the arrangement of the mech-
anism. They actually measure atmospheric pressure, but since atmos-
pheric pressure varies with altitude in a known manner, the instrument
is graduated in feet of altitude.

The main component of the altimeter, as of the aneroid barometer,
is the vacuum chamber. The mechanism for transferring the movement
of the diaphragm to the scale is illustrated in Fig. XIX. 10. This type
of instrument is known as the K.B.B.-Kollsman. The movement of the
diaphragm is transferred to the pointer by means of a rocking shaft
assembly, calibration arm, sector and multiplying gear train. In order
to reduce backlash a hairspring is fixed to a member of the gear train
and anchored to the mechanism plate. Another important feature of
this instrument is the compensating bracket which forms part of the
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diaphragm assembly,
this element reducing
to a minimum the
crrors due to tem-
perature variation. A
further refinement is
the balance weight
which maintains per-
fect balance in all
positions of the dia-
phragm and mechan-

109 FEET / LONG 1

SECTOR 1| 103 Feer/ Lon ism. The whole of the
mechanism is housed

1,000 FEET /LONG . o 4.
2 | scace orvision in an airtight case,
ROCKING SHAFT 3 [19000 FteTiconG and connection to the
PIVOTED BOTH sear static line is by means

ENDS BALANCE of a nipple.
LINKS WEIGHT ANCHO\R'NG PIN Anothcr type of
= precision  altimeter,
the movement of
— " DIAPHRAGMS which is illustrated in

Fig. XIX. 11, differs
from the one prev-

BIMETAL

TEMPERATURE iously described in the
COMPENSATING arrangement of the
BRACKET vacuum chamber.

The movement con-
sists of two sets of
Fig. XIX.10. K.B B.-Kollsman sensitive altimeter. four exhausted vac-

uum chambers. These
are connected to the frame of
the instrument and the free
ends are connected by means
of flexing strips to a magni-
fying lever of girder con-
struction. The two sets are
balanced. The fulcrum of
the lever is formed by a flex-
ing strip of stainless steel.
Through a system of levers
the movement of the end
of the lever is magnified
and transmitted to a chain
and pulley mechanism which
operates the pointer, the
chain being kept in tension
by means of a hair spring.
This instrument is com-
pensated for temperature by

Fig. XIX.11. Precision aneroid barometer ~ SUitably proportioning the
movement, volume of the space inside
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the vacuum chambers when closed to that when open, and by leaving
a definite amount of dry air in the chambers. This and the improved
method of construction give practically perfect compensation for tem-
perature over the whole range of the instrument.

Principle of Calibration. The calibration of an altimeter depends
upon a law connecting the pressure and height. Several laws are in
use. The first to be adopted in this country was that given by the late
Sir George Airy in 1867. It is known as the Airy’s Table. This table
has a range of height of 0 to 12,000 feet, and assumes a mean atmos-
pheric temperature of 50° F. between any two given heights. ' The basis
of the scale can be shown to be the formula

hy — hy — 62759 x logy, 22

2

The scale makes allowance for the moisture content of the atmosphere
and is still used for graduating surveying altimeters. The scale used for
British altimeters is the International Commission for Air Navigation,
I.C.AN. This assumes that the temperature falls uniformly at the rate
of 1.98°C. per 1,000 ft. from 15°C. at ground level to —56.5° C. at
36,000 ft.; above this height it is supposed to remain constant at
—>56.5° C. This law is expressed by the equations

5.356
P <1 1.98H for heights up to 36,090 feet,

P, U7 288
and H — 36,090 = 47,000 log 1°—£~1 feet, for heights greater than 36,090 feet.
P, = ground pressure in millibars (taken as 1013.2 millibars).
P = pressure at height H in millibars.
H = height in thousands of feet.
P, = the pressure at 36,090 ft. calculated from the second

equation.
Another method is the Isothermal Convention. This assumes the
temperature to be constant 10° C. at all heights and that the pressure
varies with the height. The formula connecting these two is

H = 62,580 log,, % where P = pressure at height H.

P, = ground pressure in millibars (1013.2 millibars).
H = height in thousands of feet.

From these formula tables can be drawn up connecting pressure and
height.

It is desirable to emphasise that the altimeter has limitations as a
height measurer. It is calibrated for average conditions of atmospheric
pressure and is subjected to errors if used under any other. If set for
zero at sea-level, it will give reasonably accurate results during flight if
there is no change in atmospheric pressure during the flight. Neverthe-
less, with these limitations the instrument has the great advantage of
giving, with some lag, the reading of height above ground.
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CHAPTER XX
GYROSCOPIC INSTRUMENTS

Any wheel rotating at a high speed round a fixed centre serves to
illustrate the principle of gyroscopic inertia, i.e. the tendency of such a
wheel to maintain whatever position in space that it occupies when it
acquires its motion. Practically all gyroscopes consist of a wheel with
a heavy rim, the ends of the axle of which are mounted in a ring which,
in turn, is mounted in another ring, so that the two pairs of mountings
are at right angles to each other. This means that the wheel has three
degrees of freedom, i.c. it can move in three dimensions or directions
while its centre point remains stationary ; it may rotate on its axle, the
ring in which the axle is mounted may be turned in its own mounting,
and the outer ring may similarly be turned in its mounting on some kind
of stand, so that when not rotating the wheel may be moved to any
desired position which, if the balance is correct, it will retain. If in
any given position the wheel be given a high speed of rotation, it will
maintain this position against considerable disturbing force ; the actual
amount of force required to disturb the direction of the wheel’s axle
depending on three things—the speed of rotation of the wheel, its weight,
and diameter. A good illustration is a bicycle wheel of which the spindle
1is held in each hand while a second person spins the wheel rapidly ; any
attempt on the part of the one holding the wheel to alter its plane of
rotation meets with considerable resistance.

Gyroscope wheels or rotors, as

T they are called, applied practically

vary in size and weight from a few

inches and ounces to several feet

and up to as much as 100 tons;

their speeds of rotation range from-

800 r.p.m., for the very largest

rotors, up to 27,000 or more r.p.m.
for small motors.

Theory

The underlying principle of the
gyroscope is the conservation of
angular momentum—any object
set spinning, whether it be a small
wheel weighing only a few ounces
or the earth, will, once it is given
rotation, maintain that rotation
and the direction of the axis of
rotation so long as no disturbing
.. : i . factor is introduced. If a disturb-
fig'lle('tl' A mo]del gylr?scog_e used ing factor is introduced, its effect
O 1llustrate principlies and 1unctioning. o 3 s
o ) e e 0 11 0 oo s ot what, might

T. the gyroscope axle will move (pre- % "&b . -cadl -
cess) in the direction P, ing it in the direction in which the
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force is applied, the reaction will be at right angles to this force, so
that in Fig. XX.1 if a force be applied as at T the effect will be to deflect
the gyroscope in the direction P at a speed proportional to the applied
force. This is known as precession, and the conservation of angular
momentum and precession are the two fundamental principles at the
basis of gyroscopic applications. If a gyroscope could be made entirely
free from friction and were given an initial rotating impulse at sufficient
speed, it would retain its position, or rather direction, indefinitely.

The first practical application of the gyroscope was indeed an applica-
tion or deduction from this fact. It was used by Foucault in 1852 to
demonstrate the rotation of the earth. A gyroscope made as perfectly
as was then possible being spun at high spced would apparently change
its position through the twenty-four hours of the day. Actually the
gyroscope maintained its direction, but the rotation of the earth—taking
with it all the objects round the gyroscope—made it appear that the
gyroscope was altering its direction, whereas it was the surrounding
objects and not the gyroscope that moved.

Unfortunately, an entirely frictionless gyroscope is practically an
impossibility, although in recent years much research has been devoted
and is being devoted to the development of bearings as free from friction
and as hard wearing as possible. Nevertheless there is always some
friction which has the effect of causing precession (and possibly oscilla-
tion according to the conditions of suspension) in any gyroscope. The
means adopted either for reducing this to a minimum or for turning it to
practical effect, are highly ingenious or elaborate in some of the instru-
ment applications for which the gyroscope is now used, and this has been
accompanied by important developments in the methods of driving the
rotor, so that if Foucault could see some of the modern applications, he
would certainly be very impressed by the development of his little toy.

It may perhaps be useful to point out at this stage that the toy
gyroscope that could be bought for a few pence should more accurately
be referred to as a gyroscopic top, because although it could do a
large number of entertaining tricks, it was scldom mounted in a frame
or frames that gave it three degrecs of freedom.

Practical Applications

Perhaps the first attempt to apply the gyroscope practically was on
the two-whecled or monorail car, a motor car running on two wheels
only (fore and aft) on the roads, or a rail car mounted on a single rail.
The pioneer of these developments was, of course, Brennan and he
certainly succeeded in producing a vehicle that would run, though its
excessive weight and other limitations meant that it was no practical
competitor to the ordinary four-wheeled vchicle. There are, however,
certain advantages, and there are some quite knowledgeable people who
firmly believe that in another century or so the majority of our railway
trains will be monorail cars balanced by a gyroscope, though it is perhaps
safer to say that this anticipation is largely a matter of opinion—which
is sharply divided.

It was in the early years of the twentieth century that the possibility
of an adaptation of a gyroscope to replace the magnetic compass began
to be investigated, and in 1908 Dr. Hermann Anschutz Kempfe patented
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his gyro-compass—to be followed by Dr. Elmer A. Sperry in the U.S.A.
three years later, while Mr. S. G. Brown—in conjunction with Professor
John Perry—produced the first English gyro-compass in 1916. From
these early experiments the history of the gyroscope compass has been
one of continual development, and now it represents some of the most
ingenious and highest precision engineering to be found anywhere. In
all cases the aim of the designer has been to eliminate friction both in
the rotor bearings and in the mounting of the rotor frames, and to
provide a reliable means of drive—generally electric.

Perhaps one of the best known early applications of the gyroscope
is that in the torpedo where the gyroscope is used to provide directional
control, and it may also be a surprise to know that so long ago as 1911
an attempt was made to apply gyroscopic stabilisation to an aeroplane.

The possibility of gyroscope stabilisation of ships has long been a
favourite subject with gyro engineers and, of course, it has been applied
with a considerable amount of success, although there are still differences
of opinion as to whether it will ever become general even on ships where
stabilisation would be a very valuable asset.

It is also general knowledge that the modern big aircraft could not
do its present work—especially its war work—without its gyroscopes,
which are used for purposes so various as providing navigating instru-
ments, stabilising gun platforms, bomb sights and cameras, and piloting
the whole aircraft. Auto-piloting both of aircraft and of ships, is,
indeed, perhaps the most important of all modern applications because
the mechanical pilot is so much more sensitive and tireless than its human
counterpart. One practical effect of automatic gyroscopic control of
both aircraft and ships is a considerable saving in fuel by the steering
of a far more accurate course than a human pilot could hope to attain.

Obviously with such a wide range of applications it is impossible to
do more here than give a very brief survey of some of them, and those
selected are the gyroscopic compass for ships (this type of compass is
not applicable to aircraft), ship stabilisation, the auto-pilot for both
ships and aircraft, and the gyroscope in the torpedo.

Gyro Compass

If a gyroscope is set spinning with its axle horizontal (i.e., parallel
to the earth’s surface) it will at any point except at either of the two
poles, show the rotation of the earth by a continual change in the angle
made by its axle to the earth’s surface (unless the axle is pointing due
north and south). As has already been stated, it is in point of fact the
earth’s surface that changes its angle and not the gyroscope, assuming
this to be free from frictional interference. If, therefore, a weight be
attached to the gyroscope making it pendulous, this weight, attracted
to the centre of the earth by gravity, will exercise a torque on the gyro
which will cause precession, and the effect of the precession will be that
the gyroscope will tend to swing into the plane of the meridian, i.e.
north and south.

On reaching the true meridian, however, the pendulous gyroscope
will swing past this and will then return, oscillating about the meridian,
unless the oscillations are damped. This is the fundamental principle
of the gyro-compass, but there are obviously many objections to a compass
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that will swing backwards
and forwards across the
meridian over a consider-
able period of time, and the
practical design of the gyro-
compass is directed to elim-
inate these faults which
would arise with a simple
gyroscope that one attempt-
ed to use as a compass
(see Fig. XX. 2).

First, the axle of the
gyroscope must be mam-
tained horizontally or very
nearly so, or otherwisc it
it will only give a satisfac-
tory rcading by being pro-
jected on to a horizontal
surface which would involve

Fig. XX.2 How a gyroscope tends to
maintain a constant direction in space

quite unnecessary andavoid-  although mounted on the rotating earth
able complication. Second, and 1llustrating the functioning of the gyro
the impossibility of elimin- compass.

ating friction from bearings .

mcans that the gyroscope itself will be subjected to torques other than
that due to its pendulosity, and so long as friction cannot be eliminated,
some compensation for these undesired torques must be introduced.

Of the various methods adopted--all of which reduce to attempts to
insulate the gyro and its mounting from frictional contact—perhaps that
used in the Anschutz compass is the most ingenious. In this the gyro
is mounted in a hermetically sealed sphere which is floated in another
sphere containing liquid, i.e. one sphere is located inside another and
the intervening space is filled with liquid of such a density as to maintain
the mnner sphere just floating. Further, the liquid (which was originally
mercury) is acidulated water which acts as a conductor of electric current
used to drive the rotor—the liquid thus acts as a friction insulating
material and also as a vital part of an electrical circuit. In the Sperry
gyro-compass the sensitive element, i.e., the element containing the rotor
and bearings, is suspended by a torsionless wire from the surrounding
unit known as the phantom unit. In the Brown gyro-compass the
sensitive element is supported on a fluid column that pulsates three
times a second, so that the whole sensitive element is constantly moving
up and down through a range of about one-eighth of an inch. In the
Anschutz compass the pendulous effect is derived from weighting the
base of the inner sphere. In the Sperry it is achieved by what is called
the mercury ballistic—this consists of two reservoirs of mercury, one
on either side of the sensitive element and connected by a small bore
tube.  As soon as the gyro tends to tilt in one direction, the mercury
is transferred from one tube to the other and so causes the effect of
pendulosity—i.e., the action of gravity—providing the meridian seeking
torque. In the Brown compass the gyro container is maintained hori-
zontal by the operation of air pressure on cylinders partly filled with
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oil. As the gyro tends to tilt, a valve is opened directing an air stream
on to the appropriate oil surface, so increasing the pressure on it and
doing the work of the mercury ballistic in the Sperry compass.

The reading of a gyro-compass may be taken directly from degrees
marked round the rim of a convenient element, and compared with a
lubber line in the outside mounting which is aligned with the fore-and-aft
axis of the ship. It is, however, common practice for a gyro-compass
to he mounted below decks and for its reading to be taken through a
transmission system to distant dials located at convenient points, e.g.,
on the bridge for the helmsman.

By way of comparison of the three principal types of gyro-compasses,
it may be said that the rotor of the Sperry weighs 52 Ib., rotating at
6,000 r.p.m. ; that of the Brown weighs 44 1b., rotating at 14,000 r.p.m. ;
and that of the Anschutz weighs approximately 5 lb., rotating at 20,000
r.p.m. In all cases the rotor itself constitutes the rotating unit of a
squirrel-cage alternating motor. Another conspicuous difference is that
whereas the Sperry and the Brown both have a single gyroscope, the
Anschutz has two, these being set at an angle of 45° to the north-south
line. At one period of its development the Anschutz compass had three
gyros—the third being used for stabilisation, but this has now been
discarded and all gyro-compasses rely for stabilisation, i.e., insulation
from ship’s movement, on ordinary gimbal mounting.

Once the gyro-compass became regular equipment for ships it was a
matter of logical development to connect the compass more or less
directly with the steering gear, so that when a course was set the compass
would not only indicate it but would steer the ship, and now this auto-
pilot system is rapidly gaining ground afloat as it has in the air. The
method of interconnecting gyro and steering gear is such that as the gyro-
compass indicates the ship’s deviation of course of more than } of a
degree, an electric contact operates a hydraulic valve controlling the
steering engine, so that an error of less than a degree is corrected imme-
diately it develops, which is much more sensitive steering than any
human pilot could hope to achieve.

Latitude, Speed and Course Errors

As the gyroscope is affected by latitude (at cither pole the gyro
ceases to indicate direction and in practice cannot be used as a compass
in latitudes higher than 75°), correction for latitude is necessary in the
application of all gyroscope compasses ; combined with this is the error
due to the travelling of the ship over the surface of a rotating earth.
If the ship be moving due east or west the error is negligible and it is at
a maximum when the ship is going due north or due south. In some
gyro-compasses allowance for this error has to be made by a human
supervisor, in others the error is automatically and mechanically corrected
by the speed and course error device incorporated in the gyro itself.
Thus, although the gyroscope has its own error which in one sense corre-
sponds to the variation and deviation errors of the magnetic compass,
the gyro, unlike the magnetic compass, can be made to provide its own
corrections. The error due to the speed and course of a ship travelling
due north or south (i.e., the maximum error) is approximately one degree
for every ten knots of the ship’s speed in about latitude 50°. On any
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other course between N. or S. and E. or W. it is less, varying as the
cosine of the course. 'With marine craft—for which thirty knots is a high
speed—this means a maximum error of three degrees, which can easily
be calculated and allowed for. With aircraft travelling at ten times.
this speed, the resultant error of thirty degrees is a very different pro-
position, and it is largely for this reason that the gyro-compass is not
a practical instrument for use on aircraft. So far as one can say at the
moment, not only is it never so used, but it never will be so used, although
there are, of course, gyroscopic instruments on aircraft that, so far as.
possible, satisfy the function of a compass.

Ship Stabilisation

From what has been said of the rigidity of a gyroscope, it is apparent
that if a large enough gyroscope were vertically mounted in a ship with
the lower end of its axle fixed to the keel and the upper end to a strong
deck beam, its effect would be to check rolling of the ship. In practice,
the installation is a much more complicated affair, consisting of small
sensitive gyros that may anticipate any rolling of the ship after its first
movement and then control or precess large gyros that exert the anti-
rolling moment. The gyroscopic effect must be accurately calculated for
the ship in which the installation is to be made, it must take into account
the ship’s period of roll, and also the ship’s mectacentric height.

Gyroscopic stabilisation is_ employed on various craft where rolling
needs to be reduced to the minimum possible degree, which does not
necessarily mean the ship on which the comfort of passengers or crew
is a supreme consideration. Thus, aircraft carriers probably see the
widest application of gyroscopic stabilisation at the present time, but

Fig. XX. 3. One of the three Sperry stabilising gyro-
scopes in the ITtalian liner Conte da Savoia. The rotor
weighs 100 tons and spins at 800 r.p.m.
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the only large passenger liner ever put into service with gyroscopic
stabilisation was the Italian Cownfe di¢ Savoia, in which the equipment
weighed 660 tons, which was only 14 per cent of the weight of the ship,
and although there were three large gyroscopes they did not occupy
space that could have been devoted to any other useful purpose (Fig.
XX. 3). Incidentally these gyroscopes were probably the largest that
have ever been made, the rotors being 15 ft. in diameter and weighing
100 tons each. This installation—which was designed by the Sperry
Gyroscope Company—was entirely internal, but another method of ship’s
stabilisation—the Denny Brown—works on different principles in that
fins protrude from each side of the ship and these are gyroscopically
controlled to work against an incipient roll, somewhat on the same lines
as the ailerons of an aircraft (Fig. XX. 4). As the ship starts to roll
to port, the fin on the port side moves downwards and that on the star-
board side moves upwards—the actual movement deriving its power

Fig. XX.4. The Denny-Brown gyro controlled ship stabilising fin.

from hydro- -clectric-apparatus, controlled by a small gyroscope that has
a most ingenious anticipatory action, depending on a clever arrangement
of springs which precesses the gvro, so causing the opening of the oper-
ating valve of the power unit before the ship begins its movement to one
side or the other.

This system was actually installed in the cross-Channel steamer Isle
of Sark in 1936 and was found to reduce the free rolling of the ship by
sixteen degrees. Strangely enough, the reduction in rolling by this
system was always sixteen degrees irrespective of the amount of free
roll that the ship would develop were the gyro stablliser not put into
action. Thus, if the roll due to the waves was less than sixteen degrees,
the stabiliser would eliminate it. If the frec roll was thirty degrees, the
stabiliser would reduce it to fourteen. An actual record of the effect
is shown in Fig. XX. 5.
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Fig. XX.§. Rolling of the Isle of Sark without (left) and with (right) its
gyro stabiliser in action.

The Gyro Pilot in Aircraft

Although in 1911 gyroscopic equipment was fitted to an aircraft to
provide stabilisation, its mode of working was quite different from that
in ships just described. It was indeed an anticipation of the ship’s
auto-pilot along which lines it has since developed. The present gyro-
pilot for aircraft known throughout the R.A.F. as “George” operates not
by directly balancing or counterbalancing the aircraft, but by operating
the flying controls. 3

There are various systems, but the essentials of all are one or more
gyroscopes, which control the aircraft laterally, i.e. in roll ; longitudinally,
i.e. in pitch and directionally, i.e. in yaw. In all cases the gyroscope
governs a detector element or pick-off which may be pneumatic or
electric, and this in turn operates pneumatic, electric or hydraulic servo
mechanisms coupled to the flying controls. When the aeroplane is set
on a given course, the gyro controls are inactive until some disturbing
force tends to divert the aircraft from its course in any plane, when the
appropriate control is brought into action to operate rudder, elevators
or ailerons as required.

The rotors of aircraft gyroscopes have generally been air driven in
contrast to those previously described, which are all electrically driven,
but the method of driving the rotor is quite an incidental, and there are
indications that aircraft gyro rotors will soon all be electrically driven.

As with ships, gyro control of aircraft means that a given course is
followed more accurately than could be hoped for by a human pilot at
the controls, small deviations that the human pilot could not detect
being corrected before they have had time to develop, but the gyroscope
will not, of course, correct for drift, and if the whole aircraft is carried
to port or starboard by a cross wind, the gyroscope will not make any
necessary correction to the course. 'What it will do is to keep the aircraft
heading as it was originally set and in so doing—provided this is the
correct course to be made good—it will save fuel and also pilots.

