





























PREFACE

RELIABLE measuring appliances are essential for the scientific control

of industrial operations, and the study of the basic principles involved

in the design of such instruments is a subject of fascinating interest.

To the user of measuring instruments a knowledge of their construction

and accuracy is a matter of fundamental importance, since frequently

large issues depend upon their indications. Too often, when their

limitations are not fully appreciated, there is a tendency to trust to the '
instrumental record as being absolutely exact and to regard the instru-

ment as an infallible anthority.

In the following pages the writer has attempted to give a brief
review of the appliances which have been devised for the measurement
of some of the fundamental quantities of mechanical science. They are
all working propositions. With the majority of the machines described
he has had practical acquaintance, but he has also drawn freely upon
published information, and reference to the original sources will be found
at the end of each chapter. Whilst no attempt has been made to form
a complete bibliography of the subject, these references will enable the
reader to find the detailed account of any appliance in which he is especially
interested.

It is hoped that a study of this volume will enable the reader to
appreciate the advantages and drawbacks of the various types of instru-
ments for making any particular measurement, and enable him to choose
the instrument best suited to his requirements, since the nature of the
work in hand must be the deciding factor in the selection. The one
essential characteristic of an industrial instrument is that it should be
reliable and give the information sought for with reasonable ease and
rapidity ; time is a factor which has to be considered as much in
repetition testing as in mass production.

The idea prevails in some quarters that laboratory appliances and
industrial instruments belong to two totally distinet categories, and
that the former are unsuited to the requirements of the works test room.
But a study of modern measuring appliances proves beyond doubt
the fact that no laboratory instrument is too delicate, or of a too
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ENGINEERING INSTRUMENTS

CHAPTER I
THE MEASUREMENT OF LENGTH

THE modern practice of manufacturing interchangeable parts of machinery
has given a tremendous incentive to precision measurements.

To ensure a good working fit in moving parts as well as thorough
interchangeability requires strict accuracy of dimensions in the work
which is only possible by the use of gauges in the quantity production
of component parts.

For the construction and verification of such gauges a very high degree
of precision and refinement of measurement is necessary. Hence machines
and appliances for measuring to one hundred-thousandth part of an
inch are included in the equipment of the modern tool room.

The pioneers in the development of this branch of engineering were
Whitworth in England, and Pratt and Whitney in America ; the machines
they devised are identical in principle with those in use at the present
day. Before entering into a description of these appliances it is desirable
to review briefly the fundamental basis of our system of length measure-
ments.

PRIMARY LENGTH STANDARDS

British Standard—the Yard.—The origin of the British yard is the
length of the arm of King Henry the First, and that of the standard inch
‘“ three good barley corns, round and dry, placed end to end.””?

The fact that such standards were lacking in accuracy and uniformity

" seems to have occurred to our forefathers at a very early date, for we
find in the records that Richard I ordered that the standard measures
of length should be made of iron, and that standards should be kept by
the sheriffs and magistrates of towns.

In 1340 a royal edict was published ordering standard weights and
measures to be made of brass and sent to every city and town in the

1 Statute of Edward II, 1324,
B
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kingdom. These old standards have been lost or destroyed in the course
of time, and the earliest surviving standards of length are those of
Henry VII (about 1490) and Elizabeth (about 1588).

1t is interesting to note that the present-day standard, the Imperial
yard, is identical within the two-hundredth part of an inch with the yard
of Henry VII. The Elizabethan standard was broken and repaired by
means of a dovetail joint at some period of its career, but it still continued
to serve as the fundamental standard down to 1824,

- A -

i
H
te7s) =

IMPERIAL STANDARD YARD (BRONZE)

—

[ iy

\ N
/ y/a/

{ B/

PraTinum IRiDium COPY OF IMPERIAL YARD, ‘TRESCA’ SECTION.

Sitica MeTre
(GravuaTions on UNDER Face OF FLAT ENDS,)

Fr1G.1.

In 1843 a definite advance was made by the establishment of the
Imperial yard, which was legalized in 1855. The Imperial standard yard
is a solid square bar of Baily’s metal, a bronze alloy composed of 16
parts copper, 2} parts tin, and 1 part zinc (Fig. 1).

. The baris 1 square inch in cross-section and 38 inches long. At posi-
tions 1 inch from each end cylindrical holes, } inch in diameter, are bored
for a depth of half an inch. In the centre of the base of these depres-
sions a gold plug is inserted, the exposed surface of which, lying in the
neutral plane, has been planed true. The defining mark is engraved
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approximately at the centre of this gold circular surface, actually five
lines are engraved, two parallel to the length of the bar and three trans-
versely, the appearance being as shown in the diagram, Fig. 2. It is the
central one of the three transverse lines (vertical in figure) which is the
defining mark, and the distance between this mark and the correspond-
ing mark in the depression at the other end is the Imperial yard.
Unfortunately alloys, and particularly copper alloys, are liable to alter
with time, and it has been discovered by making intercomparisons of
the bronze Imperial standard yard and its official copies that variations
have arisen in the length of the different bars. In two cases the relative
variation in ten years was nearly four parts in a million. Hence copper
alloys are now regarded as unsuitable for the construction of primary

Frs. 2.

REFERENCE LINES ON STANDARDOS-

standards owing to the changes of length due to some molecular rearrange-
ment slowly taking place.

In 1902 an official copy of the Imperial standard yard was constructed
in platinum iridium (90 per cent. platinum with 10 per cent. iridium).
This was made of X-shaped or ‘‘ Tresca ”’ section, with one transverse
line engraved at each end on the horizontal transverse portion of the
bar, which contains the centre of the section. The reason for placing
the graduations at the centre of the depth of the bar was to reduce
errors which might arise from flexure of the bar itself. .

The importance of this point was first realised by Captain Kater,
who published an account of an investigation on the subject in the
Philosophical Transactions of the Royal Society in 1830. The magnitude
of the effect depends, of course, on the method of supporting the bar,
which in consequence has to be carefully specified. A mathematical
treatment of the subject was given by Sir G. Airy, who gave the formula
for determining the distance between the supports for any standard bar
in order to minimise the effect of flexure.
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It is - —

¥ . Length
Distance between successive supports =

+v/n2=1
where ““n” is the number of point supports.! Generally a two-point
support is adopted, since it removes the uncertainty that exists as to
the pressure distribution when a bar not ideally straight rests on a series
of supports not ideally coplaner.

When a bar is supported on two points, not at its extreme ends,
there will be two points of inflexion in the bar between the supports,
and the bar will be concave on the upper side in the centre, and concave
on the under side at its ends. According to Airy’s formula, to obtain the
maximum projected horizontal length the distance apart of the supports
must be

l
\/3—0~5773 l
where 7 is the length of the bar. Hence for a bar 38 inches long the
distance between the supports should be 22 inches. '

French Standard—the Metre—Talleyrand, in 1790, proposed to the
Assembly of France that a commission be appointed to consult with a
similar commission from the English Government to consider the subject
of a uniform system of metrology. The invitation was not accepted by
the British Government of that day. The International Commission
decided to adopt as unit the ten-millionth part of a quadrant of the
earth’s meridian, and the first practical unit on this basis was constructed
by Borda in 1795, which is now known as the Métre des Archives.

Meétre des Archives—This was made of platinum, which does not
tarnish, and being a pure metal is unlikely to change with time. It has,
however, the serious defect of being soft and exceedingly expensive.

International Prototype Metre—To overcome the objection of the
softness of platinum an alloy of platinum, 10 per cent. iridium, was used
in the construction of the International Prototype Metre in 1887.

Great care was taken in refining and artificially ageing the material
so as to reduce as much as possible the inherent defects of alloys. The
metre was of Tresca cross-section (Fig. 2.) Prototypes of this metre are
in the possession of all the principal nations.

SECONDARY STANDARDS
The above described are the ultimate standards, and are only referred
to on rare occasions when extreme precautions are taken to safeguard

1 In the Imperial bronze yard, Fig. 1, the number of supports is eight, at distances
apart of 4} inches.
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the standard from accidental damage or disturbance which might affect
its permanency. For standardising work in institutions such as the
National Physical Laboratory, a nickel copy of the International metre is
employed. This is of H section, with the graduations on the horizontal
arm. Comparison with the French standard has shown an increase of
length in the nickel metre of only one part in ten million in ten years.
The metal has the advantages of hardness, non-tarnishing, takes a high
polish, and is about as elastic as steel.

FuseEp Siica As A MATERIAL FOR PRIMARY STANDARDS

An interesting experiment was tried at the National Physical Labora-
tory some time ago in connection with the construction of new length
standards. Platinum alloys are too costly, and pure nickel has a large
coefficient of thermal expansion which is objectionable in practical work.
Fused silica has an exceedingly small coefficient of expansion and being
a simple chemical compound SiO, should not be liable to change with
time. In appearance the material closely resembles glass, and its glass-
like brittleness is its great drawback. Experiment has shown that it
has a remarkably small hysteresis after annealing. Fused silica is most
readily obtained in the form of tubing, consequently the design was such
as to utilise the material in this form. Fig. 1 illustrates the metre as
constructed in 1910. It consists of a transparent silica tube about 2 cms.
in diameter and a metre in length. The tube merges at each end into a
clear, transparent horizontal slab of silica for taking the reference lines.
A silica knife-edged trunnion is fused into the rod at one of the correct
points of support. The other point of support is indicated by a ring
which has been etched round the tube. The reference lines are cut
in a film of platinum deposited on the silica. The graduations are cut
completely through the film and the lines viewed from above through the
slabs. These end slabs took the form of semi-circular dises which were
made of specially clear silica. free from bubbles, the upper and lower
surfaces being parallel and both optically polished.

It is too early yet to decide whether this type of standard will meet
requirements.

WORKING STANDARDS OF LENGTH

None of the materials already described are suitable for use in the

construction of tool-room standards of length, and until recently steel

was the material in general use. This has the disadvantages of Hability
to rust and of having a relatively high coefficient of expansion. The im-



6 THE MEASUREMENT OF LENGTH [cHAP. I

portance of the question of the temperature coefficient of the standard
is frequently overlooked in engineering work, but in ordnance survey
work it was, in the past, a most troublesome factor to correct for. For
example, a steel wire 1 kilometre long would expand in passing from
0° to 22°C. by 22 mm. Invar wire! under the same conditions would
contract by an amount less than 0-4 mm.

Hence the discovery by Guillaume of the small expansion by heat of
the nickel-steel alloy known as invar, and the employment of that alloy
in the form of wires for the measurement of geodetic base lines, has
revolutionised survey practice in that operation. It is stated that with
the now obsolete apparatus belonging to the survey of India, base-lines
could only be measured at a very slow rate, viz. about 500 feet per day,
whereas a skilled party with modern invar wire apparatus has measured
as much as five miles in the same time and with a higher accuracy.

In this connection it is of interest to compare the coefficients of ex-
pansion of the materials hitherto employed for length standards.

TABLE I

| t
Coeflicient of Linear
Material, Density, | Expansion per cent, | Used for.

|
Bronze, Baily’s metal 87 17-7x10-¢  British Imperial Standard

32 Cu., 5 Sn.,2Zn. Yard.

Platinum . b . | 215 8-9 Métre des Archives

Platinum Iridium ! 21-6 - 87 International Prototype
90 Pt., 10 Ir. [ | Metre

Nickel . . JNI879 12-8 | N.P.L. Standard

Fused silica . . 0-42 3

Nickel Steel (43%, c82 80 Primary master standard
Nickel) of Japan and Russia

Steel : o .le78 cll | Generally used for steel

| rules.

NICKEL STEELS

“Invar ” is the trade name of a nickel steel containing 36 per cent.
of nickel, and its distinguishing feature is an abnormally low coefficient
of expansion. This property, combined with the fact that the alloy
possesses the usual characteristics of steel, has made this material of the
utmost practical utility for the construction of secondary length standards,
pendulum rods, and the balance wheels of watches. Its discovery was the
culmination of a laborious and accurate scientific investigation following

* Coefficient of expansion of (-0-028—0-00232 t)10-¢ per degree,
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on the clue of a chance observation of a bar possessing an unusually
large coefficient of expansion.

In 1895 Benoit, then director of the International Bureau of Standards
and Weights, Sévres near Paris, in the course of calibrating a length
standard of steel containing some 22 per cent. nickel and 3 per cent.
chromium, discovered that the linear coefficient of thermal expansion at
ordinary temperatures was more than 18 X 10—¢ per degree C., or about
as great as that of average bronze—that is to say, considerably greater
than that of either iron or nickel.

Somewhat over a year later Guillaume, of the same institution, found
the expansion of a bar of 30 per cent. nickel steel to be about one-third
less than that of platinum, which has a coefficient of only 9 x10—¢. In
the hope of obtaining alloys of very small expansivity by increasing the
proportion of nickel Guillaume, in co-operation with the Société de Com-
mentry, Fourchambault, carried out an elaborate investigation of nickel
steel of varying composition. The result was the discovery of alloys
having coefficients of linear expansion at ordinary temperatures ranging
from a small negative value (—0-5 X 10— €) to a rather large positive value
of about (20x10—¢%). The linear dimensions of the alloy containing
about 36 per cent. nickel along with small amounts of manganese, silicon,
and chromium, in all about 1 per cent. were found to remain almost
invariable with ordinary atmospheric changes of temperature. This
alloy is now well known under the name of invar.

In practice invar as obtained commercially has a coefficient of ex-
pansion varying from —0-3 X10—°% to +2-5x10—8, the smallness of the
coefficient being the criterion of the quality. Invar possesses the further
advantages over steel that it does not readily rust and it will take a high
polish. On the other hand, it is not a permanent alloy, and it is impossible
to ensure a specified coefficient of expansion, since a very slight variation
in the composition is sufficient to produce a considerable alteration in the
expansibility. It is, in consequence, very important in the case of a
long measure. such as a tape, to look for the effects of local heterogeneity
and not assume the expansion coefficient derived from a short sample.

On account of the instability of invar the modern tendency is to use
nickel steel containing 43 per cent. of nickel for standards, which has a
temperature coefficient nearly that of platinum (8 x 10—¢). In this alloy
both secular change and thermal hysteresis are extremely small. The
variation of the coefficient of expansion with the nickel content of the
steel is shown in Table IT and Fig. 3.
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TABLE II

ExPANSION OF NICKEL STEELS—MEAN COEFFICIENTS OF LINEAR Ex-
PANSION BETWEEN 0° AND t°C; APPLICABLE BETWEEN 0° AND 38°

(GUILLAUME)
Mean Coefficients of Mean Coefficients of

Per cent Ni. Linear Expansion x 106, Per cent Ni, Linear Expansion x 108,

® g 5 .[10-3544-0-00523 t | 44-4 4 .| 8:508—0-00251 t
50. 0 .110-529+0-00580 t 487 5 . 9-901—0-00067 t
19-0 . . .1 11-42740-00362 t 507 3 .| 9-824+0-00243 ¢
26-2 . B .113-103-+0-02123 t 53-2 g .| 10-045--0-00031 ¢
279 . o .|11-2884-0-02889 t 70-3 ! .| 11-8904-0-00387 t
28-7. o .|110-387+0-03004 t | 100-0 . .| 12661--0-00550 t
304 . 3 .| 4-57040-01194 t 12-241 Cr .[11-7144-0-00508 t
314 . 8 .| 3-395-+0-00885 ¢ 16:841 Cr .| 11-436-4-0-00170 t
346 . g .| 1-:37340-00237 ¢ 16-24-2-5Cr .| 19-4964-0-00432 t
356 . 5 .| 0-877+40-00127¢ | 21-34-3Cr .1 18:1804-0-00426 ¢
37-3. s .| 3-457—0-00647¢t | 34-84+1-5Cr . 3-580—0-00132¢
394 . . .| 5:357—0:00448 t 35:7+17Cr .| 3-373-+0-00165 ¢
43-6 . : .| 7-992—0-00273 t || 36-4+0-9Cr .| 4-433—0-00392t

The data describe alloys cooled in the air after a simple hot forging.
In addition to the nickel they contain small portions of manganese,
silicon, and carbon, amounting in all to about 1 per cent. Guillaume
states that these additions are necessary to render the alloy workable;
in particular about a half per cent. of manganese is essential. Unfor-
tunately they also produce an appreciable increase in the coefficient of
expansion, so it is necessary to reduce them to a minimum and also
subject the alloys to a special thermal and mechanical treatment.

