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PREFACE.
THE

subject for the

Adams

Prize for 1893 was

"The Methods

of

determining the absolute and relative value of gravitation and
the

mean

density of the earth."

This Essay, to which the Prize was adjudged, gives an account
of the various experiments,
including one

by the author,

whicli

have been made to determine the mean density of the earth.

The

First Part consists of an introductory discussion of the

problem and an account of the experiments hitherto made on the
subject.

Since the Essay was

some of the

first

original papers, of

abstracts or brief notices,

and

I

written I have had access to

which I had before only seen

have therefore been able to make

the history of the subject more complete.

The Second Part contains an account

of

my own

experiment

which has already appeared in the Philosophical Transactions of
the Ployed Society

for 1891.

As

it

is

a condition of the award of

the Prize that the Essay should be printed,
here the account of the experiment

in full as

I have prefixed a bibliography of

it is

necessary to give

already published.

works and papers containing
In this

important or noteworthy contributions to the subject.
be found a reference to an experiment by

account has been published so recently that

M. Berget,
it

of

will

which the

could not be included

in the First Part of the Essay.
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PART
A

II.

Determination of the Mean Density of the Earth and the Gravitation Constant

the Essay

by Means of the

Common
.

Balance by the writer of
71

BIBLIOGRAPHY.
IN this list I have only included papers which contain original matter,
or which are of interest in the history of the subject.
The titles of
many others appearing to contain references to the mean density of the
earth will be found in the Bibliography of the Pendulum, in vol. iv.
" Memoires Relatifs a la
Physique."
I have not seen any of these, but from the fact that they are not

J

referred to in the papers describing original work,
they are unimportant, and I have omitted them.

1.

it is

probable that

NEWTON

PHILOSOPHIC NATURALIS
1687.
(SIB ISAAC).
PRINCIPIA MATHEMATICA. Lib. 3. Phaenomena, and Propositiones I.-X.

Newton here shows that the observed phenomena agree with the supposition
of universal gravitation according to the law GM^/d-, and he deduces the
relative masses and specific gravities of the sun and planets.
In Prop. X. he concludes that the earth

may be

five

or six times as dense as

water.
V
I

1

1

In Prop. VI. he describes the box pendulum experiments in which equal
weights of different substances are in turn placed in a box forming the bob of a
pendulum. The time of swing being the same in all cases, terrestrial gravitation
is proportional to the mass and not selective.

2.

NEWTON

DE MUNDI

(SIB ISAAC).

edited by Horsley, vol.
Translated in vol.

iii.

iii.

p.

SYSTEMATE.

(Opera,

194.)

of Davis's edition of Motte's version of the

"

Principia,"

1803, p. 21.

In a passage on the attraction of terrestrial masses, Newton calculates the
two spheres 1ft. in diameter, and of the same density as the earth,
though there is a curious error in the calculation. He also estimates the plumbline deflection of a hemispherical mountain, three miles high.
attraction of

3.

1749.
1749.

BOUGUEB.

LA FIGURE DE LA TERRE.

(Referred to in

4to.

Paris,

Todhimter's " Theory of Attractions."

x

BIBLIOGRAPHY.
Vol.

i.

lyne's

pp. 247-8. ^Clarke's "Geodesy," pp. 324-6,

and Maskc-

paper No. 4 below.)

The 7th section gives an account of Bouguer's attempts to determine the
plumb-line deflection due to Chimborazo, and the increase of gravity at Quito,
due to the table-land on which it is situated.
The first work on the subject, though the results were recognised as quantitatively valueless by the experimenter.

MASKELYNE

1772.

4.

(REV. NEVIL,

Astronomer Royal).

A

PROPOSAL

ATTRACTION OF SOME HILL IN
OBSERVATIONS.

A

B.D.,

F.R.S.,

and

MEASURING THE
THIS KINGDOM BY ASTRONOMICAL
FOR

(Philosophical Transactions, 177f>, p. 49 ;").)

proposal to use some mountain in England, either Whernside or Helvellyn

and Skiddaw.
The reading of this paper resulted in the appointment of a committee, of
which Maskelyne was a member, to find a suitable hill, and to carry out the
necessary work. The surplus remaining from the grant made by George III.
to defray the expenses of the observations of the 1769 Transit of Venus was
given to the committee by the King.
5.

MASKELYNE

1775.

(REV. N., B.D.,

F.R.S., and Astrono-

Ax ACCOUNT

mer

OF OBSERVATIONS MADE ON THE
Royal).
MOUNTAIN SCHEHALLIEN FOR FINDING ITS ATTRACTION. (Pliilosophical Transactions, 1775, p. 500.)

This paper gives a full account of the astronomical work, carried out by Maskelyne, in this celebrated experiment. The zenith distances of a number of stars
were observed at two stations respectively on the north and south sides of the
mountain. There is also an account of the survey of the district.
The work of computation was undertaken by Hutton, and described by him
in the paper No. 6 below.
6.

HUTTON

(CHARLES, F.R.S.). AN ACCOUNT OF THE
CALCULATIONS MADE FROM THE SURVEY AND MEASURES TAKEN AT
SCHEHALLIEN, IN ORDER TO ASCERTAIN THE MEAN DENSITY 01
THE EARTH. (Philosophical Transactions, 1778, pp. G89-788.
Revised in the Author's Tracts, vol. ii. p. G4, 1812.)

1778.

A very

account of the method of determining the difference of attractions
stations on Schehallien, in terms of the masses in the
Value obtained for the mean density 4*5. In the revision of 1812 hefull

at the north
district.

and south

gives 4-95.
See*a!so Nos. 9

7.

1780.

and

12 below.

HUTTON (CHARLES,

F.R.S.).

CALCULATIONS

TO

DETERMINE AT WHAT POINT IN THE SIDE OF A HILL ITS ATTRACTION WILL BE THE GREATEST, ETC.
(Philosophical Transactions,
1780, p.

The maximum

1.)

effect at

about

|;

the altitude.

BIBLIOGRAPHY.
1798.

8.

M INK

CAVENDISH

(H.,

xi

F.K.S.).

THE DENSITY OF THE EARTH.

EXPEFU.MKMS

to

I>I:TEK-

(Philosophical Tr<m.-"<-t ;<,,,*.

vol. Ixxxviii., 17!)S, pp. -l(;!)-52<;.)

An

account of the celebrated experiment devised by Michell, and carried out
by Cavendish, to determine the attraction between lead spheres by means of the
torsion balance. Value of the mean density 5.448. ** 7

PLAYFAIR. (J.) ACCOUXT OF A LITIIOLOGICAL SURVEY
OF SCHEHALLIEN, MADE IN ORDER TO DETERMINE THE SPECIFIC
GRAVITY OF THE HOCKS COMPOSING THAT MOUNTAIN. (Philoso-

1811.

9.

phical Transactions, 1811, pp. 347-378.)

A

careful survey of the disposition and specific gravities of the strata round
Schehallien, and an estimate of the correction to be applied to Button's result,
leading to limits 4-5588 and 4-867 between which the mean density should lie.

10.

1814.

ZACH (BARON

L' ATTRACTION DBS

DE).

MONTAGNES

ET SES EFFETS SUR LES FILS A PLOMB, ETC., AVIGNON.

A determination of the deviation of the plumb-line by the mountain Mimet,
some miles north of Marseilles, the second station being an island nine miles
S.W. of Marseilles. The instrument used was probably inadequate for the
purpose, and no attempt was made to deduce the mean density.
11.

1820. LAPLACE (M. DE). SUR LA DENSITE MOYENNE DE LA
TERRE. (Ann. de Chem. et de Phys., xiv., 1820, pp. 410-417.
Tilloch Phil Mag., Ivi. pp. 322-320.)
Only a brief account of the results found by experiment up to the time of
and a reference to his own work as showing the heterogeneity of the

writing,
earth.

12.

1821.

HUTTON (C.).

ON THE MEAN DENSITY

OF THE EARTH.

(Philosophical Transactions, 1821, pp. 27(5-292.)

A resume of the Schehallien experiment a vindication of his claim to have
taken an important part in it and a criticism of Cavendish's calculations. The
errors he thought he detected were later shown by Baily either to be non-existent
or unimportant.
(Mem. Ast. Soc., xiv., No. 19 below.) His final value from the
Schehallien experiment is given as 4'95.
;

;

13.

OSSERVAZIONE DELLA
CARLINI (FRANCESCO).
LUNGHEZZA DEL PENDOLO SIMPLICE FATTE ALL ALTEZZA DI MILLETISE SUL LIVELLO DEL MARE.
(Milano Effem. Astr. 1824, pp.

1824.

28-40. Aii account of Carlini's experiments by Sabine, (,>'terly Journal of Science, ii., 1827, pp. 153-150.)
Carlini found the length of the seconds pendulum at the Hospice on Mount
than it would have
Cenis, 1943 metres above sea-level, to be "210 mm. greater
been without the mountain at the same altitude and latitude. Assuming a cer-

BIBLIOGRAPHY.

xi 1

and density for the mountain, the value of the earth's mean density
Sabine gives the result as '0076 inches longer than it would have been
without the mountain at the same altitude, and deduces a value 4'77. See No.
18, below.

tain shape
is 4-39.

ACCOUNT OF EXPERIMENTS MADE AT DOLCOATH MINE IN
CORNWALL, IN 1826 AND 1828, FOR THE PURPOSE OF DETERMINING
THE DENSITY OF THE EARTH. 8vo, pp. 1(5, Cambridge, 1828.

1826-8.

14.

Privately printed and issued with a request that
Early attempts by the method described in No. 22.

it

should not be published.

Accounts of these experiments are fully given in

DROBISCH

15.

IN

(M. W.). UEBER DIE IN DEN MINEN VON DOLCOATH
CORNWALL NEUERLICH ANGESTELLTEN PENDEL-BEOBACHTUNGEN.

(Pogg. Ann., x. 1827, pp. 444-456.)

DROBISCH

(M. W.) AUSFTJHRLICHER BERICHT UEBER MEHRERE
DEN JAHREN 1825 UND 1826 IN DEN MINEN VON DOLCOATH
ZUR BESTIMMUNG DER MITTLEREX DICHTIGKEIT DER ERDE
ANGESTELLTE PENDEL-VERSUCHE. (Pogg. Ann., xiv., 1828,

16.

IN

pp. 409-426.

REICH (F.) VERSUCHE UBER DIE MITTLERE DICHTIGKEIT
DER ERDE MITTELST DER DREHWAGE. 8vo. Freiberg, 1838.

1837.

17.

Some account

of the experiment

Terre," Comptes Bendus,
Soc. 14, No. 19 below.

A

v.

is

given in a note, "Sur la densite de la
Referred to in Baily, Mem. Ast.

1837, pp. 697-700.

repetition of Cavendish's experiment, with smaller spheres
Result 5 '44, afterwards corrected to 5*49.

and

some

changes of method.

GIULIO (CARLO IGNAZ). SUR LA DETERMINATION
DE LA DENSITE MOYENNE DE LA TERRE DEDUITE DE L'OBSERVATION
DU PENDULE FAITE A L'HOSPICE DU MONT CENIS, PAR M. CARLINI,
EN SEPT. 1821. (Torino Mem. Accad., iii., 1841, p. 370.)

1841.

18.

I

by

v.

19.

have not seen

this paper, or

Sterneck that the resulting

any account of

mean

density

contents, beyond a statement
4 '950.

its

is

BAILY (FRANCIS). AN ACCOUNT OF SOME EXPERIMENTS WITH THE TORSION-ROD FOR DETERMINING THE MEAN
DENSITY OF THE EARTH. (Memoirs of the Roijal Astronomical
Society, vol. xiv. pp. 1-120 and i-ccxlviii.)

1842.

A large number of determinaBaily 's repetition of Cavendish's experiment.
tions with different attracted masses. Mean value ;VG747.

BIBLIOGRAPHY.
20.

xiii

HEARN

(G. W.). ON THE CAUSE OF THE DISCREPANCIES
OBSERVED BY Mil. BAILY WITH THE CAVENDISH APPARATUS FOR
DETERMINING THE MEAN DENSITY OF THE EARTH. (Philosophical

1847.

Transactions, 1847, pp. 217-230.)

A

curious attempt to explain the anomalies in Baily's observations by supposing that there was a magnetic action between the masses. The polarity of
the attracting masses was supposed to be reversed on changing their position,
so that an attraction on one side became a repulsion on the other, and practically
only the variations in the amount of polarity would be detected.

These variations he supposes to be somewhat irregular. The total magnetic
makes out in some cases to be far larger than the gravitative action.
He was evidently unaware of Cavendish's experiments on the action of magnets
on the balls, or of Reich's with a cast-iron mass.

action he

1852.

21.

REICH
Abh.

(P.).

Math.

XEUE VERSUCHE
Phys.

1852,

MIT DER DREHWAAGE.

383430.)
VERSUCHE UBER DIE MITTLERE DICHTIGKEIT DER ERDE.
(Leipzig.

Ann., Ixxxv., 1852,

pp.

i.,

pp.

189-198; Phil. Mag.

v.

NEUE
(Poyg.

1853, pp.

154-159.)
After explaining that he has revised his former results, using Baily's method
altering the final result from 5*45 to 5'49, he describes a more extensive series

and

Some interesting experiments were made with attracted,
giving result 5'5832.
masses of bismuth and iron. The former gave nearly the same result, the latter
a higher one. But in any case, the magnetic action in the original experiment
must be negligible.

22.

AIRY (G. B., Astronomer Royal). ACCOUNT OF
PENDULUM-EXPERIMENTS UNDERTAKEN IN THE HARTON COLLIERY
FOR THE PURPOSE OF DETERMINING THE MEAN DENSITY OF THE
EARTH. (Philosophical Transactions, 1856, pp. 297-342.)

1856.

A

full account of the experiments, survey, and calculations for the determination
Value
of the ratio of gravity above to gravity a known depth below the surface.
of the mean density 6 '565.

23.

1856.

AIRY

(G. B.).

SUPPLEMENT

PENDULUM-EXPERIMENTS

TO

THE

"

ACCOUNT OF

"

(the paper above).

(Philoso-

phical 'Transactions, 1356, pp. 343-355.)
An acount of experiments undertaken at Greenwich to determine the temperature correction for the pendulums, with an addendum by Prof. Stokes in
reference to the effect of the earth's rotation and ellipticity.

24.

1856.

JAMES

(Lieut. -Col.

R.E., P.R.S

)

AND

CLARKE

ON THE DEFLECTION OF THE PLUMB-LINE AT
ARTHUR'S SEAT AND THE MEAN SPECIFIC GRAVITY OF THE EARTH.
(Capt. R.E.).

(Philosophical Transactions, 1856, pp. 591-606.)
In the course of the survey round Edinburgh, a determination of the deflection of
the plumb-line by Arthur's Seat was made by means of stellar zenith distances.

xiv

BIBLIOGEAPHY.

The paper contains a discussion of the mode of treating the astronomical
observations and a full account of the mode of computing the attraction at each
station of the surrounding country by Button's method. The value of mean density
is

An

5'316.

inquiry

is

added into the reason

for the general deflection of about

5" in the

neighbourhood of Edinburgh.
A fuller account of the data is given in the " Account of the Observations and
Calculations of the Principal Triangulation " of the Ordnance Survey 1858.

COBNU

1873.
DETERMINATION NOU(A.) ET BAILLE (J.).
VELLE DE LA CONSTANTE DE L' ATTRACTION ET DE LA DENSITE

25.

MOYENXE 'DE LA TERRE.

(Comptes Rendus,

vol.

Ixxvi., 1873.

pp. 954-8.)

A brief account of the apparatus used in a new determination by the torsion
balance method and a statement of the mean results obtained so far, viz., 5'50'
and

5-56.

COBNU

ET BAILLE. ETUDE DE LA RESISTANCE DE
L'AIRDANS LA BALANCE DE TORSION. (Coniptea Rendua, vol.lxxxvi.,

1878.

26.

1878, pp. 571-4.)

An account of some observations

to determine whether the resistance of the air
accurately proportional to the velocity. If so, the successive swings should be
in exact geometric progression and so they were found to be with
great accuracy.
is

1878.

27.

COBNU"

MOYENNE

ET

BAILLE.

DE LA TERRE.

Sun LA MESURE DE LA DENSITE

(Comptes Rendus,

vol.

Ixxxvi. pp.

699-702.)

A notice of addition of two more spheres of mercury and a reduction of distance
from the torsion rod, the force being thus quadrupled. The time of vibration
has remained at 408 seconds for more than a year. The results are still 5'56.
An error is pointed out in Baily's method in which he takes the last elongation in one postion as the first in the next, notwithstanding the movement
of the masses meanwhile. Rejecting the first elongation in each position as
vitiated, Baily's results are appreciably reduced, and the estimate, founded
on some random examples, is that the mean would be lowered from 5*68 to
5-55.

28.

COBNU

ET BAILLE. INFLUENCE DES TERMES PRO1878.
PORTIONNELS AU CARRE DES ECARTS DA3TS LE MOUVEMENT OSCILLATOIRE DE LA BALANCE DE TORSION. (Comptes Rendus, vol. Ixxxvi.
pp. 1001-4.)

An
force.

examination of the effect of terms higher than the
__

first

in the restoring

BIBLIOGRAPHY.
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Hence, a term of half the period is superposed on the solution obtained by
neglecting War.
It follows that neither the
point through which the rod passes at equal
intervals of time nor that about which the successive vibrations have the same
ratio is the true position of rest.

29.

JOLLY (Ph. von). DIE ANWENDUNG DER WAAGE
AUF PROBLEMS DER GRAVITATION. (Abhand. der k. Bayer, Akad.
der Wise., '2 cl. xiii. Bd. 1 Abth. pp. 157-17C
Wied. Ann., vol.

1878.

;

v. pp.

112-134.)

Account of experiments made with a balance to determine the variation of
weight with height. A kilogramme was weighed in one pan of a balance and
then in a pan suspended by a wire from the first and about 5 metres below it.

An increase, nearly that calculated by the ordinary theory, was observed. The
author suggests that if the experiment were repeated under suitable conditions
with a large mass of lead under the lower position, the increase in the gain of
weight would measure the attraction of the lead and so give the mean density
of the earth.
30.

POYNTING- (J. H.). Ox A METHOD OF USING THE
BALANCE WITH GREAT DELICACY, AND ON ITS EMPLOYMENT TO
DETERMINE THE MEAN DENSITY OF THE EARTH. (Proceedings of

1878.

the lloyal Society, vol. xxviii.,,1878, pp. 2-35.)

An account of preliminary experiments to test a method of determining the
mean density by putting a lead sphere i foot in diameter under the weight hung
by a wire from one arm of a balance, The increase in weight gave the attraction
and thence the mean density was calculated to be 5 '09, bat with large deviations
from the mean.

31.

MENDENHALL

DETERMINATION OF THE
C.).
(T.
ACCELERATION DUE TO THE FORCE OF GRAVITY AT TOKIO, JAPAN.

1880.

(American Journal of Science,

vol. xx. pp.

124-132.)

Contains an account of the method used in the experiment described below to
determine the time of vibration of the pendulum.

32.

1881.

MENDENHALL

(T. C.).

ON

A

DETERMINATION

OF

xvi

BIBLIOGRAPHY.
THE FORCE OF GRAVITY AT THE SUMMIT OF FUJIYAMA, JAPAN.
(American Journal of Science, vol. xxi. pp. 99-10:5.)

A determination of the relative values of gravity at Tokio and on the summit of
Fujiyama, which is a very symmetrically shaped cone. The mean density deduced
o-77.

33.

JOLLY (Ph. v.). DIE ANWENDUNG DER WAAGE ALT
PROBLEMS DER GRAVITATION. Zweite Abhandlung. (Abh. d.

1881.

k. Bayer. Akad. d. Wiss., '2 cl. 14 Bd.
Ann., xiv. 1881, pp. 331 -355.)

i>

Abth. pp.

*('>.

Wied.

Experiments carried out in accordance with the suggestion at the close of the
A balance was fixed at the top of a tower. From its scale pans
were hung two other scale-pans by wires 21 metres below. The gain in weight
of a glass vessel filled with 5 kg. of mercury when moved from the upper to the
lower pan on one side of the balance was measured, and then, a large lead sphere
a metre in diameter was built up under the lower sphere, and a gain greater by
^ mgm. was observed. From this the mean density of the earth was calculated
to be 5'692.
previous paper.

34.

1882.

STERNECK

UNTERSUCIIUNUEN

(R. von).

CHER DIE

SCHWERE IM INNERN DER ERDE, AUSGEFUHRT IM JAHRE 1882 IN
DEM 1000 METER TIEFEN ADALBERT-SCIIACIITE DBS SILBERBERGWERKES zu PRIBRAM IN BOHMEN. (MittheUungen des k. u. k.
Militar. geogr. Inst. zu Wien,

An

ii.,

1882, pp. 77-120.)

pendulum was swung at the surface and at two
different depths in the mine, being compared with a half-second clock rated from
a standard clock at the surface by means of a pocket chronometer. The value of
gravity at the underground stations, one 456 '5 metres below the other, was
The values for the mean density given by comparison of
practically the same.
each lower station with the surface are 6 '28 and 5'01.

35.

invariable half-second

STERNECK (R. von). WIEDERHOLUNG DER UNTERSUCHUNGEN UBER DIE SCHWERE IM INNERN DER EllDE, AUSGEFUHRT
IM JAHRE 1883 IN DEM 1000 METER TIEFEN ADALBERTSCHACTE
DES SlLBERBERGWERKES ZU PllIBRAM IN BoIlMEN. (Mitth. (leS

1883.

k. u. k.

Mil. geogr. Inst. zu Wien,

iii.,

188:5, pp. 5D-04.)

A

repetition of the experiments described in the previous paper, with the
addition of two more underground stations and greatly improved pendulum
observations.
Two invariable half-second pendulums were used, one at the
surface, the other at one of the four stations at different depths in the mine, the
pendulums being interchanged at each pair of stations to complete a determination.
The coincidences were observed at the same time at the two stations and in

comparison with the same clock, which gave half-second electric signals at the
stations.
The mean result for the density of the earth is 5'G8, but the value
increases with the depth of the lower station.

two

BIBLIOGRAPHY,
1883.

36.

DANS

xvii

BAILLE
LES

it'i'iut-ns,

KTITDES sun LA RESISTANCE DE L'AIR
(J. B.).
MorVE.MKXTS OSCILLATOIRES TRES LENTS.
(CoillpteS

1SS3, vol. xcvi.

I

]>]>.

I1KI-5.)

A

study by the torsion balance of the variations of resistance with form and
dimensions of the moving body and with temperature and pressure of the air.
The resistance per unit area diminishes with increase of surface normal to the
motion ; it varies with the dimensions and shape of the case, and also varies with

temperature and pressure, especially at high pressure.
sphere the variation is small.

1884.

37.

KONIG

METIIODE

ZUR

At

fractions of

an atmo-

AND RICHARZ (P.).
EINE NEUE
BESTIMMUNG DER GRAVITATIONS- CONSTANTS
(A.)

.

(Sitzungsberichte der fieri. AkacL, 1884, p. 1203.
Nature, vol. xxxi. p. 484.)
xxiv., 188f>, p. 004.

Wied. Ann.,

In the last-named place is an account of the proposed method, forwarded by
the authors to correct the incomplete description in early notices in the same

volume.
In principle the experiment which is now (1802) in progress may be regarded
as a development of Jolly's experiment. A balance is mounted on a large block
of lead with perforations below the scale pans.
The right weight is first above
and the left weight below the block then the right weight is below and the
The difference between the two weighings, when corrected for
left above.
variation in altitude, is four times the attraction of the block.
;

38.

HICKS (W. M.). Ox SOME IRREGULARITIES IN THE
VALUES OF TUB MEAN DENSITY OF THE EARTH, AS DETERMINED

1884.

BY BAILY.

(Proc. of

Cambridge Phil.

Soc., vol. v.

part

2,

1884,

pp. 156-101.)

The author points out that if Baily's results be arranged in order of temperature
with rise of temperature.
is a
steady fall in value of the mean density

there

39.

STERNECK

VEER
UNTERSUCHUNGEN
1885.
von).
(R.
DIE SCHWERE IM INNERN DER ERDE, AUSGEFtHRT IM JAHRE 1885
" HIMMELIN DEM ABRAIIAMSCHACTE DES SILBERBERGWERKES
"
BEI FREIBERG IN SACHSEN.
FAIIRTSFUNDGRUBE
(Mltth. deS
k. u. k.

Mil.

c/eoy.

Inst.

zu Wien,

vi.

23 pp.)

Professor Bruhns had found a decrease in gravity in this mine below the surface.
Major von Stcmeck, therefore, determined to reinvestigate the value with his
invariable pendulums, using the two underground stations selected by Bruhns
and two others. He found an increase of value with increase of depth but much
more rapid than at Pribram. The increase with increase of temperature was, howThe values
ever, nearly the same in both cases, a result at present unexplained.
of the mean density of the earth were much higher than before, the mean being

over

40.
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1885.

WILSING

KBIT DER

(J.).

ERDE MIT HVLFE

BESTIMMUNG DER MITTLEREN Die HTIG
EINES PENDEL-APPARATES.

(Publica-

xviu

BIBLIOGRAPHY.
tionen des Astro-Physikalischen Observaioriums
'2'2,

vi.

Band,

'2

zi>,

Potsdam, No.

Stuck, pp. 35-127.)

A pendulum rod, with nearly equal balls at the upper and lower ends, is supported
by a knife-edge just above its centre of gravity so that the gravity restoring
couple is small and the time of swing great. Attracting masses are brought up
one on one side of the upper ball, the other on the other side of the lower ball,
and the deflection is observed. From the time of swing the attraction can be
calculated, and the mean density of the earth is deduced as .0-594.
41.

1889. WILSING- (J.). BESTIMMUNG DER MITTLEREN DICHTIGKEIT DER ERDE MIT HULFE EINES PENDEL-APPARATES (Zweite

Abhandlung). (Pnbl. des Astro. -Phys. Observ. zu Potsdam, No.
n, vi. Band, 3 Stuck, pp. 133-191.)

An account

by the pendulum balance described in the
Various improvements are introduced, especially some to guard
.against temperature changes.
The result is now 5 '57 9.
of further experiments

previous paper.

42.

1889.
MENT.

BOYS

ON THE CAVENDISH EXPERI(C. V., F.R.S.).
(Proceedings of the Royal Society, vol. xlvi. pp. 253-208.)

A discussion of the best dimensions for the torsion apparatus and a description
of a small instrument which, with half-inch beam and small attracting masses,
The
gives a large deflection when the period of vibration is only 80 seconds.
author states his intention to construct apparatus for absolute measurements of
the gravitation constant.

43.

1889. LASKA (W.). UEBER EINEN NEUEN APPARAT ZUR BESTIMMUNG DER ERDDicHTE. (Zeitschrift fiir Instruw enten Kunde,
1889, vol.

ix.

pp. 354-5.)

An account

of apparatus prepared to carry out a pendulum-deflection method
after the method of Wilsing, the position of the pendulum being indicated by

interference bands between a glass plate on its upper end and a nearly parallel
The attracting
fixed plate, after the manner of Fizeau's expansion apparatus.
mass to be a sphere of mercury.

No

44.

results given.

POYNTING

1892.

MEAN DENSITY

ON A DETERMINATION OF THE
(J. H.).
OF THE EARTH AND THE GRAVITATION CONSTANT

BY MEANS OF THE COMMON BALANCE.
actions, vol. clxxxii. (1891),

The Paper

45.

is

(Philosophical Trans-

A, pp. 565-G5G.)

reprinted as the Second Part of this Essay.

1893. BERG-ET (A.). DETERMINATION EXPERIMENTALE DE LA
CONSTANTS DE L'ATTRAOTION UNIVERSELLE, AINSI QUE DE LA

BIBLIOGBAPHY.
}IASSE ET

DE LA DENSITK DE LA

TEItltK.

xix
(< 'ont/>t<>S Jteit'luS,

Vol.

cxvi. pp. 1501-3.)