Of the instruments used on aircraft for navigational or piloting
purposes those gyroscopically operated are the rate of turn indicator,
the direction indicator and the artificial horizon. Additionally, aircraft
bomb sights now incorporate gyroscopes as a vital component, and in
both aircraft and ships gun platforms are gyroscopically stabilised so as

14
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to provide a steady firing platform free from the disturbing movement
of either ship or aircraft. Such applications are, however, unsuitable
for brief summarised descriptions, and information on the instruments
may be found in the book cited at the end of this chapter, though security
reasons have precluded detailed reference to the other applications.

The Gyroscope in the Torpedo

One of the oldest and at the same time one of the most ingenious
applications of the gyroscope is for the directional control of the torpedo.
Here the gyroscope satisfies much the same function as in the auto-pilot
for ships and for aircraft, but the control is directional only, i.e. the
gyroscope ensures that the torpedo shall follow a predetermined course
in azimuth, but it does not control the depth at which the torpedo
travels. It operates on much the same principle as the ship or aircraft
directional control in that the gyroscope controls the steering engine of
the torpedo—which itself is air-driven—which operates the rudders, but
there is one very important requirement to be satisfied by torpedo
gyroscopes that does not apply in other applications.

It is essential that the gyroscope of the torpedo should not be spin-
ning until the actual moment of discharge of the torpedo when this is
set on its required course. It is equally essential that the gyroscope
should be able to take directional control immediately. In other words
it must be accelerated from rest to operating speed in the minimum of
time, and as, owing to restriction of space the gyroscope must be small,
its speed must be high. By a very ingenious spring, operating a ratchet
that engages with the axle of the rotor, the rotor is accclerated from rest
up to 9,000 r.p.m. within less than half a second of the discharge of the
torpedo, and then a valve is opened from the torpedo compressed air
supply by which the gyro is further accelerated up to its full operational
speed (about 27,000 r.p.m.) at which it is kept spinning during the run
of the torpedo by air jets directed into cups or buckets cut in the periphery
of the rotor. In some designs the whole of the gyro drive is by air—
the rotor is not started by spring action.

As soon as it strikes the water, the torpedo may deflect to either port
or starboard, and when this happens the gyroscope opens a valve that
sets the steering engine into action to give requisite correcting rudder.
The rudder applied by the steering engine is full starboard or port, as
the case may be, with the result that the torpedo is over-corrected and
if starboard rudder has been applied the torpedo will swing off its course
to starboard. Then the gyro, opening the opposite valve, will apply
port rudder and so, for the whole travel of the torpedo, the rudder is
being continually deflected from full port to full starboard and back
again, with the result that the course of the torpedo is a series of sine
curves. The depth at which the torpedo travels is determined not
gyroscopically but by hydro-static valves that operate horizontal rudders
(corresponding to the elevators of an aircraft) and the rudders operated
by the gyroscope are, of course, vertical.

The maximum run of a torpedo averages approximately ten minutes,
during which this lethal weapon may cover as much as seven miles, and
at the end of its run when the air supply has finished, the torpedo in
peace-time comes to the surface where it remains floating, but in war-
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time when the war head with its charge of explosive is fitted, the torpedo
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CHAPTER XXI
THE MARINER'S COMPASS

Everyone knows that the compass necdle, which consists of a bar
of magnetised steel freely suspended and balanced on a pivot, points to
the magnetic north. No one knows why, and it is surprising how few
people know that, with few exceptions in time and place, a compass
needle does not point to the true North.

It used to be thought that the magnetised needle was attracted by
a mass of lodestone (magnetic ore) situated somewhere in Labrador, but
as the variations of the needle, i.e. the amount by which it points away
from true North, change continuously, the idea of a fixed material
attraction is obviously untenable. In May, 1945, an R.A.F. investigating
Lancaster found the north magnetic pole some 300 miles from where it
was supposed to be. All that we can say is that the earth constitutes
a magnetic field which has the effect of making the compass point in a
certain direction at a given time
nd place—this direction being
1pproximatelv north and south.

When Columbus sailed for
\merica (in 1492) his compass
vas pointing to the east of north
nd when he was well across the
\tlantic discovery of changes in
vhat is now known as magnetic
-ariation was an important fac-
or in frightening his crew into
nutiny. ;

In 1657 the compass in Lon-
lon was pointing true north.
t now (1945) in London points
bout 10 degrees west of north
nd, also in London, it will point
rue north again in about one
wndred vears’ time. The maxi-
num variation recorded (at
.ondon) was 24} degrees west
n 1816, and the period of a
omplete cycle from true north
o maximum variation and back
o true north is about three
wndred and sixty years.

This magnetic variation, which
Fig. XXI.1. A rather old standard  changes continuously, is not the
binnacle and compass with a telescope  only wandering from true north
for taking bearings, a handle for adjust- to which the compass is subject.
ing the correcting spheres and the door Each .
open to show the corrector magnets in ach compass may ha\{e its own

their adjustable housing. more or less permanent individual
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error and in addition every com-
pass has an error when installed
in a ship (or aircraft) due to the
magnetic attractions of various
components of the ship. These
errors are spoken of as deviation
and are not constant. A steel
ship when being built acquires
its own magnetic field which
affects every compass placed on
board, and these errors have to
be checked by ‘“‘swinging” (scc
below). The same thing applies
with aircraft, though here the
matter is fu-ther complicated by
the number of electrical services
and the impossibility of installing
a compass at an absolutely safe
distance removed from them. The
swinging of an aircraft or ship
for compass correction should
be done with all local clectrical
services working.

Every compass needle if frcelv
pivoted at its centre of gravity
will dip towards the magnetic
north in the vertical plane just as
it will rotate towards the magnetic
north in azimuth. This dip, as it
is called, varies at different places
on the earth’s surface just as does  Fig. XXI. 2. Details of the arrange-
the variation, but is generally com- nzj‘:;t iﬁf ‘;‘;"ezt‘ngo;nafsf;etsbiiﬁn;g:
pensated for in the mounting 9f P (reproduced from Jl/log)r Boating).
the compass needle or card in
its bowl. Sometimes variation mentioned above is spoken of as
declination, which is apt to cause confusion with dip but the two
things are distinct.

Additionally there is what is known as local variation—this being
due to local magnetic fields in some places on the earth’s surface that
affect the reading of the compass. For instance there is a mountain in
Africa where the shifting of a compass through a distance of not more
than 100 feet will affect its reading by no less than 10 degrees. If a
compass be taken to somewhere on the line between the North Pole and
the North magnetic Pole, the south pole of the compass needle will
point to true north. I*urther there is a daily variation in the reading
at any given place though, fortunately, this is so small as to have no
practical significance. Other variations either so small or so rare as to
have little practical significance, although they may acquire this in special
circumstances, are the daily or seasonal variations, for the reading of a
given compass varies with the hour of the day and with the season, being

at its greatest in spring and summer and less in autumn and winter, and
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there is a variation due to such natural phenomena as magnetic storms.
The amount of these spasmodic variations, any one of which cannot,
of course, be previously estimated, is in any case so erratic that it cannot
be allowed for gencrally.

There are instructional books giving elaborate information about the
necessary correction for all possible calculable errors, and there are maps
ranging from the county maps of England and Wales to maps of the
world on which magnetic variation is indicated. This variation is shown
on a map by lines drawn through places where the variation is of equal
amount—the lines being known as isogonals, corresponding to the perhaps
better known isotherms and isobars drawn through places of equal
temperature or equal barometric pressurc. Isogonals are apt to follow
even more erratic curves than are isotherms.

At one time the line of no variation on a world map (on Mercator’s
projection) started at the top of the map at longitude 25° East, followed
the line of longitude more or less straight to the Black Sea, then curved
slightly eastward to the eastern tip of Africa, thence crossed India almost
horizontally, and then proceeded south-easterly through Singapore, to
leave the southern boundary of the map at a longitude of 150° East.
The corresponding line of no variation in the Western Hemisphere
started at the top of the map at longitude 105° West, passed through
the magnetic North Pole and left the bottom of the map at longitude
30° West—the line being approximately straight. The eastern coast of
Asia was covered by irregular ellipses—one of which was of no variation
at all, and those inside it indicated variation of different amounts. The
whole series of lines was at a casual glance utterly confusing but was,
nevertheless, of great importance to the navigator.

With local maps, especially when one is taking accurate bearings as
for surveying or artillery fire, the marking of the magnetic variation is
of supreme importance, and on all maps worth the name the variation
is given for a year (also named) with the amount of annual change, thus
for example “1930, 15° West decreasing 10’ annually,” which would*
mean that in 1945 on that map the annual variation would be 15° — 24°;
in other words 12}°—except
that extrapolation over such
a long period would be a very
risky process.

History

Although, like many other
things, the origin of the com-
pass is frequently attributed to
the Chinese (about 5,000 years
ago), there may be little more
solid basis for this legend than
for many of the others. Almost
all that we know definitely is
that the first reference to the
compass in European literature

Fig. XXI.3 The P 4 aircraft grid steer- | 1
ing aperiodic compass, luminised for ~Was ~ made by  Alexander
reading at night. Neckham in the 12th century,
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and that a century
later Roger Bacon
referred to it as an
article in everyday
use, which was a habit
of the medizeval school-
man, much to the
annoyance of modern
investigators trying to
probe into origins. In
the same century, the
13th, the compass was
definitely being used
by the sailors of Amalfi
on the west coast of
Italy, but what kind Fig. XXI.4 Fleet type dead-beat compass with
of instrument it was 10 in. bowl and 6% in. card. The short magnets
and of what real value may be seen at each side of the central dome in
it was, are matters of the bow.

conjecture. It is sometimes said that a piece of hollow iron, probably
shaped like a fish, was rubbed with lodestone and then floated in a bowl
of water, or a small bar of iron after being rubbed with the stone, was
floated in a bowl by being fixed to some straw. When one thinks of the
care that is taken and that is necessary to give even approximate accuracy
for the modern compass one can only guess as to what sort of readings
these primitive “instruments’ gave, and it is little wonder that magnetic
variation was not discovered until the compass had been in use for two
or three centuries. Stories about the compass having been introduced
by travellers from the East—such as Marco Polo—are of more than
doubtful validity. It can, however, be said definitely that in Sir Henry
Yule’s standard edition of Marco Polo’s travels there is no reference to
the compass in the text.

The next stage in the development of the compass was the provision
of a needle pivoted above the centre of a circular card that was divided
into 32 points, and the card was turned so that the North on the card
came under the North seeking end of the compass needle. In other
words, the card was orientated by reference to the needle, and this type
remained in use until the end of the 18th century, though a card fixed
to the needle and pivoted as delicately as possible, so that the attraction
of the needle to the North directly turned the card if this were displaced,
had been introduced 300 or 400 years earlier. This type—the dry card
compass—remains in use to this day on more or less rigid platforms
such as in land surveying and on big ships. It may give greater sen-
sitivity than the liquid type, which is now far commoner, but it takes
longer to settle and i1s more liable to disturbance by extraneous influences.

To facilitate and speed up the settling of the card after a disturbance—
and to limit disturbance—the next step taken was to fill the bowl in which
the card was suspended with liquid, so that all movement of the card
was damped by friction with the liquid. Disturbance of the compass
was then reduced, and once the card had settled, disturbance was more
difficult to initiate. These effects were further increased by the pro-
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vision of damping wires mounted underneath the card giving what was
sometimes referred to as the dead-beat compass, which was comparatively
difficult to disturb. Although dead-beat compasses have very consider-
able assets and are used on small craft at sea and on aircraft, it is signi-
ficant that the Admiralty prefer the absence of the dead-beat feature.

Types of Compasses

Compasses in regular use to-day range from the small pocket compass
used by the soldier for determining his direction of march or for orient-
ating his maps by which he may lay his guns, to the heavy instrument
with a bowl up to about a foot in diameter, mounted in the binnacle on
a ship’s bridge. All of these compasses may be of the dry card or liquid
type but in certain applications, e.g. aircraft, the dry card is never used,
and in all a very vital consideration is the mounting of the needle on
its pivot. Two contrary requirements impose themselves, the maximum
possible freedom in movement is wanted but at the same time it is
required to check the effect of disturbance and the tendency of the needle
to point downwards to the pole which, in the neighbourhood of Loudon,
involves a vertical angle of 66°. If the necdle is suspended at some point
other than i‘s centrc of gravity so that it is horizontal at any given
place it will not be horizontal if taken any appreciable distance away
north or south, and various means are adopted to overcome this difficulty,
such as mounting the needle between double pivots or weighting one
end of it or, most commonly, making the magnetic element pendulous.
Any method adopted has its disadvantages, but the supreme consideration
at all times is freedom of horizontal movement. For this reason the
needle generally has jewel mounting on a fine steel pivot or point fixed
to the bottom of the bowl in which the whole assembly is encased.

It was thought at one time, sumewhat naturally, that the larger the
needle its directive force would be proportionately greater, and it was
a long time before the fallacy of this was conclusively demonstrated.
Use of a large needle introduced many complications, mainly in the way
of increasing inertia, friction and magnetic deviations. The modern
tendency is to go to the other extreme and use a short needle—if necessary
increasing its directive force by using more than one in the same compass.
It is rare to find a modern compass with a needle more than 4 inches
long, but it is common to find a compass with several needles mounted
parallel to each other with a maximum length of 3 inches and spaced
according to definite rules such as that the diagonals of the rectangle
meet at an angle of 60°. In small instruments such as those intended
for the pocket, which often attain a very satisfactory degree of accuracy,
the needle is, of course, considerably smaller. Constant development
and improvement in the practice of mounting the card and the needle
as a single unit, immersed in liquid, introduced complications by the
inertia of the card and its friction in the liquid. Thus the next step
was elimination of the card, and many compasses to-day, especially those
used in aircraft, have no card at all. Instead, two parallel lines called
grid wires are drawn on the glass cover of the bowl containing the liquid,
the rim of the bowl is marked in degrees, and to set a course the lines
on the glass are turned to point to the desired course in degrees and the
pilot steers by keeping the compass needle parallel to the two lines.
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Most compasses are read by direct vision on to the card or grid
wires in the bowl, but in some cases a magnifying lens is interposed so
as to make reading easier. In others, especially in hand compasses, a
prism is used which, in conjunction with a sight, enables the observer
to look at the object of which he wants a bearing and to read off the
bearing through the prism, simultaneously.

Elaboration of the idea which involves many complications and is
an elaboration in principle being entirely different in practice, is the
distant reading compass which is now used extensively on both air and
marine craft. In this system the compass itself is housed at the most
convenient point in the body of the ship or aircraft, and its reading is
transmitted electrically to dials where they can readily be seen by pilot
and navigator. The advantage is, of course, that the compass can be
housed in the most favourable and least vulnerable position ; the dis-
advantage is that should the master compass be damaged, the distant
reading dials are useless.

Calibration of Cards

Every compass bowl, with a very few exceptions, has on it what is
known as the lubber line or lubber mark. This is a mark or line indi-
cating the fore-and-aft line for installation of the compass wherever it
has to go, generally so that it may be placed on the strict fore-and-aft
line of an aircraft or ship and the lubber used as a datum mark or line.
From this line on the bowl, the bowl or card, or both, are calibrated. In
early compasses the card alone was calibrated in points and the ability
to recite these points in correct order was and is known as ‘““boxing the
compass.”’ .

In recent years the use of points has been almost entirely supplanted
by degrees and it is now only on small craft and trawlers that one hears
of a course being given in points. For compasses on seagoing craft the
card is divided into four quadrants each of 90° making 360° all told, but
in aircraft compasses and in some that are used afloat the calibration
is continuous from 0° to 360°.

Mounting of Compass Bowls

The deviation of a compass is corrected as far as possible by the
provision of magnets underneath the bowl, and these magnets and other
means of correction are usually incorporated in the compass bowl mount-
ing. This mounting has as its primary functions the housing of the
compass and its insulation from movement of the vehicle—a ship or
aircraft (or Army tank). In the case of a ship, where movements are
comparatively slow and regular, the compass bowl is supported by means
of two pairs of trunnions at right angles to each other, each of which
allows a swing in the vertical plane thus, at whatever angle the whole
support may be tilted (within lmits), the compass bowl can remain
level. This mounting is, however, unsatisfactory on aircraft where
movements are rapid and comparatively violent and where there is a
large amount of vibration. There is a definite limit to the range of
gimbals—as this trunnion mounting is called—and the limit may often
be exceeded in an aircraft though not in a ship. In aircraft the compass
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bowl is usually supported in an anti-vibration mounting consisting of
springs with or without rubber or felt pads and without gimbals.

In any case, whether gimbals are provided or not, the mounting for
the compass bowl has immediately underneath the bowl a compartment
for the housing of small magnets which may be inserted as required to
correct any particular deviation of a compass needle. As the correction
due to any particular magnet is affected by any turn in azimuth of the
whole mounting, the job is not by any means as simple as it might seem
and resolves itself into a matter of compromise between reducing error
at one point at the cost of increasing it at another.

In ships the bowl and its mounting are housed in a binnacle—a pillar
of anything up to about 5 feet in height on each side of which is an iron
ball adjustable for distance from the centre line of the binnacle. These
balls also exert an attraction on the compass needle and are used in
conjunction with the magnets in the corrector box for correcting devia-
tion. In some of the more elaborate binnacles the magnets inside the
binnacle are attached to a small brass chain running round pulleys at
the top and bottom of the binnacle and so the magnets arc readily
adjustable for height and thus for their effect on the compass needle,
so that adjustments may be effected by raising or lowering the magnets
for correction of errors introduced by rolling of the ship.

In addition to housing the compass, the binnacle almost invariably
has provision for lighting the compass bowl so that this may be read at
night. The old-fashioned way was to have a light shining down on to
the card ; an alternative is to give the bowl a glass bottom and use a
semi-transparent card which may be illuminated from a small electric
bulb placed underneath the bowl.

It will be noted that the correction provided in the compass housing
is all for deviation of the compass and not for variation, which must
be allowed for according to the time and place at which readings are
taken. There are, however, other compass errors that cannot be com-
pensated for mechanically or even by calculation—thus there is the
northerly turning error in aircraft as a result of which when an aircraft
turns from east to west or vice versa through north, the compass needle
may swing until the north-seeking pole is pointing due south and the
aircraft must fly for several minutes on a straight and level course before
the compass will settle correctly after this violent wandering.

If the bowl of & liquid compass is not absolutely full of liquid, and
in extreme circumstances even when it is, the liquid in the bowl may
develop a swirl and start rotating, dragging the card round with it.
A liquid compass on a small yacht crossing the Channel in a swell with
the ship rolling moderately, has been known to swing more than once
through a complete circle, and while these gyrations are taking place,
the compass is, of course, quite useless as a direction indicator. All
liquid compasses are provided with means for replenishing the liquid or
eliminating the bubble whenever an air bubble appears, but the work
needs to be very carefully done and is not a job for an unskilled operator.
The liquid normally used is a mixture of water and alcohol or glycerine,
or both. To reduce the effect of liquid swirl, sometimes the bowl is
made much larger than is necessary to accommodate a card of a given
size for the swirl originates at the sides of the bowl and if the margin
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between bowl and card be large enough, the swirl may never seriously
affect the card itself.

Other Types of Compasses

In the past quarter of a century a compass has been introduced that
does not depend upon the attraction of the earth’s field or a magnetic
necdle. This is the gyroscopic compass, which depends on the principle
that a freely-mounted gyroscope immune from any friction will maintain
a fixed direction in space, i.e. will remain constantly pointing to any
given fixed star, though this in itself does not constitute a compass.
Further information on this type of compass is given in Chapter XX
on Gyroscopic Instruments.

Another and comparatively new type of compass is the fluxgate,
which consists, briefly, of several symmetrical solenoids arranged usually
as an equilateral triangle through which alternating current is passed
that is affected by the earth’s magnetic field so that the varying current
through the solenoids may be made to give a reading on a dial which
can be translated into the points or degrees of a compass card. The
fluxgate compass is maintained in the same horizontal plane by means
of a gyroscope and its readings are taken on distant dials at convenient
places in the ship or aircraft. This type of compass is, of course, subject
to magnetic variation and deviation but not to dip nor to the mechanical
difficulties of pivoting the negdle, though it has many mechanical com-
plications of its own.

While these two compasses have advantages over the magnetic
compass, it is unlikely that they will ever supersede it completely because
they depend on the provision of an electricity supply and if this should
fail for any reason, a ship or aircraft would be without any direction
indicator. Although most big ships to-day have and rely on their
gyroscopic compasses, there are magnetic compasses as stand-bys on
board.

In conclusion, there is one point about the use in this chapter of the
term “‘north pole of a compass needle.”” More correctly this should be
spoken of as the north-seeking pole. It is well known that magnetic
poles of the same polarity rcpel each other and attraction exists between
poles of opposite polarity. The end of the compass needle that points
north is thus, in one sense, the south pole of the needle, but it is an
established convention to refer to it as the north pole as a convenient
abbreviation for the north-seeking pole, and in practice this north-seeking
end of the needle is referred to as the red pole—being painted this
colour—while the opposite end is the blue pole.
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CHAPTER XXII
THE SEXTANT

A sextant is an instrument used to measure the angle subtended by
two objects at the place of observation, a feature of the instrument being
the simultaneous sighting of the two objects by the eye of the observer.
It is most commonly used for navigational purposes for the measurement
of the altitude of the sun or a star above the horizon, but it is also used
to measure the angular distance between any two objects not necessarily
in the vertical plane.

Early Instruments
The measurement of angles, and particularly of the altitude of the
sun and its seasonal variations, has been practised for thousands of years,

* S

Fig. XXII. 1. The Cross Staff used by mediaeval navigators.
The eye at E observes the horizon at H past pin P, and the
heavenly body past the pin P,.

although the application of such observations to navigation is of com-
paratively recent date. Ulysses would have reached his home in Ithaca
in considerably less than ten years if he had been able to navigate out
of sight of recognisable land. In the fourteenth century the only instru-
ment available for the navigator was the cross-staff shown in Fig. XXII. 1,
which can be considered to be the forerunner of the sextant. The cross-
staff consisted of a lath about 3 feet long graduated in angles and pro-
vided with a peep-hole sight. Sliding on this lath was a cross-member
about 26 inches in length, maintained at right angles to the lath, and
having at its ends two fore-sights which were aligned with the two
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objects simultaneously by
sliding the cross-member to
and fro while keeping the
eye at the peep-hole.