In Fig. 3 the straight line FN, which joins the expansivity of iron
with that of nickel, would represent the results to which the law of
mixtures would lead if it were applicable, and the anomalous behaviour
of these alloys is most remarkable.

Fig. 4 shows variation in the coefficient b of the formula a 4-b¢ for the
coefficient of expansion of these alloys. The small circles in Figs. 3 and 4
show results obtained with alloys containing an abnormally large pro-
portion of manganese, the percentage of which is indicated near each
circle. The crosses refer to alloys containing chromium.

Fig. 5 illustrates this point more clearly. With the normal guantities
of carbon and manganese present it is difficult to reduce the coefficient
below 1-2 or even 1-5-millionths per degree centigrade, although by the
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exercise of great care in carrying out the requisite metallurgical treat-
ment it has been possible to produce alloys with a negative value for the
coefficient of expansion between (° and 38° C given by the expression
(—0-552+0-00377 t) 10—5.

It should be noted that the above coefficients are only applicable
to a limited range ‘of temperature, and the relatively large variation in
the coefficient for various temperature ranges is illustrated by the data
in Table.

TABLE 111

ExPANSION OF NICKEL STEELS—TRUE COEFFICIENTS OF LINEAR
EXPANSION AT t°C (GUILLAUML)

Limits of True Coefficients of Linear
Per cent Ni. Application. Expansion x 106,
Degrees,

30-4 . : d 5 5 3 0-110 | 4-570-+0-0235 (t-0)
110-164 | 7-15 40-104 (t-110) |

164-220 | 12-60 +0-008 (t-164)

314 . . 5 - . 5 0-122 | 3-395+4-0-0150 (t-0)

122-182 | 525 +0-128 (t-122)
: 182-220 | 13-00 +0-036 (t-182)

346 . . . . . .| 0-142| 1-373+0-0047 (t-0)
142-220 | 2:05 4-0-065 (t-14)

378 . . . . . .| 0-150 | 3-457—0-0072 (t-0)

150-220 | 2-37 40-011 (t—150)

COMPARATORS

To compare the length of copy with a standard requires elaborate
appliances if an accuracy of better than one part in a hundred thousand
is aimed at. Up to the year 1798 all transfers of the Standard yard were
effected by the use of a beam compass—a method which does not lend
itself to high accuracy. Troughton at this time introduced optical
instruments for the intercomparisons, and this step marked a great
advance in the progress of precision metrology. A modern type of
comparator is illustrated in Figs. 6 and 7. This piece of apparatus was
constructed in 1915 by the Cambridge Scientific Instrument Co., for the
Indian Ordnance Survey. The essential features of the apparatus are
indicated in the sketch (Fig. 7), while Fig. 6 gives a general view of the
complete apparatus.

This comparator is designed for the standardisation of bars of any
length up to four metres. The microscopes MM are bolted on to a hollow
cast-iron girder G, This girder is filled with water, which by convection,
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and by reason of its high specific heat, tends to maintain the temperature
of the girder uniform and constant throughout its length. The girder is
supported geometrically, one end being mounted on two steel balls, one
of which rests between cones and the other between parallel plates.
The other end is supported on a 75 mm. steel ball L rolling between V’s
parallel to the girder so that any temperature changes in the length of
the girder may be taken up without putting any strain on the girder.
The scales under test are immersed in tanks of water which are carried
on a large travelling carriage . Three pumps are also carried on this
same carriage for circulating the water in the three separate tanks. The

tank marked 4,4, is a double tank, that is to say, there is an inner
tank A4, in which the bars are placed, and this is surrounded by an outer
tank A4, with a separate water circulation, which acts as a jacket. Conse-
quently the temperature of the inner tank can be maintained constant
by conduction from the outer tank at any required value to one-hundredth
of a degree Centigrade, when the water in the outer tank or jacket is
heated and controlled as explained below. The third tank B is fixed to
the carriage on the other side of the three pumps. This tank always
remains approximately at the air temperature and is placed well away
from the double tank, so that when the latter is heated it will not cause
changes in the temperature of the single tank. The inner tank 4, is
arranged to carry two standard scales side by side of any length up to
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four metres each. The tank B is arranged to take only one scale. In
all cases the scales are supported at their Airy points on subsidiary
girders, which in turn rest on adjusting tables in the tanks. The adjust-
ments to these tables enable both ends of the standard scale to be brought
into focus under the microscopes ; also that the scale can be traversed
in the tank parallel to the microscope girder, and can be adjusted to be
parallel to this girder. These adjustments are made by gearing from
outside the tanks. Four adjustments are therefore provided on each
of the three girders on which the standard scales may be placed. The
whole of the carriage C' supporting the pumps and the tanks can be
traversed sideways by means of an electric motor, so that any scale in
either of the tanks may be brought under the microscopes as desired.

In order to raise and control the temperature of the outer tank 4,,
a heating vessel and a thermostat are included in the water circuit of
this tank. The heating vessel contains a number of electric heating
coils. The electric current in these coils is controlled by a sensitive
mercury thermostat R acting through a relay F. The temperature of
the water in the two tanks is measured by mercury thermometers which
are read by microscopes suitably provided with right-angled prisms so
that readings can be obtained when either tank is below the main micro-
scope girder.

Experience has shown that the temperature of the inner tank can be
maintained constant to 0-01° C over many hours.

If two bars are brought in succession under the microscopes, com-
parative readings can be made, which will allow of the length of the one
being deducted in terms of that of the other. The provision of two tanks,
in one of which the temperature may be regulated as desired, makes it
possible to carry out a series of comparisons between two bars, one of
which is maintained at a constant temperature for the whole duration
of the observations, while the other is brought to a different temperature
for each comparison of the series. Utilising the length of the one bar
under constant temperature as a datum, the length of the second bar at
varied temperatures can be determined and the characteristics concerning
its thermal expansion investigated.

It might be remarked that the data concerning the expansion of
nickel steels, previously described, were obtained by the above procedure.
In the French comparator the microscopes are fixed on two separate
pieces of masonry. When it is desired to compare two bars they are
placed in the same bath so as to ensure equality of temperature. In the
C.S.I. comparator each comparing microscope has a tube of invar 20
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inches long, fitted with an objective of 120 mm. focal length, for a front
working distance of 160 mm., and an image distance of 480 mm. from
objective to the micrometer plate, the aperture being 23-5 mm., for use
in the ordinary way, and with an alternative for use immersed in water.
Each tube has two oculars of focal length 30 mm. and 50 mm. respec-
tively, producing a magnification of the object of 15 and 25 respectively.
It was found by observation on a graduated scale of invar that the
object-glass is capable of resolving lines ruled 100 to the millimetre.
Each microscope is fitted with a micrometer with a screw of 0-3 mm.
pitch, threaded for a length of 6-5 mm.
The female serew has an effective length
Glass Diaphragm of 5 mm. The drum is graduated to
hundredths, the value of one revolution
of the screw being about 0-1 mm. on
the object. The micrometer lines are
ruled on a glass diaphragm 10 mm. in
diameter, as shown in Fig. 8. The
apparatus was designed by a committee
consisting of Sir David Gill, Sir Richard
Glazebrook, Mr. Horace Darwin, and MM. Benoit and Guillaume.

MICROMETER SCREW & DIAPHRAGM

MEASURING MAcHINES FOR Toorn Room Usk

When Sir Joseph Whitworth began to develop precision machines and
tools he was confronted with the serious practical difficulty of transferring
dimensions from an engraved scale to the machine part and vice versa.
Engraved scales are well adapted for use as primary standards of length :
here economy of time and facility of comparison are of secondary import-
ance to high precision and absolute accuracy. In engineering practice it
is essential to be able to make measurements with rapidity and reason-
able ease, and with this object in view Whitworth originated the present
system of end measurements.

One of Whitworth’s measuring machines is illustrated in Fig. 9. It
is practically a very large micrometer. The machine has a cast iron
bed and two headstocks, resembling the loose headstocks of a lathe.
One headstock is fixed, while the other is movable along the bed by a
quick-pitched lead-screw, and its centre, or measuring end, is adjustable
by a screw within the headstock. The fixed headstock has a measuring
screw of 20 threads to the inch, and to this screw is attached a wheel
whose circumference is divided into 500 divisions. So that one division
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of the latter represents 0-0001 inch in end movement of the spindle.
In using the machine it is usual to set the heads by placing between them
a standard gauge as near the required dimensions as is available, and
then to fix the final position of the measuring faces by moving one end
through the required difference by means of the divisions on the wheel.

Fie. 9.

The usual type of standard gauge length is shown in Fig. 10. The
steel rod has its ends rounded into spherical forms, the radius of the
sphere being half the length of the rod. By this means errors due to
axis of the rod not being perpendicular to the faces of the headstock are
eliminated. The central part of the rod is encased in ebonite to minimise
temperature changes whilst handling.

Since the year 1871, when Whitworth introduced this type of measur-
ing machine, many improvements have been effected, notably by Pratt
and Whitney in America, and the Newall Engineering Company in this
country. A general view of the standard types of machines manufac-
tured by the latter firm are shown in Figs. 11,12, and 13. These machines
are made to read to one hundred-thousandth of an inch on the British
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system, or one ten-thousandth of a millimetre if graduated on the metric

system.
The Measuring Screw bears a thread of buttress form cut specially

deep to provide ample wearing surface, and has a range of 1 inch, or 20

millimetres, according as it is intended for an English or a metric machine
respectively. The threaded portions of the screw and its nut are equal,
of not less than three times the length of range stated above, and, wear

Fi6.12.

being even, accuracy in pitch is maintained. Only a minimum amount
of wear takes place on the effective portions of the thread, as the screw
is supported on its plain cylindrical parts at front and rear in hardened
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Tt is said that by this means it is possible to make the readings of the
measuring serews so near to absolute accuracy that it would be extremely
difficult, if mot quite impossible, by any method known, to detect error
at any point in their length. A secondary screw of the same pitch as
the measuring screw is cut on the rear end of the spindle : undulations
made on the crest of this thread impart, through a lever, carrying a roller,
to the zero line on the vernict, borne on the horizontal scale which is
supported on the vertical arm, forward or backward movement at
any point and as may be required to compensate for the ascertained
inaccuracies in pitch of the measuring screw.

- The Tailstock carries the anvil, operating the indicator, and, in
machines so fitted, the microscope for setting to the rule. It is moved
bodily when setting to an End Rod, or to the rule, to obtain sizes greater
than are provided by the range of the measuring screws. In machines
fitted with rule and microscope an arrangement for fine adjustment is
attached to the tailstock by means of which the necessary delicate
movement is obtained for setting the microscope to the graduated line
on the rule.

The Indicator—An interesting feature
of the machine is the application of a
spirit level to indicate when contact is
made with the specimen to be measured.
A magnification of 4000 times the move-
ment of the anvil is capable of detection.
This device eliminates the possibility of
personal error. A defect of the * tilting
level ”” type of indicator for rapid work
is the viscosity of the liquid in the level
tube. Intesting the diameter of cylinders
by rotating while held between the faces
it is found that the bubble is very sluggish
in indicating the slight variations in
diameter of the cylinder under-test, or is
apt to overshoot the mark with rapid
movement. To overcome this difficulty
the optical lever illustrated in Fig. 15 is
used at the National Physical Labora-
tory.

The level tube 7' is tilted through the action of a level by the displace-
ment of the plunger P of the measuring machine. A small plate-glass
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mirror M, is fixed to 7, and a convex long-focus lens L is cemented to
the upper surface of the mirror. Above the machine a wall bracket holds
the Nernst lamp A which is provided with a condensing lens. The light
from this lamp falls on a fine eross-wire €' and passes through the lens L
on to the mirror M,, which reflects an image of the wire up to a second
mirror J,, also attached to the wall, and from this latter mirror it is
finally reflected on to the horizontal divided screen S, placed behind the
‘machine.

The lens L is required to give a distinct image I of the cross-wire
on the screen, this screen being graduated with a scale of which the zero
is marked X on the diagram. With the arrangement adopted a move-
ment of 0-35 inch on the screen is produced by a displacement of the
plunger P amounting to 0-00001 inch, so that a total magnification of
3500 is obtained by the aid of the lever carrying the level tube and the
optical system. Thus the roundness and parallelism of a cylinder can
readily be measured within 0-00001 inch, and as the indicator is quite
dead-beat, the operations can be performed at a much quicker rate than
formerly.

GAUGES

The reader, unless he has had acquaintance with gauge making, may
naturally wonder why such extreme accuracy of measurement is neces-
sary for engineering work. The reason will be seen on consideration of
the modern system of the manufacture of interchangeable parts on a
quantity basis. In this system the various parts of a machine must be
capable of being assembled without any fitting and adjustment of the
components. Take, for example, the manufacture of a number of spindles
and bearings. If a clearance of but one-thousandth part of an inch is
permissible between the two parts in operation, then the tolerance per-
missible on the parts must be only a few ten-thousandths of an inch.
This result is achieved in practice by the employment of fixed gauges.
For each piece of work a fixed gauge is made comprising two sizes, one
smaller and one larger, of which the former, termed the ‘ minimum,”
represents almost exactly the smallest size that the piece can be made
to, and the latter, termed the ‘ maximum,” the largest size that the
piece can have without violating the condition of interchangeability or the
function of the parts. The difference between these two limits is termed
the * tolerance,” and the value of this tolerance depends upon the par-
ticular class of work. By this means it is possible to produce an article
much cheaper and quicker than would be the case if the utmost accuracy
to a given size was attempted.
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Figure 16 illustrates a typical fixed gauge. It is obvious that the
gauges must be very accurate to the specified dimensions, otherwise not
only will the tolerances be affected but also, if the errors of the two sets
of gauges for the respective interchangeable parts happened to be in
opposite direction and of such magnitude, the parts might not fit together
at all and consequently the sole object of limit gauging would be defeated.
When only a small number of gauges are in use they are usually set and

checked in the tool room by means of measuring machines or Johansson
gauges, but for large production work a complete set of master check
gauges are made. These check gauges have “ go ” and ‘‘ not go ” limits
to check each dimension of the working gauge, and it is cvident that they
must be made to an extremely high order of accuracy.

As a practical example, take the case of the manufacture of a shaft
1 inch in diameter to fit into a bearing. The tolerance would be say
0-005 inches. The snap gauges will therefore have the dimensions 0-995
inches for the “low > and 1-000 inches for the ‘‘ high,” and these sizes
must be correct within one-tenth of this amount. The master check will

therefore have pairs of limits, one pair (09949 inch and 0-9950 inch),
and the other (1-0000 inch and 1-0001 inch). The necessity for accurate
measurement in making the master check is therefore evident : starting
with a moderate tolerance of one two-hundredth of an inch for the work
has culminated in requiring a master check gauge accurate to one
ten-thousandth of an inch.

Simple types of gauges.—The most extensive use for gauges is, of course,
for the production of cylindrical work. Gauges for holes are of the form
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shown in Fig. 16, and consist of two hardened and ground steel cylinders :
the longer being the ““ go ” size and the shorter cylinder the ““ not go.”

An improvement on this simple type was made by Johansson, which
has the advantages of lightness and economy of manufacture. The
construction will be evident on examination of Fig. 17.

i3]

Fr6./8. Fi6./9.

For gauging shafts, etc., external snap gauges are made of the form
shown in Fig. 18. Sometimes both “go” and “not go” limits are
combined as a step in a single horse-shoe for the smaller sizes (Fig. 19).

Fixed gauges of the above forms when slightly worn are practically

worthless, and some manufacturers have in consequence developed
‘ adjustable ” gauges, a typical example of which is shown in Fig. 20.
The anvils or jaws in this case can be accurately set by screw adjustment.
Adjustable gauges, however, have not come into extensive use owing
to the liability of the adjustments being tampered with.
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Johansson Gauges—The Swedish firm of Johansson has developed
a most ingenious system of end measures by means of which any desired
length between 0-2 and 10 inches ean be obtained in steps of one ten-
thousandth of an inch. This result is achieved by the aid of a set of 81
rectangular blocks of steel of varying thickness. These can be used
separately or combined together. The measuring faces of each block are
approximately 0-35 inch by 1-3 inches, and the whole face is almost
perfectly flat within a hundred-thousandth of an inch, and in addition
the opposite faces are parallel to about the same degree of accuracy.