Above the surface of a lake 32 hectares (79 acres) in area, at 1 labay-la-Neuve,
in Belgian Luxemburg, was fixed a hydrogen gravinieter, or a barometer with IK;
cistern closed and containing hydrogen to act as a spring to support the column
of mercury. The level of the lake could be varied, and as it fell the mercury in
t

the gravimeter became lighter, and the hydrogen supported a longer column.
The position of the column was determined by interference fringes, formed
between the surface of the mercury in the vacuum and the end of the tube which
was an optically worked plane. The level of the lake was lowered in two stages

and then raised again in equal stages. The column of mercury
J
8
From
rose 63/108 cm. and 126/10 cm., and then fell equal amounts within 2 ,.
In
these observations the mean density of the earth is calculated to be 5'41.
Comptes Rendus, vol. cxvii. pp. 96-7, M. Gouy points out that the accuracy
of 50 cm. each,

claimed implies a temperature constant within a five-millionth of a degree during
the several hours occupied by the experiment, a constancy utterly beyond anything
as yet considered possible.

The two following papers appear

to contain accounts of early
of
measure
variation
to
gravity with variation of distance
attempts
from the earth's centre. 1 have not seen the papers, and know nothing

as to their quality, though the result obtained
indicate a want of exactness.

1773.

BERTIER

(Le Pere

J. C.).

LETTRE

by Bertier seems to

DU P. BERTIER DE

L'ORATOIRE, ou IL EXPOSE UNE EXPERIENCE QUI TEND A PROUVER
QUE LES CORPS PESENT D'AUTANT PLUS QU'lLS SONT PLUS ELEVES

SUR LA TERRE JUSQU'A UNE PETITE DISTANCE.
Physique, ii., 1773, pp. 251 and 275.)

WOLF
same as

(Memoir es

rel.

a

(Journal

de

says that ,this experiment was the
Other letters and memoirs on the subject are

la Phys., 4. B. 55)

Jolly's first experiment.

in vol. v. of the Journal de Physique.

1775.

DOLOMIETJ (De). EXPERIENCES SUR LA PESANTEUR
DBS CORPS A DIFFERENTES DISTANCES DU CENTRE DE LA TERRE,
FAITES AUX MINES DE MONTRELAY EN BltETAGNE.
(Journal (Lz
Physique,

(I

Juillet 1775.)

THE MEAN DENSITY OF THE EARTH.
PART

I.

HISTORICAL.
INTRODUCTORY DISCUSSION OF THE NATURE
OF THE INVESTIGATION.
of the mean density of the earth may be
regarded also as the determination of the complete expression of
Newton's law of gravitation. A brief consideration of the facts
"
"
set forth by Newton in the third book of the
Principia will show
this most clearly, and will at the same time suggest modes in which
the determination should be made.
and referring
Starting with any single planet say the earth
its position to a system, fixed relative to the sun and the distant
stars, direct astronomical observation shows that it may be described
to a close approximation, as moving in an ellipse with the sun in
one focus and at such speed that the line from the centre of the
sun to the centre of the planet sweeps out equal areas in equal
This implies, as Newton showed, that the acceleration of
times.
the planet is towards the sun and inversely as the square of its
distance from that body.
Now comparing the different planets, observation shows that
3
2
(length of year) /(mean distance) is the same for each, and
from this it follows that the constant of acceleration is the same
for all, or that at the unit distance they would all have the same
acceleration if the law holding for each in its own orbit held for it

THE determination

at all distances.

So far this is mere time-geometry, or a description of position
and rate of change of position, and we might have other equally
true, if less convenient, modes of description referred to other
standards, such as the epicyclic geocentric

mode

of the ancients, or
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the practical mode in common use in which the co-ordinates of a
planet are measured with regard to some observatory, its meridian,

and horizon.
But if we regard the accelerations as indicating forces the
different methods of description are no longer equivalent.
We
must select that which gives a system of forces most consistent in
itself and most in accord with our terrestrial experience.
Here
the heliocentric method, with the modification described hereafter,
immensely superior to any other, and, adopting it, we must
suppose that the accelerations of the planets indicate forces towards
the sun, and since the constant of acceleration is the same for all,
that the forces on equal masses are inversely as their distances
squared from the sun, whatever planets the masses belong to. In
other words, the sun has no favourite among its attendants, but
pulls on each pound of each according to the same rule.
But the assumption that the accelerations indicate forces of the
kind we experience on the earth, carries with it the supposition of
equality of action and reaction, and so we conclude that each
planet reacts on the sun with a force equal and opposite to that
exerted by the sun on the planet.
Hence, each acts with a force
proportional to its own mass, and inversely as the square of its
distance away. If we suppose that there is nothing special in the
attraction of the sun beyond great magnitude corresponding to great
mass, we must conclude that the sun also acts with a force proportional to its mass.
But we have just shown that the force is
Hence, we have the force
proportional to the mass acted on.
2
proportional to mass of sun x mass of planet / (distance apart)
smaller
to
of
the
of
a
Now, turning
systems consisting
any
primary and its satellites, the shape of orbit and the motion of
the satellites agree with the supposition that the primary is acting
with a force according to the inverse square law. It is important
for our special problem to note here that in the case of the earth
we must include in the term satellite any body at its surface
is

.

which can be weighed or moved.

We

are therefore led to conclude that the law
and 2
bodies, of masses
x
on either is

if

M

we have any two

G M,

M

is
,

d

general, or that
apart, the force

M,,
"

d*

where

The

G is

a constant, the constant of gravitation.
towards the other is
acceleration of one of them, say
2

M

GM,

&

,

"

If this conclusion is accepted, we can at once determine the
masses of the various primaries in terms of that of the sun for
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acceleration of satellite towards primary

= G.

Mass

of primary / (distance of satellite) 2

and acceleration of primary towards

= G.

sun.

Mass of sun / (distance

of primary) 2

.

G

is eliminated, and we obtain the ratio of the masses
division
in terms of quantities which may be measured by observation.
confirmation of the generality of the law is obtained from the
perturbations of the planets from the elliptic orbits which we have

By

A

supposed them to describe.
These perturbations, in any one planet, can at least approximately be analysed into separate disturbances, each due to one of
its fellow planets, acting with a force inversely as the square of its
distance away, and if we assume this force proportional to the
mass of the disturber we obtain another measure for this mass in
terms of that of the sun.
The concordance of the two methods is as complete as we could

for simplicity

expect.

The determination of the masses of the different members of
our system in terms of that of the sun, enables us to choose a still
more satisfactory origin for our system of reference than the centre
The
of the sun
viz., the centre of mass of the whole system.
change is small, but without it we could not account for all the
motions merely by a set of inverse square forces in which action
and reaction were equal and opposite.
We have for simplicity considered the sun and planets as without
appreciable dimensions as compared with their distances apart. But
measurement shows that they are all approximately spheres, and the
attraction on a sphere with density varying only with the distance
from the centre, i.e., consisting of homogeneous concentric shells, if
it is considered as the resultant of the attractions on the separate
same inverse square law, is the same
on the whole mass collected at the centre of the sphere.
Further, if the attraction is due, not to the attracting body as a
whole but to its separate parts, each acting, as it were, independently and according to the same law, then an attracting sphere
Since the planets,
acts as if it were all concentrated at its centre.
to a near approximation, behave as if they were merely concentrated masses at their centres, and since the deviations from this
behaviour, such as the earth's precession, can all be accounted for
by their departure from sphericity, we have strong presumption
particles, all according to the

as that

that the attraction is really the resultant of all the attractions, each
element m, of one body acting on each element m, of the other
with force Gm^njd 2
Astronomical observation enables us, then, to compare the masses
.
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members of the solar system, with each other or
even to make a table of specific gravities, choosing any one as the
standard substance. Thus, if we take the earth as standard, the
mean specific gravity of the sun is about O25, that of Mercury
about 1-25, that of Venus and Mars about O9, and so on.
But this does not give us any idea of the specific gravity in
terms of known terrestrial substances or any idea of the masses in
terms of the terrestrial standards, the kilogramme or the pound.
It is true that Newton, with little more than the astronomical data
at his command, made a celebrated guess on the specific gravity of
the earth in terms of water, which runs thus in Motte's translation
of the "Principia" (vol. ii. p. 230, ed. 1729, book iii. prop, x.)
"
But that our globe of earth is of greater density than it would
be if the whole consisted of water only, I thus make out. If the
whole consisted of water only, whatever was of less density than
water, because of its less specific gravity, would emerge and float
of the various

.

:

And upon this account, if a globe of terrestrial matter,
above.
covered on all sides with water, was less dense than water, it
would emerge somewhere and the subsiding water falling back,
would be gathered to the opposite side. And such is the condition
of our Earth, which, in great measure, is covered with seas.
The
Earth, if it was not for its greater density, would emerge from the
seas, and according to its degree of levity, would be raised more or
less above their surface, the water and the seas flowing backwards
to the opposite side.
By the same argument, the spots of the sun
which float upon the lucid matter thereof, are lighter than that
matter. And however the Planets have been form'd while they
were yet in fluid masses, all the heavier matter subsided to the
centre.
Since, therefore, the common matter of our Earth on the
surface thereof, is about twice as heavy as water, and a little lower,
in mines is found about three or four, or even five times more
heavy it is probable that the quantity of the whole matter of the
Earth may be five or six times greater than if it consisted all of
water, especially since I have before shewed that the Earth is
about four times more dense than Jupiter."
It is not a little remarkable that Newton hit upon the limits
between which the values found by subsequent researches have
;

;

nearly

all laid.

In order, then, to complete the expression of the law of gravitatation, we must connect the celestial with the terrestrial scale of
In fact, we must do for the masses of the solar system
densities.
that which we do for their distances in the determination of the
solar parallax, though we cannot proceed quite so directly in the
former case as in the latter in connecting the celestial and terresIf we could measure the acceleration, say, of the
trial measures.
moon, due to any terrestrial body of known shape and density if,
for instance, we knew the form and extent of our tidal wave and
;

THE METHODS OF EXPERIMENT.
its full

lunar

effect,

we

5

could at once find the mass of the earth in
its density as compared with sea-

terms of that of the wave, or
water.

But at present this cannot be done with any approach to
accuracy, and the only method of solving the problem consists in
finding the attraction between two bodies on the earth of known
masses a known distance apart, and comparing this with the
attraction of the earth on a known mass at its surface instead of
its attraction as a heavenly body.
Since the law of attraction is
by observation the same at the surface of the earth and at a
distance, we can thus find the mass of the earth in terms of either
of the known masses.
To take an illustration from an experiment hereafter described,
let us suppose that a spherical mass of 20 kilos, is attracted by
another spherical mass of 150 kilos, when the centres are 30 cm.
apart with a force equal to the weight of |~ mgm. or ^^^^j. ol
the weight of the 20 kilos when the latter is on the surface of the
earth and 6 x 10 8 cm. from its centre, we have
:

Mass of Earth

:

150,000

=

1

:

whence mass of earth = 5 x ] O 27 grammes nearly.
The volume of the earth is about 9 x 10 26 cc., whence the mean
density of the earth is about 5 '5.
Or, using the experiment to give the constant of attraction,
and expressing the masses in grammes, the weight of J mgm. or
=
OQ025ff G x 150,000 x 20,000

30 2

Whence

if

fj

= 981,

G = 981

x -00025

x30 2

150,000 x 207000"

=

7

nearly.

10 5

A

determination of

G

completes the expression of the law of

gravitation.

The Methods

of Experiment.

These naturally fall into two classes. In the one class some
natural mass is selected, either a mountain or a part of the earth's
crust, and its mass and form are more or less accurately determined
by surveys and mineralogical examination. Its attraction on a
plumb-bob at one side, or on a pendulum above or below it is then
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compared with the attraction of the whole earth on the same
body.

In the other, the laboratory class of experiment, a smaller mass,
such as may be easily handled, is placed so as to attract some small
suspended body, and this attraction is measured and compared with
the attraction of the earth for the same body.

Suppositions as to the Qualities of Gravitation.
In

all

the methods certain suppositions are

made

as to

the

qualities of gravitation, which are probably justified either by the
results of the experiments themselves or by other experience.

The
tions

following

is

a

list

of these suppositions with their justifica-

:

1. That the law of gravitation holds throughout the long range
from interplanetary distances down to the distances between the

attracting bodies in the laboratory experiments.
The first step in the descent from celestial spaces is justified by
the fact that the acceleration of gravity at the earth's surface
The
agrees with its value on the moon, as attracted by the earth.
further step downward appears to be justified by the fair agreement of the results obtained by the various forms of Cavendish,
balance, and pendulum experiments on the mean density
experiments which have been conducted at distances varying from feet
down to inches. Where the law ceases to hold is yet a matter for
experiment to determine. When bodies come into what we term
contact, the adhesion may possibly still be due to gravitation,
according to the inverse square law, though the varying nature of
the adhesion in different cases seems to point to a change in the
law at such minute distances.
2.

That gravitation

is

not selective like electric and magnetic

action.

The agreement of astronomical observations with deductions
For
from the law is hardly a sufficient proof of this supposition.
suppose that some matter were attracted more than in proportion
to its mass and some less, there might be in all the planets such
quantities of the two kinds that the same general average is
maintained.
This may be an extravagant supposition, and yet, if we are to
adopt some of the current ideas regarding comets and their tails,
we are getting very near it. But with regard to ordinary
terrestrial matter, Newton's hollow pendulum experiments (" Principia," lib. iii. prop, vi.) repeated with more detail and precision by
Bessel (" Versuche iiber die Kraft, mit welcher die Erde Korper von
verschiedene Beschaffenheit anzieht," Abhand. der Berl. Ak. 1830,
p. 41 ; or "Memoires relatifs a la Physique," tome v. pp. 72-133)
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are conclusive that the earth as a whole is not selective.
Even
here, however, the result might be due to an average of equal
But again we may quote the various
excesses and defects.
mean density experiments and especially those made by Bailey, in
which a number of different attracting and attracted substances
have been used with nearly the same results.
3. There is no varying quality in the medium
intervening between
the attracting masses corresponding to electric specific inductive
capacity or magnetic permeability.
Astronomical observations are not decisive, for the medium
intervening between the sun and planets, approaches a vacuum
where so far we have no evidence for variation in quality even for
electric and magnetic induction.
In the case of the earth too, its
spherical form might render observation inconclusive, for just as a
sphere composed of concentric dielectric shells each with its
surface uniformly electrified would have the same external field in
air, whatever the dielectric constant, if the quantity of electrification
within were the same, so the earth might have the same field in
air whatever the varying quality of the underlying strata as regards
the transmission of the action across them if they were only suitably

arranged.
But the fact that there

is nothing like refraction of the lines of
gravitative force corresponding to the tangent law of refraction for
electric and magnetic lines of induction appears decisive.
If
further evidence be needed it may be pointed out that again the
different mean density experiments come to our aid.
Various
forms of case of various material have been used to separate the
attracting and attracted bodies, with no great effect on the

result.

Further, different forms of attracting masses have been used, the
cylinders of Dr. Wilsing giving nearly the same result as the
spheres of other workers. The field due to a cylinder would almost

depend on its gravitative permeability.
There is nothing of a directive nature in the gravitative

certainly
4.
field.

imagine that, superposed on the ordinary field,
a directive one, which might manifest itself in certain
cases.
Thus, an elongated body might tend to place its longer
axis vertical on the earth's surface.
Nothing of the kind has,
however, been detected, and for ordinary bodies we may dismiss
the supposition. But there is one case which appears to require
further experimental investigation, that of crystalline structure
with different properties along different axes. Thus, the attraction
between two crystal spheres might be different for a given distance
according as their like axes were parallel or crossed.
If such difference existed it should show itself by a directive
action on one sphere in the field of the other,
For allow one
It is possible to

there

is
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sphere to approach the other with the axes arranged in such way
that there is a maximum pull, then revolve the sphere brought
up into the position of minimum, pull, then withdraw it.
surplus
of work remains over unless work has been done in the revolution,
i.e., unless there is a couple tending to keep the sphere with its
axes in the position of maximum pull.
can hardly imagine
any other way in which the surplus could disappear, so that we
must suppose a directive action if there is a difference of pull for
different positions of the axes.

A

We

I propose to investigate this experimentally by means of two
quartz spheres, respectively about 1 and 2J inches diameter. The
smaller one will be suspended by a quartz fibre, but as its weight
(25 grms.) would require a rather strong fibre to support it, it will
be suspended in water and so nearly buoyed up by a sort of small
Nicholson's hydrometer that it only just sinks.
To this the fibre
will be attached the fibre will then only need to be strong enough
to bear the difference between the weight of the sphere and the
mirror attached to the buoy will
upward pull of the buoy.
indicate in the usual way, by telescope and scale, the azimuth of
the sphere.
Outside the water vessel the larger sphere will be placed and
turned about its centre in different directions.
I have already made some experiments, without success, to test
the existence of a difference of direct pull for different axial
directions by suspending the small sphere and buoy at the end of
a torsion arm, but the small torsion of the fibre w as quite unable
to keep the rod from turning round, under the disturbing action
of convection currents.
The buoy, sooner or later, came against
the side of the vessel and here the adhesion prevented return.
While planning a reconstruction of the apparatus, it occurred to
me that there should be a directive couple, at least of the order of
the difference of the moments of the direct pulls at the end of the
torsion rod, and a rough calculation on assumed data confirms this.
I am now arranging the apparatus to test its existence.*
But even should such action exist, it would hardly affect the
conclusions drawn from mean density experiments, for in these
there has been at least no regularity of crystalline structure, and in
some cases, as in the mercury used by Cornu and Bailie no
;

A

r

question of crystalline structure at all.
5. That the density obtained from the formula used to express

the attraction of the earth

is

the real

mean

density,

i.e.

*

^

'

Jdv
In the calculation of the mean density the earth

is

replaced by

*
Since the above was written the suspension in a liquid by the aid of a buoy
has been abandoned, for the convection currents, even with the central position
of the mass, produced enormous disturbances.
The apparatus is now being
prepared with a much smaller suspended crystal in air.
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an

1)

the same form as nearly as measurement can
and of uniform density, and the result actually
the value of such uniform density, as would produce

ellipsoid of

determine

it,

obtained is
the observed value of gravity. But though the density of the
earth undoubtedly varies, increasing at least at first as we approach
the centre, " it is probable that the earth consists approximately of
spherical strata of equal density.
Any material deviation from
this arrangement could hardly fail to produce an irregularity in the
variation of gravity and consequently in the form of the surface,
since we know that the surface is one of equilibrium.
Hence, we
may assume, when not directly considering the ellipticity, that the
density p is a function of the distance from the centre." (Stokes'
" Math.
Papers," vol. ii. p. 122.) With this assumption the masses
of the actual and of the hypothetical uniform earth must be the
same, and the uniform density of the latter must be the mean
density of the former. And indeed without any assumption the fact
that gravity ab the earth's surface and at the moon may both be
expressed in terms of the same uniformly dense spheroid and the
distances, shows that the two densities are the same, for the actual
and the hypothetical earth must have the same mass to have the
same attraction at the distance of the moon.

HISTORICAL ACCOUNT.
Newton's Calculations of the Attraction between
Terrestrial Bodies.
"
a passage in his treatise " De Mundi Systemate
(Opera,
iii.
it
that
Newton
is
evident
p. 194,
22),
considered the possibility of measuring the attraction between

From

ed. Horsely, vol.

he says: "The experiments in terrestrial
no account; for the attraction of homogeneous

terrestrial masses, for

bodies

come

to

spheres near their surfaces are as their diameters. Whence, a
sphere of one foot in diameter, and of a like nature to the earth,
would attract a small body placed near its surface with a force
20,000,000 times less than the earth would do if placed near its
If
surface ; but so small a force could produce no sensible effect.
two such spheres were distant but by -J of an inch, they would not,
even in spaces void of resistance, come together by the force of
and less
their mutual attraction in less than a month's time
spheres will come together at a rate yet slower viz., in the proportion of their diameters.
Nay, whole mountains will not be
sufficient to produce any sensible effect.
mountain of a hemispherical figure, three miles high and six broad, will not, by its
attraction, draw the pendulum two minutes out of the true
;

A
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(Davis's edition of Motte's translation of the
Principia," etc., 1803, vol. iii. p. 22).
Unfortunately, there are
two errors in the earlier part of the quotation, one of them leading
to an enormous under-estimate of the effect of the attraction of
In the first place, the diameter of the
spheres on each other.
earth is about 40,000,000 feet, so that the pull of two spheres on
each other, one foot diameter each, one foot from centre to centre,
and of the earth's mean density, would be J x T7nnj1Tnnnj of the weight
of either.
Secondly, the acceleration towards each other would be
this fraction of 32 feet / sec. 2 or of 384 inches / sec. 2 and the time

perpendicular"
"

taken to move J inch would be given by J

=

,

J

2

x T6

0*00000?
seconds, about, instead of a month. Had Newton
realised this, he would hardly have dismissed so summarily the
Still, the passage deserves
possibility of observing the attraction.
attention as showing that Newton fully recognised the two methods
of experiment by which any effect should be sought for, the only two
methods which have yet been discovered.

whence

= 320

t

The Experiments

of

Bouguer in Peru.

(No. 3 in the Bibliography.)

The honour

of making the first experiments on the attraction of
masses is to be accorded to Bouguer, a member of the
celebrated commission sent in 1735 by the French Academy of
He
Sciences to measure an arc of the meridian in Peru.
attempted, both by pendulum and by plumb-line experiments, to
prove the existence, and to measure the attraction, of mountain
masses, and the seventh section of his "Figure de la Terre,"
entitled "Detail des Experiences ou Observations sur la Gravitation, avec des remarques sur les causes de la Figure de la Terre,"
contains a full account of the work. These experiments cannot be
terrestrial

7

regarded as having any quantitative value. But, as being the first
made, as pointing out the methods, and as certainly showing the
existence of the attraction sought, they are important in the
history of the subject. Eegarding them as preliminary trials, I shall
give an account of the plumb-line and pendulum experiments
together, instead of dealing with them under the separate classes
with the later experiments.
The Pendulum Experiment. Bouguer determined the
length of the seconds pendulum at three elevations: (1) at Quito,
which may be regarded as on a table-land, the station being 1466
toises above sea-level (2) on the summit of Pichincha, a mountain
rising above Quito to a height of 2434 toises above sea-level and
(3) on the island of Inca in the river Esmeralda, not more than 30
This station is to the north-west of
or 40 toises above sea-level.
;

;
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Quito, and about half a degree north of that town in latitude, the
equator lying between them. The toise being taken as 6'395 feet,
we may put the elevations in descending order as 15,600 feet, 9,400
The Quito observations were made at various times :
feet, and 0.
those on Pichincha in 1737, and those at the Isle of Inca in 1740.
The pendulum consisted of a small double truncated cone of
copper suspended from fixed jaws by an aloe fibre. The thread
was always made of the same length as a certain iron measuring
rod, so that the pendulum was "invariable." The time of vibration
was found from the number of oscillations gained in a given time on
a seconds clock rated by astronomical observations. The temperature of Quito was regarded as equal to that of Paris in the middle
of spring, and the measuring rod was taken as correct there.
It
was therefore necessary to apply temperature corrections to the
lengths obtained at the higher and lower levels. Though thermometers were used, the corrections do not appear to have been more
than approximate estimates. The buoyancy of the air was also
allowed for, its value on Pichincha being determined as TT^^ of
the weight of the copper bob by noticing how far the barometer
must be carried down hill to rise one line.
The following table gives the results
:
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This formula seems
by Young in 1819.

Putting

it

in the

to Lave

dropped out of sight

till it

was revived

form

g

'
(J

and using the values

at Quito

r

3d\
2

and

D)

sea-level

850
This result, though we now know it to be far too great, at least
sufficed to show that the mean density of the earth was greater
than that of the Cordilleras, and consequently, as Bouguer remarked,
that the interior of the Earth was neither hollow nor full of water,
as some physicists had maintained.
The Plumb-line Experiment. After the account of the
pendulum experiments Bouguer proceeds to discuss the methods by
which the deflection of the plumb-line through mountain attraction
may be measured, and he then gives the account of his own observations on Chimborazo.
He points out that several methods are available, e.g., the meridian altitude of a star may be observed by a
quadrant with its zenith reading fixed by a plumb-line, at a point on
a mountain side either to the north or to the south of the summit,
and then at a point east or west of the first station out of the
range of the mountain's attraction. The difference should give the
deflection of the plumb-line due to the mountain.
This is the
method which he used himself. Or, selecting stations .on the same
meridian, respectively on the north and south slopes, the excess of
the difference of astronomical latitude over the geodetic latitude is
twice the deflection due to the mountain. This is the method
afterwards used by Maskelyne and by James and Clarke. Or the
stations may be selected one on the north side of one mountain,
and the other on the south side of another more northerly mountain.
Or, lastly, the stations may be selected on the east and west sides
of a mountain.
This method has never been used, but it appears

worthy of notice for

own words

its ingenuity. I therefore give it in Bouguer's
60)
(" Figure de la Terre," p. 372,
ce n'est pas seulement par des observations faites au

"Enfin
Nord ou au

:

Sud, qu'on peut decouvrir si les rnontagnes sont
capables d'agir en distance; c'est aussi par des observations faites a
1'Orient ou a, 1'Occident ; avec cette seule difference qu'il ne sera
plus question d'observer la latitude, ou de prendre des hauteurs
meridiennes d'Etoiles et qu'il ne s'agira que de la determination
exacte de 1'heure. Cette derniere methode qui peut avoir son
utilite, me paroitroit souvent preferable aux preccdentes, sans
Supposons
qu'elle exige toujours le concours de deux Observateurs.
que le premier soit situe sur le cote Occidental d'une autre
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montagne ou de la meine si chacun de ces Observateurs prend
soin de regler une pendule par des hauteurs correspondantes, il
:

est evident que toutes ces hauteurs etant alterees par 1'attraction
que souffre la ligne verticale, chaque pendule sera reglee comme si
le Meridien n'etoit pas exactement vertical et comme s'il s'etoit
approche par en bas de la montagne, et eloigne par consequent par
en haut. Suppose outre cela que 1'attraction soit d'une minute
de degre et que les deux montagnes soient sur 1'Equateur, la
premiere Horloge marquera le midi 4 secondes de terns trop tot et
Ainsi faisant abstraction de la
1'autre 4 secondes trop tard.
difference des longitudes qu'on decouvrira aisement en mesurant
par la Trigonometrie la distance des deux Observateurs et en
1'evaluant en degres et minutes, il y auroit 8 secondes de terns de
Si les deux montagnes au
difference entre les deux pendules.
lieu d'etre placees aux environs de 1'Equateur etoient par 60 degres
de latitude, chaque minute d'inclinaison que produiroit 1'attraction
dans la ligne verticale apparente, peut apporter S" de difference
dans le midi, et il y en auroit done 16 entre les deux Horloges.
Enfin pour juger de la quantite de 1'attraction, il n'y auroit qu'a
scavoir exactement la difference qu'il y auroit entre les deux

Horloges ; et il suffiroit toujours, pour la decouvrir, de convenir
d'un signal de feu ou de quelqu'autre signal dont on put saisir
1'instant ; et remarquer de part et d'autre la minute et la seconde
de son apparition."
After considering several mountains, Bouguer fixed upon Chimborazo and selected as his first station a point on the south side,
nearly in the same longitude as the centre of gravity, and just
The station was 2400 toises above sea
about the snow-line.
After a most toilsome
level and 829 toises below the summit.
journey, Bouguer and de la Condamine, another member of the
Commission who assisted him in this work, fixed their tent at the
Their difficulties were greatly
station on December 4, 1738.
increased by the cold, and they had continually to guard against
being buried by the snow. They succeeded, however, in rating
their clock, and then they proceeded to take the meridian altitudes
of six stars to the north and four to the south, by means of a
quadrant of 2J feet radius. On December 16th they moved to the
second station nearly to the west of the first, about 3500 toises
distant, at a level 174 toises lower, and 32 seconds more south in
latitude.
Here the attraction of the mountain in the northerly
direction was only about T\j- or -f^ of its value at the first station.
Though at a lower level their condition was worse than before, for
they had changed a sheltered place for one exposed to such a wind
that, as Bouguer says, "il nous remplissoit les yeux de sable et il
Neveretoit continuellement sur le point d'enlever notre tentre."
theless they succeeded in observing the altitudes of the same stars
as before.
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After applying corrections for the geodetic difference of latitude

and the difference of refractions at the two stations, the results
were treated thus: Let N be the true altitude of a north star,
8 the plumb-line deflection, and z an error in the reading of the
quadrant.