About the same time, or
a little later, the astrolabe
was introduced. This con-
sisted of a heavy metal
circular disc hanging from a
ring and provided with a pair
of sights on a bar or alidade
which pivoted about the
centre of the disc. The
altitude of the sun was ob-
served by mezans of these
sights while the disc was held
suspended so that it hung
vertically. In 1534 Gemma

Fig. XXII. 2. Astronomical rings.

Fr151_u S lntroduced the. astrp- EZPQS represents the meridian, Z is
nomical rings shown in Fig. the zenith, EZ the latitude, P and S
XXII. 2. This instrument the north and south poles. The
was much more elaborate equatorial ring EQ is divided in hours

and also in months and weeks. The
than the astrolabe and could. declination ring is divided in degrees,

be used for a number of months, the zodiac, etc. CC are sights
purposes based on the meas- movable on the declination ring.
urement of the altitude of

the sun. It was graduated in latitude along the outer main ring, in
hours and in months and weeks on the equatorial ring, and the inner
moving declination ring was graduated in degrees, months and weeks,
the signs of the Zodiac, and with a tangent scale for the measurement
of heights.

The vernier was invented by Pierre Vernier, of Brussels, in 1631 and
the increased accuracy thus obtained stimulated the invention of more
accurate methods of observation. Towards the end of the 17th century
Newton and a number of others suggested the use of a mirror to reflect
the light of the sun into the sight, and in 1733 John Hadley in England
and Thomas Godfray in Philadelphia simultaneously produced the sextant
in very much the same form as it is used to this day.

The Marine Sextant

It is well known that if a beam of light is reflected by a mirror any
rotation of the mirror through a given angle in the plane of incidence
will cause the reflected beam to be rotated through double the angle.
Figs. XXII. 3 and XXII. 4, show how this principle is applied to the
sextant and how it is possible to see both objects in the same direction
simultaneously ; a very great advantage when the instrument is held
in the hand and used on a moving platform such as the deck of a ship.
It will be seen from Fig. XXII. 3, that if the two mirrors M, and M, are
placed parallel to each other a distant object will be seen by the eye by
direct light past the edge of M, and by two reflections in M, and M,.
If now M, is rotated about an axis perpendicular to the plane of the
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Fig. XXII. 3. Principle of the sextant. The horizon

H 1s viewed through the clear portion of the horizon

mirror M. The star S (or sun) 1s viewed by reflection

in the index mirror My and 1n the silvered portion of M,
and is made to coincide with the horizon.

diagram so that
a second distant
object, such as S,
isseen by reflection
in the two mirrors,
then by adjusting
M,, this object can
be brought into
coincidence with
H— —>— i . the first distant
: : > — — & —{> object scen dir-

ectly past the edge
of M,, and the
angle between the
two  objects is
clearly equal to
double the angle
through which M,
has been rotated.
In the actual
sextant shown in
Fig. XXII. 4, the
horizon mirror M,

‘—/’EAQ s 2A is made of good

Fig. XXIL 4. Diag . 4 cant. Th parallel glass and
ig. . 4. iagram of a modern sextant. e ;

altitude of the star or sun, S, is read directly on the 1S 1 silvered ovelf‘
scale at the vernier V. M, is the horizon mirror, M, ORIy oOne half o
the index mirror. F are sun shades of neutral filter glass. its surface, usually
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the half nearest the framework. It is also provided with adjusting
screws so that its plane can be made truly perpendicular to the frame-
work. The index mirror M, is fixed to the index arm which is itself
pivoted on the framework. The index mirror is fully silvered and
in some instruments is made adjustable so that its plane can be
made perpendicular to the instrument, but this adjustment is usually
considered to be the responsibility of the maker. For observation the
instrument is provided with one or two telescopes and a dummy tube
with a peep-hole, and the telescope bracket is also capable of adjustment
so that the optical axis may be made parallel to the instrument and at
such a height that the reflected light and the direct light can be made
equal in intensity. A series of neutral or coloured filters is fitted to the
sextant as shown by the dotted lines in Fig. XXII. 4, so that they can
be interposed between a bright object and the eye to cut down glare
and to enable an observation to be made in comfort and safety. The
framework itself is light but rigid in construction and may be of brass,
bell-metal, bronze or a light alloy, and it is shaped like the sector of a
circle. Along the arc of the sector is a scale graduated so that each
30-minute interval is marked as one degree. The index arm moves
across this scale as it is rotated and it is always provided with a clamp
and a fine adjustment screw. The angle may be read by a vernier or,
in more modern instruments, the edge of the sector is cut in the form
of a worm wheel and fine adjustment is obtained by turning a screw
provided with a micrometer head which is divided in minutes.

Tig. XXII.5. A modern micrometer sextant with
an artificial or bubble horizon, the principle of which is
illustrated in Fig. XXII.6.

Fig. XXII. 5, is a photograph of an actual marine sextant on which
the mirrors and shades can be seen. This particular instrument is
shown fitted with a prismatic telescope and with a detachable bubble
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artificial horizon in addition to the horizon mirror. This bubble can be
used if the true horizon is not visible and a similar construction is much
used in air sextants (q.v.).

Method of Use

For the measurement of altitudes the instrument is held in the hand
and the sun or star observed by reflection in the two mirrors is brought
down on to the horizon as seen past the edge of the horizon mirror. The
angle is then read and the time of the observation noted. If the peep-
hole sight is used the field of view is seen divided vertically by a line
on one side of which the sun or star is seen and on the other side the
horizon. If the telescope is used the line is no longer visible and the
two views are superimposed. If the horizon is not visible or if for any
other reason it is not to be used, an artificial horizon can be used. The
usual form of artificial horizon consists of a shallow trough of mercury
protected from the wind by two sloping windows of optically flat glass.
The mercury surface is, of course, horizontal but because of many diffi-
culties attendant on its use, another form of artificial horizon consists
of a copper plate amalgamated with mercury or even a plane mirror
which can be levelled by means of a spirit level. In another form the
bubble itself is used to indicate the horizontal direction as in the bubble
attachment or air sextant. The use of a bubble for this purpose is by
no means new, for it was suggested by Hadley in 1733 in the Philosophic
Transactions for that year.

Errors and Adjustments of the Marine Sextant

Any instrument used for measurement is subject to errors of one kind
or another and in any instrument consisting of moving parts adjustments
are necessary and are invariably provided if the maximum value is to
be obtained from it. The fundamental errors in the marine sextant are
as follows :

(i) Eccentricity of the scale with reference to the pivot of the index.
arm. This error cannot be eliminated and therefore great care is taken
in manufacture and the instrument is then tested at the National Physical
Laboratory and a certificate is issued with it which states the amount
of the error at all parts of the scale.

(ii) Lack of perpendicularity of the index mirror to the plane of the
instrument. This"is a maker’s adjustment and no further alteration
should be required but the instrument should be tested from time to
time to ensure that the adjustment has been maintained. The simplest
test is to look into the index mirror so as to see the reflection of the arc
of the sextant and at the same time the actual arc ; these should appear
continuous. If an apparent break occurs where the reflected image joins
the direct view the mirror is out of adjustment.

(iii) Lack of perpendicularity of the horizon mirror to the plane of
the instrument and of parallelism to the index mirror in the zero position.
This is a user’s adjustment and screws are provided for the purpose.
The instrument is adjusted by setting the index arm to zero and observing
a star or small distant fixed object. Two images will be seen if the mirror
is out of adjustment and these will pass each other as the index arm is
moved. The screws are then adjusted until the images coalesce.



SCIENTIFIC INSTRUMENTS 223

(iv) Lack of parallelism of the optical axis of the telescope to the
plane of the instrument. The telescope can be raised or lowered bodily
to equalise the light from the clear and reflecting parts of the horizon
mirror and it can also be tilted slightly. The simplest test is to place
the sextant on a table with two small sights of equal height fixed to the
frame as far apart as possible and to orient the instrument so as to align
these sights with a distant object.  On looking through the telescope the
distant object should then appear accurately in the centre of the field
of view.

(v) Index error. This error is observed and allowed for every time
the instrument is used to make an obscrvation, and it is simply the error
in the zero reading of the index arm when a single distant object is
observed. If the instrument is in good order and adjustment, the index
error will be small, but it may change slightly when the sextant is in
use owing to expansion or small distortions and vibration.

In addition to the above five errors, sextants may suffer from lack
of parallelism of the horizon glass or the index glass, and only extreme
carc i manufacture and possible newer designs will tend to eliminate
these.  Lack of parallelism of the index glass may become apparent as
a double image 1f a very bright star is observed, but in any case this
crror is included in the cccentricity error tabulated by the N.P.L. Lack
of parallelism of the horizon glass introduces a constant difference in
the readings apparent as an index error. It has been suggested that for
greater accuracy the index mirror may be replaced by a right-angled
prism, and some sextants are now being made with this prism.

Bubble sextants similar to the air sextant arc being suggested for
marine work, and bubble attachments are also available for normal marine
sextants.  Although thesc bubble horizons can be extremely useful under
some conditions of visibility, they must be used with care. If the ship
is rolling or pitching in any way, the apparent direction of gravity can
be considerably different from the true vertical, and large errors in
rcading will then result.  The period of the pitch or roll on a ship is
usually so long that it is not even possible to take the average of a number
of readings with any certainty of success. On a steady ship, however,
and in the air, where the period of random accelerations is small, the
bubble sextant can be used.

The Air Sextant

Fig. XXII. 6, shows diagrammatically a form of sextant used for air
navigation. In order to keep the instrument small, the sector shape
has been abandoned and the index arm carrying the index mirror is
now actuated by a cam in the shape of a spiral scroll on which a roller
fixed to the end of the index arm bears. The bubble contains only the
vapour of the liquid in the chamber and it can be varied in size or
collapsed completely by altering the pressure on the fluid by means of
a screw which presses against a corrugated diaphragm in the bubble
trap. The bubble chamber is circular and its radius of curvature is
carefully chosen so that for small angles of inclination the apparent
vertical is always indicated on looking through the instrument. It is
thus not necessary to keep the bubble always in the centre of the chamber
when making an observation, and it becomes relatively easy to make a

15
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Fig. XXII.6. Diagram of bubble sextant. The eye may see the star

S by reflection and the bubble directly, or alternatively, the bubble may

be seen by reflection and the star diwrectly. The <1ze of the bubble 1s

adjusted by means of the knob on the trap  The lamp may be with-

drawn and a visible horizon viewed by means of the honizon sight.  The

index murror is tilted by means of the scroll which Iifts the roller.  The
scroll 1s attached to the peripheral scale.

coincidence of a star with the bubble under the conditions peculiar to
use in aircraft. The bubble is illuminated by a lamp the battery for
which is fitted within the handle of the instrument. The light from the
bubble is rendered parallel by a collimating lens and in use the bubble
appears as a bright ring with a dark centre in a dark ficld. For use
by day the diffused lighting makes the bubble appear as a small dark dot
with a bright centre in a bright field. By fitting a prism and an auxil-
iary lens it is possible to use the instrument normally with a real horizon.

In later forms of air sextants the line of sight is made horizontal
instead of inclined as in the diagram. In some forms the index mirror
is mounted on a plate carrying pins which engage slots in the body of
the instrument so that the mirror is pre-set to the expected altitude
within 10 degrees and a fine adjustment is provided within this range
for the actual observation.

These instruments are also fitted with averaging devices which either
add together one-sixth of each of six independent readings or, by means
of a clockwork device indicate the average continuous reading over a
predetermined time. Thus it is only necessary to obtain a coincidence,
set the mechanism in operation, and maintain coincidence until a shutter
automatically cuts off the images. The reading is then taken and
indicates the mean altitude of the star during the period of observation.
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CHAPTER XXIII
SOUNDING EQUIPMENT

Mystery to a Phoenician seaman was a great principle of his pro-
fession, a principle he was obliged to support even at the risk of his own
existence, for according to Strabo, when the captain of a Phoenician
vessel who was on a voyage to the Cassiterides for tin, imagined that he
was observed by a Roman, he immediately ran on a shoal and was
shipwrecked, rather than forfeit the mystery of his voyage by giving
the smallest degree of information to another country.

They carried their navigation under their hat, but although we have
no record of the method by which the early navigators found their way
about the sea, it is quite certain that from earliest times 2,000 years
ago, the Greeks, the Arabs and the Phoenicians, all knew the approximate
depths of the shallow waters they frequented.

Sea sounding began with the lead, and according to the Marine
Dictionary in 1780 :—

“There are two plummets used for sounding in navigation, one of
which is called the hand lead, weighing about 8 or 9 1b., and the other
the deep-sea lead, which weighs from 25-30 1b.

“The former is used in shallow water and the latter at a great distance
from the shore, particularly on approaching the land after a sea voyage ;
accordingly the lines employed are called the deep-sea lead and the
hand lead line. The hand lead line is usually 20 fathoms in length and
is marked every 2 or 3 fathoms so that the depths of the water may be
ascertained cither in the day or night. At the depth of 2 or 3 fathoms
there arc marks of black leather ; at § fathoms there is a white rag, at
7 a red rag, at 10 black leather, at 13 black leather, at 15 a white rag,
at 17 a red rag, ditto, ditto.

“The deep-sea lead is marked with two knots at 20 fathoms, 3 at 30,
4 at 40 and so on to the end. It is also marked with a single knot in
the middle of each interval as at 25, 35, 45 fathoms, etc. To use this
lead more cffectually at sea or in deep water on the sea coast, it is usual
previously to bring the ship to, the lead is then thrown as far as possible
from the ship in the line of her drift so that as it sinks the ship drives
more perpendicularly over it. The pilot feeling the lead strike the
bottom, readily discovers the depth of the water by the mark on the
line nearest the surface. The bottom of the lead being also well rubbed
over with tallow, retains thc distinguishing marks of the bottom, as
shells, ooze, gravel, etc., which naturally adhere to it.”

This primitive but sure method of sounding persisted until in 1850
more accurate mecasurement cf deeper water was required, due to the
introduction of steamships and laying of deep water cables. Many
devices were tried such as that described as a Patent Sounding Apparatus
which records upon a dial the depth attained.

Early Mechanical Sounding
To the lead was attached, upon the principle of the screw propeller,
a small piece of clockwork, for registering the number of revolutions
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made by the little screw during the descent ; and it having been ascer-
tained by experiment in shoal water that the apparatus in descending
would cause the propeller to make one revolution for every fathom of
perpendicular descent, hands provided with power of self-registration
were attached to a dial and the instrument was complete. It worked
beautifully in moderate depths, but failed in blue water from the difficulty
of hauling it up if the line used were small, and from the difficulty of
getting it down if the line used were large enough to give the strength
required for hauling it up.

In 1872, Sir William Thomson, who was greatly intcrested in cable
laying and designed most of his inventions in practice at sea, suggested
the use of piano wire for sounding with a special form of winch. The
idea was taken up in all countrics, and from that time accurate and
quick observations of depth at sca have been obtained.

Sir William Thomson also invented the Sounding Tube for use in
balloon water or navigational soundings up to 100 fathoms, which consists
of a glass tube open at the lower end. The water is forced a varying
height up into this tube, according to the pressure which depends upon
the depth of water reached at its lowest point. Either a chemical
solution is used for coating on the inside which is then discoloured as
far up as the water reaches, or a ground glass tube is used, which also
shows a line of demarcation where the water level reaches its highest
point. A scale is provided which is calibrated to read directly in fathoms
of depth.

After the First World War, about 1923, stimulated by the usce of
powerful electric oscillators in sea water for sound ranging and submarine
signalling, the propagation of sound waves in sea water was being experi-
mented with in America, England, France and Germany. Suitable means
of setting up sound waves capable of transmission through long distances,
and receivers capable of detecting faint sounds reaching them, were
among the results of this investigation.

Echo Sounding
Sir Isaac Newton first shows that the velocity of transmission of
sound through any given medium is given by the equation :

V- \/ elasticity of medium
- density of medium

In water, sound waves have a speed of propagation of ncarly 1,400
metres (4,855 feet) per second, that is nearly five times faster than in
air, in which the velocity of sound is about 330 metres (1,082 feet) per
second. The velocity of sound in sea water has been determined with
great accuracy in all parts of the world, and consequently, if the time
taken for a sound wave to travel from the bottom of a ship to the sea
bed can be accurately measured, then that would be a means of detecting
the depth of water under the ship.

In practice it was not so easy as it seemed as the right sort of sound
had to be produced and the means for picking up the return wave or
echo, but from the early types of machine or device invented by
Fessenden, Behm and Langevin, has developed an entirely new
method of depth finding at sea known as Echo Sounding.
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The principles employed in echo sounding have become established.
A sound is transmitted from the hull of the ship; this sound wave travels
to the bottom of the sca and is reflected back again as an echo. The
echo is picked up by a receiver attached to the hull of the ship, and the
time taken for the sound to travel from the ship to the bottom and
back again, is a measure of the depth of water.

Echo sounding equipment is designed to produce.the sound, receive
and amplify the echo, measure the intervening time interval, and convert
this interval automatically into units of depth measurement such as feet,
fathoms or metres.

At the beginning of echo sounding a number of sonic or low-frequency
transmitters were used such as electric hammers, oscillators, and even
exploding a cartridge at the surface, but all these had a disadvantage
in the measuring of small depths under the bottom of the ship so essential
to safe navigation.

In shallow water the time interval is extremely short; for example,
the time taken for a sound impulse to travel to a depth of 10 fathoms
be reflected, and return to the ship, is about 1/40th of a second, and in
the carly days of echo sounding with sonic gear it was considered a
great achievement to be able to take soundings down to 10 fathoms.
The captain of the ship had a man in the chains at 10 fathoms and all
soundings below 10 fathoms were taken from the lead.

An 1mmense amount of technique was applied in sonic echo sounding
to the separation of transmitter and hydrophone on the hull of the ship,
to suppression of noise interference, and to slope correction, all which
to a large extent were done away with by the introduction of the
Supersonic Oscillator.

The Supersonic Oscillator

Pierre and Jacques Curres discovered that if the quartz is compressed
it polarises electrically and produces a change of potential, and con-
versely if a potential is applied to the quartz it contracts and expands
spontancously. This is known as the Piezo clectric effect, and Professor
Longevin made use of this for both vertical and horizontal sounding.
The transmitting and receiving unit of the Longevin type consists of a
mosaic assembly of quartz crystals which are clamped between two
metal plates, the thickness and the quantity of the plates determine the
frequency at which the system will be resonant. One of the plates is
in contact with the sea water and the energy is derived from the electric
field between the two plates. The electric energy to excite the Peizo
clectric oscillator may be from an alternating current generator, but
ordinarily excitation is produced by the high frequency oscillations
resulting from the discharge of a condenser into an electric circuit.

This was the first supersonic echo sounder and had great success,
the depths being shown either by a flashing light on a scale or recorded
on smoked paper. By either system great accuracy was obtained. The
Piezzo quartz transmitter at sea has been responsible for some of the
most remarkable applications of sound waves, such as fish finding in
shoals and the detection of submarines, but it is also very sensitive, and
in the war it has had to be protected, otherwise it would be destroyed
by mines or depth charges exploding in its vicinity.
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Magnetostriction

The properties of certain metals to change their linear dimension
when placed in a magnetic field has been applied to echo sound-
ing, and is known as magnetostriction. When the magnetostrictive
metal is in the field of a coil, should the coil be energised by an alter-
nating electric current, the metal will alternatively contract and expand
along the axis of the coil, in unison with the exciting current. Con-
versely, a fluctuating pressure applied to a face of magnetic material
parallel to the magnetic field of the coil will cause changes in the field
to produce an electromotive force across the terminals of the coil. Com-
mercially pure nickel because of its high magnetostrictive property, its
uniformity and its chemical and mechanical stability, is most frequently
used.

The transmitter and receiver of a magnetostriction echo sounder
consists of a pack of nickel stampings of the correct thickness and size,
to obtain resonances, and wound toroidally so that an oscillating discharge
from a condenser passing through the windings creates an oscillatory
magnetic field in the stamping and this causes the mean diamecter of
the stampings to vibrate radially and conversely when the sound energy
sets the receiver into vibration ; the magnetisation of the nickel stampings
is altered periodically, and this sets up an oscillatory electric current in
the windings.

The transmitter and receiver are housed in tanks filled with water,
and the vibrations are transmitted by a conical reflector through the
hull of the ship into the sea or vice versa. These oscillators are very
strong and can stand considerable shocks. They can even be fitted in
suitable form in direct contact with the sea water.

The depth of water is indicated on a flashing light scale or mostly
on a recorder which can be described as the most important feature of
echo sounding.

The Recorder

The Echo Sounding Recorder is a device which sends out a short
pulse of sound from the bottom of the ship, measures the time required
for the resulting echo to return from the bottom of the sea, and presents
that measurement in the form of a depth measurement.

Fig. XXIII. 1, shows the schematic arrangement of a typical
installation. B

The motor drives through the gear train, the switch cam, to which
is rigidly attached the stylus arm. As the stylus arm revolves the point
is made to pass over the surface of the recording paper.

Once each revolution the switch-cam, by operating the transmitting
contacts, causes a pulse of sound to be sent out from the transmitter
in the bottom of the ship. At approximately the same instant the
stylus passes the zero of the scale, as will be explained in detail later,
the stylus marks the paper to show the interval between transmission
and the echo line being received. This being directly proportional to
the depth, the scale may be graduated in fathoms or any other depth unit.

The recording paper is chemically treated so that a current passing
through the paper from a point such as the stylus, to a plate such as the
tank front, will cause a brown mark on it. Hence, if a steady current



is passed through
the paper from
the stylus as it
moves across it,
a brown mark
will record the
trackof the stylus
point, but if a
short pulse of
current is passed
through the paper
at a definite pos-
ition of the pas-
sage of the stylus,
the mark will
only appear at
that position.