A standard set consists of 81 pieces made up as follows : The set is
divided into four series of which the first series goes from 0:1001 to
0-1009 by increments of 0-0001 inch; the second series from 0-101 to

A

LI
I,

1071 4/0/110 2 1 1] 7
27/ 2 s // P

Fre.21.

0-149 by increments of 0-001 ; the third series from 0-050 to 0-950 by
increments of 0-05 ; and the fourth series consists of blocks 1, 2, 3 and 4
inches in length respectively.

A general view of a box of gauges is shown in Fig. 21. The surfaces
of the gauges are such perfect planes that when assembling two gauges
they adhere to each other. This adherence is the fundamental basis of
the method, and only comes into action when the surfaces are perfectly
clean, i.e. that there is nothing between the two gauges when wrung
together that could influence the size of the combined gauge, such as
grease, dust, scratches, ete., and, further, the adherence makes the ma-
nipulation of an assembled series as easy as a single rod. From a con-
sideration of the units composing the above series it will be seen that the
blocks in the first series will divide up the spaces between those of the
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second series, while the third and fourth series can be divided up by the
first and second series; or, in other words, any size can be obtained
between 0-2 and 10 inches, rising by 0-0001 inch.
By various combinations 80,000 different sizes are
possible, all of which are accurate within 4-0-00004
inch, whether the size is made up of one or six
blocks. A typical assembly is shown in Fig. 22.
The application of these gauges to the verification
of working gauges such as external limit callipers and
similar parallel fixed gauges is obvious. Their use in a more complex
case is illustrated by Fig. 23.

Fra. 22.

‘t -‘IJ.hnnt:ul\. FIG' 2'3'

To extend the use to external measurements “ points ’ are supplied.
These “‘ points ” are double the length of the gauges and have one surface
lapped to the same degree of accuracy and flatness as the gauges. By
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wringing them over the end surfaces of a combination or a single gauge
they adhere and form an exact ““ snap ”’ gauge. For half the length of
the opposite sides they are rounded to a certain radius, and by adding
the thickness of these points where rounded to the size of the gauge
between the points an accurate “ plug *’ gauge is made up of any desired
size. A typical gauge is illustrated in Fig. 24, and an application to the
verification of a plug gauge in Fig. 25.
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over that of mechanical measurements in so much that it is possible to
examine the whole of the screw surface in detail by simple inspection.

The projection method, if employed with due precaution, has great
possibilities in connexion with workshop measurements, and conceivably
it might be developed into a form which could be applied to the job
whilst in the lathe so as to afford guidance during the actual machining.
On the other hand, the method of mechanical measurement surpasses the
projection method in absolute accuracy and is the ultimate standard
of reference in case of doubt. .

MECHANICAL MEASUREMENT OF SCREWS

The appliances described below are those in use at the N.P.L. for the
measurement of screw gauges. It might be remarked that they are
primarily adapted for “ plug ” screws. The internal threads on ring
gauges cannot be completely measured by mechanical methods; it is
therefore customary to supplement measurements of core and full
diameters by making a Plaster of Paris cast of a portion of the thread
and examining, by means of the projection method, the thread form.

In a Whitworth thread seven separate elements have to be measured :

(1) Full (or major) diameter.

(2) Core (or minor) diameter.
(3) Effective (or pitch) diameter.
(4) Pitch.
(5) Angle.
(6) Radius at crest.
(7) Radius at root.

Full diameter—The measurement of this quantity is effected by means
of a micrometer in a similar manner to that adopted for a plain cylinder.
It is advisable to check the accuracy of the micrometer by measuring a
cylindrical plug® of known diameter nearly equal to that of the screw.
For this purpose a set of Hoffman rollers, illustrated in Fig. 26, are very
useful. They are made up in sets of fifteen, varying in size from } inch
to 1} inch for this purpose at the suggestion of the N.P.L.

Core and Effective Diameter—The principle involved in the measure-
ment of core and effective diameters is shown in Figs. 27 and 28. For
the core diameter two bars of triangular section, the angle at the apex
being considerably less than that of the screw, are inserted as shown in
the thread, and a micrometer reading is taken over these, and secondly,
a reading is taken with the bars against a cylinder of known diameter.

! See N.P.L. Report, p- 89, 1919, for circularity tests on cylind_ers.
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For the effective diameter, two small circular cylinders—two selected
needles of known diameter—are inserted in the thread, and a micrometer
reading is taken over these ; the mean diameter of the needles is deter-
mined by measuring them when suspended against a cylinder of known
dimensions, and from these two readings the effective diameter can be
calculated. Instead of a plain cylinder, one having a circular V groove,
with an angle of 55 degrees cut in it to a suitable depth, may be employed.
This is tested by means of two accurate cylinders, and its effective diameter

is found as though it were part of a screw thread. It can then be used
as a reference bar.

In choosing cylinders for the measurement of effective diameter it is
advisable to obtain a size which touches the flanks of the thread about
half-way down, as then errors in angle have least effect on the result.
Somewhat smaller cylinders may be used, but the margin is not great, as
the cylinders will disappear in the thread if too small. Considerably
larger ones may also be used, and will give accurate results provided the
thread form is correct. Varying values obtained for the effective diameter
by using cylinders of different sizes at once indicate incorrectness of
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COMMERCIAL SIZES AND APPROXIMATE DIAMETERS OF

SEwine NEEDLES
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0047 07042 | 0-038 0036 04033 | 0°029 | 0-026
{

0023 | 0:020 | 0017 | 0.015

Fig. 29 shows the method of constraining a micrometer so that
it can on]y measure at right angles to the axis of the plug screw gauge.
Unless such a mounting is adopted it is necessary to use three needles—
two on one side and one on the other—to ensure that the anvils of the
micrometer are at right angles to the axis of the screw.

The screw gauge S shown dotted is held between adjustable centres
which are clamped in V grooves machined in the frame casting C. In
the base of the frame two other V grooves are machined parallel to the
line of centres. A saddle B, on which is machined a V groove and a flat,
slides on the frame, being guided by short cylinders sliding in the grooves.

On the top of the saddle B are machined two V grooves in which run
steel balls. These grooves should be straight and approximately at
right angles to the line of centres. The micrometer 3/ is mounted on a
carriage A provided with a V groove and flat which permit it to run
freely on the balls. The long screw 7' to one end of which the micrometer
is bolted provide a means of adjusting the micrometer square to the
screw gauge. This adjustment is essential.

In this type of machine it is convenient to suspend the vees and
cylinders by cotton threads as indicated in the figure. .

The type of machine illustrated in Fig. 29 can be readily modified
to measure plug screws of larger diameter. The 2-inch micrometer is
replaced by a micrometer head and an adjustable anvil, suitably mounted
on a carriage running on balls.

MEASUREMENT OF PITCH

Attention might be drawn to the fact that pitch error may be of two
kinds: (a) A progressive error, increasing regularly as we go along
the screw ; and (b) superposed in many cases on this a periodic error,
depending frequently on some want of adjustment in the leading screw
of the lathe on which the thread was cut. Examples of these errors will
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be given later. In measuring the pitch of a screw, it is mounted on
centres on a stiff bed which carries a saddle sliding parallel to the line of
centres. This saddle is moved by a screw which has been carefully
calibrated, and the motion is read on a large micrometer head. In its
simplest form the saddle carries a pointer accurately ground to an angle
of 55 degrees, with its axis at right angles to that of the screw. The
pointer can slide in the direction of its own length on the saddle. The
pointer is set by the micrometer with its two edges in contact with the
sides of a thread and a reading taken. It is then withdrawn, the micro-
meter is turned until the pointer is opposite the next thread, when it is
again adjusted, and so on. A series of readings taken thus gives the dis-
tances between the consecutive roots of the thread, i.e. the pitch, and
from these the pitch error is calculated. The method is slow and not
very accurate, and it is difficult to set the pointer.

An improved form of this apparatus is shown in Fig. 30, and this
works as follows :

The screw is mounted as before, but the feeler carried by the saddle
takes the form of a small spherical ball at the end of a bent lever. The
ball is held pressed into the threads of the screw by a light spring, and as
the saddle is traversed along the ball moves to and fro, always remaining
in contact with the secrew. The ball is too large in diameter to reach the
bottom of the thread. In its motion it slides down one flank of the thread
until it is arrested by contact with the opposite flank, when it immedi-
ately begins to move up this flank ; this change of motion is very sharply
defined. By noting on the micrometer screw the positions of the slider
at which these changes of motion take place, we have a means of
measuring the pitch of the screw. To effect this a mirror is attached
to the arm carrying the small sphere and rotates backwards and forwards
as the arm moves. A spot of light reflected from the mirror on to a scale
moves in one direction, then stops and moves back ; after a time its
motion is again reversed, and so on. The sharp reversals caused by the
point of contact of the sphere passing from one flank of the screw to the
opposite flank are clearly defined, and by their means an accurate measure
of the pitch is obtained. Fig. 31 gives one of the curves actually
obtained at the N.P.L. in this way. This particular screw gauge had
18 threads to the inch.

It will be observed that the curve shows periodic variations of 6 to
the inch, and the lathe on which the thread was cut had a leading screw
of 6 threads to the inch. It is generally found that the most pronounced
periodic error—an alternate lengthening and shortening of the pitch of
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a screw—repeats itself every revolution of the leading screw of the lathe.
This may be due to one or any combination of the following :—

(1) Intrinsic error of the leading screw ; being cut incorrectly.

(2) Incorrect centring of the gear wheel on the lead screw.

(3) Lead screw not revolving truly about its axis.

(4) Imperfect adjustment of the bearing which takes the end thrust.

The last mentioned is the most common source of the error. In the
case of the screw gauge whose errors are depicted in Fig. 31, the periodic
errors are not serious but somewhat variable. Another interesting feature
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to be noted about this curve is the existence of a distinet underlying
period of one per inch which is shown dotted. Such error may be caused
by rotating parts being out of balance or mounted eccentrically.

MEASUREMENT OF ANGLE

The apparatus illustrated in Fig. 32 is used for measurement of thread
angles and for general observation of the form of the thread. The screw
gauge S is held between centres which slide in holes or vees in two blocks
B; and B,. The two blocks are clamped on to a length of screwed rod
R, so that they move solidly together. The screwed rod also acts as a
rack and is moved longitudinally by means of a pinion P. This pinion
is inclined and acts as one support of the moving screw holder. The other
supports L,, L, are L-shaped grooves which carry the two rods C; C,
holding the screw. Five degrees of freedom are constrained by these
five point contacts, leaving only one linear motion possible. The trans-
verse motion is provided by mounting the microscope on a base plate K,
sliding between bevelled guides. The third motion, that of rotation, is
obtained by turning the eyepiece of the microscope which carries the
cross wire . This rotation is measured on the graduated scale. The
axis of the microscope is set at right angles to that of the screw, and care
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an axial section of the screw is under examination. The microscope is
then rotated about its axis until the cross wire is along the flank of one
of the threads and a reading is taken ; the tube is turned and the screw
traversed until the cross wire lies along the opposite flank, and a reading
is again taken ; the difference between these gives the angle of the screw.
By setting the cross wire to run along the crest of the thread and taking
a reading, the squareness of the threads to the axis can be verified, while
the general shape of the thread is obvious to the eye.

By attaching the part carrying the screw to two slides at right angles,
one parallel to and the other at right angles to the axis of the screws, fitted
with accurate micrometers, measurements of the diameters and pitch of a
small screw may be made.

OpricAL PROJECTION METHODS

The optical method of measuring screw threads has the merit of
simplicity and sufficient accuracy for most purposes. The horizontal
type of apparatus is a development of the familiar optical lantern, adapted
for the projection of the outline of a solid object instead of a transparency.
A magnification of about 50 is generally aimed at, as this has been found
to be the most convenient value for ordinary screw gauges. The actual
magnification is determined by the quality of the projection lens and the
diameter of the screw to be projected. For any lens the definition of the
image falls off to a marked extent as the diameter of the gauge is increased.
The lens should have a focal length of between 2 and 4 inches, and those
of large aperture which have exceptionally good central definition have
proved most satisfactory.

The apparatus for horizontal projection (without the screen) is shown
in Fig. 33. The gauge under test is mounted on centres, so that the
axis is exactly at right angles to the axis of the lens.

By means of suitable slides the gauge can be moved in a plane parallel
to the screen either in the direction of its axis or at right angles to its
axis. The beam of light has to be “raked ” so as to graze either the
upper or the lower side of the screw, and this can be done by swivelling
the arm, which carries the arc lamp and condenser, about a vertical
axis through the lens. The magnification is adjusted by the use of a
parallel cylinder of known diameter instead of the gauge. Distortion is
indicated by the width of the image of the cylinder being larger or smaller
at the centre of the field than at the edges. The whole field may be con-
sidered free from distortion if the width of the images of a cylinder whose
diameter covers about two-thirds of the field, and also of a much smaller
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cylinder, are both free from measurable variations across the whole width
of the field. The accuracy of the adjustment of the beam along the rake
of the screw is shown when both flanks of the screw thread at the centre
of the field are equally well defined and both in focus.

The angle and squareness of the thread may be measured by a pro-
tractor such asis shown in Fig. 34. The white disc4, about 8-inch diameter,
bears a thread-form diagram,
and is arranged to pivot
centrally on a board B. The
disc is recessed into the board
so that their upper surfaces
are flush. The board runs on
a ledge as shown so that the
diagram can be adjusted to
the shadow in a horizontal
direction. The disc has a line
aa drawn on it which answers
the same purpose as the cross

Fre. 3¢,

PROTRACTOR FOR THE MEASURENENT OF ANGLE wire of the microscope (See
AND SQUARENESS OF THREAD,

p. 34) when measuring angles.

To measure the angle and its squareness the line aa is first set to read
0° on the scale marked on the board B. The screw S (or some equiva-
lent means), shows diagrammatically a means of adjusting the board
until the line bb becomes parallel with the crests of the shadow. The
shadow has to be moved up or down to bring the crests of the threads
into coincidence with this line. The dise is then rotated until the line
aa coincides with the two flanks of the threads in turn, readings being
made on the angle scale at each setting. In this manner the angle which
each flank makes with the axis i measured directly. The sum of the
two angles gives the angle of the thréad.

The machine serves also for testing plate or profile gauges.

VERTICAL PROJECTION APPARATUS

An elaboration of the previous apparatus in which micrometer move-
ments are applied for measuring effective diameter and pitch is shown in
Figs. 35-46. 1In this case the gauge is mounted between centres just
above a horizontal table, the illumination being (approximately) vertical.
The image is reflected down on to the table from a horizontal mirror
placed some distance above the gauge. Thus gauge and image are close
together and both simultaneously under the control of the observer.
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With this apparatus measurement of the diameter and pitch of screw
gauges can be made to almost as high a degree of accuracy as can be
obtained by the mechanical methods.

Figs. 35 and 36 show the apparatus in elevation and plan, Fig. 37 is
a vertical section through the vertical post and the second micrometer,
and Figs. 38 and 39 are explanatory diagrams of the complicated arrange-
ment. The arc lamp, to the left of the machine, which supplies the beam
of light, is of special design. The carbons are adjusted by the observer
by means of the horizontal rod connected to the bell-crank lever which
operates the slides carrying the carbons. The reflector above the lamp
(Fig. 35) which consists of a ground glass and a coloured glass, enables
the observer to watch the arc itself. The beam is rendered parallel by a
condenser ; the reflecting prism of 45 degrees is placed in the base of the
machine, as Fig. 35 shows. If we look at Fig. 38 we see on the top the
reflecting mirror ; lower down the holder of the lens (a kinematograph
lens) above the centre carrying the gauge under examination. To the
left will be also seen another centre which is used for holding gauges of
more than 2-inch diameter. Further down will be seen the table (see
also Fig. 37), the movement of this table being controlled by the handle
shown best in Figs. 35 and 36. To the right of Fig. 35 will be seen the
incline for adjusting the beam of light reflected from the prism to the
rake of the threads of the gauge under examination, a roller bearing on
the inclined plane being connected to the prism by the lever shown in
dotted lines. The two micrometers, to which reference will be made
later on, are shown clearly in Figs.
g ) 35, 36 and 37.