Then

at the first station the observed altitude was,

N

- 3 +

z

(1)

same night a south star was observed,
as the same and the observed altitude was
If on the

z

might be taken

:

S + 8 +

z

(2)

At the second station the observations being made at a different
After correction for
time, we must assume a different error z.
latitude and refraction the observed quantities are
:

N

+

S +

Then

(3)

-

(1)

z*

(3)

z

(4)

-

-

{(4)

.
(2)}

28.

The mean

of very discordant values of 28 was 15".
Correcting
8 for the residual attraction, TVth, at the second station, we may
take the value of 8 as 8".
From an estimate of the volume of matter above the stations and

was calculated that with the same density as the
should produce a deflection of 1' 43".
Bouguer seemed to think that the smallness of the result might
be due to light volcanic matter in the mountain, but he recognised
fully the unsatisfactory nature of the work, and does not seem i to
have had any confidence in the result. He expressed the belief
that some suitable place might be found in France or in England
for a repetition of the experiment, and hoped that on his return to
Europe he should find that means had been taken to throw further
light on the subject.

its distance, it

earth

it

hope was unfulfilled and his experiments had no
effect, interest in the subject was awakened, and
Bouguer's work undoubtedly inspired Maskelyne to make the
celebrated Schehallien experiment now to be described.

Though

immediate

this
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PLUMB-LINE EXPERIMENTS.
The Schehallien Experiment by Maskelyne
and Hutton.
(Nos. 4, 5, 6, 7, 9

&

12, in the Bibliography)

In 1772 the Kev. Nevil Maskelyne, Astronomer Royal, read a
paper at the Royal Society, in which he proposed a repetition of
the attempt to measure the attraction of a mountain in the manner
He suggested that a
adopted by the Peruvian Commission.
suitable locality might be found either in the Ingleborough district
or in Cumberland, and obtained the appointment of a committee
"
by the Society to consider of a proper hill whereon to try the
experiment, and to prepare everything necessary for carrying the
design into execution."
As the result of the inquiries and inspection made by this
Committee, the English hills were rejected in favour of Schehallien, a mountain near Rannoch, in Perthshire, which has a
short ridge nearly east and west, sloping down steeply on the
north and south. The summit is. according to the Ordnance
Survey since made, 3547 feet above sea-level.
In the summer of 1774 the necessary instruments and a portable observatory were despatched thither. Two stations, the
north about 1450 and the south about 1180 feet below the ridge
and on the same meridian, were selected and the astronomical
observations were made. These consisted in the determination
at each of the two stations of the meridian zenith distances of
a certain number of stars passing the meridian near the zenith.
survey of the hill and of the surrounding district was begun in
1774, and completed during the two following years. This gave
the geodetical or geographical difference of latitude of the two
stations, and, had the mountain not existed, or had its attraction
been negligible, the difference of zenith distances of the same star as
observed from the two stations, or its equivalent, the angle
between the plumb-lines at the two, would have been the same
But the attraction of the mountain
as this geodetical difference.
pulled the plumb-bob in opposite directions on the two sides,
and so increased the astronomical difference, and this increase was
the quantity sought.
Knowing, from the survey, the disposition and distance of the

A

disturbing attracting matter, it was possible by calculation to
determine the mass of the earth in terms of that of the disturbing
matter.
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For the determination of the zenith distances, Maskelyne used
a zenith sector, an instrument designed only for stars very near
the zenith. This consisted of a 10-foot telescope turning on a
horizontal axis at the objective end, and provided with a
divided
arc of a few degrees at the
eye-piece end.
plumb-line, passing through the horizontal axis hung down
against the divided arc and fixed the zenith. The eye-piece was
provided with a micrometer. It is, perhaps, worthy of note that
at that time there was no satisfactory method of dividing an arc to
degrees, and Maskelyne graduated his arc by laying off a chord
equal to J radius and then by continued bisection dividing its arc
In using the instrument the nearest
into 128 equal parts.
division was always brought exactly under the plumb-line, and
fractions of a division were determined by a micrometer.
The
sector was provided with a vertical axis and was fixed in the
meridian by the aid of observations made with a quadrant, but

A

owing to delays in effecting this through bad weather, Maskelyne
was led to devise a plan of determining the meridian which is now
commonplace. This consists in observing the times of transit
of two known stars and adjusting the instrument till the difference coincides with the known difference of right ascensions.
At the south station, 76 observations were first made on 34
stars, and then, turning the instrument through 180 round its
At
vertical axis, 93 observations on 39, chiefly the same stars.
the north station 68 observations on 32 stars were made with
the face of the instrument west, and 100 on 37 with the face
east.

After making due allowance for " precession, aberration and
deviation and semi-annual solar nutation of the earth's axis," ten
differences with the face of the sector west gave a mean of 54'2",
the greatest deviation being 2". Ten differences with the face
east gave a mean of 55", the greatest deviation again being 2".
The mean of these 54*6" was taken as the final result.
Meanwhile, the survey gave the difference of geographical
latitude as 42.94".

Whence the effect due to attraction of the disturbing matter
was 11-6".
So far, the work is Maskelyne's, but the computation of the
result from these data was carried out in a most careful and
ingenious way by Hutton. His plan was as follows
From the data of the survey, he drew a contour map of the
district, and, from his description, it would appear that he was
:

the originator of this mode of representing the surface.
He then supposed a horizontal plane to be drawn through each
station.

Taking one, say the south station, had the surface of the
ground been everywhere level with this plane, the plumb-line
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would have coincided with the geographical normal. The actual
deviation towards the north might be set down as due to the
horizontal northerly component of the attraction of the matter
above the plane, the defect of matter where the surface fell below
being considered as negative matter above it. The attraction was
then calculated on the supposition that unit volume at unit
distance has unit attraction, and to simplify the calculation, the
matter was divided into vertical prisms by vertical cylinders,
with radii increasing successively by equal amounts of 666| feet
from the station, and vertical radial planes at angles with the
meridian, such that there was a constant difference T^- between
the successive sines.
It is easily shown that the northerly
horizontal component of the attraction of a ring between two
2
2
cylinders is Hfip- x sum of h/ (r + h )* where h is the height of

a prism above the horizontal plane.
An ingenious mode of
this
the
sum
of
the aid of a slide rule,
from
h/r,
by
computing
was devised by Cavendish, who was also partly responsible for
the method of dividing up the ground into prisms.
He was
evidently already interested in the problem which he was himself
to attack in another way twenty years later.

Hutton used, in all, twenty rings round each observatory,
extending to 13,000 feet away, and the results obtained were,

-

For the south station

666 6

x 69'967

'

north

x 88'644,

f

the sum of these being nearly 881 If the attraction of the whole
earth would in the same units be 4 TT R/3 or
circumference.
The circumference was taken as 131284080 feet, a value, to one
in three thousand, the same as that used by Clarke eighty years
later.

Hence on the supposition

Sum

of equal

of attractions of hill

mean

densities

8811-6

1
""

"

attraction of earth

:

9933

8752270

But Maskelyne found the ratio of the two equal to the circular
measure of 11*6" or TTT8T or TTSUT a^ er allowing for " Centri>

fugal force."

w

density of earth

17804

density of hill

"9933

Hutton took the

mean

9
'

5

^

specific gravity of the hill as 2 '5, whence the
density of the earth comes out 4'5 times that of water.
B
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Many years later, at Hutton's instigation, Playfair undertook
a lithological survey of the hill.
He found that the strata were
nearly vertical, and he observed the position and quantity of
each kind of rock. He also took specimens of each and determined

their specific gravities.
He was thus enabled to apply
to Hutton's calculations, and gave, as the limits

corrections

between which the result

lay,

4*5588 and 4-867 (Phil. Tram.,

1811).

Hutton's latest contribution to the subject (Phil. Trans., 1821,
pp. 276-292), contains his final estimate (based on Playfair's
work) of 99/20 or 4'95, a result which he had previously published
There is also a noteworthy suggestion that one of
in his Tracts.
the large pyramids in Egypt, might be employed instead of a
mountain, the stations being selected a quarter of the way up from
the base, the position which he had shown (Phil. Trans., 1780, p. 1)
The rest of the paper is occupied
to give the largest deflection.
with a resume of the Schehallien experiment, and a criticism of
Cavendish's arithmetic, a criticism afterwards shown by Baily to
be itself erroneous.
It should be explained that Hutton was now eighty-four years

and broken down in health. In his earlier years he was too
exact and careful to have made any such' criticism. He appears
to have felt that Cavendish's value was being accepted in
preference to his own and Maskelyne's, without due reason, and
doubtless this made him more ready to discover what he fancied
to be errors.
Reviewing the Schehallien experiment it is easy now to point
In the first place a larger number of astroout weak points.
nomical observations with a closer agreement would have been
more satisfactory. Then, in the second place, the calculations
hardly extended far enough from the hill. The only justification
in stopping at any distance is that the matter beyond would
On
produce practically the same effect at the two stations.
examining Hutton's tables, I find that the last rings retained
produce far too great a fraction of the whole difference to justify
the neglect of those beyond, and it would be necessary to go some
distance further, especially as from the map it would appear that
the ground rises to the north some 20,000 feet away, and still
within a distance giving a differential effect. And thirdly, the
determinations of the specific gravity of each kind of rock,
and its exact quantity and position, should all receive as much
attention as the astronomical and survey part of the work.
But
this is practically impossible, and constitutes a weakness inherent
in the method.
Notwithstanding these weak points the experiment was a great
attempt to solve the problem, and considering all the labours and
the difficulties of the work, much greater then than they would

old,
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now, we must recognise that it was most admirably carried out,
it
fully deserves the high place which it occupies in the

and that

history of scientific achievements.

The Survey Experiment at Arthur's Seat by
Colonel James and Captain Clarke.
(No. 24 in the Bibliography.)

On

the completion of the Trigonometrical Survey of the United
it was found that there were very sensible differences
between the astronomical and geodetic latitudes at several places,
and notably at Edinburgh, where there was more than 5". The
difference could usually be ascribed to the local configuration, and
in order to confirm this explanation Col. James, the Superintendent
of the Survey, in 1855, decided to examine the Edinburgh case
more thoroughly by determining the difference of latitude on the
two sides of Arthur's Seat astronomically, and comparing it with
the geodetical difference given by the Survey.
mineralogical survey of the surface strata of Arthur's Seat
and the surrounding district was made by Col. James himself, the
astronomical observations were made by Sergeant-Major Steel and
the subsequent computations based on the contoured maps already

Kingdom,

A

prepared were undertaken by Captain Clarke.
The astronomical part of the work consisted in the determination
of the zenith distances of a number of stars by over 400 observations at each of three stations N, A, and S, respectively on the
north side, the summit, and the south side.
The zenith sector of Airy was used, an instrument which may
be regarded as the modern equivalent of Maskelyne's zenith sector,
a level being used however instead of a plumb-line. In Clarke's
"
Geodesy," pp. 182-4, will be found a description of the instrument.
The method of least squares was applied to the observations to
extract the most probable values of the differences of astronomical
latitudes.
The latitude of the south station given by the stars
observed there was 55 56' 26' /t 69, and assuming this to be correct
the results in the second column of the table below were obtained,
the third column giving the results of the Survey and the last the
differences
of

f

-

S

A
N

:

Astronomical

Geodetical

Latitude.

Latitude.

55
55
55

56' 26-69"

56 43-69
9-22
57

Evidently, then, there

is

55
55
55

56' 24-25"

56 38-44
57
2-71

Difference.

A-

G.

2-44"
5-25
6-51

a deflection of the plumb-line to the
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north, or an attraction towards the south, at all three stations.
This is greater even than the northerly deflection due to Arthur's
Seat at the south station, a notable result to which we shall
return.
To calculate the attraction due to the observed configuration
Clarke used the method of Hutton, somewhat modified for greater
He drew 5 circles at 100 feet intervals round each
exactness.
and S, and 11
centre, then 15 more at 500 feet intervals round

N

more at the same intervals round A. Then 7 more round N and
S, and nine more round A, each having |- the radius of the preThis took him out nearly 24,000 feet. Dividing each
ceding.
quadrant into 12 sectors by Button's plan, and computing the
If we put x
attraction he obtained an equation for each station.
for density of rocks / density of earth, and y for the deflection due
to matter

beyond the

equations, the

A

-

:

Deflection
of Outside
Matter.

G

2-44
5-25
6-51

meaning

last rings retained, the following are the
of each term being written above

=
-

y
y
y

Deflection of
First Twelve or
Sixteen Rings.

-

+
+

4-265 x
1-691 x
3-845 x

Deflection
of Outer

Rings.

+ 1-565 x
+ 0708 x
1-393 x

Whence*; = -5173; y = 3-8820.
If the surface strata have .density 2*75, the value assigned byCol. James, then

:

Mean

density of earth

= 275 / -5173
= 5-316.

Stopping short of the outer rings, i.e., omitting the last term in
each equation, the value of x = '5076, and

Mean

density

= 5*41 7,

a difference showing the importance of the outer rings and justifying the remark that Hutton did not go far enough.
The work on which the above result is based appears to have
been carried out most thoroughly and carefully. The astronomical
observations agreed so closely that the probable error due to them
is

only j -054.

The calculation of the attraction of the surrounding irregularities
was carried probably quite as far as was necessary when we
consider our ignorance of the underlying material and the only
source of considerable uncertainty is one not to be eliminated from
this method
value assigned to the density of the
viz., the
deflecting matter, a value which may easily be wrong by as much
as 5 per cent.

The General Deflection at all three Stations. The
question of the origin of the term y, the deflection due to
outside matter, has no very direct bearing on our subject, but it is
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SEAT.

of great importance in the allied subject of the deflection of the
plumb-line generally by table lands and mountain ranges, and the
accompanying alteration in gravity as shown by the pendulum.
short account of Col. Clarke's calculations in his search for an
explanation may therefore not be out of place.
To the north of Edinburgh there is a defect of matter due to
the Forth.
The hollow of this would be approximately covered by a
rectangle 18 miles long, 12 miles wide, with its shorter side at 50
to the meridian, and having Arthur's Seat two miles away opposite
its middle point.
plate of this size, depth li feet and density x
as compared with that of the earth, would produce deflection

A

A

00727 x h.
Taking k = 30 the mean depth of the Forth and a? = 1/5, the
effect of the water is to produce a deflection of '04" to the northeast.
Taking fifteen feet as the difference between high and low
water, there may be a variation of *02" with the state of the tide.
Removing the water and filling up the rectangle with rock of
specific gravity 2*5 to a depth of 150 feet, we should get a
deflection greater than that due to the water by 0*5".
Hence the
hollow of the Forth and the consequent northerly defect of matter
will account for very little of the deflection of nearly 4"
we accept the results of the general Survey.

or 5",

if

Turning now to the south, it is to be observed that the surface
gradually rises to a mean level at the south of the country of
about 1000 feet. Clarke extended the circles from the 21st to the
28th, each having J the radius of the last, and this brought him
to the borders of Edinburghshire, some thirteen miles away.
The attraction due to the extra matter thus included was found
to be 1-64".
Further extension could not be made owing to the want of
contoured maps, but Colonel Clarke thought that if it could be
made, possibly the whole deflection might be accounted for.
It may be pointed out that, on the plan adopted for drawing
the rings, the attraction of any ring depends only on its average
height and not on its distance, so that an addition of ten more
rings, the last about 60 miles radius and all of the average height,
=
of the preceding seven, would produce a deflection of 1*64 x
2'34".
this
to
the
l'G4"
of
have
a
total
we
Adding
already found,
But this
3*98", or more than Clarke's value of the deflection.
would assume that all the country south has the high average level
of the borders of the counties of Edinburgh and Peebles, and would
leave out of account the highlands of Perthshire now just coming
within the radius on the other side. And here we are brought face
to face with the question, Where is this process to end?
An
addition of ten rings means a multiplication of radius by 4'67, say
roughly 5. Suppose we added another ten, the last with a radius

y
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we should include on one side the greater part of
England and Wales, and on the other, all the Highlands and this
ten is worthy of as much consideration as either of the preceding
groups of ten. Indeed, it becomes evident that we can have no
certainty whatever in our explanation of any one case of deflection, taken by itself, since distant masses by their greater area
may become as important as the nearer ones which, at first sight,
we might regard as alone worthy of consideration. And, indeed,
of 300 miles,

;

the process of calculation is apparently faulty in another respect.
Everything tends to show that elevated ground of great extent,
such as a group of mountains or a table-land, never exerts the
attraction we should expect from its observed density and it is
hard to resist the supposition first made by Airy (Phil. Trans.,
1855, pp. 101-4), that these elevated masses are really buoyed up
by matter at their base, lighter than the average that, in fact,
they float on the liquid, or more probably viscous solid, interior
very much as icebergs float on the sea. If this high ground is in
equilibrium, neither rising nor falling, we may perhaps regard the
total quantity of matter as the same as if all were uniform and at
the sea level. Then the excess of horizontal attraction on a distant
point, due to the elevated matter, would be neutralised by the
defect due to the lighter matter below, and the elevations might be
left out of the account.
But, perhaps, with sinking areas the matter below is not
sufficiently buoyant and there might be an excess of attraction,
while with rising areas the matter below may be more than
In
sufficiently buoyant, and there may be a defect of attraction.
our present want of knowledge on these points it appears useless
to take distant matter into account in order to explain any special
The
case of difference between astronomic and geodetic latitude.
;

direction in which there appears some hope of success is rather in
the experimental investigation of the deflection of the plumb-line
at many points over large areas and the determination of such a
distribution of excess or defect of matter as would account for all
these differences.
Then we should be able to decide as to the truth of Airy's
flotation theory, or at least we might find whether it was possible.

PENDULUM EXPERIMENTS.
Carlini's

Experiment on Mont

(Nos. 13

and 18 in

Cenis.

the Bibliography.)

In 1821, Carlini and Plana were engaged in determining the
difference of longitude between the Hospice on Mont Cenis and
the Observatory at Milan by observing signals made at an inter-
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mediate point. Carlini was at the Mont Cenis end, and having
very accurate time for the purpose of comparison with Milan time,
he made use of his stay at the Hospice to determine the value of
there by a Borda's pendulum. This consisted of a platinum
"
"
fravity
rotella
isc suspended by a metallic thread from a
weighing
only ten grains, instead of the ordinary knife edge. The length
of the pendulum was measured when in position in its case by
means of two microscopes, the upper sighting the suspension
edge, the lower, in succession, the upper and lower edges of the
The length between the microscopes was measured in terms
disc.
of three agreeing standard metres. The pendulum and microscope were attached to a strong wall on the ground floor, and the
clock was on a pyramid of masonry rising in the middle of the
room.
telescope was directed to the simple pendulum, and an inclined mirror at the same time reflected into the telescope the image
of the clock pendulum so that their coincidences could be observed.
The experiments extended over twenty-five days with an interval,
and thirteen independent results of length and time of swing were
The mean result, when corrected from the elevation of
obtained.
the Hospice (1943 metres) to sea level, on the supposition that no
mountain existed, was 993*708 mm., with a maximum discordance
of '032 mm. The excess due to the mountain was thus brought

A

down, as it were, to sea level.
Biot had found 741*6151 mm. as the length of the "decimal"
seconds pendulum at Bordeaux, lat. 44 50' 25".
Correcting to
" sexathe latitude of the Hospice 45 14' 10", and expressing in
"

gesimal seconds the length of the pendulum there at sea-level
should be 993*498 mm. The excess of the observed result 0*210
mm. was taken as the effect due to the mountain.
Carlini considered that the mountain might be represented by a
segment of a sphere 1 geographical mile high and with a base 11
miles in diameter. The attraction of such an elevation works out
to *5020 d, where cl is the density of the mountain and 1 mile is the
The attraction of the whole earth in the same
unit of length.
units is 14394 D, where D is the mean density of the earth, and
these attractions should be in the ratio of the difference 0*210 mm.
to the whole length of the seconds-pendulum 993*498 mm.

The mountain consists chiefly of schist, marble, and gypsum, and
Carlini obtained the specific gravities of these from a n amber of
specimens, finding them to be for schist 2*81, for marble 2*86, and
for

gypsum

2*32.

He

took the

mean

2*66 as approximately the

value of d.

mence

B .

Sabine (Bibliography No. 11) gives a different treatment of the
According to Sabine
observations, leading to a different result.
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the actual length of the seconds pendulum at the Hospice is
39'0992 in. From five values taken in neighbouring latitudes at

Dunkirk, Paris, Bordeaux, Figeac, and Formentara, all nearly at
sea-level, the sea-level value in the latitude of Mt. Cenis found by
is 39'1154 in.
The difference between this and the
Hospice length is '0162 in. But were the mountain cleared away
the difference due to the altitude of the Hospice should be *0238.
The effect of the mountain is therefore the excess of '0238 over
0162 = -0076.
-~
5-02 x 39-1154 x 2-66
_
A
4
'"
14394 x -0076

interpolation

A

subsequent revision by Giulio (Bibl. No. 18) led to the value

4-95.

There are very obvious weak points in this work. The variation
from the mean of *032 in a total of '210, in only thirteen observations is somewhat large and would render the result too uncertain,
even if the value at the sea-level as obtained by interpolation
could be trusted. But there is still more uncertainty in the
estimate of the equivalent mountain, and in the value assumed for
the specific gravity of the rocks.

The experiment must,

I think,

be regarded as interesting rather than important, and the nearness
of the value to that obtained by other methods is probably accidental, and not an evidence of the exactness of the data and the
assumptions.

Airy's Experiment at the Harton Pit.
(Nos. 14, 15, 16, 22

and 23 in

the Bibliography).

In the year 1826, the idea occurred to Mr. Airy (afterwards Sir
George Airy and Astronomer Royal) that the mean density of the
earth might be determined by observing the difference in the rate
of a pendulum at the top and bottom of a mine. Assuming the
earth to consist of homogeneous concentric spherical shells, let r
be the radius of the sphere through the bottom of the mine, r + h
that of the outer surface, D the mean density of the inner sphere,
d that of the shell penetrated by the mine. Let g be the value of
gravity below, and (f that above.

Then gig' =
^

and
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roughly by 10 in D.
to
Hence,
get within 1 per cent, in D, we must find g / g' to one
This appeared possible to Airy, and in conjunction
in a million.
with Whewell he made plans to undertake a series of observaand bottom of a
tions on the relative values of gravity at the
top
copper mine 1200 feet deep, at Dolcoath, near Oamborne, in CornTwo invariable pendulums were to be compared with two
wall.
clocks, respectively at the top and bottom of the mine, the clocks
being compared by chronometers carried to and fro. The pendulums were then to be interchanged, and any difference in their
rates with the same value of gravity would thus be eliminated.
After some trouble with the chronometer method of comparing the
In the
clocks, one set of observations of rate of swing was made.
process of interchange, one of the pendulum boxes took fire in
some unknown way while being raised in the shaft. It fell to the
bottom and the accident terminated the experiment.
In 1828, a repetition was attempted in the same mine, Mr.
Sheepshanks joining the party. The irregularity of the knife
edges gave great trouble, and when the difficulty seemed to be
overcome, a fall occurred in the mine which stopped the pump and
the lower station was flooded, so that again the experiment had to
be abandoned.
Airy published no account of the result of these first attempts, but
from Drobisch's first paper it would appear that the difference of
rate of the two pendulums corresponded to a mean density of 20,
clearly showing that the experiment was still in the preliminary

state.

No

further steps were taken for many years.
Meanwhile, the method of electric signalling had come into use
and rendered the comparison of distant clocks an easy matter,
so that, when in 1854 Airy once more returned to the subject, one
part of the experiment was simplified, and he had for the rest all
the facilities afforded by his position as Astronomer Eoyal.
He now selected the Harton Pit, a coal mine in the county of
Durham, two miles south of South Shields. An upper station was
chosen in a stable about 200 yards from the mouth of the shaft,
and a lower one in the same vertical in a disused gallery some 1250
feet below.
An inner chamber 16 feet square was built in the
stable and a similar chamber in the gallery as clock and pendulum

rooms.

The plan was

essentially that of

the earlier attempts.

Two
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invariable pendulums, belonging to the Royal Society, marked
At each station was a
respectively 1821 and No. 8, were used.
clock, in front of which one of the pendulums was hung, and their
rates were compared by means of the method of coincidences.
To compare the two clocks a " journeyman " clock was fitted up
with an electric circuit in the upper station, the circuit passing
clown the shaft to the lower station. Every 15 seconds the circuit
was completed, and a galvanometer placed at the side of each
comparison clock was deflected. By preconcerted signals it was
known which deflections of the galvanometers were to be timed on
the two clocks, so that their indications at the same set of instants
were known, and, by successive comparisons at definite intervals
their rates could be compared.
The invariable pendulum stands may be described as each
one
consisting of two iron triangular frames with a common side
bar connecting their
triangle horizontal, the other vertical.
vertices strengthened the frame-work.
At the vertex of the
vertical triangle was fixed the support for the agate planes on
which the steel knife-edges of the pendulum rested. The base
rested on three bricks, with perfectly solid bearings, one at each

A

angle, and the comparison clock was placed within the frame-work
but free from it.
The two stands were arranged so that the
pendulums vibrated magnetic east and west.
There were in all six observers, and arrangements were made by

which a continuous series of swings should be observed, night and
Some four or five
day, each swing occupying about four hours.
coincidences were observed at the beginning and end of each swing,
and the arc of vibration was also noted at the beginning and end.
Between each pair of swings the amplitude was increased to its
original value, and comparisons of the upper and lower clocks were
made. Temperature and pressure observations were also made for
the purposes of correction. In all, 82 swings were observed,
divided into four groups, an interchange of pendulums taking
The observer at a given
place when each group was completed.
station was relieved every twelve hours, so that the clock comparisons were sometimes made by different observers and personal
equation came in. By the method of rotation of observers at
the two stations, the effect was practically almost eliminated, but
Airy considered it better to determine the personal equation of
each observer from the actual comparisons and allow for it in
the results.
It was originally intended to keep the two stations always at the
same temperature, but through an accident a difference was allowed
to exist, the lower station being on the average almost 7 F. warmer
than the upper. The assumed temperature correction, if error ecus,
might therefore seriously affect the result. A series of comparisons
of the pendulums at Greenwich at the conclusion of the Harton Pit
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experiment made at very different temperatures, showed, however,
that the correction was practically right.
When all the corrections for a pendulum have been made its
rate, or the number of vibrations per second, should be proportional
Hence we have
to the square root of (j.
:

2

g above
g below

(rate of a pendulum above)'
2
(rate of same pendulum below)

"
Denoting the pendulums used by 8
as
follows
arranged

"

and " 1821,"

"

this

may be

:

rate of

" 8 " above
_^____

"
rate of " 1821
above

y

rate of upper clock

rate of upper clock
;

rate of lower clock
" 8 " below"
rate of

.