It is readily
seen that such
an arrangement
may be used as
a depth recorder
by causing the
return  echo  to
supply a short
impulse of cur-
rent to the mov-
ing stylus at the
moment of its
arrival.  As the
ship goes into
deeper water the
stylus moves
further across the
paper before the
echo is reccived,
and the recorded
line moves a cor-
responding  dis-
tance across the
paper. If the
paper is made to
move a short
distance ataright
angletothemove-
mentofthestylus,
for each passage
of the stylus the
successive echoes
will form a con-
touroftheseabed.
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Fig. XXIII.1. Diagram of the installation of echo-
sounding equipment in a ship. Transmitter on the left
and the receiver on the right.

A. Motor. D. Stylus Arm.
B. Gear train. E. Front of the tank.
C. Switch cam. F. Automatic governor.

G. Transmitting contact.
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The considerations governing the calibration of the scale are simple.
The velocity of sound in sea water may be taken as 800 fathoms per
second, so that it requires one second to go and return in a depth of
400 fathoms. Hence, if we divide a scale into 400 divisions and make
the stylus move through these 400 divisions in one second, then for every
fathom of depth the stylus will move through one division. If the
switch-cam is adjusted so that the transmission occurs at the instant the
stylus passes the zero division, then an echo from a 100 fathom depth
will return as the stylus passes the 100th division, and the record will
be madc on the paper at the 100th division. Such a scale may be marked
directly in fathoms. It is clear that recorders possessing different scales
may be produced by simply varying the rate of travel of the stylus.
It is also clear that, for any given recorder it is essential to keep the
speed constant at the rated value. An automatic governor is fitted so
that the speed varies very little with ordinary variations in voltage.

In the old days the words “On Sounding” in the log book was a
source of satisfaction to the ship’s officer, especially after a long voyage
across deep water. In these days, although it has not yet been possible
in merchant ships to sound all the way across the Atlantic, many remark-
able feats have been achieved with the echo sounder recorder.

At 18 knots good records have been obtained in over 1,000 fathoms,
but naturally the most valuable use is when approaching the 100 fathom
linc. In a fast ship like the Queen Mary it was of great value pre-war
to approach the English Channel with continuous record from 250
fathoms right down to the 100 fathom line at full speed. This enables
the navigator to plot on his chart a line of opposition and to dot the
exact moment he crosses the 100 fathom line.

In coastal waters the echo sounder record gives such minute details
of the bottom that a profile can be checked in the chart room to indicate
the exact position of the ship even in dense weather.

Fig. XXIII. 2. An example of what can be done by echo-sounding ; a
shoal of cod shown over a valley at the bottom of the sea.
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Fig. XXIII. 3. The wreck of the Lusitania revealed by echo-sounding in
309 feet of water.

In many parts of the world to-day ships literally feel their way over
the bottom by echo sounder recording.

The echo sounder has many other uscs, in trawling it is universal
and large shoals of fish can be detected off the bottom. Seaweed can
be found in places where it is prolific, and for wreck finding it is very
reliable. The Lusitania was very quickly detected in the Irish Sea and
profile runs made fore and aft and athwartship showed every detail
(see Figs. XXIII. 2 and 3).

For survey work it is invaluable and gives an enormous amount of
accurate detail in very quick time. The harbour and 35 ft. channel in
most ports are regularly dredged by accurate measurement obtained
from echo sounding down to 1 inch.

In the war submarine detection and convoy leading have been amongst
its achicvements ; many a minc has been found and the coast survey
of Northern France at night with echo sounder parties in small boats
led to the great success of “D Day.”
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CHAPTER XXIV
SURVEYING INSTRUMENTS

For the preparation of maps and plans, a topographical survey is
made. To start with a reference line or base line is laid out and from
this a network of survey lines is built up from which the topographical
details can be located. The lengths of these lines and their bearings
relative to the base line are measured and from this information the
survey can be plotted in the drawing office. Also it is often nccessary
to know the height above sea-level of points in the area surveyed and
to plot contours showing the slope of the ground. This information is
obtained by levelling instruments which determine the height of a given
point above some known reference level. Surveying thus calls for
instruments which will measure lengths, angles and changes in level to
a considerable degree of accuracy, and, since survey work is often carried
out under difficult conditions, reliability and durability are also essential.

Measurement of Length

The Chain is the most commonly used instrument for measuring
length on the ground. It is sufficiently accurate for the main lines of
ordinary surveys, though for large surveys where extreme accuracy is
required, a steel band, of the type described below, is necessary. The
chain consists of 100 links of strong steel or iron wire. The end links
are short and have brass handles attached to complete the length.
Every tenth link is marked by a brass tablet, which has one point for
the first ten links from the end, two for the second, three for the third,
four for the fourth and the centre is marked with a circular tablet.
Each tenth link is marked in the same way from the other end so that
the chain can be used either way.

Two different lengths of chain are used, Gunter’s chain which is
66 feet long from outside to outside of the handles, and the Engineer’s
chain which measures 100 feet. For measuring areas Gunter’s chain
has the advantage that 10 square chains equals one acre. Both chains
have 100 links. For convenience in carrying the chain is folded up
from the centre and secured in a bundle with a strap.

Steel Band. For large surveys, where the repeated use of a chain
might introduce a considerable error, a steel band is used. This consists
of a graduated steel band fitted with brass handles. It may be used,
instead of a chain, in the normal way and is more reliable since the
links in a chain may become bent or stretched. The band will also run
very smoothly over rough ground, which might catch a chain, but it is
liable to snap and must be kept well oiled to prevent rust.

For extremely accurate work, such as setting out a base line for a
large survey, a steel band is essential. Under these conditions a small
error in the base line might cause considerable inaccuracy at distant
points. The steel band is set up under a standard measured pull and
corrections are made for temperature and for any difference in level
between the two ends of the band. Variations in length due to tem-
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Fig. XXIV. 1.
Lower parallel plate and centring
adjustment.
Clamp for centring adjustment.
Levelling screws.
Upper parallel plate.
Inner centre.
Outer centre.
Clamp for outer centre.
Tangent screw for bottom plate.
Trough compass.
Bottom plate of horizontal circle.
Verniers.
Microscopes for horizontal circle.
Vernier plate for horizontal circle.
Inner centre tangent screw for
setting Vernier plate.
Inner centre clamp.
Vernier plate bubble tube.

17.
18.
19.

20.

Cross section through theodolite.

Standards.
Bubble mounted on standard.

Slow motion screw for setting the
whole of telescope and verniers.
Slow motion screw for setting

Verniers.
Focusing adjustment for telescope.
Circular nuts adjusting bracket
level.
Bracket level.
Vertical circle.
Verniers for vertical circle.
Microscopes for Verniers.
Section showing microscope focusing
Screws for adjusting diaphragm.
Screw focusing eyepiece.
Detachable diaphragm.
Rising V for adjusting level of axis.
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perature can also be largely overcome by the use of a band of Invar
steel which has a very low coefficient of expansion.

Tapes. For plotting the topography from the main survey lines a
tape measure is used. Tapes arc made in lengths of 33 ft., 66 ft., or
100 ft. and are marked in feet, inches and eighths of an inch on one
side and links of a 66 foot chain on the other side. They are made to
roll up inside a small leather case. For ordinary measurements a linen
tape is used but this cannot be depended upon for accurate measure-
ment because it may stretch, especiallv in wet weather. A steel tape is
used for precise measurement. This is considerably more accurate but
snaps easily and must be kept clean and oiled to prevent rust.

Ranging Rods and Arrows. The pegs used to mark survey points
are usually not clearly visible from a distance. A ranging rod is used
to mark these points when observations are being taken. These rods
are iron-shod wooden poles, slightly tapered to the top, which may be
G, 10 or 15 feet high. They are painted in divisions either of 1 foot or
ten links, alternately black or red and white. Three such poles can be
used to set out a straight line and when chaining, the chainman can
keep straight by lining himself in with two of them.

Arrows are used to mark the end of each chain. They are iron
skewers about 1 foot long. The man at the head of the chain inserts
the arrow in the ground and then drags the chain on. The chainman
at the other end finds the arrow and brings his end to it. The arrows
are picked up before he moves on and form a check on the number of

chains measured.

Measurement of Angles

Theodolite. This instrument is used for the accurate measurement
of angles in the horizontal and vertical planes. The diagram (Fig.
XXIV. 1) shows details of a typical instrument. It consists of a tele-
scope which is of the normal internal focusing type except that there
is a diaphragm carrying cross-hairs or graticules in the eye-picce. These
hairs are either etched on a glass plate or consist of fine spiders’ web
stretched across a brass ring and arc adjusted so that the intersection
of the cross-hairs lies on the collimation line or optical axis of the
telescope.

The telescope is supported at each side by standards so that it can
rotate in a vertical plane, its axis of rotation intersecting the collimation
line. The angle through which the telescope turns is measured by the
vertical circle attached to the telescope axis which is read against
verniers, fixed to the standard, with the aid of small microscopes.

The standards are carried on the upper or vernier plate and are high
enough to allow the telescope to be turned through a complete circle.
The upper plate is horizontal and rotates on a fixed vertical axis which
passes through the line of collimation of the telescope. It is free to
rotate independently over the lower plate but can be clamped to it by
a clamping screw. Fine adjustment of the relative position of the two
plates can be made with a tangent screw. The bottom plate is bevelled
at the edge to form the horizontal circle which is divided from 0 to 360°
and serves to read the relative positions of the bottom and top or vernier
plates. Microscopes are provided for reading. The lower plate is also
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Fig. XXIV.2.
Casing of horizontal circle.
Casing of vertical circle.
~Circle reading eyepiece.
Focusing clamp for circle reading
eyepiece.

Object glass.

l'ocusing head for telescope.
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Optical scale theodolite.

Tribrach.

IFootscrew.

Clamp for lower plate.

Slow motion screw for lower plate.

Slow motion screw for upper plate.

Clamp for telescope.

Slhw motion screw for telescope.

[llumination reflector for circles.

Magnetic compass.

Needle release for compass.

Attachment screw and clamp to
centring.

Lock for circle reading eyepiece.
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free to rotate and can be clamped to the axis by a clamping screw and
finally adjusted by a tangent screw.

The fixed vertical axis is carried by the upper parallel plate through
which pass three levelling screws to the lower parallel plate. These
screws allow the instrument to be levelled up on the tripod, with the
help of bubble tubes, so that the vertical axis is truly vertical and the
upper and lower plates and the axis of rotation of the telescope are
horizontal.

The lower parallel plate is arranged to slide bodily within certain
limits on the plate of the tripod so that the plumb-bob, which hangs
vertically from the centre of the vertical axis, can be brought over the
required point on the ground. The instrument is then secured firmly by
the clamping ring.

Three bubbles are usually provided for levelling the instrument. A
small circular bubble on the upper parallel plate facilitates the setting
up of the tripod legs. The levelling of the instrument is done with a
sensitive bubble on the upper plate and a further bubble is provided
either on top of the telescope or to level the verniers of the vertical circle.

The vertical and horizontal circles are engraved on solid silver inlaid
strips to a high degree of accuracy. For precise measurement the verniers
may be replaced by micrometer microscopes which enable the circles to
be read to 10 seconds and by estimation to 1 sccond.

The above description covers the ordinary standard instrument but
a number of improvements have been made recently, resulting in more
compact design and lower weight. The vertical and horizontal circles
of one type of instrument are made of glass and light is reflected through
them. These circles are found to be more accurate and more easily read
than the standard type. A special optical system is provided which
allows both circles to be read simultancously through a small eye-piece
beside the telescope. This gives easy and accurate reading and, as the
whole instrument is totally enclosed, damage to the circles and other
parts due to dust and moisture is avoided. The illustration (Fig.
XXIV. 2) shows a typical modern theodolite of this type.

SCALE ON TOP OF CASE
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INDEX GLASS |
(ROTATES)

ORENING IN SIDE
OF CASE

“ '« SURVEY LINES FOR
™\ WHICH ANGLE IS REQUIRED

Fig. XXIV.3. Box sextant. Used for approximate angular measurements.
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Box Sextant. For approximate measurement of angles, where the
accuracy of a theodolite is not required, the box sextant is very con-
venient. This instrument consists of a circular box, 3 inches diameter
and about 2 inches deep. The optical system (see Fig. XXIV. 3) com-
Pprises a telescope, a horizon glass or mirror the upper part of which is.
not silvered, and an index glass that rotates about a vertical axis and
carries a vernier moving over a scale which is calibrated to measure
the angle between the survey line seen in the telescope through the clear
portion of the horizon glass and the survey line seen
reflected into the telescope by the index glass and
the silvered part of the horizon glass. Ranging rods
placed on the two survey lines will appear one above
the other in the telescope and the index glass is
rotated until the two images are vertically above
each other. The angle can then be read off the
vernier to an accuracy of 1 minute.

Cross Staff. A convenient and simple instrument
for setting out angles of 90° and 45° is the Cross
Staff (Fig. XXIV. 4). This consists of an octagonal
box provided with a socket to fit on top of a ranging
rod. Slits are cut on opposite sides of the box and,
by siting through the appropriate slits, the required
angle can be set out. -

Optical Square. This is an instrument used for
setting out right angles. It consists of a small circular
box containing two mirrors, one only partly silvered.
The optical arrangement is shown in the diagram
(Fig. XXIV.5). A ranging rod on the main survey

IFig. XXI1V. 4. Oct-
. LN . gonal ss staff
line is sighted through the clear part of the horizon ﬁ;ﬁﬁ“ Céﬁspks,yzd

glass and a second rod seen, reflected from the second for setting out
mirror, in the lower, silvered, part of the horizon angles of 45° and

glass is moved until it appears to coincide with the 90"

first. The second rod then lies on a line at right
angles to the main survey line.

Levelling

Dumpy  Level. .

Essentially  this
level consists of a
telescope, with a
diaphragm carrying ==
horizontal and
vertical cross-hairs MIRROR WITH LOWER
in the ch-})iece’ PART SILVERED AND
mounted on a UPPER PART CLEAR
vertical axis carried
on a tribrach with SUBSIDIARY LINE
three footscrews Y AT 90° TO MAIN LINE
as shown in the Fig. XXIV. 5. Optical square.

MAIN SURVEY
LINE
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illustration (Fig. XXIV. 6). The footscrews bear on the lower plate
or trivet which can be mounted on a tripod but has feet cast on its
under side so that the instrument can be used on any flat surface
without a tripod if desired. A very sensitive bubble tube is attached
to the telescope and is so adjusted that when the bubble is central
the collimation line of the telescope is horizontal. In use the three
footscrews are adjusted until the bubble remains central whichever

Fig. XXIV. 6. Dumpy level. Standard model with
internal focusing telescope.

way the telescope is turncd. The line of sight through the telescope
will then be horizontal for any position of the telescope and the difference
in level between any two points can be found by reading on a levelling
staff held at each point the height from ground to sight line. The
difference between the two staff readings represents the difference in
level of the two points.

Self-Adjusting Level. Setting up a Dumpy Level'is a fairly long and
tedious procedure as it is difficult to get the bubble to remain central
for all positions of the telescope. In the self-adjusting type of level
(Fig. XXIV.7) the telescope is brought roughly level using the foot-
screws and a small circular spirit level on the tribrach and the final
levelling of the main bubble on the telescope is effected by a micrometer
screw which tilts the telescope independently of the vertical axis. This
final levelling must be repeated for every sight but can be done very
rapidly and there is a great saving of time on the initial setting up.
The setting is also morc accurate since the telescope is brought truly
horizontal for each sight.

Quickset Level (Fig. XXIV. 8). This is a variant of the self-adjusting
type of level with the vertical axis mounted on a ball and socket mount-
ing instcad of the usual three foot-screws. With the aid of a circular
bubble the axis can be brought approximately vertical very rapidly and
the final levelling of the telescope is done for each sight with a micro-
meter adjusting screw as in the self-adjusting level.
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Fig. XXIV.7. Self-adjusting level.

A. Trivet stage. F. Reading eyepiece for main spirit
B. Levelling screws. level.

C. Adjusting nut for levelling screws. G. Reflector for main spirit level.

D. Circular spirit level. H. Adjusting screws for main spirit level
E. Guard protecting main spirit level. (not seen).

Fine levelling screw and gradienter.

Optical Micrometer. For very accurate work a good precision level
can be fitted with an optical micrometer with which levels may be read
to one thousandth of a foot and estimated to one ten-thousandth of a
foot. The device consists of an optically-worked parallel disc of glass
horizontally pivoted in a tubular mount in front of the object glass of
the telescope. The disc can be rotated and its movement is measured
by an arm moving over an arc of twenty equal divisions of such a size
that when the arm moves through twenty divisions the amount of tilt
given to the glass disc displaces the line of sight by exactly 0.02 feet.
The new line of sight remains absolutely parallel to the collimation line
of the telescope as can be seen from the diagram (Fig. XXIV.9), and
the micrometer is therefore independent of the length of the sight.

16
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Fig. XXIV.8. OQuickset level. A ball-and-socket mounting, instead of
the usual levelling screws, enables preliminary levelling to be carried out

speedily.
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Fig. XXIV. 9. Optical micrometer per-

mitting precision levels to be read to

1/1,000th ft. and to be estimated to
1/10,000th ft.

Hand Level. Where
accuracy need not be great
a hand level may be used.
It consists of a tube with
a horizontal crosswire and
a half-silvered mirror
arranged so that the
levelling staff can be ob-
served through the clear
part and the position of
a bubble mounted on top
of the tube can be seen
reflected in the silvered
part. The instrument is
held on top of a five-foot
ranging rod and is tilted
until the image of the
bubble, seen in the mirror,
is central. The crosswire
reading on the levelling staff
is taken and the difference
between staff reading and
the height of the rod on
which the instrument is
held is the difference in
ground level at the staff
and the instrument.
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Levelling Staffs. In levelling, the height of the
collimation line of the instrument above the point, for
which the level is required, is determined by finding
the reading on a special levelling staff which coincides
with the crosswire of the instrument. The telescopic
staff (of the type shown in Fig. XXIV.10) is most
commonly used and consists of three sections which
slide inside each other and when fully extended have
a total height of 14 feet. Special scales are used on
the face of the staff, the most common being the
Standard Upright Sopwith Scale divided in feet, tenths
and hundredths of a foot. The figures indicating feet
are usually painted red and the others black.

Tacheometry
Tacheometry is a method of measuring lengths by
optical means.  This is a great advantage in rough

country and provides a mcthod of obtaining reasonably
accurate measurements rapidly. The Tacheometer is
identical with an ordinary theodolite except that two
additional cross-wires, known as stadia wires, are set
horizontally in the eye-piece. An ordinary levelling
staff is held at the point for which the distance from
the instrument is required and the readings of the two
stadia wires are observed. The distance can be cal-
culated from the difference between these two readings
and the constants of the instrument.

The diagram (Fig. XXIV. 11) explains the prin-
ciples involved. If s is the difference between the
staff rcadings, ¢ the distance between stadia wires, f;
the distance from the stadia wires to the object glass,
and f, the distance from the object glass to the staff,
then by geometry f, = f,.s/i, and if d = distance
from object glass to the axis of the instrument then

Distance from axis of instrument to staff
=D=/f+4d
Now f, will vary with the focusing of the object
glass, but from the properties of lenses
I 1 1
— =
ho fo T
where f = the focal length of the object glass.
s
Hence fy = (ffu/fi) + 7 =L + 1

and D=Lyt =ks+ (it

The values of %, usually 100, and (f + d) are given
by the manufacturers. Note that d varies according
to the focusing to the extent of about 1 or 2 inches
and is therefore a determining factor in the accuracy
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of measurement. By using an anallatic lens in the telescope, the additive
constant (f 4 d) can be eliminated and the formula becomes D = Z.s.

" LEVELLING STAFF

i -

OBJECT GLASS

STADIA
WIRES

VERTICAL AXIS
OF INSTRUMENT

e

Fig. XXIV. 11. Optical system of a tacheometer.

7

Fig. XXIV. 12. Plane table.

Plane Table
With the plane table (Fig. XXIV. 12) a survey can be plotted imme-
diately in the field. The table is a drawing board, mounted on a levelling
device on a tripod, on which a piece of drawing paper can be pinned.
On the paper is placed the Alidade, which is similar to the upper part
of a theodolite but is mounted on a brass rule instead of on the hori-
zontal circles A point is selected on the drawing paper to represent
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the location of the instrument, the edge of the alidade is placed against
it and the telescope pointed towards a topographical feature. A ray
is drawn on the paper along the edge of the alidade showing the direction
of the feature and its distance may be found either by using an alidade
fitted with tacheometric stadia, or else by sctting up at another known
station and drawing a second series of rays to intersect the first.

The method is very useful for rapid filling in of detail from the main
survey points but is of course impracticable in bad weather.

Photographic Surveys '

If a photograph is taken from a survey point with a camera, mounted
so that it is horizontal, fitted with collimating marks to indicate
the position of the optical axis
of the camera on the picture,
then, if the focal length of the
camera is known, the photograph
can be used to plot a series of
rays giving the direction from the
survey station of all points whose -
position is required.  Another -
photograph of the same area taken
from a second survey station will
provide another series of rays
which will fix the position of
every point providing the direc-
tions in which the two photo-
graphs were taken are known.
The method can be used to obtain
levels and contours as well as
topographical details if the level
of the optical axis of the camera
at each set up is known. Survey
work of this kind can also be
carried out with the optical axis §
of the camera vertical or inclined
at a known angle. The illustra-
tion (Fig. XXIV.13) shows a
Photo-theodolite which automat-
ically records on the photograph
all the information required for
plotting, such as the position of
the axes and the bearing of the
line of sight.

Stercoscopic methods are also
used in which two photographs
are taken from different stations,
as in the previous method, but
the optical axis of the camera is
set perpendicular to the line join-
ing the survey stations for both
exposures instead of the angle Fig. XXIV.13. Photo-Theodolite.
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varying. When viewed through a stereoscope a pair of these photo-
graphs will give a picture which appears to be three-dimensional. An
instrument known as the Stereo-comparator has been devised which
allows detailed measurements to be taken from a stereoscopic pair of
photographs with the aid of which a survey can be plotted. A further
elaboration is the stereo-autograph which is designed to plot the
information automatically. To obtain the stereoscopic pictures an
ordinary Photo-theodolite is used in ground survey work. For aerial
work special cameras have been devised which take pictures at regular
intervals and record automatically the bearing, altitude, picture number,
and tilt of the aircraft.