?ua

Jw"wmwlaptil Dachoct The body of the machine con-
Micromete a1 sists of a bedplate carrying two
Lower Stide. . slides. The lower slide (Fig. 40)
moves horizontally in a direction
i . at right angles to the axis of the

L Swp faxed to : Tt
| Zower Stide. ~ SCTew gauge ; this motion is con-
[' pliccomaernuz trolled by the pair of micrometer
: screws whose handles project in
front. With the help of these

screws rapid measurements can be
made on the diameters of the screw
gauges up to 2 inches in size. In measuring screw diameters the lower
slide need not be fed right across by rotating the micrometer screws.
The slide is simply moved across, first to one side, and then to the other,

Fic. 40.
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and the sum of the micrometer readings gives a measurement of the
motion of the slide from one side to the other. The actual movement
of the slide is accomplished by a * throw-over ** gear. consisting of a
weight and a set of levers shown to the right of the machine (Figs. 35
and 36) : this motion iz steadied by an adjustable oil dash-pot at the
rear of the machine. to prevent any jar on the micrometer spindles when
they come in contact with the stops. The second upper slide rests on the
lower slide and can move along it in a direction parallel to the axis of the
gauge. This movement is controlled by a third micrometer seen on the
right of the machine in Figs. 35 and 36. It is by this micrometer that
pitch measurements are made, and the pitch-micrometer screw has to be
accurately calibrated for the purpose. Errors in the diameter-micrometer
are of less importance, since the machine is set up on a plain cylindrical
plug of approximately the same diameter as the gauge to be measured.

Fl. #1.

VAVAVA

Standard thread-form diagrams, such as Fig. 41 illustrates, are used on
this machine, and by their aid errors in the form of the thread. as small
as 0-0001 inch, can be detected. The magnification used is 50 diameters :
this can be adjusted by varying the height of the reflecting mirror.

The thread-form diagram should be held against the screen and allowed
to rest on an adjustable straight edge fastened to the latter. A screw
or an eccentric adjustment is provided at 4 (Fig. 42). and a pivot or screw
at B. The screen itself must be adjustable vertically. The thread
shadow should be made to touch the diagram on the full diameter line
aa by the aid of the vertical adjustment and of the straight-edge adjust-
ment 4. A simple side shift of the diagram on the straight edge will
then enable the observer to adjust the diagram as in Fig. 43 : the variations
from the standard form can thus be observed. The black portions &b
indicate an excess of metal. the white ww portions mark where metal
is missing from the thread ; the overlapping at &b can only be seen in a
suitably darkened room. As regards actual measurements, it has to be
borne in mind that, when the thread-form is mounted on a thick board,
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the magnification of the image of the gauge will be less on the diagram
than on the screen itself. This error may be corrected by moving the
mirror further from the screen, one-half the distance of the thickness of
the diagram used. With 20 feet distance from lens to screen, 0-1 inch
thickness of the thread-form diagram will reduce the magnification from
50 to 49-98 ; this error would amount to 0-004 inch on a 10-inch measure-
ment on the screen, and is therefore negligible for ordinary screw-thread
inspection.

The thread-form diagram enables the observer clearly to discern all
the variations from the standard form, including crests and roots. When
only variations in angle, squareness and straightness of flanks are to be
studied, a “ shadow set square *’ may be used instead of the thread-form

['{7 43.
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diagram. The straight edge cc of this set square (Fig. 44) is made to
coincide with the crests of the screw shadow, and the set square is shifted
along the adjustable straight edge, until there is only a narrow band of
light between the shadow of the thread flanks and the shadow of the set
square edge. To obtain measurements of angles in degrees a * shadow
protractor”’ (Fig. 45) is used ; the screw-gauge shadow appears on the
white opaque celluloid face of the protractor, and also the shadow of
the straight edge dd and the edge of the protractor arm. In the thread-
form diagrams usually employed the thread, the full diameter, and the
core edges are duplicated, making the snake-like pattern shown in Figs.
42 and 43. The second set of edges and the plain band of the top of the
diagram are used for diameter measurements on the special vertical
projector for screw gauges and are not reqmred for thread-form examina-
tion in the horizontal projector.

Jn hlnh. 1“ il um
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and reverse the images by fine adjustment of these prisms about a vertical
axis; the two profile images can be got into “mesh ” and the final ad-
justment during measurement made with the large micrometers shown
in Fig. 48. Adjustment is first effected with a standard screw, and it
can then be ascertained by inspection whether the screws under test
are of the correct diameter.

Fig. 50 illustrates the images obtained when the machine has been
set to compare diameter. The first screw is very much uundersize ; the
second is correct, since the root and crest images just touch each other,
the overlap on the flanks being due to interference caused by the light
not being projected along the rake; while the third diagram shows a
slightly oversize screw resulting in overlapped images.

Undersize Correct: Oversize
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CHAPTER II1
MEASUREMENT OF AREA

THE engineer is concerned with the measurement of area in various

ways, such as estimation of work done in steam engine cylinders from

the integration of the indicator pressure diagram: quantity evaluation

from the area of the charts of recording instruments; determination of

the volume of material to be moved in preparing cuttings, embankments

and railways; and finding the second and third moments of areas

to obtain the centre of gravity and moment of inertia about a
given axis for structural calculations and ballistics.

The area of an irregular figure is generally estimated by

arithmetical calculation, by adding together the areas of a large

A number of strips

¢ into which the

8 0 area has been

divided. Nimple

rules have been

devised for effect-

X ing this calcula-

tion. Of these

E Simpson’s Rule

A is perhaps the

F best known. This

Fie. 51. ruleis based upon

the fact that ares

of parabolas can be_ drawn, to fit the curve approximately.

through the tops of a number of equidistant ordinates taken

three at a time. For example, let 4 B D E (Fig. 51) be the

figure whose area is required. Draw ordinates dividing the area into

an even number of strips of equal width. Thus there will be an odd

number of ordinates, including the first and last. Numbering the

ordinates y,, ¥s ¥: - - - Add together the first and last ordinates,

a7
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twice the sum of the other odd ordinates, and four’times the sum of
the even ordinates; multiply the result by one-third of the distance
between two adjacent ordinates. The result gives the area of the
figure thus :

h
Area:A:§Ly1+y,,+2(y3—|—y5+ o )ty tys - . ):I

where A=distance between the ordinates.

The above and similar methods are cumbersome and involve a con-
siderable amount of arithmetic and measurement; mechanical instru-
ments are therefore almost universally employed when areas have to be

measured. The best known instrument for this purpose is the Polar
Planimeter, invented by Dr. Jacob Amsler in the year 1854. This is
shown in its simplest form in Fig. 52. The device consists of two arms
A and P, hinged together at /. The tracer arm A4 carries a small wheel
L which is mounted with its axis parallel to a line through the tracing
point and the hinge, and free to roll on the paper. The polar arm P is
provided with a needle point which is pressed into the paper and the
instrument swings about this fixed point when in use.

The following is a simple theory of the action of the instrument.
Let O (Fig. 53) be the fixed point of the polar arm, O 4 P the plani-
meter, 4 the joint.

1. Fix the joint 4 and move P to P, on the arc of a circle, centre O,
then if OA.turned through an angle @ the dial at 4 would register an
angle M @ cos ¢, if the angle between A P and O A produced was ¢, and
M was some constant.

2. Fix the arm at the joint O and move P; to P, on the arc of a circle,
centre 4 ; the wheel will record a reading C say.

3. Fix the joint 4, and move 4, back to 4, and P, to P,; the wheel
at H would move back an angle M @ cos ¢1, if ¢! was the angle between
A P; and O H produced.

4. Fix the joint O again, and move P, to P on the arc of a circle
centre A, the dial would move back through an angle ¢' and cancel the
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Fig. 55. The original form of the Amsler planimeter did not permit of this
reversal, but modern instruments are designed with this object in view
and this type of instrument is known as the compensated planimeter.!
A typical example is shown in Fig. 56. P is the polar arm, b is a small
weight for pressing the needle into the paper. A the tracer arm, L the

Fia. 55.

recording wheel and D the hole into which the ball-ended projection on
the tracer arm fits. The small screw at C enables the parallelism of the
wheel axis to be actually corrected if found necessary by reversed reading
as above.

The second source of error is due to slipping of the wheel, especially
on rough or crinkled paper. Special instruments are made in which the
recording wheel rolls on a smooth disc, as shown in Fig. 57. This disc
derives its rotation through gearing from a wheel which rolls on the dia-

Fia. 56.

gram, and the recording wheel swings around a vertical axis through the
same angle as the tracer arm. The wheel therefore rolls on a circle, on
the dise, whose radius varies with the angular position of the tracer arm.
The use of these instruments is somewhat limited, and the simple form
generally suffices for ordinary work.

! The modern development of the planimeter is largely due to Conradi, Switzerland.
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The accuracy of the result obtained by measuring a given area
depends to a large extent on the possible accuracy of reading the wheel,
and although this is provided with a vernier it is desirable to make the
reading of the wheel as big as possible, for small areas, by shortening the
arm of the planimeter to suit the area being measured and then use a
multiplying factor. This can be easily effected on’ the planimeter shown
in Fig. 56, by sliding the tracer arm in or out, and this adjustment has the

additional advantage of allowing the arm to be set to such a length that
the reading is correct in certain alternative units, such as square inches
or square centimetres. The setting can be quickly verified from time to
time by the use of a simple accessory provided. This consists of a small
metal strip with a needle point projecting at one end and a series of
small holes drilled along its length to hold the tracing point of a plani-
meter, as shown in Fig. 58. By pressing the needle point into the paper
and inserting the tracing point into one of the holes, the tracing point
can be made to circumseribe a circle of definite area and the reading on

the dial of the planimeter can be compared with this known value. A
series of holes are provided to correspond to different units. Several
slightly modified forms of the polar planimeter are obtainable for special
purposes. For instance, adjustable planimeters can be fitted with two
points, one on the tracer arm and the other on the frame for setting the
length of this arm to the width of indicator diagrams as in Fig. 59; in
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which case the reading is so arranged as to be equal to the mean height
of the diagram in fortieths of an inch when the planimeter is taken round
the diagram. The mean pressure during the stroke being thus obtained
immediately by multiplying by the scale of the spring used in the indicator.

7
A / 8
%@;
(A T 2

Fia. 59,

Another ingenious modification is that used for finding the mean
ordinate of circular charts, and is shown in Fig. 60. The tracer arm is
in this case made of inverted U section and slides radially on a knob D
fixed in the centre of the chart. In this manner the arm is securely
guided with regard to the centre of the diagram, if the tracing pin is
set to the point of commencement of the registered curve, and traces
the whole curve from left to right. Following the radius to or from the

Fi1a. 60.

centre to the same distance as that of the starting-point, the reading
multiplied by a constant denotes in inches the mean radius of the diagram,
if the registration is exactly one round of the chart. Ifit is less or greater,
the obtained reading of the roller must be reduced to one revolution.
Tf, for instance, the time of registration is only sixteen hours, then the
reading must be multiplied by 24/16. The ordinates may be straight
or curved provided they have equidistant intervals.
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angle turned through by the arm in making a complete circuit of the
curve. The area swept out by the arm is made up of the required area
S of the curve C, and the area (which will be described in the opposite
sense) between the curve C! and the initial and final positions of the
arm A B. This latter area can be shown to be approximately 4/%¢ if the

F1a. 62,

normal to 4 B at A, in its initial position, divides the curve into two
nearly equal portions
1 1

& —§l2¢=§l2¢

ie. S=0%p.
Hence, if 4 B, A B! be the initial and final positions of the arm, the
required area is equal to the product of 7 and the length of the arc BB*
of the circle whose centre is 4 and radius /. In Prytz’s own theory of
the instrument he starts the tracer at a point O interior to the area to
be measured, moves it along a radius vector, makes a complete circuit
of the curve, and returns to the point O by the same radius vector, and
he shows that if O be approximately the centre of gravity of the area,
the area required is given approximately by /2¢ as above.

Within limits the chord can be measured instead of the arc l¢ if O

be near the centre of gravity.

In Goodman’s form of Prytz’s instrument a part of the arm is bent
into a graduated circular arc of radius /. This enables the required area
to be got by measuring the arc BB! by means of this scale, and the
scale is calibrated so as to give the reading in units of area. Kriloff has
substituted a sharp edged wheel for the knife edge, and claims greater
accuracy in the results obtained,
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Now sin a=b
1
therefore the areaz?a b.

If lﬁ is made equal to unity in any appropriate system of units the

recording wheel will read area directly.
An example of a very simple linear planimeter is shown in Fig. 64

CVIDE BAR

this is known as the * Coffin ” planimeter and is specially adapted for
indicator diagrams.

Fig. 65 shows a more generally useful form fitted with a roller 4
milled at each end to prevent slipping. This roller is pivoted in the

Fie, 65.

frame B to which the tracer arm F is hinged. The recording wheel is of
the usual form, as shown at M.

A more elaborate instrument of the same type is shown in Fig. 66,
which also rolls on the diagram, but has a disc on which the recording wheel
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The sum of an infinite number of such expressions as these, when Az
becomes infinitely small, gives respectively the moment of area and
moment of inertia of the whole figure according to the expressions

Moment of area =M =% j ydx

Moment of inertia—=1 =% S yidx.

Now it is possible to obtain these results mechanically by causing
the measuring roller to be directly turned at a rate which is made to vary,
not as in the simple planimeter with the value of the ordinate (y), but
with its second or third power. Though no method of directly doing this

Y \ Guibe

0 |Axis ror Moments _ 2O __s__ i)

Fi1e. 67.

has apparently yet been suggested, yet the same result is practically
effected by the very simple application of a mathematical principle in
the Amsler “ Moment Integrator.”

Let the pole arm CB (Fig. 67) be attached to a toothed segment Z,
which gears with a toothed wheel Z,; the effective radius being as
1is to 2.1

Let the centre C of Z, be carried along O X. '

Let m? be a recording drum, acting in every way as the measuring
roller of the Amsler planimeter, whose axis is carried in the plane of the
wheel Z,. 1

When the pole arm coincides with O X, let the plane of rotation of the

! By this ingenious arrangement of mechanical parts the same result is obtained by

the use of two equal wheels as if the pole arm OB carried & quadrant of twice the radius
of the wheel Z, and Z, turned about an axis fixed to the frame,
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another wheel Z;, with which it gears. The action of the roller m, carried
by the wheel Z;, is exactly the same as that of m, (Fig. 67), except that
its angular motion is three times as great as the pole arm CB instead of
twice as great as in the case of the other roller.

2

Axis FOR MomenTs

By reasoning similar to that already adopted, and taking the plane
of rotation of m, perpendicular to O X in its initial position, instead of
parallel to it, as in the former case.

Then ____luningofm, _2mm, 20,
Motion of translation of m; Az SRV
=sin 3a
=3 sin a—4 sin 3a,
but SB=y5=sin a.
OBRVE
Therefore 2irﬂf3=3 sin a—4 sin3 a
G
_ 3y _43{3
R, R}
3 4
or =(y====t = SN
e <27rrR1> il <2erl3> g

which, when the pointer is taken round the curve, gives, with suitable
values of the constants

n3=j ydx —% j yidx.
=area of B D E A—moment of inertia of BDE A.
=A-I
or I=4-—n?
The instrument has an area planimeter roller on the pole arm, and by

reading the rollers m, and m; and subtracting the results, the moment of
inertia is obtained about the axis OX.
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to its own planc along the line 4 C, and then rolling from € to B; the
slipping must always take place to a more or less extent and eventually
wears slight flats on the wheel which affect the accuracy. Attempts
have therefore been made to render the motion entirely rolling without

Another scheme is to employ spheres and arrange the recording wheel
to swing around on a generating line. The velocity ratio of the sphere
and wheel in Fig. 73 will vary in proportion to r, the diameter of the

Fic. 72, Fia. 73.

measuring roller being fixed or as R sin a. The only slipping is that
which occurs during the change in a. This could be eliminated by using
a cylinder which rolled on a generating line during the change in a, as
suggested by Amsler, but the instrument is too complicated mechanically
to justify its construction.
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A very neat example of an integrator using spheres has been designed
by Prof. Hele Shaw, and is shown in Fig. 74. The three glass spheres
derive their angular rotation from the rollers resting on the diagram,
and each sphere is supported by small wheels, as shown. The recording
rollers are attached to the upper framework and rotate about a vertical

Fi1e. 74.

axis. The recording wheels measure, under A area, under 3 moment ot
area, and under J moment of inertia of the area. Three tracing points
are provided along the pole arm for various scales to suit small or large
diagrams.