.

rate of lower clock
c

rate of 1821 below

2
upper clock\
\rate of lower clock/

/rate of

8 above
for

Q u -r-b
below

above
= 1821
1 Qor~in

lozl below'

^

tne

corrections

have been truly

the quantities are directly observed and so
applied.
the ratio of gravity above to gravity below is determined.
When all the separate observations were weighted so as to give
the least probable error, it was found that gravity below exceeded
gravity above by -rslsFj w ith a probable error of 1 in 270.
The next step is to express the difference of vertical attraction
at the two stations, in terms of the whole earth, and of the strata

But here

all

surrounding the pit.
Let us first suppose the hollows in the upper surface filled up
with material of the density of the surrounding strata, and the
elevations removed so that the surface is truly spherical, and let
us assume that the stratification is level.
Then, drawing a shell through the lower station such that the
matter without it has no attraction at that station, the form of
this shell will be spherical everywhere near the station, whatever
may be its distant irregularities, and it is easy to see that its
attraction on the upper station will be 4 TT li d, where li is the
depth of the mine, and d the average density of the surface strata.
The material within the shell may be regarded as concentrated at
the centre of the earth for both stations, and so we may apply
the spherical formula, given at the beginning of this account.
the surface to its true form a correction has to be
Now,

restoring

made

for the difference of attractions of the

matter at the two stations.
The ground round the Harton Pit

removed or replaced

is a table-land with only
small irregularities, extending to a line of cliffs at the coast, about
70 feet high, and 12,000 feet from the mine at the nearest point.
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The ground irregularities might be considered as neutralising
each other at the upper station, and at the lower their effect was
computed by dividing the surface into squares by lines parallel
and perpendicular to the coast, each of side length h. The average
elevation or depression above or below the upper station, was
determined for each square by a survey, and so the effect at the
station below could be computed.
For the sea, the surface was taken as fifteen feet below high
water, and its effect had to be calculated for both stations.
The result was that the attraction of the shell on the upper
station, in terms of the depth of the mine as unit of length was
0-044799) d
(4 TT
the lower station.

= 12-521569^

in excess of its attraction at

The attraction of the part of the earth inside the surface
drawn through the lower station was 69625D at that station,
and that of the whole earth at the upper station was
-

(69625

v\D
f
o

\

Whence g^ity below =
gravity above

+ 12-5216

^^^

_

.

00 017984 dfD.

But the pendulum experiments gave
gravity below
gravity above

_

^^^

.

00000019

.

Equating these values we obtain
1

a

= 2-6266 +

0073.

From a detailed examination of the thickness of the strata, and
a laborious determination of the specific gravity of each, by Prof.

W.

H.

Miller,

d was found to be

D

=

2-50.

Whence

6-566 +-0182,

the last term expressing the probable

error of the

pendulum

results.

Taking into account the ellipticity of the earth and its rotation,
Prof. Stokes found a formula which only alters the third decimal
place,

making,

D = 6-565.

impression with regard to this method is that Airy had too
confidence in the accuracy of the pendulum work.
The
clock was, judging from the description, supported on the same
brick floor as the pendulum stand, and small though the transmission of energy from one to the other might be, with so nearly
the same rate there might be a mutual effect altering the

My

much
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frequencies.

Carlini's

arrangement

appears

29
decidedly

better.

The plan adopted

of raising the pendulum knife edges from the
planes, after each four hours' swing, may have been necessary, but
the accuracy of the workmanship would have .to be very great to

ensure that the contact was the same on lowering again. From
Airy's description of a preliminary fault, I should doubt whether
the accuracy was sufficient for this.
Examining successive results there is discordance, which appears
to bear out the supposition that the rate changed after each
that an error of O'l second per
lifting up. But when we remember
day will make an error of more than 1 per cent in the final result,
whereas the personal equation with one observer amounted to J
second in a four hours' swing, it would seem that it is impossible
to arrive at the requisite accuracy unless personal equation is
curious aberration of one or other of the
quite eliminated.
pendulums in one of the series of experiments made afterwards at
Greenwich to confirm the temperature correction may be referred
to as showing the uncertainty of the pendulum work, though
there is no evidence of any such large aberrations in the pit

A

experiments.

Of course, beyond this uncertainty, there is the further and
possibly greater uncertainty in the computation of the attraction,
through our ignorance of the true density and distribution of the
surface strata.

Von

Sterneck's Experiments.

(Nos. 34, 35

and 39 in

the Bibliography.)

Major von Sterneck has made some very interesting experiments to determine the variation of gravity underground in the
Adalbert Shaft of the silver mine at Pribram in Bohemia and in
the Abraham shaft of the silver mine near Freiberg in Saxony.

made determinations in a shaft at Krus"na Hora
in a shaft going nearly horizontally into a hill-side.
These experiments are important not only in their results but in
the most valuable method used to obtain the ratio of gravity at two

He

in

has also

Bohemia

stations.

The Pribram Experiments.
more than 1000 metres deep. In the
1882 three stations were selected,
respectively at the surface, about 500 metres below and about
1000 metres below. To determine the change in gravity a single
invariable half-second pendulum was used, and this was compared
by a modification of the ordinary method of coincidences with a
half -second clock carried from station to station with the pen-

The Adalbert

first

shaft

is

experiment made in
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At

the surface was a seconds clock rated by astronomical
and the coincidence clock was compared with it by a
pocket chronometer carried to and fro. The results were not very
satisfactory, the values obtained for gravity at the two underground stations being nearly the same, though they differed in
When the values were compared in turn
level by 456*5 metres.
with the surface value, the results obtained for the mean density of
the earth were 6'28 and 5*01, the density of the surface strata being
taken as 2- 75 throughout, a value obtained by determinations from
specimens of the rocks.
The work of 1882 is to be regarded as preliminary to that of
the following year, 1883, when observations were made at four
underground stations, including the two of the year before. The
surface station was in a cellar under a building about 100 metres
from the mouth of the shaft, and the underground stations were
all within 200 metres of the vertical through that at the surface.
At each station a pillar was built as a stand for the pendulum,
about a meter high and 1 x 1 J metres broad at the top.
The pendulum work was on a quite new plan. Two similar
invariable pendulums were used, each being a rod (fig. 1) with a
heavy weight at its lower end and a knife-edge at its upper end.
This was filed away in the middle so that only 2mm. of edge remained
The edges rested on a glass plate with apole in the
at each side.
middle through which the pendulum could be introduced and set
The plate was supported on a very firm tripod stand.
in position.
In a determination of gravity one pendulum was always at the
surface and the other at an underground station, and the swings
were simultaneously observed in direct comparison with the same

dulum.

observations,

clock at the surface by means of an electric circuit.
Thus, for
relative values clock errors and variations of rate are of little imThe clock used beat seconds, and at the beginning of
portance.
it closed an electric circuit for half a second.
This
was carried through all the stations. The tail of the vibrating
invariable pendulum moved in front of a scale and was looked
In the focal plane of this was a diaphragm
at through a telescope.
with a horizontal slit in it. The electric current by means of a
relay worked a lever carrying a second diaphragm with a slit in
it, which moved up and down just in front of the first, the teleAt
scope tube being slotted so as to allow the lever to pass in.
the make and at the break, that is, at every half-second the two
slits coincided for a moment and the tail of the pendulum was
The instant of coincidence was that at which the tail apseen.

each second

circuit

peared in the middle of
coincident

its

swing when

visible

through the

slits.

When all was ready for observation the pendulums were set
swinging, covered with their glass cases and left for ten or fifteen
minutes. Then the observers began to note the vibrations. Two
.
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sets of five coincidences each, separated by an interval of twelve
minutes, were observed in each determination, and four such
FIG.

Von
determinations were

i.

Sterneck's Invariable Pendulum.

made

in a day.

After this the pendulums

were interchanged, and four days were occupied with each underground station. Amplitude, temperature, pressure, and hygrometric
state were always observed for purposes of correction.
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In finding the mean density of the
was:

earth,

The value of d was taken as 2*75 throughout.
The following table gives the results, the

the formula used

first

underground

station being omitted since it gave a value of gravity greater than
that at the next lower.
The temperature is inserted from a later

paper

:

Station.

j

Metres above
Sea-level.

THE FREIBERG EXPERIMENT.
assumption of a law of density as a function of r alone is untrue
near the surface, and even if it were true it would be impossible
to obtain with accuracy the values of the constants of the nubic

when we only know definitely the values of g at r=l, and = <),
and have in addition very uncertain knowledge at three points all
lying within say ^uW P ar * f * ne distance between the points
r=l and r=0. But the method is interesting, and it is conceivable that some day our knowledge may make it fruitful.
/

The Freiberg Experiment.
In 1871 Prof. Bruhns had found greater values of gravity at
the surface than below ground in the Abraham Shaft of the

As this
Himmelfahrtsfundgrube silver mine at Freiberg.
entirely anomalous result, von Stern eck determined to
re-investigate the values with his two half-second invariable
pendulums used simultaneously in the manner which he had

was an

devised to eliminate clock differences. As in the later Pribrarn
experiment, the two stations at which gravity was to be compared
were connected electrically with a clock sending half-second signals.
These worked' a relay at each station. But here a change was
introduced, for in the relay circuit a spark was made at each
This was reflected into a telescope both by a small mirror
signal.
on the pendulum knife edge perpendicular to the plane of vibration
and by a fixed mirror close to the other and parallel to it when
Coincidences were observed therefore,
the pendulum was at rest.
when both reflections appeared on the horizontal cross wire. The
temperature and density of air corrections were determined for the
two pendulums by actual experiments, varying the conditions first
for one and then for the other, and as the results obtained at widely
different times were in fair agreement the corrections might be
considered known.
In November 1885 Major von Sterneck proceeded to the mine and
selected a surface station and four underground stations, the surface
and two of those underground being those at which Prof. Bruhns
had worked. At each station a brick pillar was built 1 metre high
and 60 cm. square, for the pendulum stand. An electric circuit was
laid connecting the stations with a clock rated by astronomical
observation.
The course of proceeding in taking observations was always the
same, and like the course pursued at Pribram in 1883, each of the
underground stations being compared in turn with the surface
station.

When

the pendulums were installed, say pendulum No. 1

at the surface and No. 2 below, they were set swinging, covered
with their glass cases, and left for an hour before observations
were begun. Three groups of eight coincidences with intervals of
twelve coincidences between the middle of successive groups

THE MEAN DENSITY OF THE EARTH.

34-

simultaneously observed with each pendulum, amplitude, temand pressure being noted at the beginning and end of a

perature,
group.

The two pendulums were then dismounted, packed

up.

and

interchanged. They were set up in their new position and left
till next day, when another set of observations was made.
They
were then dismounted, packed up, and then set up again at the
same stations without interchange, and after an interval on the
same day a third set of observations was made. The pendulums

were then interchanged and installed in their original positions,
and the next the third day a concluding set of observations
was made. These four sets, after all corrections were applied, gave
a value of gravity above / gravity below.
Twelve days sufficed to
compare each of the four stations below with the surface, and then
a repetition was begun but unfortunately this was put an end to
by the break-down of the electric circuit, and no further work
;

could be done.

The

following- table

I

Station.

;

Metres
above

embodies the

final results

:
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wrongly estimated. The author examines fully the case of t!\e
temperature correction, which, if wrong, obviously satisfies this
condition, and finds the values of temperature correction for the

two pendulums which would give most nearly consistent values
But the required corrections are
of D from the observed results.
decidedly smaller than the mean results of experiments in the
preceding years, and further the two sets of observations repeated
nt stations IV. and VIII. before the break-down, are admirably in
accord with the previous observations at the same stations with the
old corrections, but are quite thrown out of accord by the new
ones.
The author therefore comes to the conclusion that a less
obvious explanation must be sought, and that there is in fact an
abnormal increase of gravity with depth in the locality of the

experiment.

Comparing the Freiberg and Pribram results v. Sterneck points
out that the increase of gravity in each case is very nearly proportional, not to depth, but to the increase in temperature.
The mean value of g below /g at surface is 1'0000624, and the mean
underground temperature is 16-60 E. When the separate underground results are compared with the mean, they fall well into
line if we assume a temperature co-efficient '0000091 and a
starting-point at 10'25 R, so that
ff

below

/

g above

=

1

+ 0-0000091

(t

- 10-25).

The uppermost station, Stollen, at Freiberg, alone is excepted.
Comparing observed values with those calculated from the formula, we have the following table
:
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as any obtained by von Sterneck in comparing calculated and observed values. Then the various laboratory experiments conducted at various temperatures show no consistent relation. It is
true that Baily's values increase with decreasing temperature, but
there are other disturbing effects to be allowed for before we can
draw any conclusion. On the other hand, Cornu obtained a larger
value in summer than in winter, while Jolly could detect no aptemperature effect in the decrease of weight with height,
?reciable
may say also that my own experiments gave no indication of
temperature effect. As Major von Sterneck's skill and experience, as
well as the consistency of his results, preclude the rejection of the
relation he obtains as illusory, we must ascribe it in all probability
to underground variation in density, which at the same time affects
the difference in gravity above and below and the distance apart
of the isothermal surfaces. In our ignorance of the conditions
below the lowest level yet reached in mining, there is no difficulty
in accepting the explanation.
It is, perhaps, worth while here to note the kind of irregularity
in attraction which would be needed to reconcile these underground observations with other experiments.
Let g be the value of gravity at an underground station at
depth li. cj its value at the surface above. Then, if G is the
gravitation constant,

(f

=

4o

TT

we may put

G

r

D

1

:

- 2 -

+ 4

TT

G

h d +

a,',

ri

\

where x and a/ are the increments due to local variations from
the arrangement of the earth in homogeneous concentric spherical
shells, and the other letters have their previous significance.
If we divide, to eliminate G, and remember that x
in the form
small, we may easily find

f

and x are

D

D-

*
.

,

,

h(j

lifj

If then a? a/ is positive and we neglect it, we shall obtain too
And if it increases more than in proportion to
large a value of D.
the depth for instance, as 7t 2 , we shall, by neglecting it, obtain an
It does not appear
increasingly large value of D as h increases.
likely that surface irregularities, such as elevations above the
upper station, can account for the observed deviations, for in all
cases these have been either allowed for or neglected because of
can then only turn to underground irretheir smallness.

We
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and suppose that, in all three mines so far chosen for
experiment, there exists below the mine some local increase of
density producing a greater attraction at the lower than at the
upper station. The peculiar temperature relation found by von
Sterneck seems to support this view, for the distance apart of the
isothermal surfaces with equally conducting rocks, is almost
certainly regulated by conditions prevailing at some depth lower
than that we can yet reach, and a variation in their distance apart
implies a variation in these conditions.
We must regard as merely accidental the fact that in all three
cases the observations point to an abnormal excess in the increase
of gravity.
Let us apply Stokes's theorem
gularities

:

fN dS = Gx4irM

M

N

the
where
is the normal attraction over a surface S and
included matter to a level area S' on the surface connected by
lines of force from its edge with the edge of a level surface S at
an average depth h below. Then if d is the density of the included
matter :
(f

or

S'

g =

- g S -

G

4

S'

G

4

/

-

-

b

TT

S h d

TT

h

d.

If the lines of force are straight lines proceeding

from the earth's

centre,
1

_

(r

S

* Kf
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!
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+

'

r

r

and we may take as the normal increase that given by

+

2

\

~

G

4

TT

h

d.

if g increases more rapidly than this everywhere over a
area
S, so that on the average
large

But

g-!t(\

+

?

+

1

+

2k
r

+ K,

so that S' exceeds its normal value by KS, an amount proportional
to the square of the linear dimensions.
But since a bending outwards of the lines of force from the earth's radius, in passing up

from S to

S' adds an area to the normal value of S' proportional
to the product, bending outwards x length of edge, of which the
latter factor is proportional to the linear dimensions, it follows^that
the former factor, or bending outwards, must also be proportional
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This is contradicted by experience, for
no cumulative divergence between the astronomical and
geodetic normals.
Probably, then, if a number of other mines
were selected for experiment, we should find some giving abnormal defects and not excesses in the increase of gravity under-

to the linear dimensions.

there

is

ground.

The true value of experiments on gravity below the earth's
surface would appear to lie not in their use to determine the mean
of
density of the earth, but rather in their indication, by anomalies,
irregularities in density in the region round the place of experiment. If, however, it were necessary to depend on this method of
determining the earth's density, the application of Stokes's theorem
which we have just made points out a way in which the method
might be completed and rendered independent of all outside irregularities.

Starting from
tf

S' -

g S =

G

8

i TT

li

d,

divide by #S, and for g on the right hand put
Then we get

its

value i

TT

G-

/

D.

:

IL *L

V
If,

besides observing^,

s"

we can

-
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d

r

D

also

'

measure

.^

-,

we may

find

.

without any consideration of matter outside the region between S
and S'. But I fear that this only points to an impracticable

method of proceeding.

It is just conceivable that in some colliery
district a suitable ring of pits might be found sufficiently close
Then at the surface at each pit the normal should be
together.

determined, and the variation in normal should be observed in
descending the pit, say by noting the variation in level of a
mercury trough by observations with a vertical telescope at the top.
Thus S and S' both might be found, and the pendulum work would
complete the experiment.
We shall conclude the account of Major von Sterneck's experiments with a brief notice of some pendulum work at Krusma Hora
in Bohemia, in 1883.
Here there is a nearly horizontal adit to
an iron mine on a hill side, and gravity was determined by the
Pribram method at the mouth of the adit, at stations along it and
at stations at the surface overhead.
The investigation hardly
comes within our province as directly concerned with the mean
density of the earth, but indirectly it is of interest here as
affording evidence with regard to the term

Voung

formula.

this term,

and

if

J3

_

in the

Bouguer-

Faye had already questioned the necessity for
we accept Airy's view that mountains are not
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external additions to a spheroidal earth composed of homogeneous
layers but the exposed parts of lighter matter buoyed up and, as it
.were, floating on the denser substrata, we must agree that the term
does not represent the true attraction.
l-'ium the values obtained at the surface at different elevations
at Krusna Hora, von Sterneck calculates the value of gravity at
sea level with and without the term, and he finds that its
omission leads to much more consistent values.
Later work at the
in
d. I: u. A;. Mil. f/cot/. Inst., Band
(Mittli.
v.),
Hungary.
jfofcbapff,
The underground values at Krusna
supports this conclusion.
Hora came nearly half-way in each case between the value at the
mouth of the shaft and the value at the surface immediately
above.
All this tends to confirm the conclusion that our knowledge of
the distribution of the terrestrial matter is not yet sufficiently
exact to enable us to obtain good values of the mean density of
the earth from the observed attraction of terrestrial masses.
Rather must we assume the mean density from laboratory experiments, and use the observations of terrestrial attractions for the
converse problem of determining the distribution of terrestrial
mass.

MendenhalPs Experiment on Fujiyama.
(A"<tt.

31 and 32 in

tkc,

Bibliography.)

In the year 1880, Professor Mendenhall made determinations of
the relative values of gravity at Tokio and at the summit of
Fujiyama by means of a Kater's pendulum swung from the upper
knife edge only, and therefore used as an invariable pendulum.
The time of swing was determined by a method described in the
account of an earlier experiment to determine the absolute value
In this method a "tripof gravity at Tokio (Bibl. No. 31).
hammer'' could be introduced at any instant under the pendulum,
so that at the next passage through the lowest point the hammer
was ''thrown" and an electric circuit was broken. The instant of
break was registered on a chronograph on which seconds were
marked from a ;> break-circuit" chronometer. The trip-hammer
was introduced at the beginning and at the end of the period of
observation only, and did not interfere with the vibrations meanwhile.
Thus the beginning of the first and the end of the last
swings were accurately recorded, and the number of swings being
known the time of a single swing was found. In general, the
pendulum swung for thirty niirintes, and this length of time was
sufficient to give a very accurate determination.
With so short a
time a very small arc could be used, and as no comparison clock
was needed the apparatus was rendered more portable.

THE MEAN DENSITY OF THE EARTH.

40

At Tokio, the results were all corrected to 23'5 C. by means of
an assumed coefficient of expansion, and to a barometric pressure of
oO inches by means of a curve of corrections given by Peirce {U.S.
Coast Survey Report for 1876, Appendix No. 15).
This was determined experimentally by swinging a pendulum in an enclosure at
The mean result was
various pressures.
t,

= -999834

second.

The summit of Fujiyama is much visited by pilgrims, and on it
number of small huts used by them as temples. A priest
allowed one of these to be used for the pendulum work, and the
method of determining the time of swing was the same as at
Tokio. The chronometer was rated by the aid of a portable transit
instrument used by Prof. Chaplin, who accompanied Prof. Mendenhall.
The temperature and pressure on the summit varied very
little from 8*5
C. and 19 '5 inches, and to these values all the
are a

observed results were corrected, the
t,

= 1-000336

mean being
seconds.

From the Tokio result, the sea level value at Fujiyama could be
deduced by allowing for the 19' difference in latitude and the
It was found to be
difference in level.
t3

=

-999847 second.

The mountain is very conical, with a nearly constant angle of
138. It is 2-35 miles high, and from a number of specimens the
density was estimated at 2'12, this being arrived at from a
knowledge of the density of the specimens when intact and when
powdered up so as to exclude the air. With these as data, t t and
t3

give the

mean

density of the earth

D

=

5-77.

Mendenhall, recognising that the density of the
a very uncertain factor, reverses the problem, and
assuming Baily's value D = 5*67, he finds the density of the
mountain d = 2*08. Had he taken D = 5'5, d would have come
Professor

mountain

is

out 2-02.
But the method is of course rendered uncertain by the
probability that the sea-level value of gravity at Fujiyama, if the
mountain were cleared away, would be different from that obtained
from the Tokio value. If the Bouguer- Young correction is rejected
we can certainly no longer assume that the true sea-level value is
the normal spheroidal value. It would doubtless be somewhat less.
The attraction of the mountain is probably therefore underestimated, and so the value

:

--

is

over-estimated.
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EXPERIMENTS WITH THE TORSION BALANCE.
The Experiment proposed by Michell.
(See beginning of Cavendish's pafycr, No. 8 in the Bibliography.)

The experiment carried out by Cavendish and usually named
was really devised, Cavendish states, by the Rev. John

after him,

who completed an apparatus for the purpose, but did not
experiment with it.
Michell's plan consisted in suspending in a narrow wooden case
a horizontal rod G feet long, with a 2-inch sphere of lead hung at
each end by a short wire. The suspending wire for the rod
was 40 inches long. Outside the case were two lead spheres
8 inches in diameter.
These were to be brought up opposite the
suspended spheres, one on one side, the other on the other, so that
their attractions on those spheres should conspire to turn the rod
the same way round. Now moving each large sphere on to the
other side of the case so as to pull the suspended sphere with
equal force in the opposite direction, the rod should turn through
twice the angle which it would describe if the spheres were taken
Hence half this angle would give the twist due
altogether away.
to the attractions in one position alone.
Knowing the torsion
Michell,

live to

couple of the suspending wire for a given angle of twist and the
To
length of the rod, the attracting force would be calculable.
find the torsion couple, Michell proposed to set the rod vibrating.
From its moment of inertia and time of vibration the couple could
be found.
Neglecting all corrections, the mathematics of the method may
be reduced to the following.
Let the two suspended balls have mass
each, the two
each.
Let the rod have length 2a and
attracting balls mass
with the suspended balls moment of inertia I ; let d be the
distance apart of the centres of attracting and attracted balls, and
1ft 6 be the
angle through which the attraction twists the rod.
If
is the torsion couple per radian twist, and G the gravitation
constant, then
2 G
m a

m

M

JJL

M

*-

The time

,

-

of vibration

N
whence, eliminating

=

2

/w,

4

7T

2

N

I
2

-1

(i

M m

''

</'

a
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Now we may obtain another equation containing G by expressing
the acceleration of gravity in terms of the dimensions and density
of the earth,

C the circumference, and 13 the density of
Eliminating G between the last two equations and
2
putting for // / 7r' the length of the seconds pendulum L a useful
where

the

/

is

the radius,

earth.

abbreviation

we

find
:

all

N

2

:

C

4

where

Mmtt

L

3

-J

the terms on the right hand are

10'

known

or

may be

measured.

Cavendish's Experiment.
(yo. 8 in Biblio(jrai>ky.)

On Michell's death the apparatus which he had collected for his
experiment came into the possession of Prof. Wollaston, who gave
it to Cavendish. Cavendish determined to carry out the experiment,
with certain modifications but he found it advisable to make the
;

greater part of the apparatus afresh, though closely following
Michell's plan and dimensions.
The actual work was done in the summer of 1797 and the
following spring of 1798.

He selected for the experiment, according to Baily, an out-house
in his garden at Clapham Common, and within this he appears to
have constructed an inner chamber to contain the apparatus, for
he states that he " resolved to place the apparatus in a room
which should remain constantly shut, and to observe the motion
of the arm from without by means of a telescope," in order that
inequalities of temperature and consequent air currents within the
case should be avoided.
The torsion rod k li (Fig. 2, reduced from the figure in Cavendish's paper) was of deal, 6 feet long, strengthened by a silver
wire tying the ends to an upright m fj in the middle. The two
attracted balls
were lead, 2 inches in diameter, and hung by
short wires from the ends of the rod.
The torsion wire was 39 inches long, of silvered copper, and at
first of such cross section as to give a time of oscillation about
15m. This was soon changed for one with a time of oscillation
./

about

The

,/

7ni.

position of the rod was determined by a fixed scale on ivory
divided to -^th inch near the end of the arm, the arm itself carrying

CAVENDISH'S EXPERIMENT.
a vernier of five divisions. This was lighted by a lamp outside In*
room, and was viewed through a telescope passing through a hol*
in the wall.
The torsion case was supported on four levelling screws. Thr
W, hung
attracting masses, lead spheres 12 inches in diameter,
down from a cross bar, being suspended by vertical copper rods.
This bar could be rotated by ropes passing outside the room
round a pin fixed to the ceiling in the continuation of the torsion
1

W

axis.

The masses were stopped when

J inch

from the case by pieces

Cavendish's Apparatus.

wood fastened to the wall of the building. When the masses
were against the stops their centres were 8'8o inches from the

of

central line of the case.
The method of experimenting varied somewhat, but
at random Experiment 13 as an example.

we may take

Three consecutive extremities of vibration were observed with
the attracting masses in the " negative " position i.e., the position
in which they tended to lower the scale reading.
These were
meaned in the usual way to give the centre of swing. The
masses were then moved round to thr positive position, and the
next ^three extremities gave, on meaning, the new centre of
swing, and the change in the position of centre was taken as the
deflection.

But now a

series of observations

was made to determine the
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This was done by noting the instants of passage
of two consecutive divisions one on each side, if possible, of the
point midway between two successive extremities of swing.
By
interpolation the instant of passing this midway point was found.
Observing several such passages in succession, the intervals were
taken as times of vibration. It is true that the point midway
between two extremities in a diminishing swing is not the centre
of swing, but Cavendish considered that it was reached always
that is, at the same
sensibly in the same phase of the vibration
time from the instant of rest and that the interval between two
successive passages would give the period, and that this would be
freed practically from the effect of progression of the centre of
swing. Having thus made several determinations of the period of
vibration, the masses were moved back to the negative position,
and the difference between the last positive and the first negative
centre of swing was taken as another value of the deflection.
Several more determinations of time of vibration were then
made, and the experiment was brought to an end after lasting
^bout 2J hours.
The results in this experiment were

time of vibration.

:

+

,,

Time

+ position

of vibration in

.

.

The accuracy

of the time determinations
separate results, which were
1

in

1 in

Sin
1

in

1

in

5 in
1

in

=
=

6*12
5-97

426
427

sees.

to +
to -

Motion of arm on moving masses from
.

sees.

may be judged from

the

427\

424
1277

r

P

sltlon

424J
426)

2139L-

position

426)

In the + position the centre of swing varied from 23*32 to
and in the negative position from 17*75 to 17*37.
In computing the results various corrections had to be introduced
into the equivalents of the simple formulae which have been given
above. Taking the attraction formula
23*72,

:

.