SECTION 4

LIQUID TESTING
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CHAPTER XXV
VISCOSITY MEASUREMENT

Viscosity is of importance wherever the flow of fluid occurs. One
part of a stream of fluidd may move more rapidly than the portions adjoin-
ing it, as for example in a pipc where the liquid in contact with the
wall will be at rest but that in the centre will be travelling at
maximum speed. Wherever this difference in vclocity occurs it is found
that there 1s a drag between adjoining parts of the fluid, the faster-
moving layers tending to speed up the slower and being themselves
slowed down. This effect is due to viscosity and has a resemblance to
the friction which occurs between solid surfaces. The actual drag per
unit arca between adjacent laycrs varies inversely as the distance between
them and directly as their relative velocities, but it is also dependent on
the nature of the fluid. This last factor is introduced into the relation-
ship in the form of a coefficient of viscosity which varies according to the
fluid and is also dependent on the temperature.

Definition of Viscosity and Units of Measurement

Dynamic Viscosity. The coefficient of dynamic viscosity of a fluid,
denoted by 7, is defined as the force per unit arca required to maintain
unit difference of velocity between two parallel plancs unit distance apart
when the intervening space is filled with the fluid in question. If a
force of one dyne is required to maintain a velocity difference of one
centimetre per second betwceen two planes one centimetre apart, the
fluid is said to have a viscosity of one poise. One hundreth part of a
poise is known as a centipoise.

Kinematic Viscosity. 1In certain problems it is convenient to use the
kinematic viscosity, denoted by v, which is defined as dynamic viscosity
divided by the density of the fluid. The unit of kinematic viscosity is
the Stokes. The ldnematic viscosity in Stokes is equal to the dynamic
viscosity in poises divided by the density in grammes per cubic centi-
metre. The centistoke is one hundredth part of a Stokes.

Technical Units. Certain arbitrary scales of viscosity have been
established for technical use depending on the type of viscometer
employed. Thus the Redwood instrument measures viscosity in Red-
wood seconds. These scales can usually be related to the absolute units
given above.

Standard U-Tube Viscometer, B.S.S. No. 188-1937

This instrument is a standard viscometer for liquids where the
kinematic viscosity does not exceed 1,500 centistokes. As shown in



SCIENTIFIC INSTRUMENTS 247

the diagram (Fig. XXV. 1) the U-tube A H
is reduced to a capillary tube for part
of one limb. Above this capillary are
two bulbs BC and CD and marks are
engraved on the tube at B and C.
The other limb has a bulb GF and a
mark is engraved above this bulb at G.
In use the U-tube is filled through the 8
arm HG, taking care to avoid air
bubbles, until the liquid in this arm
stands within 0.2 millimetres of the
mark G when the tube is vertical and
the correct temperature has been reached
in the surrounding water bath. The C
liquid is then blown or sucked to a
point 1 centimetre above the mark
B, care being taken to prevent any D
moisture entering the tube. The liquid
is now allowed to flow freely and the
time taken for the meniscus to fall from
the mark B to mark C. From this time
the viscosity can be calculated using the
formula :
Kinematic viscosity = C ¢ *—c¢/¢
where ¢ is the time for the meniscus
to fall from B to C.
C and ¢ are constants of the E E
instrument.
A standard liquid is usced to calibrate
the tube.
The British Standard Specification

CAPILLARY
N

describes various forms of U-tube to
cover a large range of viscosities and
also for liquids which are opaque and
wet glass, thus making accurate ob-
servation of a falling mcniscus difficult.
The small bulb below C is provided
so that when the level of the liquid is
at C the level in the other arm is still in
the cylindrical portion of the bulb GF.

Fig. XXV.1. Standard
U - tube Viscometer
(B.SS. No. 188-1937)
Arm HG 1s filled with
liquid to within 0.2 mm.
of G. The liqud 1s
sucked up to about
1 cm. above B and then
allowed to flow freely.
The time 1s taken for the
level to fall from B to C.

Searle’s Concentric Cylinder Viscometer

This apparatus consists of a hollow cylinder inside which another
cylinder is free to rotate. The annular space between the two cylinders
is filled with the liquid for which the viscosity is required. The
outer cylinder is clamped to a supporting pillar the top of which acts
as the bottom bearing for the axis of the inner cylinder (Fig. XXV. 2).
By moving the outer cylinder up or down the pillar the length of
the inner cylinder immersed in the liquid can be varied. A perforated
plate is fixed to the top of the pillar and fits loosely in the



248 SCIENTIFIC INSTRUMENTS

outer cylinder, its pur-
pose being to prevent the
liquid below it being dis-
turbed when the inner
cylinder revolves. It thus
ensures that the drag on
the end of the inner
cylinder will be the same
whatever the position of
the outer cylinder. A
couple is applied to the
inner cylinder by means
of two known weights
attached tothreadswound
round a drum on its axle.
The number of revolu-
tions made by the drum
can be counted by ob-
serving the passage of a
mark, on a plate attached
: to the axle, past a fixed
Fig. XXV.2. Searle’s concentric cylinder pointer.
viscometer. The viscosity of the
liquid will cause a drag
on the rotation of the inner cylinder under the applied couple, and
this drag will increase as the speed of rotation increases until the
retarding moment due to the drag just equals the applied couple. The
speed of rotation will then be constant and it can be shown that :
_GT (R - Ry
T 8RR (L +R)
= Coefficient of dynamic viscosity.
= Applied couple in dyne.cms. ,
Time in secs. for one revolution of inner cylinder.
Diameter of inner cylinder in cms.
Internal diameter of outer cylinder in cms.
Length of cylinder immersed in the liquid in centimetres.
k Correction for end drag.

The correction % is due to the end drag between the bottom of the inner
cylinder and the perforated plate on top of the pillar. By taking two
sets of readings using different lengths of cylinder immersed, the end
correction & can be found and substituted in the formula given above
which will then give correct absolute values of dynamic viscosity.

where

1 1

©

n
G
T
R
R
L

McMichael Torsion Viscometer

This is a commercial form of the Concentric Cylinder Viscometer.
The liquid is contained in a rotating cup (Fig. XXV. 3) driven
by an electric motor through a two-speed gear box giving a maxi-
mum speed of 40 and 120 revolutions per minute respectively. A
cylinder is suspended in the cup from the end of a wire which is
clamped at its upper end. The viscous drag of the liquid in the rotating
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cup upon the cylinder is balanced
by the torsional resistance of
the wire. The angular displace-
ment of the ends of the wire
due to torsion is read off on a
graduated dial. Then, knowing
the motor speed and the dimen-
sions of the instrument, the
viscosity of the sample can be
calculated. The instrument is
provided with means of con-
trolling the temperature of the
liquid in the cup.

A special advantage of this
type of viscometer is its wide
range which has a lower limit
only slightly above the vis-
cosity of water. It can be
used for testing materials whose
viscosity cannot be determined
conveniently, if at all, by flow @& ,
type viscometers, for example "lig XXV.3. McMichael torsion vi
asphalts, chocolate solutions, cometer. A robust commercial instru-

nd paints. - ment with a wide range. Especially
and paints suitable for creams, paints and heavy oils.

Falling Sphere Viscometer,
B.S.S. No. 188-1937

Stokes showed that a sphere impelled
by a constant force F in a viscous liquid
eventually assumes a constant velocity V
such that :

F = 6oV
where n = Dynamic viscosity of liquid
r = Radius of sphere.
Thus if the speed at which a small
sphere falls through a liquid under its
own weight is mcasured, the viscosity of
the liquid can be determined.

The dimensions of the instrument
(Fig. XXV. 4) are specified in the British
Standard Specification (No. 188-1937).
The liquid to be tested is contained in
a tube, surrounded by a water jacket,
the internal diameter of the tube being
not less than ten times the diameter
of the sphere used. Refcrence marks are
engraved on the tube 150 millimetres Fig.XXV.4. Fallingsphere vis-
apart and cach is not less than 55 ¢ometer (3.5.3 No. 188-1957).

114 uitable for liquids having a
millimetres from the ends of the tube. yiscosity of between 1,000 and
The sphere usually is a steel ball of a 25,000 centistokes.

CRIFFIN LONDON
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diameter suitable to the viscosity of the liquid. The diameter ranges
from ¢ inch (1.59 mm.) for liquids of kinematic viscosity from
1,000 to 5,000 centistokes to a diameter of } inch for wviscosities
from 12,500 to 25,000 centistokes.

The tube is filled with the liquid to be tested and left, vertically,
in the water jacket for at least one hour at test temperature. The
sphere is then introduced axially into the liquid by means of a short
tube, which can be seen in the figure, and the time is taken for its
passage from one mark to the next. In calculating the viscosity it
should be remembered that Stokes’ Law, given above, is only truc if
the liquid is of infinite extent. Allowance must therefore be made for
the drag set up between the sphere and the wall of the tube through
the intervening liquid. Taking this into account, the British Standard
Specification gives the formula :

tdg 3 d
0.18's (p ) (1—215)
g = 981 cm./sec?
d = Diameter of sphere in cms.
8 = Density of sphere in grammes/cubic cm.
P
s
t

Kinematic viscosity v =

where

= Density of liquid under test in gms./cubic cm.

= Distance between rcference marks.

= Time for sphere to fall from one mark to the other.
D = Diameter of tube in centimetres.

This can be simplified to:
3

= Kt =1

v G=1

where K will be a constant as long as the same sphere and tube are used.

Redwood Viscometer, B.S.S. 148-1933

The rate of flow of a liquid through a short tube is dependent upon
its viscosity.  This is applied in the Redwood Viscometer which uses
the time required for a given volume of liquid to flow through a
standard orifice, as a measure of viscosity.

A wvertical cylinder, with a standard agate orifice (Fig. XXV. 5)
fitted in the centre of its base, contains the liquid to be tested. Round
this cylinder is a water jacket provided with thermostatic control to
maintain the liquid at the desired temperature. The orifice is closed
and the inner cylinder is filled to a standard height with the liquid
to be tested. When the temperature is correct the orifice is opened
and the time taken for 50 cc. of the liquid to flow into a measuring
flask.  This time in seconds is the ‘“Redwood Viscosity.”

Two models of this instrument are made, the No. 1 type is used
for lubricating oils at the normal range of temperatures, whilst the
No. 2 instrument is used for oils of high viscosity or for low temperature
measurements, in which case the water jacket can be packed with ice.

Ford Cup Viscometer
This is a general utility instrument used by the Ford Motor
Co. for determining the viscosity of oil. Its simplicity and robust
construction have, however, brought it into general favour. It
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consists of a brass cup with an annular I
overflow trough at the top and a
standard orifice in the bottom. After
levelling the instrument the orifice
of the cup is closed and oil poured
in until it overflows into the trough.
The oil must be free of air bubbles
and the surface should be swept off
level with a steel rule. The orifice is
opened and a stop clock started at the
same moment. The whole contents of
the cup is allowed to flow out and the
clock is stopped at the first evidence
of the stream of oil breaking up into
drops. This time is the viscosity
measured in Ford seconds. No water
jacket is provided and if the viscosity
is required at temperatures above that
of the laboratory the oil and cup are
heated about one or two degrees above
the required temperature and the test
made when the cup has cooled to the
correct value. Four sizes of orifices
are available according to the'materials
to be tested. No. 1 viscometer has
& inch orifice for use with spirit
solvents, No. 2 a & inch orifice for
light lacquers, No. 3 a } inch orifice
for light oils, and No. 4 has a § inch  pjg. XXV.5. Redwood Vis-
orifice for heavy oils. cometer No. 1. Sectional view
of standard model, arranged

Engler Viscometer, B.S.S.618-1935  [o7 52 heaing, onforming (o
This is similar to the Redwood  {uytion of Petroleum Tech-
instrument, consisting of an oil cup  nologists and B.S.S. No. 148-
with a short tube jet at the bottom. 1933.
The cup is wider and shallower than
the Redwood and care must be taken in filling it correctly and level-
ling it. A lid is provided to the cup and the whole is enclosed in a water
bath. In performing the test the cup is filled to a standard mark and,
when the liquid has reached the desired temperature, the time of outflow
of 200 cc. is taken. The viscosity can then be expressed in either of
two ways, either as the time of outflow in seconds (Engler seconds) or
that time divided by the time for outflow of 200 cc. of water (Engler
degrees).

Saybolt Universal Viscometer
This is the United States Government standard instrument and is
similar in type to the Redwood and Engler viscometers. The initial
setting of the liquid level is made by completely filling the cup until it
flows into a channel round its upper edge. The cup is surrounded by
a water bath which is thermostatically controlled. When the liquid has
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reached the required temperature it is allowed to flow through a standard
orifice. The time taken for the first 60 cc. is used as a measure of viscosity.

Michell Viscometer

A very simple and ingenious commercial viscometer consists of a
stecl ball fitting into a steel cup. Complete contact is prevented by
three small projections on the inner surface of the cup, which keep the
ball a fixed distance from its surface. A few drops of the oil to be tested
are put in the cup and the ball is placed in position, care being taken to
eliminate all air between the two surfaces. The cup is then inverted
and cup and ball are pressed on a hard surface to ensure close contact
with the projections. The cup is lifted vertically with the ball suspended
from it and the time is taken from the moment of lifting to the moment

Fig. XXV. 6. Michell Viscometer. A commercial Cup
and Ball instrument suitable for testing oils and varnishes.

the ball detaches itself from the cup. This time is a measure of the
viscosity of the oil filling the space. For tests at high temperatures the
cup and ball are heated to the required degree which is indicated by a
thermometer in the handle of the cup. As the amount of material in
the ball and cup is comparatively large, the temperature will not drop
appreciably during the test. Fig. XXV. 6 shows the instrument which
fits compactly into a small pocket case.

‘‘Dobbie MclInnes’’ Ball and Bucket Viscometer

This instrument measures viscosity by finding the time taken for a
heavy “bucket” to fall clear of a fixed “ball” when the bucket is filled
with the liquid to be tested. Special featurcs of the instrument are the
elimination of the human element in timing and the accurate control
of temperature. The bucket is filled with the oil and is brought into
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position so that the ball touches the bottom of the bucket and is com-
pletely immersed in the liquid. The relcase of a trigger allows the
bucket to drop and at the same instant operates a stop-clock. When
the bucket falls clear the clock is automatically stopped. The whole of
the working parts are surrounded by a thermostatically-controlled
paraffin bath which maintains the oil and the ball and bucket at the
desired temperature.

Vogel-Ossag Viscometer

This is a pipettc type of viscometer consisting of a capillary tube
scaled to a bulb provided with two graduations placed so that a known
volume of liquid is discharged through the capillary as the level falls
from one mark to the other. The time required for this discharge to
take place is a measure of the kinematic viscosity of the liquid.

The special feature of the Vogel-Ossag instrument is that the end of
the capillary is submerged in a cup to a fixed depth. An overflow
trough is provided around the cup and as the liquid flows from the bulb
the cup overflows, thus ensuring that there is no alteration of the back
pressure on the capillary duc to the liquid in the cup. This arrangement
also allows of the whole instrument being completely surrounded by a
water jacket since no opening is required, as in the Redwood type of
instrument, for the jet of liquid to discharge into the open air. Another
advantage is that only 15 cc. of the liquid to be tested are required as
agaimst 50 cc. for the Redwood and 200 cc. for the Engler instruments.

Gardner-Holdt Bubble Viscometer

The speed at which a bubble of air will rise in a tube containing a
liquid depends upon the viscosity of the liquid. This fact is used in the
Gardner-Holdt viscometer which comprises a range of 20 sealed glass
tubes cach completely filled with mineral oil except for a small air bubble.
The viscosity of the oil increases from tube to tube, each tube being
marked with the appropriate viscosity. The liquid, for which the
viscosity is to be found, is placed in a similar tube, leaving an air bubble
of the same size. The time taken by the air bubble to rise in the sample
under test can be compared with any of the standard bubble tubes
simply by holding the two tubes side by side, inverting them and watching
the bubbles rise to the top. In this way two standard tubes can be
found, in one of which the bubble rises more rapidly and in the other
more slowly than in the sample under test. The viscosity of the unknown
sample will lie between the viscosities given for these two standard tubes.
Tests can be carried out at various temperatures by conducting the
operations in a water bath.

The oils used in the standard tubes are specially chosen so that there
will be no appreciable change in their viscosity with age. Two sets,
each-of 20 tubes, are made, one covering viscosities from 0.5 to 5.5
poises and the other from 6.27 to 148 poises.
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SECTION 5

MISCELLANEOUS
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CHAPTER XXVI
ACOUSTICS

Acoustics is the study of the behaviour and properties of sound. It
is of primary interest to every member of the community, for it concerns
such varied matters as the reproduction of sound by the gramophone,
radio and sound film, the acoustic properties of theatres and buildings,
and the control and suppression of noise. Great advances have been
made in this subject in recent years and, as in every other science, accurate
measurement has played a large part in this devclopment.

Sound waves are set up by vibrating bodies and are longitudinal
waves, consisting of alternate condensations and rarefactions, which
have a velocity depending upon the density and elasticity of the
medium in which they travel. In air this velocity is about 1,100 feet
per second. Reflection, refraction or absorption of the waves will occur
when sound passes from one medium to another, the behaviour being
analogous to that of light.

Two main types of measurement are required in the study of acoustics.
The first group comprises the fundamental properties of the sound wave
itself, its frequency and intensity. The other, which might be said to
deal with applied acoustics, deals with the behaviour of sound waves in
given surroundings and their reflection and absorption by different
materials.

Measurement of Frequency

When sound is propagated in a medium, the particles of the medium
are displaced and go through a series of movements which repeat them-
selves at regular intervals. A complete series is known as a cycle and
the number of repetitions of this cycle made by a particle in the medium
in unit time is called the frequency of the sound, and is usually measured
in cycles per sccond.

Absolute Measurement of Frequency. To set up acoustical standards
of frequency absolute measurements must be made. The operation
consists of measuring the number of vibrations occurring in a measured
time. A tuning fork is a well-known standard and may be calibrated
in the following way. A very fine bristle is attached to one prong of
the fork and allowed to bear on the smoked surface of a drum which
revolves at a constant known speed. The vibration of the prong will
draw a wave on the surface of the drum from which the distance moved
through by the drum during one complete vibration of the prong can be
found. From this distance and the known speed of the drum, the time
of one vibration and therefore the frequency of the tuning fork can be
calculated.

Comparative Measurement of Frequency. Once an absolute standard
of frequency has been established, such as a tuning fork, it is often more
convenient to determine the frequency of other sounds by comparison
with the standard. Electrical methods arc freely employed, the sound
being converted into electrical vibrations by means of a microphone and
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amplifier. Standard electrical frequencies can be conveniently produced
by means of an audio frequency oscillator which may be calibrated
against an absolute frequency source by the cathode ray oscillograph
method described below.

String Oscillograph. A string oscillograph having two elements may
be employed for frequency measurement by actuating one element from
a source of known frequency and the other element from a microphone
receiving the sound of unknown frequency. The two frequencies are
recorded on the same film and can be conveniently compared.

Cathode Ray Oscillograph. If the known and unknown frequencies
are applied to a cathode ray oscillograph, so that the displacement caused
by one is at right angles to that produced by the other, patterns will be
produced on the screen, which are known as Lissajou’s figures. Where
a simple ratio connccts the two frequencies definite stationary figures
are produced, the shape of the figure depending on the ratio of the
frequencies. Thus from a knowledge of the various figures and the
frequency of the standard source the unknown frequency may be deter-
minced. This method is uscful for the calibration of an audio frequency
oscillator against a single absolute standard. The input from the standard
source is arranged to cause displacement in one direction and that from
the oscillator in the other direction. The frequency of the oscillator is
then adjusted to produce the various figures in turn and the oscillator
control reading is plotted against the appropriate frequency to obtain
a calibration curve. Considerable accuracy can be obtained since if the
oscillator frequency is not absolutely correct the figure will start to move
on the screen. Once calibrated, the oscillator provides a convenient
standard source of sounds of known frequencies.

Method of Audible Beats. A continuously variable source of known
frequencies such as the audio frequency oscillator can be used to deter-
mine the frequency of an unknown sound by using it to produce a sound
of approximately the same frequency. If the known and unknown
sounds are heard together, regular ‘‘beats” will be heard, the frequency
of the beats depending upon the difference in frequency of the two sounds.
The frequency of the oscillator can now be adjusted to decrcase the
number of beats per second until when the two frequencies are identical
the beats cease. Reference to the calibration curve of the oscillator will
give the frequency of the unknown sound.

Resonators. When the frequency of a sound corresponds with the
natural frequency of the air in a vessel resonance occurs and a reinforce-
ment of the sound is obtained. This effect can be used to measure
frequency. A resonator consisting of a cylinder fitted with a piston is
placed near the source of sound and the piston is adjusted until reinforce-
ment of the sound is obtained. The frequency of the sound is then
equal to the natural period of the resonator, which can be calculated
from the piston setting.

Measurement of Sound Intensity
Sound intensity is defined as the rate of flow of sound energy per
unit area normal to the direction of propagation of the sound wave.
It is, however, often considered in terms of the amplitude of the pressure,
displacement or velocity variations set up in the medium as a result of
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the propagation of the sound wave. The intensity in energy units is
proportional to the square of the displacement, pressure or velocity
amplitudes.

Units of Measurement. Absolute measurement of sound intensity is
made in ergs per second per sq. cm. or micro-watts per sq. cm. but the
unit which is, perhaps, used most extensively is the Bel or its subdivision,
the Decibel. This is a relative measure of intensity in encrgy units on a
logarithmic scale. Two sounds of intensity I, and I, in energy units have
a difference in intensity of 10 log,, (I,/1,) decibels, or if measurements
are made in terms of displacement, pressure or velocity amplitudes and
are P, and P, respectively, then the difference in intensity is 20 log,,
(P1/P,) decibels. This scale 1s adopted because, in percerving changes
of intensity with the human ear, it 1s not the actual increase in sound
encrgy that matters but the fractional increasc. The decibel is prac-
tically the smallest change in intensity that the car can distinguish.