ACCURACY OF PLANIMETERS

Very extensive series of experiments have been carried out by different
observers on the errors of various types of planimeters. Amsler found
that with a disc type instrument, after making successive series of 8
revolutions of the disc corresponding to 130 revolutions of the measuring
roller the difference in the ratio of the readings of the disc and roller in the
second 8 revolutions in the worst case amounted to —0-0C03 and generally
was less than +0-600001.

For the case of the polar planimeter, he found the maximum error
occurred when the axis of the wheel was at about 45° to direction of
motion, and was then about 1 in 1000 of the reading calculated, but in
general the error was much less than this.

Prof. Tinter formed the conclusion by examining nine different plani-
meters, that the angle of the measuring roller had very little effect, but
agreed with the previous paragraph in estimating the error as from
000075 to 0-0013 dependent upon the fact as to whether the centre of
rotation was within or without the area. Finally, Prof. Lorber, from



64 MEASUREMENT OF AREA [cHAP. I

very elaborate and extensive experiments, concludes that the error in
the reading is represented by
dn=K +uvn,
dn=the error in the reading. K and u being constants
and n=reading the measuring roller.

dFn=Kf-+uVFf
where F =actual area to be measured
dFn=the error in the result in terms of ¥ the area.

The following are some of his results.
Polar planimeter dF'=0-00126f+0-00022+/ Ff
‘Linear planimeter =00081f +4-0-00087/ Ff
Rolling planimeter =0-0009f -+0-0006 v Ff

It is evident that under the best conditions the accuracy of the
planimeter is very high, probably greater than the accuracy of the
diagram. But it must be borne in mind that friction at the pivots and
maladjustment will very materially influence the accuracy under ordinary
conditions of working.
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meter, invented by Thomas Kennedy, in 1852, and shown in Fig. 75.
In the cold-water meter the vertical measuring cylinder is provided
with a piston kept tight by a rubber ring, which rolls between the surface
of the cylinder and the bottom of the wide greve in the piston, so avoid-
ing sliding friction.! The upper end of the piston rod is provided with
a rack which rotates a pinion eonnected with the counter, and also
operates the valve gear.
The pinion carries an arm
which catches the haft of
a swinging hammer; the
|« Counter arm lifts the hammer
until it has passed its
dead centre, when the
hammer falls over by
gravity and strikes a
finger connected with the
valve gear and so reverses
the motion of the piston,
and similarly on the re-
turn stroke. The swinging
hammer prevents the

valve from stopping in
L 6{3/6/?; its mid position. A buffer
'pg;m'n! is provided which absorbs
any surplus energy in the
hammer which comes to
rest with a thud.

It will be observed that
the indicating mechanism
measures the length of

§ ; the stroke, and not the

Frg. 75 Jection of Cold Waier Merer b b rdpioondions,
This is important, because the travel of the piston is subject to accidental
variations, due to speed of working, friction, etc. By means of a double
ratchet, operating through the little bevels, the length of the stroke is
measured continuously during both the up and down motions of the
pistons. TIf it is desired to record the rate of flow with the piston and
cylinder type of meter, which is essentially an integrating meter, it
becomes necessary to introduce a clock and drum, by means of which

! In the same way as that employed in the air brake of railway carriages.
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the number of operations in unit time are recorded or shown. This
is effected in the Kennedy meter as follows: The recording arrange-
ment (Fig. 76) consists of a crank A. driven from the index gearing,
and connected by means of a connecting rod B to a vertical sliding bar
C. The gearing is so arranged that the crank, and therefore the sliding
bar, makes one complete up and down motion for, say, 200 gallons,
and a line is thus drawn on the
diagram E, which is wound round
the drum of the clock, a pencil
being mounted on the lower end
of the sliding bar.

The Frost Meter.— Another
form of piston and cylinder meter,

which is in extensive use, is
shown in Fig. 77. This meter
was patented by Messrs. Chadwick
and Frost in 1857. It consists cf
a vertical cylinder, fitted with a
cup-leather piston. The piston
rod extends upward into a valve
chest and is provided with two
tappets for moving the valve gear,
and also with a pawl for rotating

the counter. The valve gear con-

sists of two horizontal slide valves
one above the other. The upper
or auxiliary valve is moved by the

tappets on the piston rod through
a bell-crank lever and lets water ﬁg 76

to and from two small cylinders RECORDING MECHANISM ATTACHED TO
that contain pistons attached to  *¥ INpEARer T D& N, s =5
the lower or main slide valve, which thus distributes the water to the
large measuring cylinder below.

Worthington Piston Meter—Another meter of the same eclass, but
differing radically in mechanical details, is the Worthington Piston Meter.
This meter has been designed primarily for use in connection with
boiler plants—the feed-water supply being an indication of the stream
generating capacity of the boiler at any time. The illustration below
(Fig. 78) shows the detailed construction which in general design is
similar to that of the ordinary duplex double-acting pump.
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There are two cylinders, in each of which a plunger moves backward
and forward through bronze linings, carrying a slide valve over ports
in the bottom of the meter. Through these ports the chambers at either
end of the plungers are alternately placed in communication with the
inlet and discharge openings. Each of the plungers imparts a recipro-
cating motion to the lever, shown near the top of the main casing, which

PLAN WITH TOP COVER REMOVED

MOTION

with Change Wheel

PISTON AND ROD.

in turn operates the counter movement through the spindle and ratchet,
as shown. Thus it will be seen that the counter is arranged to move the
dial pointers once for every four strokes of the plungers.

The counter is read in the same way as the counter of an ordinary
gas meter. When a pointer is between two figures the smaller must be
taken, as it is obvious that the pointer is travelling towards the larger
figure and has not reached it.
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Nutating Piston Meter.— This displacement meter is of novel mechani-
cal construction and has the advantage of extreme simplicity. Conse-
quently it is frequently used for metering the water supply to small
consumers. The complete meter is illustrated in Fig. 79, whilst Fig. 80
is an enlarged view of the disc and casing. The disc of vulcanite is mounted
on a ball working in sockets at the top and bottom of the chamber and
just touches the sides of the chamber all the way round, dividing it into
an upper and lower compartment. On one side is a thin partition extend-
ing half-way across and passing through a slot in the disc. The disc
does not rotate, but has a motion similar to that of a coin which has been
spun on edge and is coming
to rest, tilting around its
edge.

In the position shown in
Fig. 79 the water will enter
from above, as indicated by
arrow at one side of the
partition (shown at the right
in Fig. 79), flow under the
dise, tilting the back edge of
the disc upward as it moves
around and the opposite edge
downward, forcing water out
through the lower opening
f-/g 79 at the rear side of the par-

tition, as shown by the

arrow. Water enters above the disc in a similar manner : while one
compartment is filling another is emptying, making the flow con-
tinuous. The end of the spindle projecting upward from the disc is
given a circular motion. In revolving it pushes around a little lever
attached to the spindle of the gears in the middle compartment, which
in turn move the hands on the register dial. Each complete move-
ment corresponds to filling the measuring chamber once. The number
of times this is done is recorded by the dials.

Disadvantages of the Piston Type Meter—Although the displacement
type meters are theoretically the most accurate there are serious practical
disadvantages if the water is not frce from solid matter, such as sand,
ete., on account of the friction and wear of the closely fitting ports,
and this defect is especially noticeable with the nutating piston form,
which has no packing on the piston,
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Testing of Piston Type Waler Meters—Any meter used in connection
with a steam plant or other installation where accuracy is desired. should
have a complete by-pass arrangement so that it can be periodically
tested and quickly cut out in case of emergency. It is most desirable
to arrange the meter so that it can be tested for accuracy without much
trouble. Bearing in mind the liability to error of all types of water
meters it is of little use regarding them as instruments of precision,
and having no method of checking their accuracy.

With the meter in the circuit under pressure the most convenient
arrangement for testing is to
have a special by-pass arrange-
ment connected to a calibrated
tank of 500 to 1000 gallons
capacity, which has been cali-
brated by weighing and corrected

for temperature. It is advisable
in the case of pressure meters
to install a back-pressure valve
to equalise the action of the
boiler feed pump. When cali-
brating a meter of large size on
a small quantity of water it is
to be remembered that in some
forms the counter moves only

once for each complete revolution
of the plungers; that is, the
plunger must make one stroke forward and one stroke back before the
counter moves once. Hence it is essential that the plungers should
be started and stopped in the same relative position.

Automatic Volume Measuring Meters.—Besides the above described
piston meters there are others of the displacement type in which the water
is metered by charging and discharging a tank of known volume auto-
matically. In the Tippler meter there are a pair of tanks each fitted
with a float and valve. The water is directed into either tank by a light
shoot mounted on knife edges.

The mode of working of the meter may be briefly described as follows :
The shoot directs the water to be measured into one tank and when the
level has risen to a certain height the float comes into operation and
rises. This throws over a weight, tips the shoot so that the water is
now discharged into_the other tank, opens the outlet valve and drains

Fig 80
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the full tank. The same set of opecrations is repeated by similar
mechanism in the other tank.

In the working of these meters carc has to be taken to keep the
valves in good order, and for accurate work it is advisable to fit a
gauge-glass and scale to check the volume at the instant of tipping.

Automatic Weighing Meters.—Meters in which the water is weighed
are also in use. The general scheme of one form is to mount the tank
on trunnions so arranged that the tank overbalances when it contains a
certain weight of water. The overturning is utilised to bring another
tank into action while the former is emptying.

In the Avery automatic liquid weigher the principle of an equal
armed beam is adopted, with the weight suspended at one end, and
the weigh hopper at the other. A quantity of liquid determined by the
weights in the weigh box is allowed to enter the weigh hopper and when
the correct amount has accumulated the supply is automatically cut off.
The cutting off is done gradually, so as to bring the weight of liquid
to the exact amount necessary for balance. Account is taken of the liquid
in the air between the valve and the hopper. Immediately after receiving
its load the weigh hopper overturns and discharges its contents. The
empty hopper then returns to the weighing position again, and the same
cycle of operations takes place. No external power is required to work
the scale and a mechanical counter is fitted which automatically counts
every weighing made. The weigh hopper is so designed that it completely
discharges itself without shock, and a draining compartment prevents
any residue remaining. The size of the outlet can be varied to allow
thick or thin liquids to completely drain before the hopper tips back.
The machine can be tested at any time without difficulty, as in the case
of any ordinary weighing machine.

The essential features and method of operation of the machine will
be understood from a study of Figs. 275, 276, page 265, which illustrate
the automatic grain weigher, which works on the same principle.

Neither the automatic volume measuring nor the automatic weighing
machines are adapted for use in ecircuits under pressure, but are of
course of considerable service in experimental work, and automatic
weighing machines are available for capacities of 20 1bs. per discharge to
2% tons.

(b)) PETROL MEASURING Pumrs

Measuring pumps for the retailing of petrol have found extensive
application in America where the liquid is usually stored in large tanks
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is typical of the class. In the case of the measurement of petrol, accuracy
is the primary consideration, and as the quantities dcalt with are
relatively small the pumps are rarely made automatic in action.
Overflow Type Pumps.—Owing to the difficulty of preventing leakage
in the previous type of measuring pump another system is frequently

-

Macwm Bacasr s
GraouATeD I
Quant ity Scace
I}
\J ase
@ G rk = l
V.
\ RN
vl
[ Gare
saLve
7

Macwine Cur _J
GALVANIZEDRACA

| L Firea wive
181 Dousie wine
| Oavze

B
<7

Quantizx [
Sy idl

\& RamenSurruar
1 ;i

Il Y —
N Aroung CYuinpes
f ‘; Amass Coanoen
i
|
b

Piston Rod

= t t
| 1l %

PiSTonYave AnaSeer—
g J\%%&%Z";:“
St Tinn ¥aLxs AunSicat. L
e /-Zg &2 Pump Piston
. Sectional elevation of typicai Section of piston, showing
piston-type measuring pump cup-leather, expander-spring, and

lift valve

used. In this, the function of the pump is merely to fill a vessel to
overflowing, then adjusting to a definite level in the measuring vessel.
The liquid may be supplied to the chamber by air pressure; by
evacuating the chamber with a vacuum pump ; or by direct mechanical
pumping from a supply tank.
The abstraction of excess may be performed either by gravity through
an overflow pipe, or by siphoning, the height of the liquid remaining
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for most commercial requirements. Meters of this type are made in a
variety of forms and it will suffice to describe a few of the meters in use
at the present time.

FLOAT —{]

Firb4

Overflow type, pumping by
vacuum.—The liguid vs forced into
the measuring chamber from a con-
venient supply tank by exhaustion
of the aiy in the chamber. The float
rises and shuts off the valve. Admis-
sion of aiv through a two-way cock
(not shown) allows the liquid in the
chamber to drain back to the level
of the valve seat. The central tube
is adjustable to various heights by
engagement with stops, allowing for
vavious units of delivery up to the
capacity of the chamber.

Kelvin’s Integrating Meter—The
meter (Fig. 85) is a development of
that invented by Mr. G. F. Deacon
for detecting and recording waste.
In it a weighted disc lies in the
smaller end of an inverted cone ;
this disc is moved vertically by the
flow of water, which causes increase
of the annular area between the disc
and the cone, proportionate to the
increase of water passing ; the vertical
displacement of the disc is therefore
a measure of the amount of water
passing through the meter. The
motion of the disc is conveyed by an
attached wire to a pen which records
the position on a time-driven chart.
Each position is calibrated in gallons
per hour and the quantity shown on

.the diagram.

The Integrating Mechanism.—The
method adopted by Lord Kelvin is
a direct and extremely simple device
(Fig. 86). He causes the meter disc
to draw a counter mounted with a
small vernier wheel across a centre
line of a horizontal time-driven disc
or plate. In the actual centre of
this time-driven dise there is obviously
no motion, and if the vernier wheel
of the counter is resting on this centre,
then no movement is transmitted to
the counter. At the zero position
of the meter the counter wheel is
motionless and the disc is resting
at the small end of the cone. When
the maximum flow occurs the counter
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gland, which it is stated never exceeds 2} ozs. Added to this is the friction
of flexible cords in the fusee due to bending, making another ounce— *
total 3} ounces; and it is important that this should remain constant.
The makers claim an accuracy of better than 1 per cent for this meter.
Siemens and Adamson’s Meter —This form of inferential meter was
invented by Messrs. Siemens and Adamson in 1858. The measurement
is performed by a reaction wheel or Barker’s mill, the revolutions of which

are practically proportional to the velocity of the water through the
orifice. This instrument has been extensively adopted and is commonly
known as the Siemens’ meter.

In the sectional example shown (Fig. 87), the water before entering
the casing passes through a strainer, it then reaches a fixed eentral Ppipe,
down which it passes into the hollow centre of the revolving wheel,
which in the example discharges it in one jet (Fig. 88). The axle of the
wheel is hollow below, and rests on a pivot, while the upper end is pro-
vided with a worm which gears into the counting mechanism above.
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a vertical shaft of Tobin bronze which turns on a jewelled bearing,
Owing to the water balance mentioned, the friction at this point is slight,
being only that due to the small excess weight of the wheel and shaft
over that of the water displaced ; the only parts which are subject to wear
are the counter, gearing, and the bearing points.

The Leeds Meter—Another form of rotary meter employed with small
mains is that shown in Fig. 90 and made by the Leeds Meter Co. The
interior chamber has tangential openings through which water passes
in separate streams, acting on the rotary vane equally from all sides.

SECTION THROUGH
HORIZONTAL CENTRE LINE

SECTION THROUGH
VERTICAL CENTRE LINE

Fig. 89

The vanes are made of celluloid, which is light and unaffected by im-
purities in the water. In this meter the rotating vane has radial blades,
and is mounted on an agate pivot ; it revolves in a vertical chamber, and
the water, after passing through a strainer, flows through the chamber
in the form of a vortex. The speed is regulated by four adjustable
vanes placed above the wheel, which act by producing eddies. The fan
bearings are protected from the wearing action of the water by metal
shells surrounding them. The meter has a wet dial—that is, all its mechan-
ism is in the water ; a stuffing box on the spindle, with its attendant
friction, is obviated, thus making the meter more sensitive. The dial
is of the transparent type invented by Mr. C. Meinecke in 1903. This
consists of a thick glass plate, having the dial circles and figures formed
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working parts or from other causes is likely to slow the meter down and
cause it to under-register. There is a small amount of unavoidable
leakage through the meter which causes it to under-register when very
small quantities of water are pass-
ing. Meters for measuring water for
domestic use are usually graduated
in cubic feet—sometimes in gallons.