=

G

2

a correction had to be made, because the attracting masses were not
quite opposite those attracted, as the suspending bar was a little too
Then allowance was necessary for the attraction on the
short.
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-*>

torsion rod. and a negative correction had to be applied for the
The copper suspending rods
attraction on the more distant ball.
were also allowed for, and a farther correction was made for the
change in attraction with change of scale reading i.e., for change

This corof distance between attracting and attracted masses.
rection was proportional to the deviation from the central position,
and may be regarded as an alteration of ju.
As to the case it would evidently have no effect when the rod
was central, but it was necessary to examine its attraction when
the rod was deflected. Cavendish found that in no case did it
exceed 1/1170 of the attraction of the masses and therefore
neglected

it.

Turning now to the vibration formula

N

=

:

2
"

was correct when the masses were in the midway position
But when they
i.e., in the line perpendicular to the torsion rod.
were in the positive or negative position, the variation in their
attraction, as the balls approached or receded from them, made anli

this

appreciable alteration in the value of the restoring couple, and
thus virtually altered fj.. The time had therefore to be reduced by
8/185 of its observed value where 8 was the deflection in scale
divisions due to the change of the masses from midway to near
position.

But it is to be observed that if the weights were moved from
one near position to the other, and the time of vibration was taken
in either position, then the same correction having to be applied to
in both formulae, it might be omitted from both.
In all, Cavendish obtained twenty-nine results with a mean value of
fj.

D =
By a

5-448 + -033.

mistake in his addition of the results, pointed out by Baily,

he gave as the mean 5*48.
In Fig. 3 I have arranged the twenty-nine results in intervals of
1 to show the closeness about the mean.
An examination of Cavendish's work in this experiment, fully
bears out the general opinion that he was a magnificent experimenter. It is true that details are not given of some of the
measurements, an omission adversely criticised by Baily, but I
think we may trust to Cavendish's instinct for sound work, and
take it for granted that he would not go to so much trouble in the
calculations of small corrections if his constants were not known
with corresponding accuracy. Of course we can see now that the
method might have been improved in some ways, as, for instance,

by introducing Baily 's method of combining observations

with alternate + -

+

in threes,
positions of the masses, so as to eliminate
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the effect of progressing centre of swing. And the time of vibration might perhaps have been found more exactly, but considering
that it was the first attempt to measure exactly forces of such
an order the success obtained was most remarkable.
Cavendish himself does not appear to have been satisfied that
he had got the best work out of his apparatus, and contemplated
a continuation of the experiment, but there is no record that it
was ever resumed.
very important set of observations made in the course of the
work, but not bearing directly on the result, remains to be
described.
Cavendish had noticed that in some cases, where the
large masses were left for a considerable time near the small
attracted masses, the effect seemed gradually to alter, sometimes in

A

FIG.

;;.

5-

8 -9 \
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Vialne of

-2

:<

-4,

3

-fi

-7-8.

Alenn Density.

Distribution of Cavendish's twenty-nine results about the

mean

5 '448.

if indicating an increasing, sometimes in the
indicating a diminishing, attraction.
His first idea was that this was due to elastic after-action in the
He then tested for
wire, but this was negatived by experiments.
bar magmasses
horizontal
effects
the
by
by
replacing
magnetic
nets, but none appeared even with such a strong field as the
magnets would produce. Finally he concluded that the anomalies
were due to air currents through inequalities of temperature
produced inside the case by the motion of the masses, which were
probably of a different temperature from the case. Heating one
side would give rise to an ascending current and a diminished
pressure, while the descending current on the other side would be
accompanied by an increased pressure. It should be noted that
the march of the rod would occur while this current was growing.
"When the current was steady the march would cease, and there
would be a certain steady deflection. When the current began to
diminish there would be a return of the rod.

one direction as
other as

if
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To find the effect of temperature inequalities, Cavendish
heated the large masses with lamps, and brought them near the
In one trial,
outside of the case containing the attracted masses.
after half an hour, the outside of the case had risen li- Fahr. in
temperature, while the attracted masses had been drawn through
fourteen scale divisions instead of -three as at first, and all the
other trials gave a similar effect a spurious attraction.
The
masses were cooled with ice in another experiment till G or
When brought up against the case and
7 Fahr. below the case.
left, the rod was found after an hour drawn aside 2i divisions
less than it should have been, or there was apparently a diminishing attraction. To eliminate these effects he took the position of
the rod as soon after the removal of the masses as possible, in
hopes that the temperature changes would be unable to penetrate
He concludes these obserthe case in time to affect the reading.
"
in this apparatus, the box in which
vations with the remark that
the balls play is pretty deep, and the balls hang near the bottom
of it, which makes the effect of the current of air more sensible
than it would otherwise be, and is a defect which I intend to
rectify in some future experiments."
It is interesting here to notice that Mr. Crookes found that
exactly the opposite effects took place when the air was sufficiently
" On the Action of Heat on
exhausted. He says in his first paper,
"

"A

heavy
(Phil. Trans., 1874, p. 523).
C4ravitating Masses
metallic mass when brought near a delicately suspended light ball,
attracts or repels it under the following circumstances :
" 1. When the ball is in air of
ordinary density.
a. If the mass is colder than the ball, it repel* the ball.
the mass is hotter than the ball, it attracts the ball.
the ball is in a vacuum.
a. If the mass is colder than the ball, it attracts the ball.
b. If the mass is hotter than the ball, it repels the ball."
littlo further on in the same paper he makes a noteworthy suggesC;
tion
Experiment has, however, showed me that whilst the
action is in one direction in dense air, and in the opposite direction
in a vacuum, there is an intermediate pressure at which differences of temperature appear to exert little or no interfering action.
By experimenting at this critical pressure, it would seem that such
an action as was obtained by Cavendish, Reich, and Baily, should
be rendered evident."
I have said that Baily's method of alternating positions and
combining results in threes is superior to Cavendish's, but there
is one danger in Baily's method from which Cavendish's is free.
With the regularity of operation, all the various parts of the
experiment occupy almost exactly the same time each time they
are carried out
so at least I found in my own experiment,
b. If

2.

When

A

:

conducted on Baily's method

and, consequently, a given position

48

THE MEAN DENSITY OF THE EARTH.

Thus inequalities of
of the masses recurs at constant intervals.
temperature will be propagated through the case in waves of
period equal to that of recurrence of any given part of the
Such waves may produce periodic changes in the
experiment.
air
of
current, and if so these will in turn produce a
strength
change in the force being measured at any particular phase of the
experiment, and different changes for different phases.
In my own experiment I have not observed any positive proof
of the existence of periodic disturbances arising from this
source.
Probably, if they were serious, the first results of a series
would always differ from the mean of the series in the same way,
but I have not found this to be so. There is a remarkable stepby-step descent of the centre of swing in my observations represented in Diagram 6, which may possibly be due to such a
disturbance, but on comparing the results with those two days
later, it does not appear to have affected the mean obtained.

Reich's First Experiment.
(JVb 17 in the Bibliography.)

In 1837 Professor Reich, of the Academy of Mines at Freiberg,
published an account of an experiment which he had made following almost exactly the method of Cavendish.
The apparatus was set up in a large cellar under the Academy,
the windows being closed up and the observer being stationed
outside the room. The torsion rod was suspended from the
It was of wood, about 2 metres long, and was enclosed in
ceiling.
a box.

The attracted balls were a composition of tin, bismuth, and lead,
and weighed 484 grammes each. They were suspended 770
millimetres below the ends of the torsion rod by wires, and hung
in tubes depending from the torsion-rod box.
The position of
the rod was read by a telescope directed through a hole in the
door to a mirror at the middle of the rod which reflected a
A wooden case enclosed the torsion
scale near the telescope.
apparatus.
The attracting masses were spheres of lead weighing 45 kilos,
each, and they were suspended by long brass wires from little
wheels running on rails near the ceiling parallel to the torsion rod.
They could be moved along by ropes passing from the wheels to
the observer outside the door. But as their distances from the
balls were different in each of the two positions of each of the two
masses, it appeared more convenient to use only one at a time, and
"
to move it from the " null position
opposite the middle of the
torsion rod to a position opposite one of the balls, termed

REICH'S FIRST EXPERIMENT.
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"
plus" or minus/' according as

it

increased or diminished

tin-

reading.
of inertia of the rod was found by the method
to magnets
Gauss
i.e., by hanging on equal weights,
applied by
each about the weight of one of the balls, first from the ends of
the torsion rod and then from points half-way along the two arms.
The near distance between attracting and attracted masses
The time of swing was a little
varied between 168 and 190 mm.
over 100 seconds, and the movement of the end of the rod due
to the attraction was from 0'6 to 0*8 mm.
After the measurement of distance from mass to ball was made by
a kind of horizontal cathetometer, the cellar was closed up for some
days before beginning observations in order that the temperature
disturbances might subside. When work was to be commenced the
torsion rod was set swinging round a suitable part of the scale by
moving the torsion head, an adjustment which could be made from
outside.
Suppose the mass used to be in the "minus" position,
then for the first set at least four successive extremities of swing
were noted, say a, &, c, d ; these were combined in the usual way
*
+
equivalent to J 8 (a 3b 3c + d) to give the mean centre of swing.
Directly the last reading, d, was taken, the mass was moved to the
null position. The transfer was regarded as instantaneous, so that
the same reading, rf, was taken as the first of the null set. Cornu
and Bailie have pointed out that this method is open to serious
An
objection, and as used by Baily led to considerable error.
account of the objection will be given in describing Baily 's experiment. Taking three more readings, /3, 7, S, the new centre of swing
was taken as \(d + 3/3 + 3y + S). Moving back to the minus position,
another centre was found, and so on, the number of centres of
swing thus observed in a day varying from 2 to 6. Suppose that
four were found, C C 2 G 3 and C 4 Reich took the value J(C 2 + C 4 ) J(C, + C 3) as the deflection due to the attraction of the mass.
The time of vibration was determined during the progress of the
readings for each centre of swing. It was known by preliminary
observations that the centre of swing lay between two given
divisions, and the times between successive transits of these two
divisions across the cross wire were observed.
By interpolation
that of the centre of swing could be found.
Thus, on June 1 2 the
centre of swing, 74' 1750, was previously known to lie between 73*5
and 74*5. The following transits were noted, the second in each
case not being used

The moment

t

,

:

Intervals between

Transits of 73-5.

Xlh.

7m. 7-2sec.
13m. 44sec.
20m. 38sec.

Transits of 74-5.

Xlh.

7m. 20sec.
13m. 49sec.
20m. 31-6sec.

810-8

809-6
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74'175 was found to be 810
was 405-000 sees.
In all, 57 determinations were made on fourteen days in JuneAugust 1837, and the mean result for the mean density of the
earth was 5-44. The means of different days varied between
5-1683 and 5'6926.

By

sees.,

interpolation the interval for

whence the time of

oscillation

After the publication of Baily's paper, Reich (Neue Versiwhe,
Bibliography No. 21) adopted Baily's method of combination of
centres of swing in successive threes to compute the deflection,
using C 2 ^(Cj + C 3 ) and J(C 2 + C 4 C 3 ).
Recomputing the results..
he obtained from the same observations the value
&c.,

:

Mean

density of the earth

=

5'49

Having regard to some criticisms on Baily's experiment by
Hearn (Bibl. No. 20), it is important to observe that Reich made a
which he used a cast-iron attracting sphere of
obtaining a result 5 '43, practically agreeing with that
obtained when lead was used. This clearly proved the absence of
magnetic effect in the experiment with lead, for had there been
any such effect with that metal, it would have been enormously
greater with iron, and the results could not have been been so
set of observations in

30

kilos.,

nearly equal.

Reich's Second Experiment.
(No. 21 in the Bibliography.}

Though not in historical order, we may here conveniently describe
a continuation of the experiment made by Reich many years later
with the came apparatus somewhat modified.
The work was carried out during the years 1847-1850, and the
result was published in 1852.
The apparatus had been moved from the cellar to the second
floor of the building, where it was under less favourable temperature
conditions, but the work was carried out in the new position, the
temperature changes being warded off to some extent by
covering the case with tinfoil in accordance with Forbes's suggesAt the same time electrical action was entirely
tion to Baily.
prevented.

One attracting mass only was used, and this was now placed on
a revolving disc or turntable, with its axis immediately under one
The ball hung in a tube by a long wire
of the attracted balls.
from the end cf the torsion rod, so that as the turntable revolved
the mass could pass freely round the ball. The turntable had the
same attraction on the ball in all positions, so that the correction
for the suspending wires, &c., of the mass was entirely done away
with.
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The mode of observing was practically the same as in the first
experiment, and the observations were treated by Baily's method.
The results may be classified thus
:

Time

Suspension.

21
-j

2

-

I

Copper wire j
-5 mm. diameter, I
2270 mm. long J
Copper wire \
4

mm. diameter,
mm. long

620

L

of Vibration.

Mean

Result.

About 700

sees.

5*5712

About 500

sees.

5'6173

About 800

sees.

5'5910

]

Bifilar iron

24

-I

mm. apart,
2270 mm. long

j

4-2

)

The mean of the means is D = 5'58320'0]49.
To test for the presence of magnetic action, ten determinations
were made with a diamagnetic attracted sphere of bismuth, with a
result of 5*5266, and 12 with an attracted sphere of iron, with a
Eeich suggests that the largeness of this result
perhaps indicates a repulsion by the diamagnetic lead mass.
Reich in this, as in his earlier experiment, used the last elongation
in one position of the mass as the first in the next position, a method
which, as already mentioned, introduces an error, and one which
tends to increase the result. But probably Eeich would be able to
move his masses much more rapidly than Baily, for they were only
the weight. The error would thus be less, and this may perhaps
explain the fact that his result is less than Baily's.
In accordance with a suggestion of Forbes, Reich made some
interesting attempts to determine the attraction from the time of
result of 5*6887.

swing

alone.

N

is the time of swing when the attracting mass is away
altogether, N' the time when it is in position at one side at a
distance E (from centre to centre) and is pulling the ball a distance
towards itself, then it is easily shown that

If

A

If N" is the time of swing when the mass is placed in the vertical
plane through the torsion rod and is pulling the ball outwards, it
can be shown that

N"

If

two masses be used at opposite ends of a diameter their
and we have

effects are doubled,

:
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N'

:

N

A

whence

=

=

+

1

-^

2

A

E
9

-, 7,

:

1

-

E

,

E.

A is equal to aO in the formula of p. 42, and
not require a deflection experiment.
But

The values

of

N'
=-

we

therefore do

were very discordant, but the mean value gave

D

=

6-25.

Baily's Experiment.
(No. 19 in the Bibliography.)

The most extensive series of determinations yet published are
made by Baily at the instigation of a Committee of the Royal

those

Astronomical Society in the years 1841-2 after several years of
preparation and trial.
The apparatus, which was generally like that of Cavendish, was
set up in a room in Baily's house in Tavistock Place. The window,
which faced north, was doubly glazed and covered with paper, and
the chimney was stopped up to prevent draughts. The torsion
box was fixed to the ceiling, and was in shape like an inverted
hollow T. The attracting masses were at the two ends of a plank
rotating on the top of a pillar, rising from the floor under the

The torsion box, the plank and the masses, were all
torsion box.
enclosed in a large wood case resting on the floor.
The position of the torsion rod was read by a telescope, mirror,
and scale, the mirror being fixed at the centre of the rod. The
telescope and scale were fixed in one corner of the room, and ropes
passed to this corner from the central pillar. By these the observer
at the telescope could turn the masses round.
The masses were of lead, about 12 in. in diameter, most carefully
cast and turned into true spheres.
They weighed about 380 Ibs.
each, and were 80 inches apart on the plank. Their positions
relative to the torsion box were fixed by stops against which the
plank moved, so that there was about 1 1 inches between the centres
of the attracting and attracted masses.
The torsion box was lined inside with foil, then wrapped in
flannel, and then surrounded by an outer wood case gilded outside.

The gilding was due to

Forbes,

who

advised

it

a most valuable suggestion of Professor
in order that radiation from outside bodies

might l3e in great part reflected. Temperature changes would thus
penetrate the case much more gradually. At the same time all risk
of electrical disturbances was abolished, for the torsion rod moved
within a closed conductor.
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The torsion rod was of deal, 77 inches long and braced like
Cavendish's, but the balls were fixed at the ends with the axis of
the rod passing through their centres. The rod generally used
varied somewhat in weight at different seasons, even as much as
from 2300 to 2100 grains, but
effect on the result.

this

would have exceedingly

little

The peculiarity of Baily's experiment consisted in the number of
different balls and different suspensions which he employed.
Thus he used
2-inch ivory,

2 i -inch lead, 2-inch lead, 2-inch zinc, 2-iuch glass,
platinum, 2 i -inch hollow brass and finally a

1 J-iiich

heavy torsion rod with no

balls at

all.

For suspension he used
bifilar iron, and

bifilar silk different distances apart, bifilar brass,

also single copper wires of different diameters.
The suspending
wires were usually 60 inches long.
The time of vibration varied
from 100 seconds to 500 seconds.
An experiment was generally conducted in the following

method

:

On

beginning a day's work it was usually necessary to increase
the oscillation of the rod by moving the attracting masses to one
side and the other alternately.
Suppose that when the swing was
i.e., the
large enough, the masses were in the positive position
then the
position in which their attraction increased the reading
positive end of the swing was noted, 108*90 in the example below,
and the masses were immediately moved round to the negative
position.
As in Keich's experiment, it

was assumed that this transfer was
practically instantaneous, and that 108*90 might serve as the first
reading for the vibrations in the negative position. Three more were
then read as recorded in the example below, and immediately on the
completion of the last reading, 80*80, the masses were turned back
to the positive position, and 80*80 was taken as the first of a new
four for that position.
This process was carried on usually for
some hours with alternate + and
positions, with three readings
in each, made up to four in the way described.
The four readings were then combined in the usual way, which
is
equivalent to J (a + 3b + 3c + d), to give the mean centre of
swing. Thus in Experiment 32 the results were
:

Position.

Negative

Extreme Points.

108*90
82-60
109-80
80-80

Centres of Swing.

Mean.

95-975
95-750

The mean centre of swing in the next experiment, No. 33, with
the positive position, was 113-350, and in the following, No. 34,
Then the deviation at the time of
negative, it was 95*875.
Experiment 33 was taken as
:
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J (113-350

:

Similarly, the deviation in

-"]

-|~

= 8741.

Experiment 34 was taken as

:

*

and

so on.

This method was devised to eliminate the effect of progressive
motion of the centre of swing which was almost always taking
place, and on the assumption of the uniformity of inarch the

method is successful.
The time of vibration was determined during the progress of
each single experiment by Reich's method. Taking Experiment
32 again, it was known by preliminary observation that the
centre of swing lay between 95 and 96. The times of transit of
these two divisions across the cross wire were noted for three
successive transits, though the middle transit was not used and
is

omitted below.

EXPERIMENT
10
10

26
41

2 vibrations in 15
1 vibration in
7

OBSERVED TIMES OF TRANSIT.

32.

Division

Division 96.

1)5.

34
41

26
41

10
10

23
31

7

in

15

8

oo'5

in

7

34

Whence, by interpolation, the time of transit of the centre of
This was used as the
swing 95*862 was determined as 453*931
.

time of vibration.

As the centre of swing was usually moving in one direction
in 32 and the following experiments in -the positive direction
this method would not give quite a right result.
If, for
instance, the passages noted were in the same direction as the
progressive motion of the centre of swing, successive passages
would occur at earlier and earlier phases of the vibration,
and so the calculated period would be too small. But if the
passages were in the opposite direction, it would be too large.
Now in successive experiments the transits were in opposite
i.e., by taking
directions, and so by combining the results in threes
^(t + 2t 2 + 1 3 ) as the time of vibration in the experiment from which
J2 was deduced this effect was largely eliminated.
During every experiment the distances between the masses in
their near position and an assumed central point were measured by
means of plumb-lines and microscopes, and the mean of these was
employed. The mathematical investigation justifies the use of
this mean, and indeed a little consideration renders a special
mathematical investigation needless. For suppose that in the +
l
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position the distance from ball to

mass is

attraction is greater than at the

mean

less

than the mean by

distance d by

./.-,

the

9^,

of its value.

d

the negative side it is less than at the mean distance by the
same fraction, and the mean value of the attraction corresponds to
that at the mean distance.
In all, Baily made over 2000 determinations with various suspensions, attracted balls, and torsion rods in each position of the
masses observing the centre of swing and measuring the time of
vibration and the distances.
The mathematical discussion of the vibration and deflection was
contributed by Airy, who took into account variations in the
restoring force due to variations in attraction of mass and of
But since these equally affected
enclosing case and other fixtures.
the square of the time of vibration and the mean deflection due to
the attraction of the mass in the two positions, they did not affect
the result. It therefore only remained to compute the moment of
inertia of the torsion system and the corrections to the attraction
2
a/d due to the planks, to the rod, etc. and using the
couple
values found, the formula on page 42 only needs modification by
using a more correct value for the value of gravity in terms of the
earth's dimensions, and by taking into account ellipticity and

On

;

Mm

rotation.
It should be observed that the weights were corrected to
vacuum. But as Kouth pointed out, the weights in the air
should have been used, since the masses attract the air as well as
If the
the balls. The difference, however, would be very small.
weights used in the original weighings were correct in air, the maximum correction would be required, and even then it would not be more
than 1 in about 9000 for lead, though greater for glass and ivory.
The final result was
:

Mean

density of the earth

= 5-6747

'0038.

1 have entered somewhat into detail in describing Baily's methods
of observation because there are some curious anomalies in the results
which he obtained, probably to be largely explained by his methods.
The most remarkable anomaly, which evidently was a source of
much trouble to Baily himself, though he never found any explanation, was the decrease in value of the mean density with in-

Cornu and Bailie (C. R. 86,
crease in weight of attracted balls.
from
p. 699) point out that this is probably due to error arising
the assumption that the last elongation for one position of the
masses may be taken as the first for the succeeding positiob.
Let us suppose that the mass is in the positive position. After
taking the last reading, which is always at the positive end, the
mass is moved round. But the rod has really started on its
return journey, and it is only after an interval that the attraction
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<)f the mass begins to help the torsion of the wire to pull the rod
back.
The result is that the rod arrives at its centre of swing
with less momentum than it would have, did the attraction act
throughout a momentum corresponding to a lower starting-point
and the deduced centre of swing is too high. On the other hand,
when the mass is moved from
round to + immediately after a
reading at the negative end, the momentum acquired during the
return corresponds to a shorter swing i.e., to a higher reading
and the deduced centre of swing is too low.
Thus, from the uniformity of Baily's method, the deduced centre
of swing is always too high in the negative position and too low in
the positive. Rejecting therefore the first reading in every series
of 4 recorded by Baily, error from this source should be eliminated.
Taking ten examples at random of experiments which appeared to
be regular among themselves and which included lead, zinc,
brass, ivory, and the rod alone as attracted masses, Cornu and
Bailie found that on rejecting the faulty reading the mean density
was reduced from 5*731 to 5 615.
Reducing Baily's general mean in this ratio, it becomes 5 '55.
But to make the most of Baily's work it would be necessary to go
through the whole of his experiments and correct them all from
this point of view.
It is not quite evident how this error should vary, as it seerns to do,
with the weight of the balls. The time of vibration with the lighter
balls would be less for a given suspension, and the time occupied in
turning the masses round would be a larger fraction of the whole
time, but I suspect that more than this is required to explain the
variation.
For we should expect that with given balls the result
would depend much more evidently than it does on the time of
vibration.
It appears possible that the sudden withdrawal of the
mass led to a reduction of pressure on that side of the case, and a
consequent impulse to the ball opposing its motion.
Another very curious anomaly, a relation between the temperature and the value of the mean density, has been pointed out by
Hicks (Proc. Caml). Phil. Soc.,vol. v. p. 156). It appears that if the
results are arranged in order of the temperature where they were
obtained, the mean density falls almost uniformly as the temperature
I have not examined this point thoroughly, but by taking out
rises.
the experiments made with balls of one kind alone, as with the 2inch lead ball, it would appear that the relation is then not quite
I suspect it is partly due to the fact that a great
so regular.
number of the ivory and glass experiments were made in the cold
weather of the winter and spring, and that the summer experi!

ments were

chiefly with heavy balls.
perhaps worth while pointing out that Baily did not take
into account the effect of air resistance in altering the period of
I have examined several experiments taken at
his torsion rod.

It is

THE EXPERIMENT OF CORNU AND BAILLE.

>/

random and, using the observed decrement of swing, 1 have found
that the time is reduced in some cases by 1 in 1000, which would
But this error i>
give a mean density result wrong by 1 in 500.
trifling in comparison with that already noticed.
As to Baily's method of conducting the observations there is one
He took a long step backwards in
more obvious remark.
the same room and in approaching the
observing from
instrument every few minutes to make his microscope measurements.
It was unfortunate, with Cavendish's example before
him, that he did not interpose a more efficient screen between
the instrument and so large a source of disturbance as himself.

For many years this experiment was generally regarded as saying
almost the last word on the subject. But the critical examination
which it has received in later years has entirely destroyed any
confidence in the result. It remains, however, as a most remarkable and useful example of the danger of substituting multiplication of observations for consistency.

The Experiment

of Cornu

(Xos. 25-28,

and Bailie

(md 36 in

(still

in progress).

the Bibliography.)

In 1870 MM. Cornu and Bailie announced their intention of
of
repeating the torsion experiment to determine the mean density
In 1873, they published a note in the Comptes Retidus
the earth.
(No. 20 in the Bibliography) describing briefly the apparatus
They
constructed, and the results obtained up to that point.
commenced their work by a careful study of the torsion balance
and of the best mode of guarding it from disturbances. They
were led to the conclusion that the moment of the air resistance
is accurately proportional to the velocity.
They then proceeded
to
to the construction of the
apparatus, and in order
gravitation

that
vary the conditions they made it as different as possible from
used by their predecessors Cavendish, Keich, and Baily.
The apparatus was set up in a cellar in the ficole Poly technique at
Paris. The torsion rod was a narrow aluminium tube 50 cm. long. The
balls were of copper 109 grms. each, and the position of the rod was
read by the reflection from a central mirror of a scale 5*6 metres distant. The suspending wire was of annealed silver, 4-15 metres long
and such that the time of a complete vibration was 6 min. 38 sec.
The attracting mass consisted of the mercury filling a hollow cast
iron sphere 12cm. in diameter, the mercury being pumped from a
sphere on one side to another on the other side, to avoid the vibration
and air disturbance, due to the motion of heavy masses as used in
was 12
previous methods. The weight of each sphere of mercury

kilogrammes.
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To avoid counting time, a method of electric registration was
adopted, so that a graphic record was obtained giving the complete
law of movement.
In July and August 1872, they obtained a mean result, 5'56, and
in the following autumn and winter another mean result, 5'50. The
small difference between the means they ascribed to a flexure of
the rod which diminished its moment of inertia. The first set was
regarded as the more trustworthy.
In the paper describing their experiment, they point out the
remarkable decrease of Baily's results with increasing weights
which they ascribe to an error in his calculations of the attraction
of the rod.
They estimate that his mean value would be reduced
to 5 '55 if the weights were so heavy that the rod was negligible in
comparison. As we have seen, they found a key to the anomaly
later.

In Comptcs Rendus, vol. Ixxxvi., 1878, they published three short
notes on the continuation of their work and 011 the torsion balance.
In the first they describe satisfactory tests of the accuracy of the
law that air resistance is proportional to velocity, and they find
that for a velocity of 1 cm. / sec. the resistance is about -012 dynes
cm.
In the second note they state that they have improved the
gravitation apparatus by adding two more spheres of mercury and
by reducing the distance of the spheres from the balls. The
balance had been so perfected that for more than a year the.
time of vibration remained at 408 seconds within a few tenths.
The mean of the results obtained was again 5'56.
It is in this paper that MM. Cornu and Bailie point out the
probable explanation of Baily's result of increasing density with
diminishing weights, which I have already described.
The third note relates to the solution of the small oscillation
equation when the restoring force has a term proportional to the
square of the displacement. I pass over this, as it has no bearing
on work yet published.
I have not found any later publication relating to the gravitation experiment directly, though I believe that it is now almost
concluded and that the result is very near -ro.