Rayleigh Disc. A light disc suspended in the path of a sound wave
tends to set itself at right angles to the direction of motion of the air
particles. If displaced from this position, a turning moment is sct up
which tends to bring it back. TFor a disc suspended in a stream of fluid
it can be shown that :

M =Jparursing ... ... (1)
where M = Turning moment on disc.
p = Density of fluid.
a = Radius of disc.
6 = Angle made by normal to disc with direction of stream.

1 == Veclocity of stream.

This relationship applies cven when the motion of the stream is oscillating,
# then being the r.mus. velocity.  The disc must be small compared to
the highest wavelength of the sound to be measured, not more than
1 cm. in diameter for frequencies up to 10,000 cycles per second, and is
of mica or glass. From equation (1) above it can be scen that the
maximum turning moment occurs when 6 = 45° and also that for any
given position of the disc M is proportional to «2  Hence the velocity
amplitude of the sound can be determined by mecasurement of the
moment M.

In practice the disc is suspended by a fine quartz fibre about 0.0002
inches diameter and 14 inches long. The back of the disc is silvered
and an illuminated scale is arranged so that light is reflected from the
disc to a telescope. The disc is set at an angle of 45° to the direction
of the sound. On striking the disc, the sound waves will make it rotate
slightly, by an amount dependent on the torsional resistance of the
quartz fibre. The angle of twist can be determined from the change of
scale reading observed in the telescope. If ¢ is the angle of twist,

M . .
? =3 where S = moment of torsion of the suspension,

which may be determined experimentally by observing the periodic time
of the disc when allowed to oscillate, the relation being :

S = Tiz (4n® + (log, D)?)
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where T = Periodic time of suspended disc.

I = Moment of inertia of the disc = m a2/4.

m = Mass of disc. a = Radius of disc.

D = Damping factor = Ratio of two successive swings.
The value of M thus obtained is substituted in equation (1) from which
the velocity # can be found. Care must be taken to shield the disc
from draughts.

Hot-Wire Microphone. An electrically-heated grid of very fine plat-
inum wires is placed in the neck of a tunable resonator. The air currents
set up in the neck when resonance occurs cool the wires and alter their
electrical resistance. From this change of resistance the intensity of
the sound can be determined. The instrument is usually used with the
mouth of the resonator pointing upwards and must be screened from
draughts. It is especially sensitive to low-frequency sounds.

Electrical Microphones. An accurately-calibrated microphone, ampli-
fier and output meter system is the most common and convenient method
of measuring intensity. For the majority of purposes the pressure gra-
dient operated ribbon microphone is the most suitable. When calibrated
against a Rayleigh disc it shows a smooth response curve practically
free of resonance or frequency distortion. Such a system is a great asset
for field work as it is portable and robust.

Analysis of Sound

Most ordinary sounds are tomplex, being made up of a number of
components of different frequencies and intensities. To be able to
understand and control such sounds it is desirable to split them into their
components and to find the intensity and frequency of cach part. Most
of the methods are electrical and, where the source of sound is not elec-
trical, the audible sound must first be picked up by a microphone.

Electrical Resonance
Method. The complex wave o—
is fed to a simple series
tuned circuit (Fig. XXVI. 1)
consisting of a variable con- _,L
denser C, an inductance L
and a resistance R across
which is connected a volt- cOMPLEX WAVE
meter. By varying the con- INPUT INDUCTANCE L
denser C, the circuit can be
tuned to any desired fre-
quency component of the
complex wave and the cur- RESISTANCE R VOLTMETER
rent through the circuit will
then depend upon the volt-
age due to the intensity of o
that component, since by
suitable choice of values the Fig. XXVI. 1. Electrical resonance frequency
“off-tune” resistance of C analyser.
and L can be made high
enough to make the effect of any other component negligible. The
intensity is then determined by reading the voltage across the resistance

CONDENSER C




260 SCIENTIFIC INSTRUMENTS

R, which will be equal to the input voltage for the selected frequency.
Heterodyne Method. 1In this method a variable source of electrical
audio frequency is fed in series with the complex sound (Fig. XXVI. 2).

(e,
COMPLEX INPUT

RESISTANCE DETECTOR ouTPUT
R AMPLIFIER METER
VARIABLE
AUDIO FREQUENCY
OSCILLATOR

Fig. XXVI.2. Heterodyne method of wave analysis.

The variable frequency is adjusted to produce beats with the selected
component of the complex frequency and the beat frequency is detected
by a sharply tuned detector amplifier which will pass only a single
frequency of 10 cycles per second. The output of the amplifier is read
on an output meter and is proportional to the intensity of the selected
frequency component. This method has the advantage over the resonance
method of higher selectivity, and one instrument can cover the whole
audio frequency range while the resonance method is limited by the size
of condenser and inductance used.

Acoustic Spectrometer. A complex sound may be analysed by a
series of vibrating reeds. A number of rceds are provided to cover the
range of frequencies to be analysed and each reed is tuned so that the
fractional increase in resonant frequency from reed to reed is constant.
The illustration (Fig. XXVI. 3) shows the arrangement. The complex
sound is made to actuate the reeds electrically and the amplitude of

SLIT

Y/

MIRROR

LAMP ELECTROMAGNET
g ACTUATING
= REED
COMPLEX WAVE INPUT
FROM AMPLIFIER
SCREEN

TYPICAL
« SPECTRUM

I...||||

Fig. XXVI.3. Reed acoustic spectrometer.
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vibration of the reed is rendered visible on a screen by the reflection of
a spot of light from a mirror on the tip of the reed. Only those reeds
whose frequencies are nearest to components of the complex sound will
be set in motion and the amplitude of their vibrations will be a measure
of the intensity of the components.

Grating Spectroscopy of Sound. High-speed analysis of complex
sounds can be carried out with a sound diffraction grating (Fig. XXVI. 4).

AMPLIFIER e
38

MICROPHONE INPUT ‘; ; F';"LA%ER AMPLITIER I
OSCILLATOR 88
45,000 CYCLES &z

TECTOR I-__—-lmvunm
METER MICROPHONE

F1g. XXVI. 4. Grating spectroscope for analysing complex sounds.

Audible sound is received by a microphone, amplified and fed to a push-
pull modulator which also receives the carrier frequency of 45,000 cycles
per second.  The lower side band is suppressed by a high-pass filter and
the upper is amplified and fed to a ribbon loudspeaker designed to
reproduce efficiently a range of frequencies from 45 to 50 kilocycles per
second. This speaker will send out cylindrical waves since the width of
the ribbon is comparable to the wavelength but its length is many times
as great. The high frequency sound is directed on to the grating and
diftraction occurs as for light. Single frequencies are spread out to form
a spectrum. A small condenser microphone is moved through the
spectrum and, by means of a suitable amplificr and output meter, measures
the intensities of the high-frequency sound waves. An automatic
recorder is arranged so that the motion of the microphone provides the
abscissa and the output meter operates the ordinates. By using photo-
graphic recording, a sound spectrum can be established in one hundredth
of a sccond.

Measurement of Loudness

It is necessary to distinguish between the intensity of a sound, as
measured in terms of energy, and the loudness of a sound as judged
subjectively by the ear. It is found that the degree of sensitivity of the
ear varies throughout the frequency range and that the same mechanical
energy put into sounds of different frequencies does not produce the
same loudness to the car. Where it is necessary to study loudness as
opposed to intensity, a scale of equivalent loudness is employed. The
equivalent loudness of a sound is defined (B.S.S. 661-1936) as the intensity
level, relative to some accepted reference intensity, of a standard pure
tone of specified frequency, which is judged to be as loud as the sound
by a normal observer. The Phon is the unit of equivalent loudness and
a sound is said to have an equivalent loudness of # phons if it is judged
by a normal observer to be as loud as a 1,000 cycle/sec. pure tone of
which the intensity is # decibels above a fixed zero of 10-'¢ watts per
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sq. cm. This reference level is almost identical with the threshold of
hearing.

Subjective Noise Meter. This is an instrument for determining the
loudness of noise and operates on the principle used to define the Phon.
An oscillator produces a tone of standard frequency the volume of which
can be varied by an attenuator control. This tone is heard by the
observer in a pair of earphones. To make a test the observer stands at
the required point facing the source of sound. Quickly putting on the
earphones, he estimates whether the standard tone is louder than the
noise. Quickly removing them, he checks his estimate. The attenuator
is adjusted and the process repeated until the operator judges the loud-
ness of the noise and of the standard tone to be the same. The equivalent
loudness of the noise is then indicated by the setting of the attenuator
which is calibrated to read directly in phons. For accurate work readings
should be taken by several observers to rule out personal defects of
hearing.

Objective Noise Meter. The meter described above is more suited to
the laboratory than to field work where instantaneous readings are
desirable. To meet this need the Objective Noise meter has been
developed consisting of a microphone, amplifier and output meter reading
in phons. A frequency weighting network is incorporated to give the
instrument a response similar to that of the ear. Unfortunately, this
arrangement is not entirely satisfactory because, although correct read-
ings can be obtained for pure tones of any frequency or amplitude, it
has been found that for quict and moderately loud noises with many
component frequencies the readings may be considerably in error. For
loud noises the accuracy is reasonable and the compactness and rapidity
of use are of great advantage.

Tuning Fork Audiometer. Loudness measurements can be made
very conveniently by observing the time taken for the noise to mask
the decaying sound of a vibrating tuning fork. To ensure that the
sound of the fork has a standard initial intensity it is struck by a spring
hammer attached to its base. At thc same moment a stop watch 1s
started. The fork is held a standard distance from the ear and the
watch is stopped at the moment when it ceases to be audible against the
background of the noise to be mecasured. The fork can be calibrated
against sources of standard loudness.

Measurement of Reverberation

Reverberation is the prolongation of sound in a closed space due to
repeated reflection at the boundaries. It is considered to be the most
important single factor in the application of acoustics to auditoriums.
The reverberation period of an enclosure is the time which must elapse
after the stopping of a steady note before the intensity of the sound in
the enclosure falls to one millionth of its initial value, i.e. by 60 decibels.
The unit of measurement is the second. This time is dependent on the
volume of the enclosure, the total exposed area within the room and the
average value of the absorption coefficients of the walls.

Subjective Method of Measurement. A source of sound of constant
known intensity is set in operation in the room to be tested. When a
steady state is reached an observer simultaneously stops the sound and
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starts a stop-watch. The audible sound will decrease and, at the instant
at which it becomes inaudible, the observer stops the watch. The output
of the source is altered by a known amount and a second measurement is
taken. If:—
L, = Output of sound source at first setting in decibels above a
given reference level.
L, = Output of sound source at second setting in decibels above
the same reference level.
t; = Stop-watch reading in seconds for first test.
t, = Stop-watch reading in seconds for second test.
Then the difference between ¢, and ¢, is the time required for the intensity
of the reverberant sound to fall by (L, — L,) decibels. Hence :
t, — 1
L, —-1L,
For accuracy several rcadings should be made.
Rotary Commutator Method. If a source of sound is started and
stopped by a commutator, rotating at a constant speed, so designed that
the source is “on” for a shorter time than it is “‘off,” the peak intensity

Reverberation Time = 60

OUTPUT -—J
METER AMPLIFIER

MICROPHONE

OSCILLATOR
(WARBLED
FREQUENCY)

l

Fig. XXVI. 5. Measurement of reverberation time by
rotary commutator.

[ §<]LoupspeakER

at any point in the room will reach the same value at each cycle. After
each stop the sound starts to decay and the reverberation time can be
found if the intensities I', I, etc., at time £, ¢,, after stopping the source,
can be found. These values can be found with the aid of a special
commutator. Four segments A, B. C, and D (Fig. XXVI. 5) are mounted
on a shaft turning at a known speed. Segments B and D are designed
so that a warbling note from an oscillator is reproduced by the loud-
speaker during rather less than half of each revolution of the com-
mutator shaft. The intensity of the decaying sound is measured by a
microphone, amplifier and output meter circuit which is switched on at
a given time by segments A and C. The position of the brush on A is
variable so that the time elapsing, after the speaker is disconnected,
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before the microphone is switched on can be altered. The time on the
decay curve at which the output meter is connected is given by

(]
t = 33_0 . %‘ Secs.
where ¢ = Time after stopping sound source.
6 = Angular displacement of brush behind point at which speaker

is disconnected.
n = Speed of shaft in revolutions per minute.
The reading of the output meter is taken for various settings of the
brush, converted to decibels above some reference level and a graph is
plotted showing the relative intensity at the microphone in decibels at
various times after stopping the source. From the slope of this graph
the reverberation time can be calculated.

Measurement of Absorption

Sound, striking a wall surface, may cither be reflected, or absorbed
by the wall or transmitted through the wall. In many cases absorption
and transmission of sound arc grouped together under the heading of
total absorption, as in the case of an open window which is taken to have
1009, absorption instead of 100Y%, transmission.

Absorption is due to the transformation of acoustical energy into
other forms in the material of the wall. The ratio of the sound energy
absorbed by the material to the total encrgy falling upon it is called
the absorption coefficient. The product of the absorption coefficient and
the area of the absorbing surface in square feet is termed the absorption
of the surface and is measured in “‘square foot units’” or “Sabins.”

Change of Intensity Method. 1f a constant source of sound is main-
tained in a room a steady state is reached for which it can be shown that

constant
A= """
1

where 4 = Total number of absorption units in the room.
I = Average intensity of sound.

The number of absorption units in the room will be equal to the total
surface area multiplied by the absorption coefficient of the surface. Now
if S square feet of the material to be tested is placed on the wall of the
room the intensity_of sound in the room will alter although the sound
energy supplied by the source remains unchanged. If the introduction
of the test material alters the number of absorption units in the room
to A’ and the new intensity is I’ then % = ﬁ—, or 4" — 4 = (I— —1) A.
But if a is the absorption coefficient of the specimen and a’ that of the
wall covered by the specimen, 4’ — 4 =Sa—Sa’

Hence Absorption coefficient of Specimen = a = —5 +a
The sound source should be a warbling note of varying frequency to
ensure thorough diffusion and to prevent the setting up of definite sound
patterns in the room.
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Comparison Method. In this method a special room is used having
smooth concrete walls and a recess in one side about 4 feet wide and
8 feet deep, extending from floor to ceiling and closed by a movable
timber shutter faced with polished steel plate. The recess is filled with
absorbing material packed loosely near the shutter and more densely
behind so that when uncovered it presents an almost perfect absorbing
surface. The room contains a sound source, emitting a warbling tone
of constant energy, and a microphone connected to an output meter
measuring the intensity of sound in the room.

With the shutter closed a sample of material to be tested is introduced
and the intensity of sound at the microphone is mecasured. On removing
the sample the intensity of sound will be found to increase. The shutter
is now raised, uncovering the 100%, absorbing cavity, until the output
meter reads the same as when the sample was in the room. Then sound
absorbed by the sample is equal to the sound absorbed by the part of
the cavity exposed and :

Absorption coefficient of sample = Sl X 100%,

S
where S; = Area of 100°], absorbing cavity uncovered.
S = Area of surface of specimen.

This method is accurate, rapid and simple and has the advantage that
it is not necessary to know the characteristics of the room.
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CHAPTER XXVII
CALCULATING MACHINES

From the earliest times men who have found it necessary to perform
calculations have striven to invent machines to do their work for them.
The ancient Roman merchant, with his sandtray and pebbles, known as
an Abacus, was the forcrunner of the modern scientific computer, with
his all-electric calculating machine. The Abacus, in the form of a wire
frame and beads, is still used throughout large areas in the I'ar East,
and persists in this country as a piece of nursery school equipment or
as a child’s toy. The great progress that has been made in calculating
machines only covers the last 300 years, for it was in 1642 that Pascal
invented the first adding machine.

The fundamental necessity for any calculating machine is a means
of transferring numbers from a setting mechanism to a series of adding
wheels. In 1673 Liebnitz
constructed a machine with
"”"‘“ the stepped-drum method
S WHEEL S . .

ﬂ of achieving this.  Fig.

XXVII. 1 illustrates this
principle, which is still used
in some machines. The
stepped-drum is a cylinder
having nine tecth running
along its surface parallel to
its axis. These tceth are of
different lengths propor-
tional to the numbers 1, 2,
and so on, up to 9. To a

Fig. XXVII. 1. The stepped drum square shaft running paral-

principle. lel to the drum is fixed a

movable cogwheel, whose

teeth engage those on the drum. According to the position of this cog-

wheel on the shaft when the machine is operated, the required number

of teeth engage and rotate the adding wheel through the same number

of places, thus adding the number to that previously shown. This

apparatus is bulky, so in modern machines it has been modified and
made more compact.

The other principal method used for the transfer of numbers is the
pin-wheel, or Odhner wheel. The first machine involving this principle
was constructed by Polini at Padua in 1709, and it has since been
considerably improved. Most modern barrel-type machines involve
this principle.

Fig. XXVII. 2 illustrates the essential feature, which is a wheel
having nine teeth or pins that can be retracted. Each pin moves in
a radial slot and has a stud on one side. This stud moves in a two-
part race cut out of the setting lever. The radii of the two parts are
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different and as the lever
is moved the pins are
projected or retracted.
The pin-wheel is geared
to a number wheel in
the multiplier register
(described below) and
rotates it through the
required number of
places.

A calculating machine
will perform the four
arithmetical operations
of addition, subtraction,
multiplication and divi-
sion, or any combination
of these operations.
While machines differ in
operational detail, the
more common ones are Fig. XXVII. 2. The pinwheel principle.
very similar in principle,
so that a description of the fundamental operations as carried out on
one machine can be taken as generally correct.

Fig. XXVII. 3. A typical hand-operated machine.

Hand-Operated Machines
Fig. XXVII. 3 illustrates a typical hand-operated machine. The
first number to be dealt with is set by a series of setting levers and
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recorded automatically on a sight dial above the levers; this enables
it to be checked immediately. In front of the machine is the product
register in which is recorded the result of the operation carried out on
the number already set. A single forward turn of the operating handle
adds this number once. Since multiplication is continued addition,
multiplication by a given number is carried out by making the requisite
number of turns of the handle. The number of turns is counted on the
revolution counter, known as the multiplier register, on the right of
the setting levers. The product register is mounted on a movable
carriage ; when this is moved one place to the right, multiplication is
automatically by tens, as units results are entered into the tens place,
and so on. (In the machine illusirated the product register is in its
extreme right position, and would be moved eight places to the left
before commencing multiplication). At the same time a pointer moves
to the tens place in the multiplier register and the number of turns is
recorded in that place. Thus multiplication by 342 is accomplished by
two turns with the product register in the units position, four turns in
the tens position, and three in the hundreds position, making nine turns
in all. Subtraction is carried out by turning the operating handle in
the reverse direction. This leads to a process known as “‘short cutting”
in multiplication. Thus to multiply by 8, which would normally need
8 turns, it is quicker to multiply by 10 and subtract twice in the units
position, making only 3 turns. Thus 3829 as a multiplier is considered
as 4000 — 200 + 30 — 1, making 10 turns instead of 22. The use of
this device results in a time-saving of about 40 per cent.

There are three ways of doing division, of which the tear-down
method is probably the most frequently used. In this method the
dividend is set on the levers and transferred to the extreme left of the
product register by a turn of the handle. The setting levers are cleared
and the divisor set on them in such a position that its leading figure is
aligned with the leading figure of the dividend, or with the second figure
if the leading figure of the divisor is greater than that of the dividend.
Subtractions are then made until the remainder is less than the divisor,
when the product register is moved to the left, bringing another figure
of the dividend into operation. It can easily be seen that this method
corresponds exactly with the arithmetical process of long division. If a
turn too many is made at any stage a bell rings and the mistake can be
rectified by a turmn in the opposite direction.

There are special features on some machines but space does not
permit of a full list of them or of lengthy descriptions. The following
are some of the more important :

(a) Zeroising devices, by which the registers can be cleared either

separately or together.

(b) A device for transferring the number in the product register to
the setting levers. By repeated use of this device the continued
product of three or more numbers can be obtained. This is
especially useful in obtaining powers higher than the second.

(c) A device for splitting the product register into two equal parts
of which the right-hand part can be cleared without affecting the
left-hand part. This enables a series of products to be seen
individually on the right while their sum is accumulated on the
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left. The first product is obtained in the usual way on the right
and transferred to the setting levers. The product register is
then moved to the extreme right and the product transferred to
its left-hand section. The right half and the setting levers are
then cleared, the product register is moved back to the extreme
left and the machine is ready for the next product. This in its
turn is added to the left-hand side and so the sum of the products
is gradually built up.

For readers familiar with the identity (4 + B)2 = A* 4 24B 4 B?
it may be noted here that, by considering the product register as divided
into three parts and entering A on the left of the sctting levers and B
on the right (if A and B are reasonably small) and squaring, we get the
results 42, 24 B and B?in the three sections of the register. By repeating
this for different values of 4 and B, and accumulating the results in the
product register we can perform calculations of the type A2 Z24B
and ZB? which frequently occur in advanced analytical and statistical
work.

Complements and Direct Numbers

If an operation is carried out that leads to a negative answer, the
result is shown in the product register as the complement of the answer,
i.e. the diffcrence between the answer and a specified number. In any
machine this specified number is one greater than the largest number
that can be shown in the product register ; thus in a machine having
ten places in the product register it will be 9,999,999,999 + 1, or 10%.
The complement will be shown as a serics of nines followed by other
figures. If the subtraction 18 — 45 is performed the answer —27 will
be shown in the register as 9999999973 or, in brief, . . . 973.

With practice it is easy to convert a complement to a direct number
by mentally subtracting each digit, beginning from the left, from nine,
and the last digit that is not zero from 10. Thus we have:

Com plement Diyect Number
999954 46
993029 6971
994300 5700

Complements can also be converted to direct numbers by setting them
on the setting levers and giving a backward turn to the handle.