(¢) THE VENTURI METER

One of the simplest forms of
meters is the Venturi tube, and it
is one which has a sound theoretical
basis. Its operation is dependent
on the fact that if a stream of water
flows through a frictionless and
horizontal pipe of varying section
which it completely fills, the pres-
sure of the water is smaller in the
narrower sections and greater where
.the pipe is of large diameter. Since the same quantity of water flows
through each cross-section of the pipe, its velocity must vary inversely
as the area of the pipe, and its kenetic energy will therefore be greater
at these sections. As by hypothesis its total energy is unaltered during
the flow, it follows that what it gains in kinetic energy it must lose in
pressure energy, the sum of these two remaining constant from one end
of the pipe to the other.

Or, putting the above argument into mathematical form :—

9.9/ Helix Mefer:

If p be the pressure intensity in lbs. per sq. ft.
W the weight per cubic foot
and ¥ the velocity then
z +»V2+Z:Constant.
W 29
Where }7; is the pressure energy per Ib.

2 .
; is the kinetic energy per Ib.
g

And Z is the potential energy per lb., Z being a height above some
datum to be fixed for any particular case. The equation neglects the
effect of viscosity and the magnitude of the effect of this will be seen
later.
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The general method of construction is illustrated in the diagram
(Fig. 93). The inlet converges sharply to the throat while the outlet
expands more gradually ; an angle of divergence of 5° 6" gives the best
results in the reconversion of kinetic to pressure energy. In practice a
hollow belt is cast around the pipe at the up-stream side, where the

pressure is observed, and the interior of the belt communicates with the
interior of the pipe by four small holes. These holes are bushed with
vuleanite to prevent incrustation. The throat is lined with a gun-metal
casting, having an annular space round its centre which communicates
with the interior by four small holes. By careful smoothing of the curves
it is possible to recover about six-sevenths of the differential pressure

obtained at the throat and also ensure that the square root law is almost
exactly obeyed. The actual velocity corresponding to a given fall of
pressure is less than the calculated from the formula owing to the surface
roughness of the pipe. Herschel found that the formula required a
coefficient varying from -94 to nearly unity, being generally betwcen
96 and -99.
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driven drum, a diagram which shows the rate of flow through the
meter at every hour of the day, and from this record it is possible to
find the total quantity discharged in any time. The instrument (Fig. 94)
is, however, arranged so that it automatically registers on a dial the total
quantity passed, so eliminating the trouble of integrating the diagrams.
For this purpose a drum is employed, which is driven on a vertical axis
by the clock at a fairly rapid rate, say six revolutions per hour. A small
wheel mounted on a rod connected to the floats in the water tubes is

pressed against this drum by a spring.
To the surface of the drum is fastened
a sheet of metal cut in the form of
a parabola (Fig. 95), so that the
surface of the drum is on two levels,
and as the parabolic sheet comes
round, the small wheel rises up on to

it against the tension of its spring.
This motion of the wheel in and out
from the axis of the drum throws a

small pinion in and out of gear with
a wheel driven by the clock. If, for
oot s e o s, example, there is a_ high  velocity
is coloured black represents the recessed  through the throat of the Venturi,
Beiion anditigofies ColRrly the float in one tube will have sunk
almost to the full extent of its possible travel, and as a consequence the
wheel will have been carried nearly to the bottom of the cam drum, at
which point the parabolic sheet is very narrow ; hence the pinion will be
in gear for almost the whole of each revolution. On the other hand, if
the rate of flow is small, the surface of the water will rise and the wheel
be lifted to a level near the top of the drum, where the parabolic sheet is
very wide, and as a consequence the pinion will be held out of gear for
most of each revolution. The counter being driven by this pinion records
therefore the actual quantity passed, although the difference in level of
the water in the tubes varies as the square of this quantity. An equalising
pipe connects the two vertical tubes at the bottom, and by opening the
cock, when there is no flow through the Venturi, the water level in the
two tubes can be adjusted. This equalising pipe is, however, always
closed when the water is passing the meter. As a consequence, the water
level in one tube is raised, and in the other lowered, and this displace-
ment of the water levels is transferred through a differential gear to the
recorder and integrator. This differential gear is necessary since the

15295 Frojection of surface of drum
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static level of the water varies considerably. It is therefore essential
that the recording device shall be operated only by a difference in the
level of the two floats, and unaffected by a simultaneous rise or fall of
both.

Advantages and Disadvantages of the Venturi Meter—The disadvan-
tages of the Venturi tube are (1) high initial cost and installation; (2)
great length; (3) impossibility of altering the range of differential
pressures without replacing the meter. On the other hand, it possesses
the great advantages that the flow through Venturi tubes of large diameter
can be predicted from theoretical consideration with a reasonable degree
of certainty, when it would be exceedingly difficult to calibrate them
directly owing to large volumes which would be involved.

It might be remarked that this type of meter is also used for the
measurement of gas and steam flow, and is further dealt with on pages
109, 131.

(¢) NorcH METERS

Liquid meters in which the volume discharged is determined by the
height of the liquid in a notch differ in principle from those previously
described. They are strictly flow meters, giving at any instant the
volume flowing per unit time over the notch. When it is desired to ascer-
tain the total volume which has passed in a certain time it is necessary
to add a clockwork integrating mechanism. It will be observed that the
function of the clockwork in the meter illustrated in Fig. 76 (page 67)
was to perform the converse operation, i.e. indicate the rate of flow
when the meter proper was an integrator.

Notch meters are of considerable service when the liquid to be metered
contain gritty material which would cause serious wear and tear if passed
through the piston pumps meters. The best known notch meter is the
V form. In 1861 Professor James Thomson (brother of Lord Kelvin)
showed that the rate of flow over a V notch was governed by a very
simple formula. For a right-angled notch

@=2:536 H? cubic feet per second.

This formula was found to hold to better than 1 per cent with the re-
sults obtained, with heads varying from two inches to seven inches. The
formula presupposes the notch being placed in the side of an infinite
reservoir, and it is not strictly valid when the stream has initial velocity.
Table IV gives the flow for various depths of stream in the case of a
90° V notch.
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TABLE IV

Frow tHROUGH 90° V NOTCHES

Depth in Notch | Flowj pelljour. Depth in Notch i Hlow; pe‘r_}ylo_ur_

inlinches Gallons. | Pounds. tjnches [ Gallons | Pounds.
linch . . 114 1,140 || 9 inches . } 27,796 | 277,960
2 inches . : 648 6,480 || 10 ,, . .| 36,174 | 361,740
R, . . 1,783 17,830 | 11, . . 45,9 3| 459,030
4 J o 3,661 36 GLOM T D MpETee . | 56,872 | 568,720
5 6,394 63,940 1 13 . . .| 69,471 | 694,710
6 y . 10,086 | 100,860 | 14 , . - 83,611 | 836,110
7 . . 14,82) | 148,290 | 15 ,, . .1 99,351 | 993,510
8 . . 20,706 | 207,060

The formula for the flow in cases where the angle differs from 90°
are not so simple, but this is a point of secondary importance when the
meters are empirically calibrated. Fig. 96 is a photograph showing the
ideal form of the stream over a V notch. In practice the height of the
stream in the notch is shown by means of
a float connected to a spindle. The immer-
sion of the float being proportional to the
density of the water, compensation for
change of temperature is automatic.

The Lea Recorder—The Lea Recorder
has an ingenious arrangement to convert
the movement of the spindle which varies
as H, into a movement varying as H? for
the pen which accordingly has a deflection
proportional to the rate of flow over the
notch. This is effected as follows: The
float spindle is provided with a rack which
gears into a small pinion upon the axis

- of a drum, which drum has a screwed
ﬁ_g- g6 thread upon its periphery. The contour
of the thread is the curve of flow for the notch, and just as the
flow through a notch increases rapidly with its depth, so the pitch
of the screw increases pro rata (Fig. 97). Above the spiral drum is
a horizontal slider bar, supported upon pivoted rollers and ecarrying
an arm, which is provided with a pen point in contact with a
chart upon a clock-driven recording drum. As the float rises, the
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movement of the spiral drum is imparted to the pen-arm by the
saddle-arm, which engages at its lower end with the screwed thread. It
will be noted from the foregoing that the depth of water in the notch
can be observed at any time, and that the recording pen, which moves
in direct proportion to the flow, produces a diagram whose area is a
measure of the total flow ; and as each square inch of area represents
so many pounds of water, the addition of a elock turning a cylinder
having a scroll cut-in toothed wheel enables an integrating mechanism to

(3]
:
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£
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Fig. 98. COMBINED RECORDER AND INTEGRATOR

be operated on a step-by-step method (Fig. 98). Readers acquainted
with the arithmometer calculating machine will recognise the principle
involved.

The toothed drum rotates at a uniform rate, and the small pinion
engages for a definite angular interval during each rotation, dependent
upon its longitudinal displacement. The counter is thus actuated for a
varying time interval which is a function of the height of the water
above the notch,
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The Glenfield and Kennedy Meter—The Glenfield and Kennedy is
another well-known form of noteh meter in which a cam is employed
to convert a n'™ power law into a linear function of the quantity. This
cam is a profiled plate, as shown in Fig. 99, which illustrates the complete
instrument. The float rotates the cam by means of a cord and gears;
a small wheel bears on the cam and slides up and down vertical guides,
carrying with it a wirc which operates the pen recording on a clockwork-

Fra. 97,

DIAGRAMMATIC VIEW OF
THE LEA RECORDER

Enlarged view of Drum

driven drum. No automatic integration device is provided in this meter.

Yorke Meter—In yet another type of meter, known as the Yorke,
the weir is so shaped that the rate of flow is strictly proportional to the
distance measured between the bottom edge of the weir and the surface
of the water. The shape of this notch is such that the submerged
area above the sill is proportional to the square root of the head, but as
the discharge is also proportional to the same factor, it follows that the
height of water in the meter, above the weir sill, is directly proportional
to the rate of flow (Fig. 100). A pointer attached to a float moves over
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a uniform scale which is graduated to read pounds per hour; the flow
is also continuously recorded on a Ifloving chart, and the area of the
diagram so formed gives the quantity that has passed during any period
in the usual manner. The meter consists of a rectangular tank having
the water inlet at one end and the outlet at the other; the weir is a

Fig 99
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sharp-edged brass plate fixed to a partition near the outlet end, and the
float to which the indicator is attached, works inside a vertical cylindrical
chamber placed near the inlet, and behind a transverse baffle-plate
that reaches nearly to the bottom of
the tank. An integrator is employed
which is practically an automatic
planimeter, as already described in
the case of the Kelvin meter (Fig.
101). This consists of an index carry-
ing a trailing wheel, which is moved
across the surface of a circular plate
rotated by a powerful recorder clock
movement. As the flow increases,
the index is moved towards the peri-
phery of the revolving dise, and the
speed at which the trailing wheel is
driven is proportionally greater. The
motion of this plate, of course, corre-
sponds to the escapement of the clock,
and is therefore in ordinary terms
continuous.
The chief difficulty in the opera-
tion of this integrator mechanism is
ﬁ;’ /00 the fact that the zero is somewhat
uncertain and the wheel does not
always record accurately when near the centre of the dise. One possible
method of overcoming this difficulty, which has been used in another
connection in America, would be to employ two wheels on the opposite
sides of a diameter, and gear
both to a differential wheel, so
that the rotation of the record-
ing wheel becomes zero at a
finite radius.

Disadvantages of the Notch “ !

type Meter—1t will be observel '\ 3

that notch meters cannot be > \»@%_, 2 ---”
operated under pressure, con- rrg.s0/ § T

sequently when employed for measuring the feed-water supply to boilers
they have to be inserted on the inlet side of the feed pumps. If the
pumps leak appreciably, it introduces a source of error in the readings
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this filling and emptying of the measuring chambers is repeated is
indicated on a dial, graduated to read cubic feet.

A sketch of the mechanism of a typical meter is shown in Fig. 102.
The casing is subdivided into four compartments by a central partition
and two diaphragms. The diaphragms are of special leather fixed to
eircular steel plates, one of which will be seen in the sketch. Two only
of the measuring chambers are shown in the figure. One is the space
between the disec with attached leather diaphragm and the middle
partition (the plate just behind the diaphragm) of the meter. The other
is the space between this same disc and diaphragm and the outside
walls of the meter. The other two measuring chambers are like the
two deseribed, and are situated symmetrically to them on the opposite
side of the middle partition. The filling and emptying of the measuring
chambers is effected by the backward and forward movement of the
dises, which are restrained by the rods and hinges shown to move parallel
to themselves. These discs operate in conjunction with the two slide
valves and recording mechanism above the measuring chambers. Kach
set of two measuring chambers thus constitutes a kind of double-acting
bellows, the number of times these are filled and emptied being a measure
of the amount of gas passed through the meter.

This type of meter is simple and reliable, and ecreates very slight
back pressure. The accuracy required is not high and the change in
mass passed with changes in temperature is usually neglected.

Wet Meter—These are generally built in large sizes for use at gas-
works, and consequently are sometimes termed station meters, although
small sizes are also made for seientific work,
where a greater degree of accuracy is required
than ean be obtained with the dry type of
meter.

Their construction is essentially that of a

t QUTLET

Fg 103

drum revolving within a cylindrical tank, which
is approximately two-thirds filled with water.
The revolving drum consists of a shaft carry-
ing three or four partitions arranged in a spiral
form. These partitions emerge in turn from
the water as the shaft revolves, and each
forms with the water a water-sealed com-
partment, which alternately receives and delivers gas. The drum -
receives its motion from the pressure of the gas itself exerted upon its
surface. Fig. 103 represents diagrammatically the principle involved
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in this type of meter. Actually the meter has the compartments arranged
spirally, and the inlet pipe projects into a lenticular chamber at the
back of the drum. A gauge-glass with horizontal datum line is also
provided, since variations in the water level inside the meter, occurring
as they do at the area of maximum cross-section of each chamber, in-
fluence to a considerable extent its indications.

Station meters are usually fitted with complex syphon overflows to
ensure a constant level. The drum operates the pointer through a stuffing
gland and this must be reasonably frictionless, otherwise the pressure
drop in the meter is considerable and this affects the capacity. Any
stiffness at the gland usually manifests itself by a surging motion of the
water in the gauge-glass during the rotation of the drum. For laboratory
work the meter should always be started and stopped at the same point,
as these meters rarely indicate accurately over fractions of a complete
rotation of the drum. The instrument must also be levelled off before
use.

(by THE Prror TuBE

The other type of gas meters are based on a measurement of the
velocity of the stream and the area of cross-section of the pipe through
which it flows. The standard method of measuring the velocity at any
point in a stream is by the use of a Pitot tube, an exceedingly simple
device named after its originator, Pitot, who described it before the
Academy of Science in 1732, A Pitot tube consists of two elements :
(1) a dynamic tube pointing up-stream, which determines the dynamic
pressure due to the momentum of the stream, and (2) a static tube,
which determines the static pressure at the

same point in the stream, diagramatically -_— (

shown in Fig. 104, X 1—“ ¥ [
Theory of the Pitot Tube.— Let X Y S0

(Fig. 104) be a portion of a pipe carrving a .
R B R . o Static > Dyrnamic
current of gas in the direction X to Y. Let ., 4

(' D be a small tube bent at right angles so

that its open end €' faces the stream of gas. It is required to find a
relation between the velocity and density of the gas strcam on the one
hand, and the pressure set up by this stream in €' D on the other.
Consider twvo parallel planes 4 and B (Fig. 105) drawn at right angles
to the direction of the flow, such that p v are the pressure and velocity
over A4, and p?p and v»dv the corresponding pressure and velocity over
B. Then, dealing with the flnid crossing unit area of these planes,
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-the gain of momentum per unit time is pvdv, where p is the density
and the force producing this is —dp.
Hence we have the equation pv dv-t+dp=o
where integating

A 1pv2+p=a constant.
P | P+dp . : A TN
~ » Taking, then, this equation from a position in the
v v+dv  fluid at which the pressure and velocity are p, and v,

to one in which they are p, and »,, we have
P1+3pvi=po+3pvy?

And if we suppose in the second position corre-

A |B

sponding to the mouth of the gauge the velocity v, is zero, one obtains
the result p, —po=1pv,®.