/ sq.

BOYS'S EXPERIMENT.

Boys's Experiment
i

.Y.

\'2

in f/n-

(still

-V.

in progress).

Bibliography.)

A most valuable contribution to the theory of the torsion experiment was made by Professor Boys in a paper in the Profn/i/tt/x of the Royal Society, vol. xlvi., 1889, p. 2-1-5.
In this paper for the first time, a calculation is made as to the
most suitable dimensions for the apparatus. It is evident that, if
the deflection can be maintained large, every diminution in the
apparatus down to the limits of accurate measurement
a clear gain, for the smaller the apparatus the more easily is it
kept at one temperature, and the smaller are the convection
currents produced when given inequalities exist,
It is from this
He says that "the
point of view that Boys takes up the subject.
sensibility of the apparatus is, if the period of oscillation is always
the same, independent of the linear dimensions of the apparatus.
Thus, if there are two instruments in which all the dimensions of
one are n times the corresponding dimensions of the other, then
the moment of inertia of the beam and its appendages will be
6
1 and, therefore, the torsion also must be as n
as ^5
The
1.
3
1
attracting masses, both fixed and movable, will be as n
and their distance apart as n 1. Therefore the attraction will be
4
2
as
1, and this acting on an arm n times as long in
*/n or n
the large instrument as in the small, therefore the moment will be
as n 5 1, that is, in the same proportion as the torsion, and so the
angle of deflection is unchanged.
size of the
is

:

:

:

:

:

:

If, however, the length of beam only is changed, and the
attracting masses are moved until they are opposite to and a fixed
distance from the ends of the beam, then the moment of inertia
will be altered in the ratio nz
1, while the corresponding moment
will only change in the ratio n
I, and thus there is an advantage
in reducing the length of the beam, until one of two things
happens either it is difficult to find sufficiently fine torsion thread
that will safely carry the beam, and produce the required period,
and this, I believe, has, up to the present time, prevented the use
of a beam less than half a metre in length, or else, when the
length becomes nearly equal to the diameter of the attracting balls,
they then act with such an increasing effect on the opposite
suspended balls, so as to tend to deflect the beam in the opposite
direction, that the balance of effect begins to fall short of that
'

:

:

;

which would be due to the reduced dimensions if the opposite ball
did not interfere."
He then points out that a better effect may be obtained with a
short beam (or torsion rod) if the centre of the attracting is not
opposite to that of the attracted mass, but such that the line
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joining the centres makes an acute angle with the prolongation
of the beam.
Under certain assumptions the best position is
calculated.
difficulty of contrary moment on the more distant mass
avoided, he shows, by having the two halves of the torsion
rod at different levels and the attracting masses also at these

But the

may be

different levels.

Further, his discovery of the method of making fine quartz
"
a sufficiently fine
puts it within our power to have
torsion thread that will safely carry the beam and produce the
required period."
The author then describes the beautiful instrument by which
the torsion gravitation experiment, at least in the qualitative
form, is rendered available even as a lecture experiment.
The torsion box is replaced by a vertical brass tube fixed on a
brass base.
The attracted masses are cylinders of lead 11 '3 mm.
long and o mm. in diameter, fixed by light brass arms to a light glass
tube so that their axes are 6*5 mm. distant from the axis of the
glass tube, and their centres are at levels differing by 5O8 mm.
small mirror on the upper end of this tube is opposite a
window in the brass tube, and the whole torsion arrangement
is
suspended by a quartz fibre such that the period is 80
seconds.
The attracting masses are two cylinders of lead 50'8 mm. in diameter and of the same length, fastened to the inside of a wide brass
tube surrounding the narrow one and turning round its axis.
lid in two halves covers this outer tube, and the whole keeps at a
fibres

A

A

very equal temperature.
In experiments with this instrument, Boys found that his
anticipations were most satisfactorily verified, and he stated his
intention of making another apparatus of larger dimensions, so
that all the quantities could be measured to 1 in 10,000.
This apparatus has since been constructed, and the experiment
has, I believe, been carried out at the Clarendon Laboratory at
Oxford. The result is not yet published.

EXPERIMENTS WITH THE COMMON
BALANCE.
The balance method of experiment consists in determining the
increase of weight of a mass hanging from one arm of a balance,
when a large attracting mass is placed below the suspended
mass, so that its attraction is added to that of the rest of the
earth.

The two attractions, that of the mass and that of the earth, are
therefore directly compared. Knowing the dimensions and distance
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of the earth, and knowing the dimensions, distance, and mass of
the extra attracting body, the mass of the earth may be determined. Thus, if the mass of the earth is E, and that of the
if the distance of the earth's centre from
attracting body is
the attracted body is r, and if that of the attracting body's
if the weight of the attracted
centre (supposing it a sphere) is I
the
increase is w grammes,
and
observed
mass is
grammes

M

;

;

m

then,

E =

whence

I

If

we>egard the problem

2

w

x M.

as a determination of the

mass

earth, this appears to be the most direct method.
Unfortunately it suffers from practical disadvantages

of the

which are

referred to in the accounts of the various experiments.

Von
(Nos. 29

Jolly's Experiment.

and 33 in

the Bibliography)

In 1878, Prof. v. Jolly published an account of experiments
which he had made in his laboratory at Munich, to determine the

A

variation of weight with height above the earth's surface.
balance was fixed 5'5 m. above the laboratory floor, and its case
was surrounded by another case lined inside and out with silver
paper. The position of the beam was determined by the reflection
of a scale from a central mirror, viewed by a telescope at a

Under each scale-pan the case was pierced, and to the pan
was attached a wire passing through the hole and supporting a
second scale pan 5 '29 metres lower. The wires were boxed in, and

distance.

the lower pans

hung

in cases below.

Two

nickelled brass kilo-

grammes were first balanced against each other in the upper pans,
and then one was removed to the lower pan, nearer to the earth's
by 5'29 metres. It consequently gained in weight.
The gain observed after corrections for the air displaced, which
differed in the two positions, was 1*5099 mgm. as the mean of
10 experiments, the greatest difference from the mean being *08
centre

mgm.
From the formula rf=g (1-2/i/r) the gain should have been
mgm. The author ascribes the difference to local configuration, as the Physical Institute at Munich is at a lower level than
1-6822

He states, in conclusion, that he intends
other parts of the town.
to repeat the experiment, now building up a lead sphere of separate
bars under the lower pans, and determining the increase of weight
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He thus proposes to determine the
density of the earth.
In 1881, v. Jolly published an account of a completion of this
experiment, which he carried out in a tower of the University at
Munich.
staircase went round the walls on the inside of the
tower, leaving a square hole 1-5 metres wide down the middle,
and at the top the balance was fixed.
This was constructed to carry loads of 5 kgs. on each side. Its
knife edges were steel, the plates agate, and its position was read
From each pan a wire of gilded
as before by mirror and scale.
brass hung in a zinc tube and supported another pan at its lower
end. 21 metres below.
It was found that difference of temperature in these tubes
with and without the sphere.

mean

A

produced great disturbances, especially
below.

They were,

therefore,

wrapped

pans were in separate cases.
The weights consisted of two

if

they were connected
and the lower

in straw,

globes containing 5 kgs.

of

Four globes were, however, prepared of equal
mercury each.
weights and equal volumes, and when two were filled with mercury
To begin with, the two heavy globes were
all four were sealed up.
two
and
the
above,
light ones below, and balanced without
placed
any attracting mass below the lower ones. Then the two on one
side only were interchanged and the gain in weight observed.
By the use of the four globes any variation in air density the same
at the same level was without effect.
The best work was on days with small temperature changes,
When the disturbances were greatstill air, and overcast sky.
work was not attempted. The experiments were always begun
at 9 A.M., as the temperature was the most uniform in the morning.
Ten determinations of the centre of swing were made with the
weights above, the beam being lifted and released after each
determination, and the mean was taken as the equilibrium posiThe pair of globes on one side were then interchanged,
tion.
and at 11 A.M. ten more determinations were made as before,
an additional weight of 29*967 mgrn. being necessary to bring
the balance near to its former position, and again the mean was
taken.

The sensibility of the balance being known, the difference
between the positions of equilibrium in scale divisions could be
converted to milligrammes, and this was added to 29*967 to give
the increase in weight.
In all, fifty determinations were made between July and October
1879, and the mean result was a gain of 31*686 mgm., the separate
results ranging through about *8 mgm.
Calculation from the formula f/ = g (1-2A / r), gives a difference
The smallness of the observed result may be due
of 33*05 mgm.
to high ground near, attracting at the lower position upwards

vox JOLLY'S EXPERIMENT.

;

;

more than at the upper. This would reduce // more than //' and
bring them nearer together.
A lead sphere was now built up of bars, below the lower scale
Its radius was 0' 1975 metres, and its weight 5775'2 kg.
pans.
The weighings above and below were then carried on as before,
made between November 1879 and
fifty determinations being
July 1880.

The mean gain

in weight was 32-275 mgms. with a difference of
between extremes.
The increase due to the attraction of the lead was therefore
0-589 mgm. The distance of the centre of the mercury globe from
that of the lead sphere was 0-5686 metres.
Using the formula on

about 1

p. 61,

mgm

modified to

1
TT

r*

D
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o

r2

m

4
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w
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where I is the distance '5686 m., & the radius, and d the density of
the lead sphere, Von Jolly obtained as the earth's mean density
:

D = 5-692
As Richarz has
!liwf 24,

Heft

1,

V. J. S. der Ast. Gesellscliaft JahrJolly has here made a trifling arith-

pointed out
p.

22),

-068.

(

metical mistake, only affecting the last figure, and he has neglected
the spheroidal and rotation corrections affecting the same
figure.

But with so much uncertainty in the third figure it is not
worth while revising the calculation in order to correct only the
next figure.
Von Jolly thought that possibly the large variation might be due
to hygroscopic properties of the glass.

He

therefore substituted

metal globes empty, and filled with lead, but with no improvement.
When the difficulties of weighing accurately in an ordinary
balance case are considered, we must recognise that Jolly, working
with a case 20 metres high, obtained very consistent results for
the gain in weight. But the value of the mean density of the
earth did not depend on the total gain in weight, but on the
difference in gain with and without the sphere, a quantity of only
The ranges of error of the two gains were
half a milligramme.
respectively '8 mgm. and '4 rngm, so that some determinations
with the sphere present were very near some when it was absent,
and there was even overlapping in two cases. The quantity to be
measured was in fact too small for the method employed. The
temperature differences between the spheres and their surroundin two hours, and
ings, after the interchange, could hardly subside
doubtless large disturbances were produced by the interchange.

One observation was made by

v.

Jolly which

is

worthy of

J
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W

HisJexperiments were conducted at different times
especial note.
of the year witjj Ipge range of temperature, but without any
apparent effect on rfie gain in weight when the mass was removed

from the upper to the lower

station.

I
s Experiment (still in progress
and
Richarz'
Konig
Drs.
Richarz
and Krigar-Menzel).
by
(No. 37 in the Bibliography.)

In 1884 Drs. Konig and Richarz independently conceived a
method of using the balance, which, while adopting Jolly's principle, should increase the quantity to be measured, and decrease
the disturbances.

The method consisted in first measuring the variation of
gravity with height after the manner of Jolly, but with a greatly
reduced height, and then in inserting a large block built up of
lead between the upper and lower levels with vertical borings
for the passages of the wires.
Suppose now that two weights
balance at the upper level. One, say the right, is moved below.
The lead block pulls it up instead of down, and a small weight,
If, on the other hand,
w, must be added to restore equilibrium.
the left weight is moved down, w must be added to the left pan.
If we begin then with the right weight down and the left
weight up, and then change to right up and left down, we
must take w from the right and add w to the left, a total

change of 2w. But w when corrected for variation of weight
before the lead block is in position, is twice the attraction of
The difference observed, then, is four times the
the block.
attraction.

Drs.

Konig and Richarz, considering from preliminary calcumethod was very promising, arranged to carry

lations that the

out together, using a nearly cubical lead block about 2 metres
high.
An earth-covered casemate in the citadel of Spandau was
placed at their disposal by the German Minister of War, and the
balance was installed there. Dr. Konig, on his appointment to a
professorship in the University of Berlin, retired from the work,
and his place was taken by Dr. Krigar-Menzel, who is now working
at the experiment in conjunction with Dr. Richarz.
Until a
few months ago the difficulties in determining the best mode of
working, the best form of knife-edge, and the variation in weight
with change of height had not been fully overcome ; but from
a letter which I received last March (1892) from Dr. Krigar-Menzel,
I learn that the separate weighings of a kilogramme agree now
within '02 mgm.of the mean, and that the determinations ofg'g
it
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for a change in height of 2 -3 metres lie
of the whole, whereas

J<y-
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nearly.

a difference to be ascribed to the thick walls round the locality.

The Author's Experiment.
This is a balance method. The first published account was given
in 1878, in the paper No. 30 in the Bibliography
but as the
experiment in its final form is fully described in Part II. (pp. 72
ct
scq.) no further reference need be made to it here.
;

EXPERIMENTS WITH THE PENDULUM
BALANCE.
Wilsing's Experiment.
(Nos. 40

We

and 41 in

the Bibliography.)

regard this method of experiment as most nearly
torsion method, the torsion rod being replaced by
a pendulum rod with balls at each end, and supported in a vertical
The
position by a knife-edge just above the centre of gravity.
torsion couple is then replaced by the gravity couple formed by
the weight and the pressure against the knife-edge. Using
attracting masses, one on one side of the upper and the other on
the other side of the lower ball, the pendulum is deflected. On
now lowering one mass and raising the other through the length
of the pendulum the deflection is reversed, and the deflection is
double that due to the masses in one position alone. The value of
the couple may be determined by taking the time of swing, and
the torsion formulae on p. 41 may be considered as applicable with
the new interpretation of pO, the restoring couple.
In the apparatus devised by Wilsing, the pendulum was a brass
tube 1 metre long, 4*15 cm. in diameter, and 0'16 cm. thick. In
the middle were two slits through which passed the support for
the pendulum knife-edge. The knife-edge was of steel, 6 cm. long
and firmly attached to a frame-work fixed to the brass tube. At
the ends of the pendulum were the two attracted balls, brass
(Rothguss) spheres, each about 540 gms. Small movable perforated brass discs were placed on a pin projecting vertically upwards
from the top of the upper ball. These were for a purpose which
will be indicated below.
The experiment was conducted in a cellar of the Potsdam Astrophysical Observatory. On a foundation three feet deep a brick pillar

may

allied to the
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and to one side of this a cast-iron bracket was attached
the
support for the agate plate on which the knife-edge
carrying
rested.
protecting case covered with tin surrounded the pendulum, and was provided with a window through which could be
seen a mirror fixed to the pendulum just above the knife-edge.
The observer was outside the cellar and viewed with a telescope
through a hole in the door the reflection of a scale let into the
The scale was on opal glass lighted from behind.
door.
The attracting masses were cast-iron cylinders 325 kg. each,
with their axes horizontal and directed to the pendulum rod. They
were connected by a wire rope passing over a pulley near the

was

built,

A

and they moved up and down in guides, coming against
the guides when they were exactly level with the
on
stops
The pulley could be rotated from the outside by a
balls.
suitable contrivance, and so the weights could be moved by the
Their axes were obliged to be inclined each at about
observer.

ceiling,

15 to the plane of vibration, since the bracket supporting the
pendulum did not allow of their near approach when their axes
were in that plane.
Before commencing work Wilsing made an interesting observation on the effect of a vessel filled with snow, placed outside the
pendulum case in the plane of vibration, and found that it produced a steadily increasing deflection, which might be ascribed
to the warping of the pendulum through unequal temperatures on
the two sides.
The regular observations wore conducted in the following
The masses being in one position the pendulum was
manner
lowered on to the agate support and its swinging was commenced.
Four elongations gave the centre of swing. The masses were
then moved to the other position, and four elongations gave the
:

centre.
Then they were moved back, and four more elongaThen again to the second position, and four
tions were observed.
more elongations were observed. This completed a set, giving a
value for the deflection. Meanwhile the times of swing were observed in each case by noting the times of transit of two scale
divisions near to and one on each side, if possible, of the centre of
swing. If the swings were not decreasing, the difference between
two times of transit of a given division in the same direction would

new

But, through the decrement
give the time of a double vibration.
of amplitude, the time observed would not be quite correct.
By
observing the times of transit in the opposite direction also, a time
of double vibration would be obtained, affected with an opposite
and nearly equal error. The mean of the four times obtained
with the two sets of transits of the two divisions was taken as the
true time.
The time of swing was then reduced by the removal of one of
the small discs from the upper ball, and its value determined by
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observing a number of transits at the beginning and a number
The logarithmic
at the end of an interval of soine minutes.
decrement was so small as to be negligible in its effect, so that it
was possible to observe transits in one direction of one division
From the times it was easy to deduce the period.
only.
second disc was then removed, and the new and still shorter
period determined in the same way. The discs were then replaced
and the experiment was complete. Usually another was made
later in the same day, and in all there were thirty-seven sets of

A

observations.

In Wilsing's first paper is a very full mathematical treatment of
the subject, discussing first the effect of the cylindrical form to which
the so-called knife-edge really approximates, and the expression
for the time of swing is found when this and buoyancy of air and
attraction of masses are taken into account.
Then he shows that by removal of one of the discs and a new
determination of the time of swing the value of the restoring
couple may be found without a knowledge of the moment of
inertia.
all

Neglecting

we may

corrections,

see the principle
t

=
where

at once

The ordinary pendulum formula gives the time T by

of this.
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The removal

of a second disc gives another value of the same
and
in
the actual observations the two values were in
quantity,

very satisfactory agreement.
After a careful and laborious investigation of the moment of the
attraction, the author discusses the effect of amplitude on time of
swing, theory indicating that the ordinary reduction formula must
be replaced by

T

-

T1 Q

4.
-1

r
c6

T1 Q3

,

shown by experiment to have a value a the amplitude, and a and b are certain constants.
and x

is

2
1)

Eeturning to the simple torsion rod formula of

p.

where $

,

<j>

42

:

is
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=

T)

we must

replace

_

L

3

Mm a
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&
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where

Mgf

4'C"

by T^

M gj

.,,

has the value found

above.

But

this formula

value of

must now be

corrected.
In the first place, the
in a form taking account of form

M g f has to be found

of knife-edge, attraction of masses, and buoyancy of air, and T and
be corrected by the new method to infinitely small arcs.
2
l

T must
Then, -

has to be replaced by the value of the attraction

couple, taking into account the fact that the
and that it attracts rod as well as balls.

mass

is

a cylinder,

The value obtained from the experiment was

D = 5-651

+ O017.

There was, however, reason to doubt the value assigned to the
These were
on the rod without the balls.
and the experiment repeated on the rod alone,

attraction moment
therefore removed,

the result of thirty-one sets being

D =

5-731 + 0-020.

Calling these values Dj and

D

D

= D! + x-

2,

;

we may put

D

D

=

2

+

where x

m

and
t

D.

is

m

,

ml

in,

moment

the error in the value of the

moment

are the co-efficients of the

of attraction

in the

and

two values

for

a

They are

therefore

Hence

known.

D=
-r^

m DJ

m.T>, L_i

Wj

= 5-594 +

9
2

9

m,
0-032.

In the second paper, the author describes a repetition of the
experiment made after certain improvements in the apparatus.
The pendulum support was re-arranged so that the axes of the
masses were in the plane of vibration. Greater precautions were
taken against temperature changes 'among others, the window
was blocked up, the door was lined with tin plate, and the masses
were covered with tinfoil. All the constants were also carefully
;

redetermined.

Three new

series of

experiments were

now made,

twenty-six

thirty-nine with lead balls, each
about
745
weighing
grammes, and forty-two with the pendulum
sets with the

rod alone.

original

balls,

LASKA'S PROPOSED EXPERIMENT.

was then assumed that there was an error in the value of the
moment, the same for the same deflection in all three
For the first and third series, eliminating the error as
cases.
before, the result was
D = 5-556 + 0-026.
It

attraction

For the second and

third,

D = 5-584+0-015,
and from both

these,

D = 5-588 + 0-013.

Giving this and the previous result 5-594 + 0032 weights proportional to their probable errors, the final result is

D=

:

5-579 + 0-012.

It might appear possible that the use of iron attracting masses
was injurious through magnetic action. The author, in the first
paper, shows clearly that this magnetic effect must be negligible.
For in certain sets of observations one of the brass discs was
replaced by an iron one of the same weight without any trace of

alteration in the observations.

Laska's Proposed Experiment.
(JVb.

The only

43 in

notice of this

the Bibliography.)

method which

I

have seen consists of a

lines in the journal referred to above. The method appears to
differ from Wilsing's chiefly in two points : First, the attracting

few

mass is the mercury filling a glass globe, and this can be withdrawn or poured in at pleasure. In the figure accompanying the
description there is only one globe near the ball at the bottom of
the pendulum rod, but of course it would be easy to arrange one
on each side of each ball. Secondly, the position of the pendulum
is read by an interference band method.
The interference layer
is the air between a plate on the upper end of the rod and a fixed
plate close to it. The motion of the rod alters the thickness of the
layer, and shifts the bands just as in Fizeau's instrument for

measuring expansion.

The author
no

describes this apparatus as having been set up, but

details are given in the note as to the quality of its perform-

ance.
Indeed, I gather that it is only a trial installation, and has
not been arranged to give absolute results.
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SUMMARY OF RESULTS HITHERTO OBTAINED.
Approximate
Date.

PART

II.

A DETERMINATION OF THE MEAN DENSITY
OF THE EARTH AND THE GRA VITATION
CONSTANT BY MEANS OF THE COMMON
BALANCE.
(From the
I.

Philosophical Transactions, vol. clxxxii. A, 1891, pp. 565-656.)

ACCOUNT OF APPARATUS AND METHOD.

IN a paper printed in the Proceedings of the Royal Society, No. 1 90,
1878 (vol. xxviii. pp. 2-35), I gave an account of some
experiments undertaken in order to test the possibility of using
the common balance in place of the torsion balance in the
Cavendish experiment. The success obtained seemed to justify
the intention expressed in that paper to continue the work, using
a large bullion balance, instead of the chemical balance with
which the preliminary experiments were made.
The apparatus for the experiments now to be described was first
set up in the Cavendish Laboratory at Cambridge through the
kindness of Professor Clerk Maxwell.
After spending some
months in working at the experiment, but without much success
beyond the detection of some sources of error, I left Cambridge,

and ultimately the apparatus was again set up at the Mason
The difficulties in carrying out the work
College, Birmingham.
with any approach to exactness have been far greater than were
anticipated, and many times work has been begun and results have
been obtained, but examination has shown them to be affected by
large errors which could be traced and eliminated by further improvements in the apparatus.
At the beginning of 1890, however, the apparatus was brought
into fair working order, and during the course of the year I made
a number of experiments with the results recorded in this paper.

The Principle

of the Experiment.

object of the experiment, in common with all of its class,
regarded, primarily, as the determination of the attraction
of one known mass
on another known mass M' a known distance

The

may be

M
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d away from it. The law of universal gravitation states that when
the masses are spheres with centres d apart this attraction is
2
GMM'/d G being a constant the gravitation constant the same
for all masses.
Astronomical observations fully justify the law as
far as M' / d 2 is concerned.
They do not, however, give the value
of G, but only that of the product
for various members of the
,

GM

solar system.

To determine
which both

G we

must measure

GMM' / d

z

in

some case in

M and M' are known, whether they be a mountain and

a plumb-bob, as in Maskelyne's experiment, the surface strata and
a pendulum-bob, as in Airy's experiment, or two spheres of known
mass and dimensions, as in all the various forms of Cavendish's

experiment.

Knowing the gravitation constant G, we may at once find the
mean density of the earth A. For if V be the volume of the earth

regarded as a sphere of radius R the weight of any mass M',
being the attraction of the earth on it, is

GV AM'/R
But if cj
as

is

2
.

the acceleration of gravity the weight

is also

expressible

Wg.
Equating these we get

A

Method

=

of using the

Common

Balance.

In using the common balance to find the attraction between two
masses, perhaps the most direct mode of proceeding would consist
in suspending a mass from one arm of a balance by a long wire,
and counterpoising it in the other pan. Then bringing under it a
known mass, its weight would be slightly increased by the attraction
of this mass.
The increase would be the quantity sought if the
attracting mass had no appreciable effect before its introduction
beneath the hanging mass, and if, when beneath it, the effect on
the balance could be neglected. This is very nearly the principle
of the method used by von Jolly, and it is that of the method
used in the preliminary experiments referred to above, in
which a mass of 453 grms. of lead was hung from one arm of a
chemical balance (about 40 centims. beam) by a wire 1'S metres
But
long, and was attracted by a mass of 154 kilogrms. of lead.
the attraction to be measured was exceedingly small, rather less
than O01 milligrm., and it therefore appeared advisable to use a
much larger balance with a larger hanging mass so that the
attraction might be made comparable with the weight of exactly
determined riders. Other anticipations as to proportionate increase
of sensibility and diminution of effect of air currents, have hardly
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been justified in the way I expected, though, by the ultimate form
of the apparatus, they have, I think, been more than realised.
With increase in the length of beam, a differential method
FIG.

4.