Keyboard and Electric Machines

In many machines the setting levers are replaced by a keyboard in
which each column has keys numbered 1 to 9. Another version has only
10 keys, numbered 0 to 9. In this machine keys representing successive
digits are depressed in order, the setting register moving one place per
figure as in a typewriter. This is an advantage in simple operations but
renders the machine less flexible in more complex work.

Machines may be electrically operated. Fig. XXVII. 4 illustrates a
machine of this type. In some, two numbers, whose product or quotient
is required, are set up on separate halves of the keyboard and the desired
operation is automatically carried out on the depression of a multiplication
or division key. There is a variant in which the multiplier is set on the
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Fig. XXVII. 4. An electric machine.

keyboard, which is then cleared by a special clearing key and the
multiplicand is then set on the same keyboard. It is interesting to note
that the multiplication of an eight-figure number by another eight-figure
number takes about eight seconds.

A machine much used in advanced scientific calculation is the National
accounting machine, which was really designed as a book-keeping

machine. This has six separate adding registers, two of which will*%,

subtract as well as add. It is particularly useful for scientific work as -
numbers can be entered into any or all of the registers at one operation ;
they may also be transferred from one register to any combination of
the remaining registers. Its principal applications have been to differ-
encing and to integration from finite differences, including subtabulation.

There are variQus other specialised machines used by the scientific
computer such as punched-card sorting and tabulating machines, and
the differential analyser, for solving differential equations, but space does
not permit of a description. Readers who are interested should refer
to the books mentioned in the bibliography.

Scientific Applications

The use of calculating machines for scientific work has increased
greatly in recent years. Extensive applications have been made by
surveyors, astronomers, opticians, engineers and, of course, applied
mathematicians. In addition to great saving of time and freedom from
worry about the errors always liable to creep into “human’ calculations,
calculating machines are superior to logarithms in that they can be
used for a greater variety of operations. It is possible to evaluate
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expressions of the type Zab, Za?, Z(x + ¥)? without noting intermediate
results.

Multi-register machines like the National are also used for mechanical
integration, and integrations from sixth finite differences may be per-
formed. The combination of standard tables and machine forms a very
powerful means of accurate calculation, as the machine provides a rapid
means of interpolation ; new tables can be recadily produced by this
mcthod. Great use has been made latterly of twin machines, in which
two numbers may be set up and multiplied simultancously by a common
factor. This has been of particular service in the ficld of surveying,
especially military surveying, with rectangular co-ordinates. Calcula-
tions of the type Rsin 6 and Rcos 0 can be readily evaluated in a
single operation. Thesc machines can be usced also for simultancous
interpolation 1n sine and cosine tables.

There seems little doubt that the scientific investigator and research
student of the future will depend to an ever-growing cxtent on machines
for their calculations and that, in common with other historical occupa-
tions, the work of the arithmetician will become increasingly mechanised.

Slide Rules

The calculating machmes so far described might be called the heavy
artillery of the army of computers.  The chapter would not be complete,
however, without some reference to, and description of, the Lighter and
more mobile weapons at its disposal.  Of these the shide rule is the most
commonly known and the most frequently used.

Fundamentally a slide rule consists of two scales which can be moved
one against the other.  If thesc scales are linear the rule can be used
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Fig. XXVII.5 The shde rule principle (a) with linear scales.
(b) with loganthmic scales.

for the addition or subtraction of numbers. Thus, in Fig. XXVII. 5 (a),
if we place the zero of scale A against the 3 on scale B, we observe that
the 4 on scale A is against the 7 on scale B. This corresponds to the
addition 3 - 4 = 7, or to the subtraction 7 — 4 = 3. If, however, as
in Fig. XXVII. 5 (b), the scales are divided logarithmically (i.e. in the
proportion of logarithms of the numbers) the operations carried out are
respectively multiplication and division. Thus in this illustration if we
set 1 (since log 1 = 0) on scale C against 3 on scale D, we observe that
4 on scale C is against 12 on scale D. This corresponds either to the
operation log 3 + log 4 = log 12, i.e. 3 X 4 = 12 or to the operation
log 12—1log 4 =log 3, i.e. 12 — 4 = 3. It can easily be seen that
operations like this can be readily extended to cover more complex

18
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calculations, but it is not proposed to give a detailed description of
further basic operations such as the obtaining of roots and powers, as
these differ slightly on different makes of slide rule and full instructions
are always provided by the makers. One point that may cause the
beginner some difficulty is that the position of the decimal point is not
given by the slide rule but has to be determined from the problem by
observation. Slide rules may be rclied on for at least three-figure
accuracy, and frequently a fourth figure can be obtained.

Although the logarithmic scales are the basis of all shde rules, most
types contain various other scales. Of thesc the most useful is the
log-log scale, in which, as the name implics, the divisions of the scale
are proportional to the logarithms of the logarithms of the numbers.
This in conjunction with the ordinary logarithmic scale on the slide
enables quick calculation of powers and roots where the indices are
fractional. This operation corresponds to the following algebraic theory :

y =
Sology = o log x
cologlog y == log o+ log.log x

Other scales frequently found on slide rules are a reciprocal scale and
scales of sine and tangent values. Specialised shde rules are made for
surveyors, mechanical and clectrical engineers and other professions.
These have various scales and constants of particular significance marked
on them. Fig. XXVII. 6 illustrates a slide-rule suitable for engineering
and commercial calculations.
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I1g. XXVII.6  An engineer-commerce shde rule

It should be further mentioned that slide rules are usually made of
hard wood, faced with celluloid on which the scales are machine divided,
and are provided with a glass cursor on which a fine linc is ctched to
facilitate rcading across from scale to scale.

A very convenient variant of the slide rule for carrying in the pocket
is Fowler’s Long Scale Calculator. This is very much like a watch in
appearance. It consists of a circular metal case fitted at front and back
with a glass cover. The main logarithmic scales are printed on two
rotating dials, one on each face of the calculator. These are operated
by thumb nuts on the outside of the case, similar to the winding nut on
a watch. There is a fixed radial datum line marked on each glass cover,
and the front dial also has a cursor in the form of a rotating radial line.
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The scales already referred to are the “‘short” scales, and with their
aid calculations of all types can be carried out to an accuracy of two
or three significant figures. For greater accuracy—up to four figures—
the “long” scale on the front dial is used. This consists of six concentric
circles on the dial, forming the equiva-
lent of a thirty-inch slide rule. On
the back dial there are special scales
for reciprocals, logarithms, square
roots, log sines and log tangents.

There are other calculators simi-
lar in principle to slide rules in
which the scales are mounted spir-
ally on cylinders which move one
inside the other. Fig. XXVII. 7a
illustrates the Fuller Calculator, by
the use of which an accuracy of at
least five significant figures can
easily be obtained and greater
accuracy with practice. Although
it is reasonably small to handle, the
overall length being less than
eighteen inches, the logarithmic
scale mounted on the outer cylinder
is 500 inches long, which; when
compared with the 10-inch scale of
the normal slide rule, explains the
great degree of accuracy obtainable.
Fig. XXVII. 7b shows the two index
arms by means of which calculations
are carried out, one being fixed and
the other movable. As in the case

with ordinary slide rules special Fig. XXVII. 7a. The Fuller
models are obtainable having on the calculator.
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Fig. XXVII.7b. Enlargement showing scale and pointers.
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inner cylinders various scales making them particularly suitable for
use by surveyors, engineers and so on.

The foregoing account, although necessarily brief, shows the wide
range of aids to calculation available not only to the professional
computer but to everyone whose work involves lengthy or tiresome
arithmetical operation. They are not difficult to operate, nor do they
involve a deep understanding of advanced mathematical theory, and
their use will result in greater accuracy, increased speed, more con-
fidence and very much less mental fatigue.
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CHAPTER XXVIII
HARDNESS INDICATORS

The property of a material termed hardness is generally used to
indicate the resistance of the material to wear, which may incidentally
infer that the material has strength, lack of brittleness, and the ability
to withstand permanent deformation. Thus, a hardness test is applied
to such articles as gear wheel teeth, cutting tools, the gauge surfaces
of measuring instruments, shafts and spindles.

The amount of wear which takes place on a surface depends on a
number of factors, such as the nature of the surface finish, the kind and
surface finish of the material in contact with it, and the load intensity
between the surfaces ; but whatever its causes, wear is the rubbing or
tearing away of small particles from a surface, which represents a form
of permanent deformation. Thus the basis of most hardness tests is
established, the principle being that a tool is made to deform the surface
of the material being tested, the degree of deformation, taking into
account the load on the tool, the shape of the tool, and the way in which
it is applicd to the surface, being used as an indication of the hardness
of the surface.

Tests in which a measurement of the deformation is used to express
the hardness arc usually called indentation tests, the deforming tool being
called the indenting tool. In such tests there must be no permanent
deformation of the indenting tool.

Brinell Hardness Testing Machine

Hardness testing machines embodying the Brinell principle use a
small hard stecl ball as the indenting tool.  This ball must have a certain
minimum hardness, and must have a diamecter of 10, 5, 2 or 1 mm.
The mndenting load 1s applied to the ball in a direction normal to the
surface of the article being tested. The hardness of the material is given
by a number, calculated by dividing the indenting load in kilogrammes
by the surface area of thc indentation in square millimetres. This
number is called the Brinell Hardness number and is denoted by Hg.
The Hp for a medium hard stecl is about 250.

The size of the indentation will depend to some extent on the surface
finish of the material being tested, the effect of surface finish being
reduced as the size of the indentation is increased. The 1 mm. and
2 mm. diameter balls should be used only when the surface is polished
to a degrec obtainable with number 000 emery paper. The 5 mm. and
10 mm. diameter balls should be used only on a surface obtained by
filing, grinding or smooth machining.

The indenting load is standardised in the following manner. The

ratio ID)— ,Where P is the load in kg. and D the diameter of the ball in mm.

has the value 30 for hardness numbers above 160 (steels and cast iron),
10 for hardness numbers from 160 to 60 (copper alloys and aluminium
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alloys), 5 for hardness numbers from 60 to 20 (copper and aluminium),
and 1 for hardness numbers up to 20 (lead, tin and their alloys).

The load must be applied slowly and progressively, and the full
load must be maintained for 15 seconds.

The surface area of the indentation is determined from a measurcment
of the diameter of the indentation and is calculated from the formula :

area = % (D — VD* —a®) where D is the ball diameter and d the

indentation diameter.

A typical Brinell hardness testing
machine (Fig. XXVIII. 1) consists of
a rigid stand fitted with a table on
which the article to be tested is placed,
and which is adjustable in a vertical
direction by means of a hand wheel.
At the top of the machine, and above
the table, is situated an-oil press into
which oil is pumped by a hand lever,
the piston projecting through the
cylinder, and to the end of which is
fitted the indenting ball. The pressure
cxerted on the piston is registered on
a pressure gauge graduated in kg. force
on the piston. The oil press is also
provided with a dead weight controlling
device, which acts as a check on the
gauge, and prevents the required load
from being exceeded. The dead weight
will float when this load is reached.
The table is elevated until the article
being tested is in contact with the ball j;
the required load is then applied by4
the hand press lever. The article 1s
taken from the machine and the
indentation diameter measured by
means of a microscope. The overall
height of the machine is about two
feet, and it is made to be mounted on
a bench. There are many types of
this machine made for special purposes

Fig. XXVIII.1. Standard such as the testing of large flat plates
Brinell har(i?ess testing all over the surface, or for testing
machine,

cylinders up to four feet in diameter.

Diamond Pyramid Hardness Testing Machine

There are certain factors in the Brinell test which make it unsuitable
for the testing of very hard materials. The hardness of the ball itself
limits its use in this respect, and also a shallow indentation is not very
clearly defined at the edges, which makes the measurement of the indent-
ation diameter inaccurate. The Vickers diamond pyramid hardness
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INDENTING ToOL

SLIDING TABLE

Fig. XXVIIIL. 2. Vickers diamond pyramid hardness testing machine.
(1) The article being tested in position for making the impression.
(2) The article in position for measuring the impression.

testing machine (Fig. XXVIII. 2) overcomes these difficulties by using
a diamond indenting tool of pyramid shape, the plan view of the indenta-
tion thus being a square. The included angle between opposite faces of
the pyramid is 136°. The hardness number, called the Hp, is determined
by dividing the indenting load in kg. by the surface area of the impression
in square mm.

The surface area of the indentation is calculated from a measurement
of the length of the diagonal of the impression. A microscope is attached
to the machine for this purpose, and a device called the ocular is incor-
porated in the eye-piece of the microscope. By the rotation of adjusting
screws situated one at cach side of the ocular, two shutters pass across
the field of view of the microscope from the outsides to the middle, until
each shutter coincides with a corner of the impression. The distance
apart of the shutters then represents the diagonal length. A digit
counter is geared to the adjusting screws and the ocular is calibrated
so that one digit represents 0.001 mm. when a two-thirds objective lens
is used in the microscope, and 0.0025 mm. when a one and one-half
objective is used. The eye-piece and ocular can be rotated through 90°
so that both diagonals can be measured, the average length being used
in the determination of the Hp.

The load is applied through a lever mechanism with a load ratio of
twenty to one. A foot pedal is depressed to wind up the loading mech-
anism, and a starting handle depressed by hand to apply the load. The
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rical in shape, about § inch long and 1 inch diameter and to the
striking end is fixed a projecting blunt diamond. The hammer is
drawn to the top of a vertical glass tubc by means of a suction pump
operated by a rubber hand bulb. The internal diameter of the tube is
slightly greater than the hammer diameter, and is just over 10 in. long.
The bulb is depressed and when released a suction 1s created in the tube
which draws the hammer to the top where it is held by a mechanical
catch. By depressing the bulb again an air valve is opened which allows
free access of air to the tube when the hammer falls, the hammer catch
releasing the hammer a fraction of a second after the bulb is depressed.
The hammer falls a distance of 10 inches on to the surface of the article
being tested, which is held in a clamp between the bottom of the tube
and an anvil. The 10-inch length of tube, through which the hammer
falls, is graduated into 140 equal divisions which are marked on a scale
at the back of the tube. The <cale number to which the top of the
hammer rebounds 15 the scleroscope hardness number, denoted by Hs.
The hammer is not held at the top of its rebound, hence the operator
must exert considerable attention to note the height of rebound.

When operating the mstrument an initial test should be made to
note the approximate Hg. A magnifying glass which can be adjusted
to any height in front of the tube, is then adjusted to the noted Hg and
a sccond test made. The hammer top, this time, will appear in the field
of view of the magmfymg glass and the Hg can be read with greater
accuracy. Before a test 1s made the mstrument should be set level,
with the glass tube vertical, by mcans of levelling screws in the base,
the level being indicated by a plumb rod at the side of the tube. The
instrument can be used on its clamp base for testing such articles as
sheet mctal, balls and pins; or on a swing bracket and post for odd-
shaped articles which can be held 1 a separate vice.

Not more than one test should be made at any one pont on a surface,
for the reasons that a test deforms a surface, thus destroying its flatness,
and that deforming the surface work-hardens it, thus giving a higher
Hs for a subsequent test on the same spot.

Reference blocks of standard hardness are supplied with the instru-
ment which are used for the purposc of checking and calibrating.

Herbert Pendulum Hardness Tester

This instrument (Fig. XXVIII. 5) consists of an inverted U-shaped
metal body of 4 kg. weight, which can be supported in a state of balance
on a 1 mm. diameter hard steel ball. The position of the centre of
gravity of the instrument can be adjusted by means of a movable
weight, the normal working position of the centre of gravity being 0.1
mm. below the centre of the ball. Thus the instrument constitutes a
compound pendulum 0.1 mm. in length. Over the steel ball, on the
top surface of the pendulum, a curved bubble tube and scale are
mounted. The scale is graduated into onc hundred divisions, the 50
division being vertically above the point of suspension.

There are a number of different forms of hardness test which can
be made with the pendulum. The time hardness test is carried out
by resting the pendulum on the surface being tested, and oscillating it
through a small arc, the time for ten single swings, measured with a
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stop watch, becing the time
hardness number. Time
hardness numbers for com-
mon matcrials are, glass 100,
hard carbon steel 65, mild
steel 20, and lead 3. This
test can also be used as an
indication of the work-
hardening capacity of a
material, ie. the degree
of hardness induced in a
material by the application
of work producing deforma-
tion. A time hardness test
is made, the surface is then
work-hardened by rolling it
with the pendulum, making
two complete passes, and
another time hardness test
made. This process is | / .CONTROL
repeated until a maximum Al LEVER

time hardness number is b

reached and passed. The
number of passes required
to reach the maximum time
hardness number and the
difference  between  the
initial and maximum
time hardness numbers L. % .

being indications of the . . e stam
work hardening capacity T jelomes of the pendulum and the tming
of the material. are mechanically controlled.

The scale test is made
by placing the pendulum on the surface and tilting it so that the
bubble registers 0 on the scale. The pendulum is released and the
length of swing registered by the bubble reading at the other end of
the swing is called the scale hardness number. Scale hardness
numbers do not correspond with time hardness numbers and can be
taken as an indication of the resistance of the material to rolling.

The hard steel ball can be replaced by a 1 mm. diameter spherical-
tipped diamond for the testing of hot and very hard materials.

Edgewick Visual Hardness Testing Machine

This machine applies an indentation test and steel balls or diamond
pyramid can be used for the indenting tool. The positioning of the
article being tested, the application and release of the load, and adjust-
ment of the time of contact between indentor and surface are made
very simple. The outstanding feature of the machine is the method of
measurement of the indentation. When the indentation has been made
the indenting tool springs out of the way, leaving the indentation in the
field of view of a projection apparatus, and an image of the indentation
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Fig. XXVIII. 6. IEdgewick visual hardness tester.
Showing a diamond impression projected on to the
measuring screen.

is projected on to a screen fitted at the front of the machine (Fig.
XXVIIL 6). The image is magnified 70 times. A scale is imposed on
the screen which enables a direct reading in tenths and hundredths of
a millimetre to be made, whilst a micrometer adjustment makes reading
possible to one-thousandth of a millimetre. For production work the
screen can be marked with tolerance lines. The measurement of the
indentation is thus made very simple, and eliminates the possibility of
eye-strain due to the continual use of a microscope.
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CHAPTER XXIX
VACUUM TUBES AND THERMIONIC VALVES

A thermionic vacuum tube is a highly-cxhausted tube, usually of
glass, containing a heated clectrode, the cathode, which emits electrons,
and other clectrodes to control or collect the emitted electrons.  Electrons
carry a negative charge and may be attracted to a metal plate (or anode)
if this is positive to the cathode. The flow of negative electrons from
the cathode to the anode constitutes an clectric current from anode to
cathode.

The emission of clectrons leaves the cathode positively charged so
that, if there are no other positively charged clectrodes in the tube, the
emitted electrons experience a retarding force acting towards the cathode,
and cventually fall back into it. At any instant the space outside the
cathode contams a number of electrons, some moving away from the
cathode, some towards 1t, others stationary. These electrons form a
negative “space charge” which together with the cathode produce an
electric ficld directing electrons towards the cathode.

Cathode Materials

The choice of emitter is restricted ; the material used must be such
that it may be operated at a temperature at which the electron emission
is reasonably copious, without excessive evaporation.  The emitter used
is usually tungsten, thoriated tungsten, or a mixture of barium and
strontium oxides.

Tungsten 15 operated at white heat (about 2100° C.) and, because of
the heat radiation at this temperature, requires a comparatively large
heating power ; about 1 watt of heating power enables the cathode to
emit 2 milhamps (or 1.25 x 10'¢ clectrons per second). Tungsten fila-
ments are used in high power tubes because of their robustness and
ability to withstand overloads.

Thoriated tungsten filaments are made of tungsten mixed with one
or two per cent of thorium oxide. They are “activated” before being
put mto service by operation at a temperature of about 2400° C. for one
or two minutes, and then at about 1900° C. for fifteen or twenty minutes ;
in use they arc operated at about 1600°C.  The activating process causes
the filament surface to be coated with a layer of thorium one molecule
thick. Such filaments give an emission of about 40 milliamps per watt
of heating power.

Oxide-coated cathodes may be directly or indirectly heated. If the
former the filament is usually of nickel coated with the oxide layer. If
the latter the cathode is in the form of a hollow nickel cylinder, insulated
with a refractory material such as alumina or magnesia, and placed
within the cathode. These cathodes are activated by operation at about
1000° C. The actual emitting surface appears to be a monomolecular
layer of barium and strontium, very casily contaminated by oxygen.
In practice, therefore, tubes using oxide-coated cathodes are “‘gettered,”
that is, a small piece of magnesium is cvaporated inside the valve after
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the pumping and scaling process is completed. The gettering is done
while the electrodes are heated to drive out occluded gases, and the
magnesium combines with any oxygen present, then condenses as a
silvered patch on the glass. Such cathodes are usually operated with a
surface temperature of about 800° C.; the emission may be from 50 to
250 milliamps per watt of heating power.

The Diode
A diode (two electrode valve) contains a cathode surrounded by a
metal plate (the anode), mounted on stout support wires which are scaled
into the glass envclope. The characteristics of the diode may be
considered as fundamental for all types of thermionic vacuum tubes.

MILLIAMPS
- A+
) <
ANODE | ANODE
+
HIGH
CATHODE FILAMENT
VOLTS TENSION
HEATER SUPPLY (CATHODE)
(a) (b)

Tig XXIX.1. (a) Circuit for measuring the anode characteristic of an
mdirectly heated diode (b) Connection of diode with directly heated
cathode

The important characteristic of a diode 1s the relationship between the
anode to cathode potential difference, and the anode current (Fig.
XXIX. 1). The curve showmg this relationship 1s known as the static
anode-current anode-voltage (Ia—Ifa) characteristic (Fig. XXIX. 2).
The shape of the curve may be accounted for as follows : electrons leaving
the cathode come under the influence of the combined clectric ficld due
to the anode/cathode field and the cathode /space-charge field.  If the
anode 18 at the cathode potential, most of the electrons return to the
cathode ; only electrons emitted with very high velocity reach the anode.
Electrons reaching the anode rceturn to the cathode via the external
anode to cathode circuit and the anode current meter registers a tiny
current.