A static pressure hole in the wall measures p,, so that the pressure
read in the gauge is }pv,2 The National Physical Laboratory has ex-
perimentally investigated the above equation by means of a whirling arm,
and found that it held within one-tenth per cent up to fifty miles per hour
for air. Moreover, further cxperiments in air and water have shown that
it is probably mathematically correct for velocity up to that of sound
in the particular fluid considered. The pres-
sure obtained is independent of the dimensions V2™ e ——
or shape of the dynamic head. (omparisons 7™ t
have been made between a tube 2 mms. bore by
1 em. external diameter and a cup 5 ems. in
diameter, reducing to 1-3 ems.; both gave exactly
the same dynamic pressure. The shape of the
static holes is extremely important. It is a neces-
sary condition for the measurement of static
pressure that the lines of flow of the fluid be
straight and parallel to the solid boundary in
which the static pressure hole or holes are drilled.

The type of Pitot tube illustrated in Fig. 106
has been developed as the result of a long series of $ h={
experiments. Two brass tubes are arranged con- ==
centrically. The inner or dynamic tube has a thin-
lipped orifice facing the air current. The outer or
static tube has a conical stopped end, and the
small holes are drilled perpendicular to the axis beyond the cone.
These holes must be of small diameter and situated far along the
parallel portion of the tube. This distance cannot, however, be made

Statac
Pressure

Fig 106
P
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errors in setting the angle have no appreciable influence. It is probable
that the static holes are influenced first by inclinations, but the marked
suction due to the open end of the dynamic tube being along the stream
will also be observed. The reason that this suction effect does not make
itself evident in the case of the static holes, which are, of course, holes
perpendicular to the stream of gas, is primarily due to the fact that
they are small holes in a continuous surface, and the stream lines are
undisturbed by the presence of these holes. The necessity for extreme
care, removing burrs, ete., from the edge of the holes, is therefore evident.

Another interesting point about this curve is the effect of having the
tube facing down-stream ; the static holes are, of course, unaffected, and
this negative value of the pressure indicates the increased pressure
difference which might be expected by substituting a suction tube facing
down-stream for the ordinary static holes of the Pitot tube, as is done
in practice for some meters. The slope of the curve is considerable at
this point, and therefore this particular pressure head would be much
more susceptible to errors in setting in the direction of the stream of
gas or the proximity of bends in pipe line into which the pressure head
is inserted.

Measurement of the Pressure Difference.—Several types of mano-
meter have been devised -for the measurement of the small pressure
differences obtained from Pitot tubes, and the difficulty of obtaining at
the same time a robust and accurate gauge is one of the chief drawbacks
of the Pitot tube in practice. For laboratory work, however, several
types of differential gauges are available, and the fact that they are
only suitable for skilled observers is not a serious disadvantage.

The simplest instrument in use is the micromanometer tube designed
by Threfall. The device is shown in Fig: 108 and consists essentially
of two air-tight vessels containing water or oil joined together at the
base to form a U-tube, and connected respectively to the pressure and
static tube of the Pitot head, as indicated in figure. The left-hand vessel
is made of glass and is provided with a micrometer, whose point may
be adjusted to touch the liquid surface. The two vessels being of the
same cross-sectional area, the micrometer reads one-half the pressure
difference between the two sides of the U-tube. The micrometer screw
is § mm. pitch and the head is sub-divided to 0-005 mm. A total pres-
sure difference of 10 cms. can be measured. The graduations are arranged
to read actual pressure differences direct.

This method of measuring has the great advantage that its calibration
can be predicted from the pitch of the screw, but, on the other hand, it
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largely used in measuring the speed of aircraft, is the two liquid U-tube.
The action of this gauge depends upon the. fact that if two links of a
large capacity U-tube are joined by a fine bore tube there is considerable
motion of any cross-section plane in this fine tube for a small change in
level of the U-tube, this being due to the fact that a large quantity
of liguid must be transferred through the fine tube for any change in level
in the limbs. It remains, therefore, to find some means of rendering a
definite plane in the liquid in
the connecting tube visible, and
sramd I [} odescun, Phis can easily be effected by
filling the tube with equal parts
of two liquids of slightly differ-
ent densities, one of the liquids
being dyed. Two suitable
liquids are a saturated solution
Tianewmene  of phenol in water and a
saturated solution of water in
phenol; these two liquids do
not mix very readily, and the
plane of demarcation is quite

a distinct meniscus.

The magnification obtained
depends on the ratio of the
cross-section of the limbs to
that of the connecting tube

wabias

CONCENTRIC GLASS' and can be made quite large
phiias (about 50 to 1), but the con-
necting tube must not be too

ﬁc. Ho. fine in practice; there is also

a tendency to leave some liquid
clinging to the walls of this
tube after rapid changes in level. The form of the gauge used in
aircraft is the concentric tube, due to Short (Fig. 110). The principle
is identical with the above, but the concentric arrangement eliminates
the effect of slight tilting and also equalises the temperature changes
in the two limbs. This instrument has now been universally replaced
for aircraft by mechanical diaphragm instruments actuating a pointer.
These will be referred to later.

The tilting micromanometer is the most generally used form of
gauge for accurate work. This form of tilting water gauge was designed
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two parts. The upper part which carries the glass work rests upon three
hardened steel points in the lower part. One of these points forms the
extremity of the axis of the spindle and wheel by means of which the
tilt is measured. The whole frame is supported on three levelling
screws. A difference of pressure in the two vessels forming the extremities
of the U-tube causes a displacement of the separation surface which is
kept in coincidence with the cross-wire of the microscope by rotating
the hand wheel. The movement of the gauge is read off on the hand wheel
and the pressure head is thus determined.

The dimensions of the gauge are usually such that one revolution of
the hand wheel corresponds to a difference of pressure of 0-65 mm. of
water, and the graduations on the rim subdivide this into one hundred
parts or <0065 mm. If the pressures are reasonably steady one-fifth or
even one-tenth of this fine division can be estimated or a pressure differ-
ence of less than 0-001 mm. detected. The maximum pressure difference
is 0-8 inches (0-03 lbs. per square inch) and from the above this can be
read to 0-000002 lbs. per square inch. For higher pressures a glass
portion with greater distances between the vessels, usually twice that
of the standard gauge, can be made. The density of the oil used in the
central tube has no effect on the calibration and in practice castor oil
is the substance which gives the most satisfactory results. This oil,
however, has a tendency to intermix, or form some chemical composite
while in contact with water, rendering the oil opaque. For this reason a
solution of salt (sodium chloride) of 1-07 density is used in the U-tube
in preference to pure water, as the gauge then remains clean and service-
able for months and even years. This density correction must, of course,
be allowed for in calculating the pressure difference from the dimensions.
Care must be observed in practice to avoid sudden changes in pressure
which may cause liquid to bubble across through the oil, as the zero of
the gauge does not recover for some minutes after this treatment. It
is also desirable to use a capillary tube in the circuits if the pressure is
unknown, as this damping will allow the adjustment of the gauge to be
made before the meniscus is broken. Any damping of this nature
should be inserted in both tubes, pressure and static, otherwise the
liquid will surge from one vessel to the other with a long period.

A form of gauge which has met with some success in commercial
meters and one which depends upon a rather novel principle, is shown
diagramatically in Fig. 112. Consider a circular tube which is mounted
in stable equilibrum on knife edges and contains a quantity of mercury.
The centre of gravity of this mercury will be normally vertically below
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The kinematical viscosity is defined as the ratio of the viscosity to the

density of the fluid, i.e. a=t
P

Where 7 is the kinematical viscosity
w the usual coefficient of viscosity,
and p the density of the fluid.

Although it was long realised that there was some connexion between
the physical properties of the fluid and the relation between maximum
and mean velocities of flow, it was only when the bearing of the general
principle of dynamical similarity on the problem was appreciated

08l
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that it became possible to predict the value of the coefficient giving

the ratio of the mean velocity to the maximum velocity for any

particular case. Theory and experiments have shown that the curve

giving the relation between ratio of “I; MCAN ) nd the quantity 0 is the
max. "

same for all fluids ; D being the diameter of the pipe.

Stanton and Pannell determined the form of this curve, taking two
fluids, air and water, and pipes of various diameters. The form of the
curve is shown in Fig. 113, while Table V gives a selection of the
experimental date on which the curve is based.
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Stanton also demonstrated experimentally the identity of the dis-
tribution curves for two pipes when the conditions of dynamical similarity
were fulfilled. This curve is plotted in Fig. 114. It should be observed
that the similarity must extend to the condition of the surface of the

pipe, and the results shown in

—'\K\L\ Fig. 114 were obtained with pipes
.

<3 of geometrically similar roughness.
\»\ In the case of ordinary smooth
\\ pipes of commercial solid drawn

3 brass the distribution of velocity

\\ was not the same as the curves

t of speed al Axis.

in Fig. 115 show.
Under these circumstances the

in term

Principle of Dynamical Similarity
is not sufficient to enable the

Velocuty

mean velocity, and hence the

discharge through the pipe to be
Velocity, distribution|um two Rodghened Pipes.|| determined from a single obser-

o Db 7 B = 3080k Whocty & Ars {1323 Emo o 5o vation of the velocity of flow as
® Digm™ of Ripe = 7.35Chs Vellocit Axas 4 2210 Come Sec " y
i 7 = the axis. It will be observed that

Fia 19 for a region extending from the

axis up to a value of the radius

Radius inberms of oulside radius o Pije.

of approximately 0-8 R, the dis-
tributions are identical, but that beyond this radius the curves separate,
indicating apparently a region of viscous flow near the walls in which
the slope of the velocity curves necessarily increases at a greater rate
than the centre filament velocity, since the resistance varies as a power
of the speed greater than unity. It is evident that in the case of smooth
pipes the region of viscous flow is of considerably greater area than in
the case of the roughened pipe, in which it appears to be almost com-
pletely destroyed. The experiments proved that the central portions
of the velocity distribution curves up to a radius of 0-8 R were parabolic

in form. The general form of the /2L curve (Fig. 113) at once indicates
7

the importance of using a fairly high velocity of flow in the pipe when
a Pitot tube is employed in small pipes, since the distribution curve

. : : D .
varies quite rapidly when e is small and the same coefficient of dis-
7l

charge will not apply even to a moderate range of velocity at this stage.
This Principle of Dynamical Similarity is one of fundamental im-
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portance in modern research. By its aid it is possible to predict the
performance of full-sized aircraft from small scale experiments on models.
The discovery of the Principle in its widest application to all fluids and
conditions of flow is the culmination of the researches of large number
of scientific workers. The exis-

——a

tence of such relationship for [~ I
some aspects of the problem \\
were predicted by Stokes as ™

early as 1850 ; later Helmholtz,
Osborne Reynolds, Lord Ray-
leigh. have all contributed
to the establishment of the
generalisation in its final form.

The work of Osborne Rey-
nolds is particularly of interest,

since it refers to the conditions

of fluid flow in pipes. He

studied the nature of the flow Velority Wistribution's = Smeolhs Pipe,
of water in pipes. and showed Diapeten, 3.2 Cms Crs. |

Velocily intorms_of spred at duly,

|
i

by introducing colouring matter ty =i fnis | 2270 Cr per sbc
. N Acts & 541 Comspe- see.
into the water flowing through i

glass tubes that the motion
was stream line or lamellar in

character at low values of the

oe
L
<

A

|

Radius.

velocity of flow; and eddying or sinuous at high velocities. The charge
from lamellar motion to eddying motion took place suddenly at a
definite value of the velocity; this value of the velocity was inversely
proportional to the diameter of the tube and directly proportional to
the kinematical viscosity.

The experimental work of Stanton fully established the pioneer
investigations of Reymolds, but the significance of the Principle of
Dynamical Similarity in its application to fluid flow is not yet fully
realised by engineers. Further reference to it will be found in the section
dealing with the calibration of air and steam meters.

(d) THE VENTURI AIR METER

Theoretically the Venturi tube meter is one of the most satisfactory
forms of flow meters. The smooth curves of the up-stream and throat-
sections ensure that the square root law is almost exactly obeyed, and
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the loss of head due to the insertion of the meter in the pipe line is
exceedingly small. When used for gases the pressure difference for the
majority of practical cases does not exceed one pound per square inch.
Consequently it is desirable to have a precision manometer to measure
these pressures. Mr. J. L. Hodgson, of Messrs. G. Kent & Co., has de-
veloped one convenient form of the U-tube, as shown in Fig. 116.

In this instrument practically the whole change of level takes place
in one limb, so that it is only
necessary to read the change of
level in this limb and make a
correction which depends upon the
ratio of its cross-sectional area to
that of the reservoir into which
the up-stream pressure is intro-
duced. The diameter of this
reservoir is large, so that any
slight variation in the internal
diameter of the gauge-glasses fitted
involves no appreciable change in
the constant by which the readings
of the instrument have to be multi-
plied. The change of level of the
liquid in the gauge-glass is measured
by means of a travelling microscope
which is moved by a guide-screw

Damping
Needle Valve o .
having ten threads per inch. A

graduated dial is fitted in connec-
tion with the handle by which this
screw is rotated, so that readings
174 116 accurate to less than onc thou-
: - sandth part of an inch can be
taken. One of the difficulties met with in designing an instrument that
would enable a change of liquid level to be read to anything like
this degree of accuracy was the difficulty of obtaining a definite and
consistent reading on the meniscus. It was overcome by using a
microscope of about thirty diameters magnifying power and a gauge-
glass of five-sixteenths part of an inch internal diameter, and illuminat-
ing the meniscus always in the same direction. It will be seen (Fig. 116)
that the gauge-glass passes through a tube which slides on the end
of the microscope. The inside of this tube is blackened to prevent



CHAP. IV.] THE MEASUREMENT OF VOLUME 109

cross-reflection. High accuracy can be obtained only by using oil or
alcohol as the manometer liquid, since, even with the cleanest possible
gauge-glass, a water meniscus is apt to be sluggish. The accuraey of
the guide-screw, by means of which the microscope is traversed. need
not be of very high order, as great precision in the measurement is only
essential at the low heads.

Venturi Meter Compensated for Variations in the Specific Gravity of
the Gas.—When the density or pressure of the gas whose volume iz to
be measured is not constant, it becomes necessary to arrange that this
variation be automatically compensated for. For example, in the meter-
ing of coal gas the density of the gas varies with the quality of the coal
and the conditions of manufacture. A recording Venturi gas meter was
designed by Hodgson for gas works use to register the actual volnme

passing independently of variations in specific gravity of the gas. It is
shown diagrammatically in Fig. 117.

The Venturi head is measured by a water-sealed bell whose motion
is transmitted by suitable means to a cam E. This is so shaped that the
feeler H which comes into contact with it adds'on to the counter-reading
an amount proportional to the square root of the Venturi head at each
revolution of the heart-shaped cam G which actuates it. If this heart-
shaped cam were rotated at a uniform speed by F the rate of registration
for a given flow in the main would be proportional to the square root
of the density of the gas passing, and the meter would therefore only
read correctly for gas of a particular density. The correction for varia-
tions in the density of the gas is obtained by making the speed of rotation
of the heart-shaped cam depend upon the density by driving it by
means of a small wet gas meter F, which is rotated continuously by gas
escaping from the main through a small orifice 4 to the atmosphere,
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the pressure across this orifice being maintained constant by a specially
sensitive regulating-valve. Since the rate of flow through this orifice,
across which the difference of pressure is maintained constant, is in-
versely proportional to the square root of the density of the gas, the
variation in speed of the wet meter gives the exact compensation required,
and the counter registers the actual volume passing. It will be observed
from Fig. 117 that the regulating-valve is compensated for changes of
level of the liquid seal by means of the displacer D, and for variations
in the inclination of the balance-arm by the weight C. The ratio of the
area-of the bell to the area of the controlled orifice is made large enough
to prevent variations in the pressure from affecting the accuracy of
working. In practice the valve maintains the head across the orifice O
correct to within -+0-002 inch of water.

Mathematical Theory of this Gas Meter—The gaseous discharge in
cubic feet per minute through a Venturi tube is given by the relation

D,=K [( pz)T ]i_(l)
A py
Where 7', is the absolute temperature and p, the absolute pressure at
the Venturi up-stream, p, the absolute pressure at the Venturi throat,
K a numerical constant, and A the specific gravity of the gas relative
to air. The distance between the zero position of the point of the feeler
H and the surface of the cam £ is made proportional to (p, —p,)} for
each position which the cam is caused to take up by the bell B. Each
time the feeler is raised from the surface of the cam, an amount propor-
tional to this distance is added on to the counter-train Z by means of a
pawl and ratchet. The counter thus registers an amount proportional to
[pr—plt x M——(2)

Where M is the number of revolutions per minute of the meter F.