Elevation of balance room and observing room. The front of the
The pointer
case is removed, and the front pillar is not shown.
and mirrors are at the back.

became applicable, by means of which the attraction of the mass
on the beam was eliminated, and the necessity for prolonging the
This will
case to allow of a long suspending wire was removed.
be seen from a consideration of Fig. 4. Let AB represent equal
be
masses suspended from the two arms of the balance, and let

M
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first under A, the position of the bean
is then placed under B its attraction is not
being noted. If
only taken away from A but added to B, so that the tilting of the
beam is that due to nearly double the attraction to be measured
Of course there are what we may term cross-attractions, in the first
on A, but
on B, and in the second position, of
position, of
these may be allowed for in the calculations.
We cannot give any
mathematical expression for the attraction of
on the beam and

the attracting mass put

M

M

M

M

suspending wires, owing
attraction

A

B

is

eliminated

to their irregularity of shape.
if

a second experiment

is

made

But

this

which
For the

in

known distances to A' and B'.
between the two increments of weight on the right is
due solely to the alteration of the positions of A and B relative to
M, the attraction on the beam remaining the same in each. From
and

are raised equal

difference

the observed effect of a known alteration of distance the attraction
at any distance can be found.
This is, shortly, the method adopted.
The arrangement was
ultimately complicated by the addition of a second mass m.
was alone on a turntable which revolved
Originally the mass
about a vertical axis immediately under the central knife-edge of
the balance. And some experiments which I made led me to
suppose that mere change of position of the mass did not affect the
level of the balance.
However, after a complete determination in
1888 of the mean density, when I supposed that the work was
finished, an examination of the results showed some curious
anomalies, which I could only ascribe to a tilting of the whole
floor on the displacement of the mass. Making new tests as to the
effect of removal of the mass, I found that the previous tests had
been quite wrong in principle, and that there was a very appreciable effect quite visible in the telescope when the masses
and B
were removed, and
was removed from one side to the other, the
slope of the floor changing by an angle comparable with a third of
a second.
If this had been absolutely constant in amount, the
differential method would have eliminated it; but, probably, it
varied slightly in successive motions of the turntable, and the
results showed that there was also a secular change, the amount of
tilt gradually increasing.
This secular change was probably due
to increasing rigidity of the floor, so that it tilted over bodily,
moving the supports of the balance with it, an increase partly due,
perhaps, to the pressure of the building, which had only been
erected ten or twelve years, but chiefly, I think, to a gas engine
recently erected next door. "When this was doing heavy work, the
vibrations were very plainly felt, and no doubt they greatly aided
the floor in " settling down."
second balancing mass in was
therefore added, half as great as M, and on the opposite side of the
The resultant pressure
turntable, but twice as far from the axis.
was now always through the axis, and I could detect no tilting of

M

A

M

A
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Of course the balancing
the floor when the turntable was moved.
mass acted somewhat to reduce the effect of the larger attracting
mass, but in a calculable ratio.
Finally, in order to eliminate or reduce the effect of any want of
symmetry in the moving parts or in the masses, a second set of
experiments was made with all the masses turned over and moved
from left to right, and the mean of the first and second set was taken.
I now. proceed to a detailed description of the various parts of
the apparatus and the mode of experiment.
The Balance Room. The balance room is in the basement
of the Mason College, immediately under my room, and about 20
metres from the street. On one side were three windows looking
on to a small courtyard, entirely surrounded by high buildings, but
the windows have been bricked up. On the two adjacent sides are
two other rooms, and on the opposite side a closely fitting door
opening on a short corridor with doors at each end. There is no
chimney in the room, and only an opening in the ceiling through
which the balance was observed from the room above. The floor
of brick, resting on earth, and is very firmly laid.
The temperature of the room was taken by means of a thermometer with a protected bulb at the end of a long wooden rod hanging down from the room above. The thermometer was about 6 feet
from the floor, near one end of the case, and it could be rapidly
pulled up into the room above and read by the observer before its
temperature sensibly varied. The temperature never appeared to
vary so much as 0*1 C. in the course of two or three hours.
The Balance Case and its Supports. The case (Fig. 4)
is a large cabinet of 1
inch wood, 1-94 metre high, 1*63 metre
wide, *61 metre deep, with three large doors in front giving access
to the hanging masses and riders, and a small door at the back
near the mirror hereafter described. It is lined inside and out
with tinfoil, and under each of the suspended masses is a double
bottom with a layer of wool between, making a total thickness of
is

about 1 J inch or 4 centims. At the top is a small window about
10 centims. square, through which the oscillations of the beam
were observed. On each side within the case are placed three
horizontal partitions, like shelves, to hinder circulation of the air.
The larger attracting mass and the attracted masses are gilded,
and it is possible that some advantage may arise from having the
surface of the case of different metal.
For if it, too, were gilded,
it would
readily absorb radiation from the large mass, and when
the inside temperature changed, the suspended masses would
But
readily absorb radiation from the inner surface of the case.
it
than
radiation
absorbs
of
tin
less
gold probably
considerably
absorbs of gold radiation, and so temperature changes are probably lengthened out more than if the case were gilded.
It was necessary to support the case so that the attracting
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masses could be moved about underneath it, and also to make it
independent of the floor. Two brick pillars, 58 centims. x 36
centims. and 56 centims. high, were therefore built on thick
beds of concrete under the floor, and about 3 J metres apart. They
rise up free from the brick floor.
Stretching between them are
two parallel iron girders (#, g), about 30 centims. apart, and with
FIG.

5.

Soak
.

/

Plan of turntable, girders, pillars, and balance case. w.
in case.
c. Usual position of cathetometer.

Window

under side 56 centims. above the floor. The balance case is
placed across the middle of these girders (see plan, Fig. 5), with its
under surface level with that of the girders. The square base
plate of the balance is placed on the girders on three levelling

their

Two horizontal screws attached to the girders bear
screws.
against each edge of the base plate, so that it can be adjusted and
fixed in

any

position.
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lessen vibration one tier of bricks is removed from each
and in its place are inserted eight cylindrical blocks of
india-rubber (i, i, Fig. 4), originally 7'5 centims. diameter and 7'~>

To

pillar,

These crushed down almost 1 centim. at once, but
have not shown any further measurable contraction in the course
Their effect in deadening vibration has been
of several years.
centims. high.

surprisingly great.

The Turntable. On a bed of concrete, and quite free from
the brickwork of the floor, is a circular rail of cast iron, 1*3 metre
in diameter. On this, on conical brass wheels and pivoted at the
This is
centre, runs the turntable, about 1*5 metre in diameter,
made of wood and covered with tinfoil. It is like a wheel with a
flat circular rim, and with four flat spokes arranged as a cross. It
is as nearly symmetrical as possible, and at opposite ends of a
diameter are placed two shallow cups, in either of which the large
attracting mass may rest. The centres of these cups are a distance
apart equal to the length of the balance beam. There are slots cut
through the bottom of each cup, so that the bottom of the mass can
be seen for the purpose of measuring the vertical diameter.
Two beams, 2*74 metres long, run across the turntable 26
centims. apart, with the cups between them, and across the ends
are two boards, each with a circular hole 12 centims. in diameter,
and in either of these the smaller, or balancing mass, may rest.
These beams are braced by brass rods to brass uprights at their
middle points to diminish bending.
The turntable is moved by an endless gut rope passing round
The two sides of the rope
it, and fixed at one point of the rim.
pass over pulleys on to a drum in the room above. There are
stops on the circular rail, against which come brass pieces on the
turntable when the masses are in position at either end of the
motion. The drum can be turned easily by the observer at the
Since the knife-edges and planes of the balance are of
telescope.
steel, all the moving parts of the apparatus are free from iron. As
an illustration of the necessity of this, I may mention that for
some time I used what I supposed to be a brass wire rope to move
the turntable, but on looking out for the explanation of some
irregularities I found that the brass was wrapped round a core of
steel wire, which acquired poles at the highest and lowest points
in the position in which it always rested between different sets of
weighings. These poles had quite an appreciable action on the
balance beam.
The Balance. This is of the large bullion balance type, with
gun-metal beam and steel knife-edges and plates. It was made
specially for the experiment by Mr. Oertling, with extra rigidity of
beam. Its performance has shown the great excellence of the
The central knife-edge is supported on a steel plate by a
design.
frame-work rising 107 centims. above the base plate, and the
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usual movable frame can be raised or lowered from outside the
The beam has
case, fixing the beam or setting it free to oscillate.
often been left free to oscillate for months at a time, with the full
load of 20 kilogrms. on each side, but I have no reason to suppose
that the knife-edges have suffered at all.
The length of the beam was measured by taking the length of
each half separately by a beam compass, and the mean of several
measurements gave 123'329 centims. as the total length. The
standard scale used throughout was that of a cathetometer made
by the Cambridge Scientific Instrument Company. This scale has
been verified at the Standards Office, and taking its coefficient of
expansion as 60 ^ 00 it may be regarded for our purpose as perfectly
correct at 18, any errors being at that temperature much less
than the errors of experiment. Comparing the beam compass
with this scale, it was found that *06 centim. must be subtracted,
reducing the length to 123*269 centims. Now both beam and
scale are of gun-metal and may, therefore, without serious error,
be assumed to have the same coefficient of expansion, so that this
At
is the length of the beam at 18.
it is 123-232 centims.
Mirrors, Telescope, and Scale. At first a mirror was
attached to the centre of the beam and the reflection of a scale in
it was observed, either in the ordinary method or in the method
(Roy. Soc. Proc., No. 190, 1878), where a second fixed mirror is
used to throw the ray of light a second or even a third time back
on to the moving mirror, each return increasing the deflection of
the ray. But it was then necessary to make the time of vibration
very long, and even when the time was three minutes, the tilt due
did not amount
to the attraction
i.e., the change of resting-point
Now certain irregularto more than two or three scale divisions.
ities observed when the apparatus was first set up at Cambridge,
led to experiments on the time taken by heat to get through the
case in sufficient quantity to affect the balance, and I found that a
coil of copper wire placed close under the case on one side (the
bottom of the case being then solid, 1 inch thickness), heated by a
current yielding 100 calories per minute, began to produce an
appreciable disturbance on the balance in about ten minutes,
doubtless by the creation of air-currents from the heated floor of the
case. It appeared advisable, therefore, to reduce the time of a complete experiment to less than this if possible, and, consequently, the
time of a single swing very much below three minutes. This could
only be done if at the same time the optical sensibility were very
,

greatly increased.

The employment of what may be termed the double-suspension
mirror method due, I believe, to Sir William Thomson, and used
by Messrs. G. H. and Horace Darwin in their experiments on the
Lunar Disturbance of Gravity (Brit. Assoc. Rep., 1881), has very
satisfactorily solved the problem, giving a greatly increased
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on the scale, even when the time of oscillation is as
short as twenty seconds.
This method, which deserves to be more generally known and
applied for the detection of small motions, consists in suspending
a mirror by two threads, one from a fixed point, the other from

deflection

the point which

moves.

The angle through which the mirror
FIG.

6.

Microscope stage

Mirror

Van&s working
im dashpot
Double suspension mirror (half

size).

turns for a given motion of the latter point is inversely as the
distance between it and the fixed point, so that by diminishing
this distance the sensibility of the arrangement may be almost
indefinitely increased.
To apply it to the balance, a small bracket (Fig. 6) is fixed to the
ordinary pointer of the balance, about 60 centims. below the
central knife-edge.
This projects horizontally at right angles to
the axis of the beam, and it is bevelled at the edge. Close to it is
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another bevelled edge attached to a microscopic stage movement
is fixed on to the central pillar of the balance.
thread of
silk (as supplied for the Kew magnetometer) is fastened to the
stage, passes over the bevelled edge, through two eyes e e, on a
light frame holding the mirror, up over the bevelled edge of the
bracket, and is fastened to the bracket. The microscope stage
movement allows the distance between the threads to be adjusted
and also enables the azimuth of the mirror to be altered.
Of course, if the mirror were weightless, it would not affect the
sensibility of the balance, and the threads might be brought very
But the weight of the mirror it is silver on glass,
close together.
56 millims. x 38 millims. x 10 millims. has a considerable effect
on the sensibility, diminishing it with decrease of distance between the points of suspension. In practice it has been found
convenient to work with the threads parallel, and from 3 to 4
millims. apart, the time of swing one way being adjusted to about
less time hardly suffices for a correct deter20 seconds.
mination and record of the scale reading. Taking four millims.
as the distance, and supposing the bracket to be 600 millims.
below the knife-edge of the balance, the mirror evidently turns
through an angle 150 times as great as that through which the

A

which

A

beam turns.
The drawback to this method of magnification is that the
mirror has its own time of swing and is easily disturbed. The
swings of the mirror and the disturbances are, however, effectually
four light copper vanes attached to the end of
a thin wire projecting down from the mirror and working in a
dashpot with four radial partitions not quite meeting in the centre,
one vane being in each compartment. I found that mineral

damped by having

lubricating oil is very suitable for the dashpot, as the surface
keeps quite clean and there is little evaporation. The swings of
the balance are also very greatly damped by this arrangement, but
the effect of this will be discussed later.
The telescope and scale are in the room over the balance-room
and a small glass
(see Fig. 4), a hole being cut through the floor,
window fixed in the top of the case. As the suspended mirror is
in a vertical plane it is necessary to have an inclined mirror fixed
in front of it to direct the light from the scale horizontally on to it
and back again to the telescope. With the magnification used it

was necessary for good definition to have an exceedingly good
inclined mirror, and several were rejected before a suitable one
was obtained. That finally used is a silver on glass oval mirror,
60 millims. x 40 millims., by Browning. The glass window in the
case is optically worked and carefully adjusted to be normal to the
path of the light.
The telescope has a 3-inch object glass of about 4-feet focal
It is fixed on a brick pillar built on one of the brick
length.
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which form the ceiling of the balance room, and it rises
from the floor of the observing room. To destroy vibration
one course of bricks is replaced by blocks of india-rubber. The
has ''> divisions to the inch (say J millim.), ruled diagonally,
and divided to tenths by cross lines. It is photographed on glass
from a scale drawn on paper with very great care, 50 inches long
The photograph is
(say 127 centims.), and with 500 divisions.
<f this length, and only the central part of the scale, about
/..tli
<i<>
The diagonal ruling
divisions in length, has been used.
enables a tenth of a division to be read with certainty, and the
readings recorded in the Table, pp. 129 et seq., are in tenths.
Though the lines appear somewhat coarse, I have not been able
to find another scale equal to it in distinctness and in ease of
.

fiv.-

reading.

As all the results depend on the ratio of measurements, taken
almost simultaneously, of deflection due to attraction and rider
respectively, in the same part of the scale, I have not thought it
necessary to calibrate it.
The scale is fixed horizontally on the end of the telescope close
It was
to the object glass with a piece of ground -glass over it.
illuminated in general by an incandescent lamp placed above it,
once by an Argand burner.
The distance from the scale to the mirror and back is about
"> metres.
It follows that 1 division of the scale corresponds to an
angular motion of the mirror through '0001 radian. But this is
at least 150 times the angle through which the, beam turns for the
same deflection. So that 1 scale division implies an angular
"

motion of "0000006 radian, or T3y in the beam. As the total length
of swing in Table III. is never more than 12 divisions, the angular
vibrations of the beam are at the most about 1"'6, and the linear
vibrations of the masses, since the half beam is about 60 centims.,
are at the most about -005 millim.
This shows that it is quite unnecessary to consider any change of distance due to vibration.
The greatest deviation from the mean in any of the series of
weighings recorded is about one per cent, of the rider value, corresponding to about TV of a division, or an angle of -fa" in the beam,
and a distance of *00004 millim., say 0o1ooTF inch, in the motion
of the masses.
This seems to show that the method is accurate as
well as sensitive.
.

t

Determination of the Value of the Scale Divisions by

Means

of Riders.

This was done by means of centigramme

riders (Fig. 7), these
being the least weights which appeared capable
of sufficiently accurate determination.
Instead of transferring the
same rider from point to point, it was much easier to use two equal

and to take one up while the other was being let down a
The distance selected was about 2'5
given distance from it.
centims., since the deflection due to the transfer of one centi-

riders,
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so far along the beam was nearly equal to that due to the
greatest attraction to be measured.
At first the riders when on the beam rested in
notches in
a pair of parallel brass strips fixed on and parallel to the beam.

gramme

V

FIG.

Eider, actual size,

7.

and end of

lifting rod, r.

But this plan was soon abandoned, as there was no certainty about
the position of the rider in the notches. The riders were then
supported in little wire frames, each hung by two cocoon fibres
from the edges of a plate fixed to the beam, the edges being
FIG. 8.

FIG. 8a.

B

Wire frames depending like
pans from ends of bb,
Fig. 8, side and end views (half
scale
size).

Subsidiary rider beam, bb, attached to centre
of balance beam, BB, by plate p just above central knife-edge, k (half size).

The only objection ^to this
method was the very considerable time spent in replacing the
fibres after the breakages which occurred on dusting, or any reparallel to the central knife-edge.

adjustment of the balance.
Ultimately a small subsidiary beam, about 2-5 centims. long,
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to the centre of the balance beam, just above tin*
knife-edge (Fig. 8), the scale pans being represented by small
wire frames in which the riders could rest (Fig. 8a). These
frames depend from agate pieces resting on steel points at the
extremities of the subsidiary beam in the way now usually adopted
This mode of supporting the riders
in delicate assay balances.
be
to
perfectly
satisfactory.
appears
To raise or lower the riders two short horizontal lifting rods
beam move up and down within the supporting
parallel to the
wire frames, with a nearly parallel motion, and on them are two
metal pieces with their upper surfaces shaped so that the riders
rest on them without swinging (Fig. 7, r).
They are the extremities of L-shaped projections from a jointed parallelogram
framework (Fig. 9), supported on an upright in front of the

was attached

FIG.

9.

Lifting rods to raise or lower riders (half

size).

The framework is moved by a tongue engaging
subsidiary beam.
it, and projecting from a horizontal rod, which rotates about
its axis in bearings, one within the case and the other outside.
The rod is turned through an angle of about 30 between stops
by an endless string passing upwards and round a wheel in the
with

observing room.
The parallelogram framework and the bearing of the rotating
rod within the case, are both supported independently of the case,
from the ceiling. At first they were supported respectively on
the central pillar of the balance, and on the case
but when the
increase of optical sensitiveness enabled me to detect small irregularities, I realised how essential it was for accurate weighing, that
all parts of the apparatus moved from the outside should be
supported quite independently of the balance. Even the string
moving the rod transmitted great and continual vibration. The
;
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rod and the framework with the lifting levers were, therefore,
supported by iron rods coming down from the ceiling through
holes in the top of the case, large pieces of cardboard stretching
from these rods over the holes to hinder the passage of dust into
the case. Once or twice in the course of preliminary experiments
irregularities were traced to accidental contact of outside bodies
with the case.
It appeared just possible that there might be electrification of
the riders by friction with the lifting rods, especially when they
were supported by cocoon silk. It was, therefore, advisable that
the surface of the lifting rods should be of the same kind as that
of the riders.
As the latter are silver wire gilded, the lifting rods
It may not be uninteresting to note here a
are also gilded.
curious phenomenon which occurred during some early preliminary
experiments. The shaped pieces on the lifting rods were then of
wood covered with gold leaf, put on with ordinary paste. After
they had been on for some months, I obtained some very various
results for the deflection due to the riders, and on examining the
lifting rods, I found that a number of long needle growths projected from the wood pieces, and interfered with the supporting
wire frames.
At first I thought these were organic, but my
colleague, Professor Hillhouse, examined them and found that
they were crystalline. Doubtless, the hygroscopic paste set up
electric action between the gold leaf and the brass, to which the
wood pieces were attached, and the crystals were probably zinc
The wood was then replaced by brass gilded, and no
sulphate.
further difficulty of the kind was experienced.
The length of the subsidiary beam was kindly determined for
me by Mr. Glazebrook at the Cavendish Laboratory. The steel
points are hardly sharp enough to determine the distance to 1 in
10,000, but the mean of the results is sufficiently exact. The
following are Mr. Glazebrook's determinations the four points
being denoted by abed :
;

Date.
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value of i (ab + c d) is therefore '9983375 inch, or taking 2*539977
centims. to the inch we obtain

Length of beam

at

0, 2*53575 centims.

an advantage in fixing this beam at the centre, which
Suppose the riders are not quite equal, but
have values w and w + & Let the two ends of the subsidiary
beam be distant a and a + I from the central knife-edge. Then
the effect of picking up the rider w from the nearer, and letting
down the rider w + on the further end, is equivalent to putting at

There

is

should be noted here.
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or the error 8/yy is multiplied by (a + /)//, and, if the beam is
not central, (a + 1) /I may be greater than 1, so that the error is
magnified.
If, however, the small beam is central, I is equal to
2, and
the error is multiplied by + J.
If the riders are interchanged and the weighings are then
repeated, the mean result is the same as if riders with the mean
value were used for
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The Attracting and Attracted Masses.

These are all
of an alloy of lead and antimony, for the sake of hardness,
the specific gravity in each case being about 1O4. They were
made at various times and places, the large attracting mass
being made more than twelve years ago by Messrs. Storey, of
was made in 1889 by
Manchester. The smaller balancing mass
These were
Messrs. Heenan, of Manchester and Birmingham.
"
The attracted
both cast with a " head
on, and then turned.
and B were made by Messrs. Whitworth, and subjected
masses
The dimensions have been
to hydraulic pressure before turning.
measured from time to time, and there is no evidence of any
sensible change of shape.
The larger mass
and B were
and the attracted masses
weighed at the Mint through the kindness of the Deputy Master
and Professor Roberts-Austen. For the weight of the balancing
mass m, I am indebted to Messrs. Avery, of Birmingham. The
has suffered two accidents since it was weighed,
large mass
once being slightly cut into by a saw during some alteration of the

made

M

m

A

M

M

A
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and once being scratched by coming into contact with a piece
The
of metal fixed to the turntable in taking it out of its place.
saw-cut was carefully filled in with lead, and the scratch removed
only a fraction of a gramme, as was determined by taking a mould
of the hollow.
I should be glad to think that the determination
of the attraction was sufficiently exact to make re-weighing
necessary, but I am afraid that the alteration in weight is very far
beyond the important figures, and I therefore take the original
and B have
weight as sufficiently near the truth. The masses
been gilded since the original weighing, but I carefully determined
their increase of weight by the balance used in the gravitation
case,

A

experiment.
The values given below in the second column are the true
and m, less the
masses. In the third column are the masses of
air displaced by them, this being taken as 18 '41 and 9*2 grms.
It will be shown later that the true masses of A and
respectively.
B and the reduced masses of and may be used in the calculations of the result.

M

M

m
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variation in their position would produce a negligible variation
in the total attraction.
By the difFIG. 10.
ferential method, the attraction on

them

entirely

from

disappears

the

results.

The Mode of Support of the
Attracting Masses M and m.
This has already been described when
describing the turntable.

The Riders.

Four

centigrm.

D, of silver wire
gilt were made by Mr. Oertling of
the form shown in Fig. 7. These
were weighed in 1886 at the Bureau
A,

riders,

B,

C,

International des Poids et Mesures,
by M. Thiesen. The following is an
extract from the certificate
:

"Densitd et Volume.
Comme densite on a accepte celle de 1'argent,
et par consequent

cliacun des

comme volume de
0*0010

cavaliers,

milli-

litre.

"

des
des
Determination
poids
L'etude des poids de ces
quatre cavaliers a ete faite par
M. le Dr. Thiesen, adjoint du
Bureau International, charge de la
section des pesees.
M. Thiesen au
moyen de la balance Stuchrath, destinee 11 des poids au dessous du
gramme, a d'abord determine les
cavaliers.

differences entre les quatre cavaliers
pris deux a deux dans les six combinaisons possibles, et ensuite la
difference entre 1'ensemble des quatre

cavaliers et le poids de 40 milligrms.
de la serie
du Bureau, serie en

recemment etalonnee
par M. Thiesen. Les comparaisons
Suspender for Attracted Mass
ont ete faites du 19 au 29 Mars,
(one-fourth size).
1886.
"
Rtmltats.
De 1'ensemble de ces comparaisons resultent les

platine iridie

poids

:

A

= 10-1247 milligrms

B =

10-0615

C = 10-1196

D=

10-1262
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" L'incertitude

de ces determinations

ne depasse pas O'OOl

milligrm."

A

D

and
were selected for use as being the nearest to each other
in value.
B and C were kept untouched in boxes till 1890. In
the various experiments made between 1886 and the final weighings,

A

and D had necessarily been handled to some extent, especially
through the frequent breaking of the silk fibre suspension used
before the subsidiary beam described above, and it appeared
possible that their weights might be altered. It was also necessary
to determine whether an appreciable amount of dust was deposited
on them in the course of several weeks as it was inconvenient to
dust them frequently. The riders B and C might be assumed to
have the same weight as in 1886, and could be taken as standards.

To make the weighings, a 16-inch chemical balance was arranged
with a double suspension mirror on exactly the principle already
described for the large balance. The apparatus was put together
quickly with materials at hand, and might easily be greatly
improved. It is only described here to show how accurate the
method is, even with such rough apparatus, and that it is applicable to a small as well as a large balance.
cork sliding on the pointer with a horizontal needle stuck in
a stand with a
it, served to support one thread of the mirror
one made to hold platinum wires in a Bunseii
projecting arm
wire with a small
flame served to support the other thread.
copper vane depended from the mirror and was immersed in an oil
dashpot. The telescope and a millimetre scale were on a level
with the mirror about 2 metres distant on one side of the balance.
Two brass strips, parallel to each other and the beam, were fixed
on the top of one arm of the beam, and in each of these were two
notches in which centigramme riders could 'rest. Two levers,
worked by cams on a rod rotated by the observer, picked one rider
up and let down the other, so .that the effect was equivalent to the
transfer of 1 centigrm. from one notch to the other. Their distance
apart was such that this was equivalent to the addition of '3284
This was the arrangement
milligrm. to one pan of the balance.
described in my former paper. Attached to one pan was a pair of
brass strips parallel to each other, and such that the riders A, B,
Two lifting rods worked up
C, or D, would just rest across them.
and down between these strips, so that of the two riders to be
compared, one could be picked up at the instant the other was let
down. The lifting rods were worked by a rod rotated by the
observer and supported quite independently of the balance and of
the slab on which it rested. By this plan the value of the scale
divisions and the shifting of the centre of swing on changing the
weights to be compared, could all be determined without raising
the beam of the balance between the successive weighings, an
essential condition, I believe, for exact work.

A

;

A

V
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The weighings were made in the large room of the Physical
Laboratory, and no precaution was taken to protect the balance
The room is draughty
case beyond placing a board in front of it.
and subject to great variations of temperature, so that the weighOne
ings were made under very disadvantageous circumstances.
result of this was a rapid and sometimes very great change of
resting-point in the course of a few hours, so> that the scale passed
out of the field of view. In order to bring it back without opening the case, two glass tubes passed through the top of the case,
almost down to the scale pans, and small bits of wire could be
dropped through these on to either pan as needed. Caps fitted on
This plan appears worthy of
to the tubes to prevent draughts.
mention, as it suggests a mode of determining the value of a scale
division when a balance is either too sensitive for riders or has no
If a piece of wire
special arrangement for their accurate use.
weighing, say, 1 milligram is cut into say ten nearly equal parts,
and if these are dropped on to the two pans alternately the shiftings of the centre of swing will be to and fro, about equal
distances, due to about '1 milligrm., but the sum of the shiftings
will be that due to 1 milligrm., and the balance at the end will be
nearly in the same position as at the beginning.
The following is an abstract of the comparisons of the riders.
They were made soon after the first determinations of attraction
and
had not been dusted for three
on February 4, when

A

D

months.
In each case three extremities of swing were observed, and the
centre of swing was determined from these by the graphic construction described later (p. 101).
The centres of swing were combined in consecutive threes in
the usual way to give the differences in scale divisions.
Thus, in the first series, the successive centres of swing with

D

and

A

alternately in the scale

pan were

D

A

D

A

D

231

223

217

211-9

208

whence

(D

- A\ = 217 +

28]

-

223
Jl
(D - A) 2 = 217 -

(D - A) 3 =

21

Mean

LJL
D

A

-

=

223

= +

21

l^

211-9

=

=

1-0 division.

-

0-45 division.

+

0-6 division.

'38 division.

Successive values of the differences alone are given below.
of swing one way was about 16 seconds.

The time
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February 16, 1890.

A

COMPARISON of

(1.)

and D, undusted.

Deflection due to -328 milligrm. 83'45, 82-45, 84-45 divisions.
Mean 83*45 divisions.

D - A = 1 -0, - '45, + -06 division. Mean *38 division
therefore
D = A + -0015 milligrm.
(2.) COMPARISON of A undusted, D dusted.
Value

;

of scale division taken as in the last.

D - A=

-

-5,

+

-3,

-

-1,

-

-4,

+

D = A - *0004

therefore

Mean - -09

-25.

division

;

milligrm.

February 17, 1890.
(3.)

Value of

D

COMPARISON of

scale division

A and D,

taken as below

both dusted.
(4).

-A

=-!,- -2, + -3, - -3, - -8. Mean - -22
therefore
D = A - -0008 milligrm.
(4.)

Deflection due

D- C=

+

'15,

division

;

COMPARISON of C and D.

to

-328 milligrm., 85'35, 85-4, 84-65.

Mean 85'13 divisions.
- -15, + -05, + -3, + -05, - -05, - -35,
-00,' + -05,
Mean "114 division
45, *50, -5.
D = C + -00044 milligrm.

-05, -35,

;

therefore

February 18, 1890.
(5.)

COMPARISON of C and

D

repeated.

Deflection due to '328 milligrm., 92-75, 92-3, 91-65.
Mean 92*23 divisions.

D - C = *35, - -05, -

-8,

- -95, - -1, + -05,

0,

- -15, -

!,

+

-05.

Mean --17 division
D = C - -0006 milligrm.
;

therefore

Combining
>mbining this with the last, and weighting
weighting them in the ratio of
the numbers
lumbers of determinations in each,

D = C + (-00044 x

14 - -0006

x

10)

-s-

24 = C - -0000 milligrm.