If the anode is made positive more electrons reach it and the space
charge decreases. An increase 1 the anode to cathode field is accom-
panicd by a decrease 1n the cathode to space charge field and the increase
in anode current is disproportionately large.  This state persists through-
out the whole of the lower, curved, portion of the characteristic.

At anode voltages of 30 or 40 volts all emitted clectrons travel
straight from anode to cathode, the space charge practically disappears
as the electrons remain in the space for a negligible time, and the current
flow is entirely determined by the emissivity of the cathode ; this current
flow is the total emission or saturation current of the cathode and can
only be increased by raising the cathode temperature.
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Oxide-coated cathodes do not show a normal saturation effect. An
increase of anode current apparently causes more barium to be diffused
from the oxide to the emitting surface and raises the emission. The
dotted lime of Fig. XXIX. 2 shows the effect produced. Operation at
more than about half “saturation” current rapidly ruins an oxide-
coated cathode.

- TUNGSTEN CATHODE ——
OXIDE COATED CATHODE — — -~

— -
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CURRENT
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o 1 Rl L L]
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Fig NNIX 2 Tvprcal anode current-anode voltage
characteristics Al thermionic vacuum valves have
anode characteristics of a similar shape

As the anode to cathode voltage is raised the effect of the lIimited
emission begins to appear and the characteristic becomes almost straight
before bending over to the saturation curient.

A.C. Anode Resistance.  The resistance of a diode is mdefinite ; it
varies with the operating conditions.  The “differential” A.C. anode
resistance, or more simply the A.C. anode resistance (R.), i.c. the ratio
“change of anode voltage divided by change of anode current produced,”
is constant over the straight portion of the charactenistic and 1s often
specified.

Diodes are used as rectifiers, and are made in many sizes for various
uses.  For power rectification high voltages and currents may be handled,
and large arca anodes arc necessary to dissipate the heat produced by
bombardment by fast-moving electrons.

The Triode

The three clectrode tube or triode valve contains a helix of spaced
wires, known as the control grid, between the cathode and the anode.
This grid 1s normally used to control the anode current, and in most
cases 1s kept negative to cathode so that no clectrons flow to it.

The clectric field ncar the cathode depends on the anode-cathode
field and on the grid-cathode field, so that the anode current can be
varied cither by a change of anode-cathode voltage or by a change of
control grid potential.

Amplification Factor. The grid-cathode ficld may be many times as
great as the anode-cathode field for the same voltage between the electrode
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Fig. XXIX 38 Circunt for measuring triode characteristics

and cathode. The ratio, grid to cathode field divided by anode to
cathode field, for the same clectrode voltage (or the ratio grid-cathode
capacity divided by anode-grid capacity) is known as the “amplification
factor” (p) of the tube. If the anode voltage is rased by V; volts and
the gnid then made V, volts more negative so that the anode current

returns to its original valuc, then I—l = un

Mutual Conductance. The ratio change of anode current divided by
change of grid voltage which produces it is known as the mutual con-
ductance (g,) of the tube. If the grid voltage is changed by 17, volts,
the anode voltage remainmng unaltered, then the anode current will
change by 17,0, amperes; but a change of 1, volts between grid and
cathode is equivalent to a change of u1”, volts between anode and cathode;
ul,
Ra

gm 15 usually expressed mn milliamps per volt.

Triode Characteristic Curve.  For a triode a family of curves may be
constructed. Fig. XXIX. 3 shows the circuit and Fig. XXIX. 4 the

25

thus the anode current must change by

amps. Hence gmRa = .

25 —

ANODE CURRENT MILLIAMPS

T
=15 ~-10 -5 0 0 50 100 150 200 250

GRID VOLTAGE ANODE VOLTAGE

Tng. XXIX. 4. Typical triode characteristics. The valve to which these
curves refer has an anode resistance of 4000 ohms, a mutual conductance
of 4mA .volt and an amplification factor of 16
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shapes of typical Eg—Ja and Ea—Ia characteristics. The constants
gm and Ra may be found from the slopes of these characteristics.

The triode is mainly used to amplify alternating voltages. The
circuit of a triode amplifier using a resistance as an anode load is shown
in Fig. XXIX.5. When the grid is made more negative the anode

o
ANODE l
LOAD
i ’ M AC.
+ - ouTpuT
h

AC

INPUT =—> ,
=L ;f_/\ TENSION
_ SUPPLY
+ -
T T |

Ing NXIX.5. Circuit of resistance-capacity coupled amplifying
stage  The condenser ‘‘blocks’” the D C. component of the
anode to cathode voltage.

current falls, the potential drop in the anode load reduces, and the
anode to cathode voltage rises. The alternating anode to cathode
voltage 1s a magnfied mverted copy of the alternating grid-cathode
voltage.

Triodes arc made with amplification factors of between four and one
hundred, and A.C. anode resistances between 800 and 60,000 ohms.
Valves intended to deliver A.C. power, for example to operate a loud-
speaker, have low values of p and Ra.

Triodes are mainly employed as amplifiers at between 20 and 20,000
cps. At higher frequencies coupling from the anode to gnid by the
capacity between them modifies the performance considerably.

Screen Grid Valves, Pentodes and Kinkless Tetrodes

In these valves a second gnd, the screen grid, 1s introduced between
anode and “control” grid. This clectrode 1s maimntamed at a steady
potential relative to the cathode and acts as an electrostatic screen,
preventing changes in the anode potential from having any influence on
the control grid. The effective anode to grid capacity 1s reduced to a
thousandth or less of its value in a triode.

The screen prevents the anode from having much influence in the
cathode to screen space, and the screen itself is maintained positive to
cathode to draw clectrons from it. Many of the electrons shoot through
the spaces between the screen wires into the anode to screen space.  If
the anode is at zero potential a retarding field acts in the screen-cathode
space, due partly to the screen-anode field and partly to the presence
of a space charge. In this case most of the electrons are brought to
rest before reaching the anode, and then fall back to the screen, so that
the anode current is small and the screen current comparatively large.

If the anode is made 20 or 30 volts positive to cathode the anode
current increases considerably, the space charge in the screen-anode
space disappears and practically every electron passing the screen reaches

19
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the anode. A further increase in anode voltage has little effect on the
anode current owing to the presence of the screen. The characteristics
to be expected from a tetrode (four electrode valve) are illustrated in

v 15 - i
; CONTROL GRID VOLTAGE:= (o]
<
3
= 10 -
; E=-2-0Y
w CONTROL GRID VOLTAGE =
=
pam |
O 54
P SCREEN VOLTAGE = +100"
z
o T | i 1] T
0 50 100 150 200

ANODE VOLTS
Fig. XXIX.6 Typical anode charactenistics of a
pentode or kinkless tetrode.

Fig. XXIX.6. The working portion of the characteristic is with the
anode voltage exceeding about 50V and in this region the effect of the
anode potential on the anode current is very small, so that the A.C.
anode resistance is high and the amplification factor is also high.
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Fig. XXIX.7. Typical characternstics of a screen grid valve,
showing the “‘kink” caused by secondary electron emission

Simple screen grid valves exhibit a more complex characteristic of
the type illustrated in Fig. XXIX.7; the characteristic is kinked in
the region anode volts = 30V to anode volts = screen volts. This effect

is due to secondary electron emission.
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When an clectron having a kinetic energy of more than about 25
electron volts (4 X 101! ergs) hits an atom, electrons of lower energy
may be emitted from the atom. The greater the energy of the primary
electrons, the more numerous the secondary clectrons emitted.

In the screen grid valve secondary emission takes place at the anode
when the anode to cathode potential reaches 25 volts. A further increase
in the anode voltage is accompanied by a small increase in the number
of primary electrons reaching it per second, and a larger increase in the
number of secondary electrons emitted per second. As long as the
screen is positive to anode the electric field between them pulls electrons
towards the screen. Secondarv clectrons emitted from the anode are
returned to the screen by the ficld, and an increase of anode voltage is
accompanied by a net decrcase in anode current, the screen current
rising accordingly.

When the anode potential approaches the screen potential some of
the secondary electrons fall back to the anode. If the anode is positive
to the screen all the secondary electrons return to the anode, and the
anode and screen currents have their normal values.

DEFLECTOR PLATES AR IR ANODE
ANODE Pt “.‘ v :,‘\u,,h;‘ Z,'\!':'//
Wik ‘.t,’;‘ (: ]

o SCREEN GRID

CATHODE

0 ojjnoM o[;'-' OV OO
o oftiolioriimmicl
e i
M [N W
i
O Rep e fons
SCREEN GRID CATHODE CONTROL GRID /’ {l \1 / W'J\‘/\' (]

END VIEW ENLARGED PART SECTION

Fig. XXIX. 8. Construction of a kinkless tetrode (beam tetrode). The
dotted hines 1ndicate electron paths.

The Pentode (Five Electrode Valve). One means of avoiding the kink
in the charactenistic is the introduction of a “‘suppressor’’ grid between
anode and screen. This is connected to the cathode and ensures that
the electric field outside the anode acts from anode to suppressor, thus
directing electrons towards the anode.

The Kinkless Tetrode. This is constructed so that a space charge is
produced in the anode to screen space even with anode voltages as high
as the screen voltage. The desired effect can only be achieved with
cxact electrode spacings and, as these spacings cannot be preserved in
the neighbourhood of the support wires, the electron stream near these
wires is cut out by decflector plates connected to the cathode. Fig.
XXIX. 8 shows the construction of a kinkless tetrode.

Pentodes and kinkless tetrodes have amplification factors of from
500 to 2000 and anode resistances of from 60,000 ohms to 2 megohms.
They may be used to give high amplification at audio frequencies or for
radio frequency amplification.
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The Cathode Ray Tube

In the cathode ray tube a stream of electrons impinges upon a screen
which then fluoresces and emits visible ight.  The stream is focused on
to a spot on the screen and may be deflected by eclectric or magnetic
fields from side to side and up and down. It is particularly useful for
the examination of rapidly-changing voltages or currents since the
electron beam has almost no nertia.

The screen is made of a thin opalescent layer of a salt such as calcium
tungstate, zinc phosphate, zinc orthosilicate, etc. These materials all
exhibit the property of fluorescence when struck with a fast-moving
charged particle. Some materials have a long “‘afterglow,” that is, the
glow on the screen persists for as much as one-tenth of a second after
the electron bombardment ccases ; others have an afterglow of less than
onc microseccond. The colour of the light depends on the salt used ;
green, blue, bluish-white are usual.

SCREEN

CATHODE GRID FIRST FOCUSSING FINAL DEFLECTOR
ANODE ANODE ANODE PLATES

Ing. XXIX 9 Arrangement of electrodes i an “electrostatic’ cathode
ray tube

The “Electrostatic” Tube. The type of tube most often used is
Mlustrated in Fig. XXINX. 9; this tvpe uses electric fields to focus and
deflect the electron stream. Electrons emitted from the cathode are
attracted towards the final anode which is mamtamed from 500 to
5,000 volts positive to cathode. The “grid” surrounding the cathode is
made negative to it and repels the electrons, some of which escape
through a fine hole to form a “pomnt source” of electrons just outside.
The number of clectrons escaping and the brightness of the spot on the
screen, are controlled by the grid potential.

The clectrons are attracted down the tube towards the final anode and
pass through the system of cylindrical anodes ; the electric fields between
these anodes are illustrated in Fig. XXIX. 10. In passing from one
anode to the next, each electron 1s accelerated along the tube and is
also first accelerated inward, then outward, except for electrons which
move along the axis of the tube and are not deflected from that path.
If the cylinders are the same diameter the inward and outward accelera-
tion are equal, but, as the electron velocity is greater in the second part
of the field, the inward acccleration is eftective for a greater time, so
that in passing from a point inside onc¢ anode to a point inside the next
each electron is given an extra inward velocity.
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The radial field is strongest just inside the surface of the cylinders
and zero at the centre, so that electrons which diverge most strongly
from the point source pass into the strongest radial field and receive the
greatest mnward velocity. In passing through the field the electron
stream is made to diverge less strongly, or even to converge ; the same
effect occurs between cach pair of anodes, and by suitable choice of
potentials the stream may be focused to a spot on the end of the tube
(Fig. XXIX.10). In some tubes only two anodes are used.

FIRST FOCUSSING  FINAL
ANODE ANODE ANODE

7

FIRST FOCUSSING FINAL
GRID ANODE ANODE ANODE

Frg XXIX. 10 Electrostatic focusing The upper figure shows the

electric fields between the anodes , the arrows show the direction 1in which

an clectron 1s urged (1 ¢, the reverse of the conventional field direction)

The lower figure shows the paths followed by electrons from the cathode
to the screen.

The screen is connected to the final anode either by a graphite coating
on the inside of the glass or by surface leakage over the glass. Electrons
accelerate up to the final anode, then move with constant velocity from
the anode to the screen, passing the deflector plates on the way. A
potential difference applied between the deflector plates produces an
clectric field perpendicular to the tube axis. Electrons in this field are
accelerated towards the positive plate and in passing the plates acquire
a transverse velocity, so that the clectron beam as a whole is bent and
the spot on the screen deflected by an amount proportional to the deflect-
ing potential difference. A second pair of plates at right angles to the
first makes horizontal and vertical deflection possible.

The “Magnetic’” Tube. The type of tube illustrated in Fig. XXIX. 11
uses magnetic fields to focus and to deflect the electron stream. An
electron moving at right angles to a magnetic field experiences a force
perpendicular to its direction of motion and perpendlcular to the direc-
tion of the field. If emitted in a uniform field, in a direction perpendicular
tothe ficld, an electron moves in a circle, the radius of which is proportional
to its spced ; the time taken to describe this circle is independent of the
velocity of the electron and inversely proportional to the strength of the
ma%nctic ficld. An clectron moving along a magnetic field experiences
no force.

If the electron moves at an angle to a magnetic field its velocity
may be resolved into two components. The component along the field
is unaltered ; the component at right angles to the field is converted



292 SCIENTIFIC INSTRUMENTS

into a circular motion, and the resultant path is a helix; this fact is
used in magnetic focusing.

The cathode and grid assembly produce a point source of electrons ;
electrons lcaving the point source have practically the same axial

p=u

2=\ SCREEN

CATHODE GRID ANODE FOCUSSING COILS TO GIVE COILS TO GIVE
coiL VERTICAL DEFLECTION HORIZONTAL DEFLECTION

TFig. XXIX. 11. Arrangement of a cathode ray tube using magnetic
focusing and deflection.

velocity, and therefore take the same time to travel down the tube to
the screen.  The tube 1s placed in an axial magnetic field, whose strength
is adjusted so that the time taken by an clectron to describe a circle in
it is the same as that taken by the electron to travel the length of the
tube. Every clectron leaving the point source describes a helix and
arrives back on the axis after completing one turn.  As cach turn 1s
completed in the same time, that is, the time taken for the journey to
the screen, cach electron arrives back on the axis at the instant that 1t
hits the screen, and the electron stream is focused to a fine spot (Fig.
XXIX. 12). The same result 1s obtained with a focusing ficld of greater

&< ~J
PRI N7 P A
<€ ‘\/

Ing. XXIX. 12. Magnetic focusing  Showing the paths followed by

electrons from a point source to screen ; five clectrons are shown leaving

the point source in different directions with different radial velocities.
Double-headed arrows indicate the magnetic field.

strength, so that each electron completes several turns of the helix. Tt
can be shown that a uniform field is not essential and a short coil carrying
a current may be used instead.

Horizontal or vertical deflection is obtained by means of vertical or
horizontal magnetic field. The deflecting ficld is provided by a current
flow in coils with axes perpendicular to the tube axis. In passing through
the field the electron beam is bent through an angle proportional to the
current in the deflecting coils.
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The X-Ray Tube

X-rays are waves of the same nature as light but of shorter wave-
length and greater penetrating powcr ; the shorter the wavelength, the
greater its penctrating power. They are produced when a fast-moving
charged particle is stopped suddenly. Some of the kinetic energy lost
1s radiated in the form of a pulse of X-rays ; most of the energy is radiated
in a direction at right angles to the direction of motion of the particle.

The radiation 1s of many wavelengths and the intensity distribution
depends partly upon the material of the target. With a given target
the wavelength of maximum intensity becomes shorter as the particle
velocity 1s increased ;  the shortest wavelength radiated is inversely
proportional to the energy of the particle (about 0.63 x 10~ cm. with
a kmetic energy of 20,000 clectron volts).  The efficiency of the con-
version process is low 5 usually only about one-thousandth of the energy
dissipated at the target appears as X-radiation. Efficiency increases
with the atomic number of the target, and tungsten targets are usually
employed because of the ugh atomic number and high melting point
of tungsten.

- Early  forms  of — H.T VOLTAGE +

f\—ray tubvs, leld ADJUSTABLE TO

some modern types, — 1 CONTROL WAVELENGTH ;1
contamm gas at a low OF X RADIATION

pressure, and the dis-

charge 18 conducted /

by 1ons of the gas; P~ \
such tubes are not = 2

strictly th(-rnuunicm

vacuum tubes. Most 4 \
modern  tubes  use  NTENSITY CONTROL
a heated  tungsten X RADIATION
filament as a source

of clectrons and the

tubes are evacuated.

The hlament is sur- g XXIX. 13. Arrangement of electrodes in an
rounded by a metal X-ray tube.

cylinder serving to

focus the electron beam into a fine pencil (Fig. XXIX. 13). The
clectrons are accelerated to the anode by an anode to cathode potential
difference of many thousand volts. The cathode always supplies its
total enussion, and the current through the tube, and the intensity of
the NX-radiation may be controlled by adjustment of the filament current.
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Powder spectrograph X-ray 89
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Pressure gauge, hlgh 149
-— gauge, pulsating . 149
— measuring mstruments 145
— meter, low .. 136
Prime vertical transits 103
Prism .. 80
— mterferometer Hllger 77
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Prandl . 60
Prlsmatlc binocular 102
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Profile projector 26
Projector 25
Pulinch refractometer 68
Pulsating pressure gauve 149
P\ rometer .. . 158

, full radiation 158
—, optical 158

0
Quartz crystal clock . 171
— half-wave plate .. 46
Quickset level . 238
R

Radiation pyrometer . 158
Ramsden disc .. 104
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— rods . . 234
Rayleigh disc .. . 258
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—, method of use of marine . 222
--, micrometer . 221
—, principle of . 220
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Ship stabilization .. . 205
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Simple microscope 31
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Solar time . .. 163
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— mdustnal application of mass 94

, mass . 80
—, ultra-violet 84
-—, vacuum 87
—, X-ray 89
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—-, diffraction 86
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Speedometer 174
—, electrical 176
174
Spekker stecloscope 85
Spherical aberration 12
Spring balance 187
Square, optical 237
Stabilization, gyroscopic .. 205
--, ship . 205
St )dla method of rdnge hndmg 63
Stauffs, levelling 241

Standard conditions, correctxon of
mercury barometer readings to 193
—- upright Sopwith scale 241
- U-tube viscometer 246
Standards, sources of 54
Standing wave flume 141
Stanhope lens 16
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Steel band . 232
Steelyard . 185
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— periskop lens 21
Stereo-comparator . 244
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Subjective method of measurement
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“Suppressor’” grid .. 289
Surveying instruments 190, 232
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T

Table, plane .. 242
Tacheometry .. 241
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—, theory .. .. 103
Temperature . 154
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Theodolite . . . . 234
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- of telescope .. 103
Thermal conductivity gauge . 152
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Thermionic valves .. 283
Thermocouple . . 127, 156
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—, calibration .. 189
- -, choice of .. .. 1585
-, mercury-in-glass .. 185
—, platinum resistance .. 1687

- -, vapour pressure .. 189
Time hardness number .. 281
-— hardness test .. 280
- - measuring mstruments . 161
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—, solar .. 163

lorpedo gyroscope m .. .. 208

Torsion viscometer, McMichael .. 248

Transit circles .. 103
—, prime vertical . 103
Transmission grating .. 8
Travelling mxcroscope .. 119
Triode .. 285
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Tube, cathode ray .. 290
—, electrostatic .. 290
- -, magnetic .. 201
-—, pitot .. 144
—, pitot-static .. 177
—, sounding .. 226
—, vacuum .. 283
—, X-ray . 293
Tubes for polarlmeters .. 49
Tuning fork audiometer .. .. 262
Turret clocks .. 166
Tylor inferential meter . 137
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— spectrograph .. 84
Unipivot moving coil instrument 124
Universal viscometer, Saybolt .. 251
Uses of electron microscope o4
U-tube .. .. 145
— viscometer, standard .. . 246
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Vacuum control in electron
microscope 41
— gauges 151
— spectrograph 87
— tubes 283
Valve, five electrode 289
Valves, thermionic- 283
Vapour pressure thermometer 159
Variation of compass, magnetlc 210
Venturi meter . . 138
Vernier caliper 113
— height gauge .. 114
Vernon Harcourt pentane lamp 54
Vertical illuminator . 35
— transits, prime 103
Vessels, graduated 135
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Specification for 246, 249, 250, 251
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—, Engler .. .. 251
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—, . U-tube . .. .. 246
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Viscosity, definition of .. 246
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-— measurement .. 246
—, units of measurement . 246
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V-notch .. .. 140
Vogel-Ossag viscometer .. .. 253
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Watches 162
Water speed measurmg “instru-
ments . .. 179
Wattmeters, induction . 130
Wave analysis, heterodyne
method of .. .. 260
— flume, standing . 141
— mechanics . .. .. 37
Wedges, quartz (saccharimetry) .. 50
Weighbridge .. .. 186
Weighing .. 181
— machine, self—mdlcatmg . 186
Weight measuring instruments .. 181
Weir . . .. .. 140
Westphal balance o1
Wet type air meter . 142
— type coal gas meter 142
Wollaston lens 16 21
Wright meter . 132
X
X-ray crystallograph . . 89
— crystallography, apphcatmm 90
-— powder spectrograph .. 89
—— spectrograph 89
— spectrograph, gratmg 89
-~ spectrometer, Bragg 88
— spectroscope . 87
—— spectroscopy, appllcatlons 90
-— tube . 293
4
Zeiss achromatic Ramsden type
eyepiece .. 19
— gauge testing interferometer .. 76
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