The rate of rotation of this meter depends upon the discharge through
the orifice O, which is given by the relation

D4=K4[(p4; ?;5 Ta}_(:;)
5

Where p, and p; are the pressures on the up-stream and down-stream
sides of the orifice respectively and 7', the up-stream temperature.

If Dy is the number of cubic feet per minute passing through the
meter F at temperature 7', and preqsure Pay

Dy Lir b
Td Ps

[(P4 Pa) T‘:r' 23_- ?“4_(4)
A. Ps



CHAP. 1V] THE MEASUREMENT OF VOLUME 111

Putting M =KD
Quantity registered =K[p,—p,)} x K; D, :
R E.K.To—pTh (Patl?ﬁﬂ], Ty ps___ 5
KK K [ppit | PP Te] To b
Now if (p,—p;) is kept constant by means of the regulating valve M,
and if, by suitably arranging the apparatus, the temperatures 7', and 7',
are made sensibly equal to 7', and the pressures p;, p, and p; to p,
equation (5) becomes

Py — 4
Quantity registered K 1=[(1)‘sz£1j ——(6)
- P2

which is identical with equation (1).

A meter of the above type was tested against a drum type station
meter for a period of two years and the indications of the two meters
always agreed within + 1 per cent.

The disadvantage of the meter is the liability of the Venturi tube
to becomé clogged with naphthalene, tar, ete. In order to reduce such
to a minimum, the tube should be installed vertically in a by-pass with
the gas entering from above so that any liquid carried by the gas will
drop right through the tube. The throat and the up-stream sections
are generally steam heated, a precaution which practically eliminates
deposit ; also it is sometimes arranged that the throat may be cleansed
with water jets without opening up the main.

Large Venturi Meters for Air Supply Lines with Pressure and Tem-
perature Compensation.—In the Rand mines power is distributed in the
form of compressed air to the mines from large central stations fitted
with turbo compressors. The power is charged for on the basis of the
electrical energy required to compress each pound of air to the pressure
and temperature of delivery. For the metering of the compressed air,
supply meters based on the same principle as described above were
devised by Hodgson, but of different mechanical construction. The
compensation for pressure variation is automatic, but that for temperature
is done by hand periodically, the temperature being less lable to sudden
alterations. Since the number of air units delivered in any interval of
time is a function of the product of the differential pressure in the Ven-
turi, and the actunal pressure and temperature of the air, some multiplying
device has to be employed to take account of these quantities. Hodgson
employs logarithmic cams operating on to a differential gear, each cam
being so geared that its angular displacement is proportional to the
quantity it represents.

These movements are then added together on a differential gear
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(Fig. 118), which communicates to the central spindle, on which it is
carried, the algebraic sum of the motions transmitted to it. The motion
of this spindle is therefore proportional to the logarithm of the product
of these functions, and, by
means of an anti-logarithmic
cam and feeler, it is transformed
into one proportional to the
product itself. In this way an

FIg 18

angular displacement propor-
o i<} tional to the rate of flow in air
o AN S units per hour is obtained.
Amounts proportional to this
angular displacement are added to the counter-reading at equal intervals
of time by means of a clutch, one member of which is rotated continuously
at a uniform rate by a small air-turbine controlled by a centrifugal
escapement.

Fig. 119 is a section through the Venturi recorder, which shows the
arrangement whereby the differential pressure obtained from the Venturi
tube is measured. It
consists of a light in-
verted bell immersed “#/%

in an oil seal, the throat Coorirao
pressure acting on the gepespe

inside of the bell, and 5 &
the up-stream pressure

on the outside. An R
increase of the flow 4.0 3
thus causes the bell to —
descend. The weight , SR 5
of the bell is taken by ™% | ¥
a carrying float which e
is always totally im- PR I8 5] ==
mersed in mercury. The B :
; carmying float JHEL S i
displacement of the bell EH= I.
is made proportional ‘ g ¥ &
to the logarithm of Y} H ] d
the volume passed by m«»..,z.) 3 |
means of a shaped float, — N
the bell descending Oy Bt
(FRONT wvizw)

until the increase in

ARRANGEMENT OF FLOAT
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the difference in pressure is balanced by the increase in buoyancy. The
carrying float is built up of slate and vuleanite in the ratio of 1 to 2-46,
in order to compensate for changes of temperature, and so prevent
error in the zero flotation-level. The arrangement is sensitive to a
Venturi head of less than ys3ss Ib. per
square inch and will measure Venturi heads
up to 0-85 lbs. per square inch, an accurate
range of flow measurement down to one-
twentieth of the maximum flow being
obtained. A valve is provided whereby the
pressure on both sides of the ball may
be equalized and its zero checked. The
pressure of delivery is measured by a
battery of steel diaphragms. which are
shown in Fig. 120. The required angular
motion is obtained by means of a cam,
whose profile is determined by calculation.

The diaphragms used are made of un-
tempered steel and are arranged so as to
give a small movement of considerable
power.

(¢) Tee DisraracM METHOD
A simple device for measuring the flow of gases in pipes which is
coming into extended use is a diaphragm inserted in the pipe line with
appropriate means of measuring the drop of pressure across it. The

4

LG 12 Deouirages certed 12 e e
R

method, in general principle, is similar to the Venturi tube, but has
the advantages both of cheapness and of not requiring considerable
alterations in the pipe line. The construction generally takes the form
of a thin plate (placed symmetrically in the pipe line) (Fig. 121). in which
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a square-edged hole is bored. The differential pressure is obtained at
the two holes drilled as shown in the diagram. This pressure is measured
by the usual types of manometers such as those described above for use
with Venturi tubes. A great advantage of the diaphragm method
over the Venturi tube lies in the fact that a diaphragm can be easily
changed for another, which gives the most suitable pressure drop for the
particular recorder available. It is essential that the edges should be
square, since it has been found that round-edged orifices give inconsistent
results.

The diaphragm orifice must be regarded in the light of a submerged
weir notch and as such it sets up a converging stream which reaches
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its maximum contraction some distance down-stream of the orifice.
The greatest pressure drop will therefore be at this point of greatest
contraction, and Fig. 122 shows the form of this variation curve. Hodg-
son insists upon the necessity of placing the pressure holes as close to
the plate as possible on both sides. Davis and Jordan claim, however,
that the best position for the pressure holes is at the section at which
normal flow is discontinued and the stream begins to converge as it
approaches the orifice on the up-stream side and the section of greatest
contraction of the jet after it leaves the orifice on the down-stream
side. The positions are stated to be eight-tenths the diameter of the
pipe up-stream and four-tenths the diameter of the pipe down-stream
for all sizes of pipe. This position is said to give the steadiest reading
of the pressure difference and of course gives the highest value; but
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the advantage incurred hardly appears to justify the care necessary in
the installation of the pressure holes. The effect of rounding or bevelling
the edge of the orifice is at once evident when the idea of a contracted
jet is considered, as the area of the stream at its maximum contraction
must vary and discharge coeflicients obtained by the use of sharp-edged
orifices caunot apply. The actual pressure drop is greater than the head
lost by the insertion of the diaphragm, and Fig. 122 shows the pressure
recovery of the stream. The values here shown are plotted for one
particular velocity and various values of dy/d,. where d, is the diameter
of the pipe. The recovery is greatest for large values of d,/d,. and point
of maximum recovery of pressure travels farther down-stream as the
ratio d,/d, is reduced. It is worthy of note that in cases where
d,/d, is large, more than half the differential pressure is recovered
without any special means being taken. such as the fitting of a
diverging cone, to effect such recovery. In the figure the ratio of
d,/d, is denoted by r.

The laws of flow through orifices ‘have been investigated experiment-
ally by a number of observers. Mr. J. L. Hodgson, in particular, has
devoted much time to the development of commercial meters based on
this device. In the course of extensive experiment he found that when
the diameter of the orifice was more than about three-quarters that of
the main, the coefficient of discharge became very dependent upon accur-
ate centring and the smoothness of the pipe surface on the up-stream
side of the orifice. This difficulty could be partially overcome by fitting
two or more sets of pressure holes. In a further development of this
type of meter Hodgson replaced the concentric disc constriction by a

late projecting into the pipe, the whole )
:rea o?th'e obstruction beixfgp:oncentrated e I
around the pressure holes in the form of
a segment of a circle bounded by a chord.
In places where high velocities of flow had
to be measured it was found more satis-
factory to replace the straight chord by the
arc of a circle of which the centre was at
the pressure holes, as shown in Fig. 123.
The law of flow past a constriction may be expre\~ed by the formula :
Q=34 [(P,— P W, J'——(1)

Where @ is the discharge in pounds per second, ¢ is defined as the
* discharge intensity coefficient * for the particular type of constriction.
This coefficient includes the discharge coefficient (M ; and the ratios
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of the area of the main to the area left by the constriction = ; the
actual value of 8 is M. /v/n2—1 (2)
é is a term which allows for the compressibility of the fluid. Its
value for various values of n and P,/P, is shown graphically in Fig. 124.
A is the area of the pipe at the up-stream pressure hole in square feet.
P, and P, are the pressures at the up-stream and down-stream

pressure holes respectively in pounds per square inch.

W, is the density of the fluid in pounds per cubic foot at the up-
stream pressure hole.

For pure dry air W,=2-6998 P,/T,

092 : .

: P f'“er‘air-:«;B) / :‘:“' /
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Where 7', is the absolute temperature in degrees Fahrenheit.

For a square-edged orifice having a diameter less than three-quarters
of that of the main, and pressure holes in the plane of the orifice, and
for =1 (nearly) the equation for the flow reduces to

A
Q=0- 668\/, [(P —P,) T} Ibs. per second——(3)
n? 1

Variation of the Discharge Coefficient, (M, with the diameter of the
Orifice and the Head producing Discharge—Hodgson investigated the
laws of discharge for a range of diameters varying from one-sixteenth
of an inch to nine inches. In these experiments water was used on
account of the ease with which it could be metered. As will be shown
later in the section on the calibration of air and steam meters, the value
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of the discharge coefficient is the same for air and water under certain
conditions.

In his experiments, the orifices were in all cases geometrically similar
with the pressure holes in the plane of the orifice as shown in Fig. r21.
Great care was taken in the preparation of these smaller orifices. They
were made in hardened steel to ensure that their edges were exactly
square and without the least trace of *“ wire edge.” Their diameters
were measured in four directions at 45° to one another by means of a
travelling microscope, and these instruments were checked to the nearest
ten-thousandth of an inch by means of specially made plug gauges.
The orifices were fitted in a length of bored pipe. His results show
that, for all values of d, within these limits, and for all values of d,/d,
less than 0-7, after the critical head has been reached the coefficient
of discharge for any orifice will not differ by more than -1 per cent
from the value 0-608. Below the critical head the water discharge
varies as (P,—P,)", where m is about 0-488.

The experimental values of the discharge coefficient, and approxi-
mate! values for the critical head, are given for the smaller orifices in
the following table :—

Diameter of Diameter of s/d, Critical head of
up-stream, d, orifice, d, (approximate) & | inches of water
r Inch i |
1-5 0-0660 0-04 0-612 340
15 01256 | 002 0605 250
1-5 | 0-2412 ’ 0-02 1 0-607 154
15 0-3539 0-02 0-606 S7

S=Thickness of orifice plate in inches.

Hence for values of d,/d, which lie between zero and 0-7 the coefficient
of discharge does not differ materially from 0-:608. These tests on very
small orifices are of importance, as they help to show that similar orifices
similarly installed may be expected to have the same coefficient of
discharge, whatever the diameter.

For values of d,/d, which are greater than this, the discharge co-
efficient gradually diminishes and is so sensitive to minute variations in
the conditions under which the orifice is installed, owing to the rapid
variations in the pressure immediately up-strcam and down-stream of
the orifice, that it is preferable to calibrate each individual orifice in situ.

I The critical head does not cccur at any very well-marked point.
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It is jmportant that the pressure holes should be in the plane of the
orifice, especially when d,[d, is large.

In some other experiments in which the flow of air was studied it
was found that the discharge coefficients for these square-edged orifices
are identical with the water values only in the limit when P,/P, is unity.
As P,/P, diminishes, the discharge coefficient increases according to

Discharge
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what is apparently a straight line law, which, if assumed to hold beyond
the limits of the experiment which Hodgson was able to make would
seem to indicate a value of 0-914 when the ratios P,/P, is zero. The
values of the discharge coefficient for various values of P,[P, is given
with fair accuracy by the relation .=0:914—0-306 P,/P,, as shown
graphically in Fig. 125, which represents experimental results for. the
following series of values of d,:—

d, d,
5-995" 0-670”

» 1-001

» 1:568

The same relation holds approximately (within 41 per cent) for
steam flows. The investigation of the value of the discharge coefficient
for square-edged orifices is interesting from a laboratory point of view
only, as the sharpness of the square-edge is very apt to be damaged by
handling or by erosion due to the flow. The value of the discharge
coefficient then increases, and the discharge through the orifice can no
longer be inferred with certainty from previous tests. For this reason,
Hodgson, although recommending the use of square-edged orifices for
standard work on account of the ease with which they may be repro-
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duced accurately, and the exactness with which the coefficient is known,
uses in commercial work orifices which have slightly rounded edges.
The value of the discharge coefficient for such orifices, though it must
be determined in each case by actual calibration, changes far less with
erosion.

SECTION I1J

(a) STEAM METERS

It is only within comparatively recent years that the question of
measuring the steam output of a boiler has received the consideration
of engineers. This is the more surprising when one reflects that the
generator side of the modern power plant is equipped with every type
of electrical instrument needful for the efficient distribution of power.
The maximum thermal efficiency of a boiler is only obtained for a par-
ticular rating, and it is obvious that this can only be found with certainty
when the boiler attendant has some means of knowing what the plant
is doing. The entire equipment of the past has generally been limited
to a pressure gauge and water column, but the tendency at the present
day is to make the control and operation of the boiler plant more exact
by providing for each unit a thermometer, draught gauge. CO, recorder,
automatic coal weigher and steam flow meter.

At the present time the steam flow meter finds its greatest field of
usefulness on individual boiler units. Various designs of the instrument
have been tried, most of which have failed from one cause or another,
o here it will suffice to describe three types which have met with a
certain measure of success under normal working conditions. It must,
however, be admitted that the design of a robust meter for the practical
measurement of steam flow is an exceedingly difficult problem, owing
to the various factors which have to be taken into consideration.

The Hodgson Kent Steam Meter —This meter is the outcome of the
investigations carried out by Mr. Hodgson in perfecting air meters
already described. The meters depend for their action on the law govern-
ing the volume of a steam which will pass through an orifice in a plate
when impelled by a known difference in the pressures on opposite sides
of the plate. The rate of flow of the steam varies as the square of the
difference in pressure, and the simplest form of meter gives a direct
indication of this rate of flow. If the pressure of the steam supply were
to be kept constant, this indication would be a measure of the total
energy of the steam passing. In practice, however, it is necessary to
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make allowance for variations in the steam pressure, as with a higher
pressure a greater amount of energy in the form of steam will naturally
be passed through the orifice at a given difference of pressure. The
meter described below automatically makes this correction, and an
elaboration of this meter includes an integrator, which shows the total
amount passed in a given period of time.

Description of Meter.—Dealing first with the orifice. This may take
the form of a square-edged hole in the centre of a plate inserted in the
pipe line, as shown in Fig. 121, or may be a plate projecting in, as in
Fig. 126. Experience has shown that the most suitable pressure differ-
ence on opposite sides of the orifice is equivalent to a head of about

Fig 126

50 in. of water. In order to provide this difference of pressure, the size
of the orifice opening must depend on the maximum velocity of the
steam in the pipe which has to be measured. This velocity may vary
over wide limits, say from 85 ft. to 260 ft. per second. At the higher
speed only a slight reduction in the area of the pipe is necessary to bring
about the desired difference in pressure, and with a circular orifice the
plate would be a mere ring protruding only very slightly into the bore
of the pipe. Supposing that in these circumstances the plate were no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>