METHOD OF USING THE COMMON BALANCE.
(6.)

COMPARISON of

A

91

and D.

Value of scale division taken as above, *328 milligrm.

= 92'23

divisions.

D-A = -45,
55,

-1,

-25,

-l,--2,--l, -35,

-25, -45, -60, -5,

-05, -45, -10, '30, '8, -9, -35, -2, -30, -55,

Mean
therefore

D-A

f

-378 division

-5,

-50,

-55,
-35,

-5,

-75,

-45,

-45.

;

-00134 milligrm.

Examining the values obtained in (1), (2), and (3), it will be
seen that no trustworthy evidence is given of a difference due to
dusting.
Any existing difference was probably under '002 milligrm., and since the weighings on February 4, before dusting, were
made with the attracted masses in the upper position, when the
attraction was only one-fourth of that on which the final results
depend, we may safely neglect the effect. After this the riders
were dusted more frequently, so that we may probably assume
more constant.
The comparisons of C and D, and of A and D, in (4), (5), and
That of A and I) in (6) is much
(6), were made more carefully.
the best of the series, the air in the laboratory happening to be
steadier while it was made.
The range between the greatest and
least values of the difference is one scale division, or '0036 milligrm., and the different results are grouped fairly closely about the
mean.
The centres of swing and the differences are plotted in Diagram
VIII. I do not claim that these results show any remarkable
accuracy when compared with those obtained at the Bureau International des Poids et Mesures, but remembering how rough the
apparatus was, and how little precaution was taken to ward off air
currents, I have not the slightest doubt that, with special design
of apparatus and more suitable
locality, the results could be very
greatly improved, and the accuracy carried far beyond anything
hitherto reached.
As they stand, they seem to show the value of
the combination of a short time of swing with optical magnificatheir values

tion.

The result of comparisons (4), (5), and (6), is, that if C has its
= 10-1183
Paris value, viz., C = 10-1196 milligrms., then,
and
D=10'1196
whence
milligrms.,
milligrms.;
milligrms. This value may be used in calculating the result, since
the riders were interchanged before Set II. was taken.
The losses experienced since 1886 by
and
are respectively,
-0064 milligrm., and by
-0066 milligrm. i.e., they have
by
diminished by practically equal amounts. This was to be expected,
as they have
probably received equal amounts of rough usage.
The substitution of the subsidiary beam for the cocoon fibre

A

A

A

D

D
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suspension of the riders having greatly diminished the handling to
which they were subjected, I have not thought it necessary to
weigh them again daring the work.

LINEAR MEASUREMENTS.
In the mathematical theory it will be shown that the lengths
required are those marked in Fig. 17, viz., the horizontal distances,
L and /, and the vertical distances, D,
FIG. 11.

D,, d,

dn H!

H

2,

h,

h2

.

The Horizontal Distances.
Except when estimating the moment
of the rider, the distance L is really
that between the verticals through the
and the centre of the more
centre of

M

But the verdistant attracted mass.
in each
ticals through the centre of
position, so nearly passed through the
centre of the mass above it, and, therefore, through the knife-edge from which
it hung, that L was taken as
equal to
the length of the beam (p. 78).'
The accuracy of this adjustment was
horizontal crosssecured as follows.
piece was fixed on the top of each
attracted mass, with two horizontal
cards at its two ends, each wr ith a portion of a circular arc on it, with radius
equal to that of the large mass M, and
with centre over that of the attracted

M

A

hung

O
Plumb-line adjustment of
masses.

A

plumb-line was then
and the
balance was moved by the horizontal
screws bearing against the base plate

mass (Fig.

11).

just in front of the case,

until the plumb-line always appeared
to touch the circular arc above, when

it appeared to touch the large mass
The adjustment was not quite perfect, bat the error in
below.
the worst case was probably not more than 1 millim., and cerSuch an error in the horizontal
tainly less than 2 millims.
distance is negligible.
The distance I had different values for the two positions occupied
by in on the turntable. Calling these values / and / 2 respectively,
the inside distance between
h + h was found by measuring
and m, arranged as in Set II., and &, the inside distance between
was put on the same side of the turntable as M,
them, when
t

,

m

M

LINEAR MEASUREMENTS.

and adding

to a

+

1)

the

sum

1

93

M

of the diameters of

and

m

in the

taken by square callipers.
The following are the values in terms of the cathetometer scale
already referred to (p. 78), the temperature being 15 C.
radial direction of the turntable as

:

=
I =
M=
m =
a

Diameter of

therefore

l,

+

l,

157-01
33-95
30'52
24-23

= 24571

The value

of l^-i, was found by measuring the shortest distance
from the wall when respectively in the first and second
It was found that
positions on the turntable.

m

of

whence

/f
/,

- 122-915
- 122-795

We

may obtain from these measures an independent value of
the radius of the circle in which the centre of
moves. With
= 61 '66 at 18.
perfect adjustment this should be JL
- la or,
It is equal to a + radius of
+ radius of
by the

M

M

m

,

above measures,

=
=

157-01 + 15-26 + 12-115 - 122-795
61-59

which is only -07 centim. less than iL.
Inasmuch as the wood probably expanded

less than the cathetometer scale, while the metal expanded more, I have assumed as
a rough approximation that the total expansion equalled that of
the scale, so that the values of //and I, are correct at 18. No importance is, however, to be attached to this temperature correction.
The Vertical Distances. At the conclusion of each set of
weighings with the attracted masses in a given position, the
vertical distances between the top of the attracting masses and
the bottom or top of the attracted masses (accordingly as they
were in the upper or lower position) were measured by the
cathetometer already referred to.
This instrument is of the well-known design of the Cambridge
Scientific Instrument Company, and is especially adapted for

level at different distances in different
It reads to *002 centim.
The account of these
will be found in Table II. (p. 120 et seq.).

measuring differences of
vertical planes.

measurements

To

find the distances D, d, H, li (Fig. 17), it was necessary to
to the actual distances measured the sum or difference of the
vertical radii of the attracting and attracted masses, and, there-

add

fore, the vertical

diameters of

all

the masses were measured.
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For this purpose I used a cathetorneter which has lately been
me by Messrs. Bailey, of Bennett's Hill, Birmingham. I have to thank Mr.

constructed for

FIG. 12.

Potts, of that firm, for his
care in its construction, and
also for the trouble which he
has taken in the construction
and alteration of much of
the apparatus used throughout the work recorded in this

As the cathetometer
new in design

paper.
is,

I believe,

and

in its perappears worthy

satisfactory

formance,

it

of description.

The
Cathetometer
used to measure Vertical Diameters (Fig. 12).
There are two telescopes,
one to sight the upper, the
other to sight the lower of
the points between which the
vertical

height

There

no

is

is

scale

required.

on the in-

strument, but after the telescopes are fixed to sight the
two points the instrument is
turned round a vertical axis,
so that the telescopes sight a
vertical scale at the same
distance from them as the
points. In general, of course,
the cross wire will appear to
lie between two divisions, but
by means of the fine adjust-

ment, to be described below,
the two nearest scale divisions
are brought in succession on
to the cross wire, and by interpolation the reading corresighted by the telescope is determined.

Cathetometer used to measure
Vertical Diameters.

sponding to the point

first

telescopes are fixed on collars running up and down the main
has a section of the form shown in Fig. 13 (shaded).
which
pillar,
The guides consist of three knobs, /j /j, on the inside of the
collar, two sliding in a vertical V-groove and one on a plane, both
screw, s,
groove and plane being at the back of the pillar.
clamps the collar in any position. Gut strings running up over

The

A

LINEAR MEASUREMENTS.

and

pulleys

supporting counterpoises,

sliding

on the thinner

are attached to the collars so that these
pillars (see Fig. 12),

At

move

springs were used to keep the knobs always in
contact, but I find it much better to remove these and trust
easily.

first

FIG.

13.

Section of pillar of new Cathetometer. s, clamping screw.
1:, guiding knobs.
</, glass plate for fine adjustment, turning
on axis h, h, with pointer at p perpendicular to plane of figure.
k,

merely to hand pressure to keep the collars in their proper position before clamping with the screw s.
The fine adjustment is secured by the use of a piece of plateglass placed in the front of each object glass* (g, Fig. 13), and
capable of rotation about a horizontal axis, li li. A. pointer is
fixed on the end of this axis at p, and at its end is a small glass
plate with a scratch on

it

moving

close against a straight scale.

If

FIG. 14.

Section of fine adjustment plate.

the plate is initially normal to the optic axis of the telescope, on
turning it through 0, the ray which now comes along the optic
axis has been shifted by transmission through the plate parallel to
itself, a distance t sin (^> -*/>)/ cos i//, where t is the thickness of
the plate and ^/ is the angle of refraction within it (see Fig. 14).
This shifting happens for small angles to be nearly proportional
to tan $, and, therefore, to the reading on the straight scale.
To
*

Since this account of the adaptation of the parallel plata for fine adjustment
first published, I have found that it was used for micrometric work
by
Clausen in 1841, by Porro in 1842, and by Helmholtz in his Ophthalmometer.
Porro used the plate both as an eyepiece micrometer and, as described in the
text, in front of the object-glass (" Historical Note on the Parallel Plate DoubleImage Micrometer," Monthly Notices R.A.S., liii. 5, p. 330).

was
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show how nearly

this

is

the case the following table gives the
20, with a thickness of t=\

shifting for angles of 5, 10, and
centim. and a refractive index n =
-

Angle

:

Shifting.

</>

i

5
10
20

\

I

tan 5
tan 10
tan 20

(1

(1

(1

- -00042)
- -00150)
-0052)

The error in taking the shifting as proportional to tan is, up to
20, quite negligible in ordinary telescope-cathetometer work. If it
FIG. 15.

is desirable to have greater
accuracy, it is probably best to use a table of corrections to the
tangent but it is possible to get an exact
scale thus
;

:

Let OP, Fig.

15, represent the pointer of
with a line MN. Let a
length r, making
pointer
jointed to this at P be of length pr,
and let its extremity
move on the line MN.
Drawing OD at right angles to MN. if s is the

PM

shifting,

M

we have

OD = OP

sin

(d)

\L}

cos

.:

s

= I OD.
r

Probably the practical difficulties in the
use of such an arrangement would render it
troublesome and uncertain.
The plate is used as follows: Adjust it
normal to the optic axis of the telescope, and
move the telescope till the required point is
brought as near to the cross-wire as is possible
hand.
the
Clamp the telescope, and then turn the plate till the
by
point is exactly on the cross-wire. Read the position of the pointer
attached to the plate on its scale.
Repeat these operations with
the other telescope on the other point, then turn the instrument
about its vertical axis till the telescopes sight the vertical scale
Looking
placed at the same distance away as the two points.
through one of the telescopes the cross-wire is in general not
Turn the plate so that first the nearest
exactly on a division.
division above, and next the nearest division below, is on the cross
wire.
Beading the position of the pointer in each case, inter-

TEMPERATURE CORRECTION.

07

poUtion gives us the reading on the vertical scale corresponding
to the position of the pointer when the cross-wire was between the
two scale divisions. Doing this for each telescope the difference
between the two points is found in terms of the vertical scale.
The plates I have used are about 9 milliras. thick, and the
pointers about 9 centims. long.
They move over scales such that
_ : tn '27 divisions correspond to a shifting of 1 millim.
The lower
scale is graduated from
to 50, the upper from 50 to 100 to
prevent confusion. The 50 divisions occupy a distance of sixty-six
millims.

be observed that in this form of instrument the level
It can only come in if the
practically entirely obviated.
scale is not at the same distance as the height to be measured, and
may then be made negligible in practice by levelling the telescopes.
Indeed, the uncertainty of measurement appears only to depend on
the uncertainty with which the cross-wire can be brought to the
proper point, that is, it depends only on the magnifying power and
definition of the telescopes used.
To illustrate the use of the instrument, a full account of the
determinations of the vertical diameters is given in Table II.
Below are the results, and for the sake of showing that there has
certainly been no great change in shape, I give results obtained
with a cathetometer more than ten years earlier at the Cavendish
It will

error

is

Laboratory at Cambridge.
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each horizontal axis, and serving as the moving support
for a double suspension mirror in which was viewed the reflection
Two telescopes and one scale were used for
of a millimetre scale.
the two mirrors, though it would not have been difficult to arrange

up from

one telescope and two scales. The value of one scale division was
determined by inserting a piece of thin glass between the sphere
and each lever in turn. The method is exceedingly sensitive, but I
have not been able to make it exact, owing to the warping produced
in the rods due to unequal temperatures.
The measures of the expansion varied between '0000214 and
0000277, both vertical and horizontal diameters (in the position

The true value is probably nearly
in the balance) being tested.
000025 or 1/40000. It will, therefore, lead to no appreciable error
if we take the expansion as equal to that of the scale of the
cathetometer, say l/60000(see Table

II.).

Determination of the Attraction by the Balance.

When the balance is used to measure such small forces and
weights as those with which we are here concerned, it must be left
swinging on its knife-edge throughout any set of weighings in
which the deflections are to be compared one with another. For
there is not the slightest reason to suppose that if the beam is
up and let down again, its new position of equilibrium will
And again, the beam, especially with such
coincide with the old.
loads as the attracted masses, is put into a state of considerable
strain, and continues to alter its shape sensibly for hours, and,
probably, even days, after the masses are put on to it. I have,
therefore, always left the beam free for at least two or three days
before commencing work with the balance, and it has of course
remained free during the course of each day's work. The balance
room was never entered just before any weighing, as it took many
hours for the disturbance due to entrance and interference with
the case to die away.
When the turntable supporting the attracting masses is moved
half round, from one stop to the other, the bulk of the attraction is
taken away from one attracted mass and put on to the other. The
balance, being free, is slightly tilted over to the side on which is
the larger attracting mass. But the deflection in the apparatus as
arranged is so very small at the most only ten scale divisions
that errors of reading can only be neutralised by making a great
number of successive measures.
Probably other errors are also largely eliminated, such as those
due to the deposition of dust particles, shaking, change of ground
Of such errors I have found those
level, and varying air currents.
due to varying air currents by far the worst. Sometimes especially
lifted
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the balance will move quite irregularly
iu autumn and winter
through more than a scale division, and continue to move to and
When in such an unsteady
fro in this way for days or weeks.
In spring and summer,
condition it is useless for accurate work.

however, it is much more steady as a rule, and frequently the scale
can hardly be seen to move. I have never worked, when on
looking into the telescope for some time the irregular movements
appeared to be more than a fraction of a tenth i.e., a fraction of
one of the diagonal divisions though, doubtless, irregularities
comparable with a tenth of a whole division have often made their
appearance in the work. It is perhaps not safe to ascribe these

always to air currents.
I have always found the air steadiest in warm quiet weather,
with a slowly rising temperature in the balance room, and most
unsteady after a sudden fall of temperature. As the alteration of
temperature spreads downwards, this is fully in accord with Lord
Rayleigh's observation that when the air is steady the ceiling is
warmer than the floor, and that when it is unsteady the floor is
the warmer of the two. In the observing room I had a gas stove
often kept burning day and night, in the hope that the higher
temperature it produced in the ceiling of the balance room below
might steady the air. But the vertical walls of the balance room
interfered with the action of the ceiling, and often produced unsteadiness.

A

door opening or shutting anywhere in the building had a
though transient effect, doubtless through an air wave. In
a high wind the balance was always unsteady, partly, I suspect,
through rushes of air into and out of the case with sudden pressure
changes, and partly through changes of ground level, with variations
of wind pressure against the building.
At all times there was a march in one direction or the other of
the centre of swing. This was especially marked soon after the
frame was lowered and the beam left free. As already remarked,
readings were not taken till changes due to change in strain of the
beam had subsided. But the march was very appreciable at other
times, as will be seen from the diagrams.
Perhaps the change
was sometimes due to tilting of the ground, with barometric
variation, since the balance was a very delicate level, and sometimes
due to the change in buoyancy of the air affecting the two sides
unequally, though I have not been able to make out any direct
connection between barometric height and position of centre of
swing. I believe that the explanation is to be sought for the most
part in unsymmetrical effect on the beam of slight changes of
temperature, for I have frequently noticed that a rising temperature
produced an upward march, and a falling one a downward march.
This explanation is supported by the following table of observations
visible

100
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of the centre of swing, extending from May 9 to May 22. 1890,
the balance being free, and the balance room undisturbed mean-

while.

The relation between temperature and the centre of swing
represented in diagram IX.

Date, 1890.

is
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of reduction is too great to allow the ordinary approximation, in
which the geometrical is assumed to be an arithmetical progression.
The exact method of determining the centre of swing is as follows:
Let a, b, c, d be four successive readings of extremities of swing
and let M be the reading of the required centre.
Let the constant ratio of each swing length to the next be X.

Then

-

-

* = X

(,

= X
- x = X

x
c

b

(c

(x

Eliminating X from (1) and (2),

(a

and from

(2)

and

-

(1)

I)

x)

(2)

a)

(3)

we may

form

_

-

(c

-

J)

+

readily obtain x in the

2

J)

_

(4)

(,;

(3)

disturbances and no errors of reading the values of x in
but usually there is some small difference,
;
the result of error or disturbance, and it is better to find both and
third value might be obtained from (1) and (3);
take the mean.
but it appears unadvisable to combine directly observations so far
separated in time.
These formulas lend themselves to easy arithmetical treatment,
especially with the aid of a slide rule ; but the following graphic
method of finding the centre of swing is much less tiring and quite

With

(4)

110

and (5) will coincide

A

sufficiently exact.
Let the line OA, Fig. 16, represent the scale

B, C,

D

B, C,

D

;

O

its zero,

and A,

the points distant respectively a, &, c, d from 0.
Let O'C' be a parallel line, B', C', D' being points opposite to
/
respectively.

Let

AB

perpendicular to OA.
given by equation (4). For

AX
XB
X

i.e.,

X

x

the

is

Similarly

if

AX

,

X/B'

KX
K^/

point dividing

BC' and CD'

X

and BC' intersect in

Then

X^X/

AB

intersect

X

is

v

XB

Kr

Draw

the centre of swing

X

X/C'
and BC in the same ratio.
in K 2 and X 2 K 2X/ be drawn
,

is the point given by equation (5).
2
perpendicular to OA,
The third point given by equations (1) and (3) is obtained from
the intersection of AB'and CD', but evidently a small error in C or
D' may considerably alter the position of this point, and it is better
not to use it.
The construction was carried out thus a large opal glass plate,
10" x 11", was etched with cross lines 10 to the inch, so as to
:
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present the appearance of ordinary section paper. The glaze was
off so that pencil marks could be made.
diagonal line
ran at 45 across the plate through the corners of the inch squares,
and this was always taken as the line BC'
in the figure.
FIG. 16.
Taking any convenient

A

taken

horizontal

line,

usually,

of

course,

far

below the plate, as zero, each inch represented a scale division, each tenth a
diagonal division. The values of b and
fixed the lines to be taken as OA, O'C,
and on these were marked the points
A, C, B', D'.
long glass slip, with a
straight scratch on it, was then laid across
from
to B' so that the scratch passed
c

A

A

ji ~

\

A

JC,

\Y'

/ft.,
=
',

X?

K

t
through A and B', and its intersection
with the diagonal BC' was x from the zero
li ne
The slip was then laid with the
1

-

scratch passing through C and D', and its
intersection
with BC' gave x y It will
2
be observed that all the actual construction for a set of readings of the balance
swings consisted in marking four points

r>\-

K

on the
_

O

O'

plate.

The following

cases, the first of very
regular, the second of very disturbed swing,
will serve to compare the results by this

exact method with those obtained from the ordinary arithmetic mean
At the same time they will show how nearly constant is
the ratio of swing decrease.

method.

Date and Number,
1890.
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by any comparatively slow changes. Starting with the initial
position, the attracting masses and riders were so arranged that,
on moving either, the balance was deflected in the same direction
and over the same part of the scale.
The following was the order of proceeding always observed, the
column headed "Centre of Swing" being supposed to contain the
values of the position in each case determined from four swing
extremities as just explained

:

104
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read at the beginning and end of the series, and the barometric
height was also observed. As soon as possible after the desired
number of determinations was completed with the attracted masses
in one of the two positions, the vertical distances between
attracting and attracted masses were measured by the cathetometer in the manner explained in Table II., and the position of
the attracted masses was altered.
A full account of all the weighings is given in Table III., and
the results are represented in Diagrams I.
VI. The three upper
rows of points in each diagram represent the centres of swing,
those in the initial position being marked
After movement of
the rider they are marked x and after movement of the masses
they are marked Q. The base lines for the different rows are
altered to save space, as described on the diagrams, for on the
scale adopted the rider series would always be about 10 inches
above or below the initial series. In Diagram I. the rider and mass
series are also brought down and superposed on the initial series, so
that each of the three has the game average height. It will be
seen that all three are affected by the same disturbances. The
advantage of the short time of swing and the mode of combining
the results in threes will be realised more easily from this super.

,

position.

The base line may be regarded as a time scale, as the instants
corresponding to successive centres of swing were almost exactly
equidistant.

In each case, under the representation of the centres of swing,
are plotted the resulting values of M/R and at the side will
be found a representation of the distribution of results about the

mean.

Assuming that each day's mean value is correct, and that the
differences for different days are to be set down to variation of
distance, &c., we can find the distribution of all the values about
the mean by simply superposing the marginal curves at the side of
the figures. The result fairly shows the accuracy as far as the

weighing alone is concerned. It is represented in Diagram VII.,
where A is the mean value of the attraction in the lower, and a
that in the upper position. A and a are brought near together to
save space,but really they should be 40 inches apart. It will be
seen that the range is about 2 per cent, of A - a on each side of
the mean, or taking the value of A a in milligrammes weight as
about ^ milligrm., and the load on each side as 20 kilogrms.,
the range is about 1/3 x 10 9 of this load on each side of the
mean.
A comparison of the values of M/R in Diagrams I. and II.,
shows a very curious similarity in the fluctuations, and at first I
was inclined to think there was some common external disturbance
producing these fluctuations. But an analysis of the two sets of
.
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values appeared to show that the resemblance is merely accidental.
When the values of and are set out separately, it is seen that
the fluctuations depend chiefly on M, of which the fluctuations are
are
slightly like each other for the two series, while those of
the
in
such
that
make
fluctuations
but
different,
they
M/R
quite
alone.
resemble each other much more closely than those in
Further, it is not easy to see how fluctuations due to some external
source would affect the values of
equally in the upper and lower
Some periodic change of
positions and not have any effect on R.
level might be suspected, but this ought certainly to be traced in
R. I have examined all the other diagrams and plotted out the
and R, but have found no trace of resemcomponent values of
blance, so that I think the curious likeness in I. and II. must be

M

R

R

M

M

M

set

down

There

to accident.

a curious step by step descent of the centre of swing in
on September 23, Diagram VI., which I cannot
It may be due to some error in the method of finding
explain.
the centre of swing which comes in with a rapid march of that
centre.
The effect on the result is probably only small, for the
value of M/R obtained with a march in the reverse direction
on September 25 is very nearly the same, the two values being

the

is

initial position

September 23

-2112753.
-2112533.

25

The following is a list of the weighings recorded, with the
distances measured and the mean values of the attraction
:

SET
Date.
1890.

I.
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or mass decreased the reading.
This was clone in order to lessen
errors due to want of symmetry.
If reversal had no effect, Set II.
should, with the increased distance recorded above, give a value of
M/R in the lower position of about -990, instead of -998. The
larger value actually found is no doubt chiefly due to a want of
symmetry in the large attracting mass M. The effect of this want
of symmetry will be discussed after the investigation of the
mathematical formula, and an account will be given of an independent method of detecting it. I think there is still outstanding
a small difference, due, perhaps to want of symmetry in the turntable or in the attracted masses. The result of the reversal shows
how necessary it was to make it. I should have liked to have in

Set II. as many determinations as in Set I., so that the mean
should be based on values of equal weight. During June and July
1890, a complete set of 100 in each position, upper and lower, was
made but, owing to the pressure of other work, I was unable to
calculate the results till the completion of the set.
I then found
that the value of M/R was still more than in Set II., and, on
plotting out the results, it appeared that occasionally the rider
value fell very considerably, and in an irregular way.
On examination, there was little doubt that the rider came in contact
occasionally with the suspending frame, when it was raised and
should have been clear from it. Very likely temperature changes
had brought about a displacement of the lever apparatus. Comparison with Set I. seemed to show that during that set no such
contact had taken place, for there was no comparable irregularity.
As it appeared dangerous to attempt to disentangle the good from
the bad, the set of June and July was rejected, and Set II. was
taken as recorded. When I had made the weighings giving 50
and 52 values in the two positions respectively, the balance became
;

so irregular, through the cooler weather, that it was useless to
continue work.
Rather than carry over the experiment into
another season, when it might be necessary to repeat the whole of
the work, I have preferred to take Set II. as it stands, and give ifc
the same weight as Set I. The final results are calculated from
the means of Sets I. and II., as explained hereafter. I may here
state the results obtained

:

c
of attraction

f

.

Constant

Mean

.

density of the earth

.

<

br

6-6984
=.____.

A =

5'4934.

General Remarks on the Method.
Comparing the common balance with the torsion balance, there
no doubt that the former labours under the great disadvantage
that the disturbances due to air currents are greatest in the vertical
is
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But even with
direction, that of the displacement to be measured.
this disadvantage the common balance may, I believe, be made to
do much more than has hitherto been supposed possible. As an
instrument in itself, apart from the external disturbances of aircurrents, dust, &c., I believe its accuracy would be far beyond
anything approached when these external disturbances are, as they
always are, present to interfere with its action. I have always
found that every precaution to ward off air currents and external
disturbance has been accompanied by a corresponding increase in
steadiness ; and I have seen no sign of a limit of accuracy depending on the instrument itself.
Besides the protection from air currents, there are two conditions
essential above all others for accurate work
1st. That during any set of weighings in which the deflections
are to be compared with each other, the beam should be supported
on its knife edge, and should be under constant strain.
2nd. That all moving parts, such as apparatus for changing
riders or weights, should be supported quite independently of the
:

balance or

its case.

With regard

to the first condition, it seems impossible to make
the supporting frame move so truly and with so little disturbance
that the knife edge shall return exactly to the same line.
Even
were it possible, the beam after raising and lowering would be
practically a different beam, for, as my observations show, the
condition of strain changes considerably after the load is first put
on, and it would be merely a chance coincidence if the mean state
of strain were the same during successive weighings.
In the
"
Proceedings of the Koyal Society," No. 190, 1878, one method of
comparing weights of nearly equal value with the beam throughout on its knife-edge and equally strained is described,* and I
should now only modify that method in having regard to the
second condition, of which I have since realised the importance
when working with the large balance and with increased optical
sensitiveness.
It is surprising to find how much disturbance is
produced by having the moving parts of the apparatus connected
with the balance or its case.
As to air currents there is no doubt that, as Professor Boys has
shown, the greater the apparatus the greater the errors produced
by them. At the time my apparatus was designed I did not know
this, and there seemed to be a great advantage in making it large,
as riders could be used of weight large enough to be measured
Were I about to start with a new design I should
accurately.
certainly go towards the other extreme and make the apparatus
*
et
la

I am glad that Dr. Thiesen urges the importance of this condition ("Travaux
Memoires du Bureau International des Poids et Mesures,' vol. v., " Etudes sur
Balance ").
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small, attempting to get over the rider difficulty by some such
method as that explained on p. 89. For not only is a smaller

apparatus kept more easily at a uniform temperature, and, therefrom the source of air currents, but it is much more
handy to adjust, and even if the adjustments are not more accurate
they will at least take much less time to make.
At the same time it is only fair to say, on behalf of the large
apparatus, that some errors have been magnified on a like scale
till
they have become observable, and so could be investigated and
eliminated.
Starting with a small apparatus they would probably
never have been detected, and would, therefore, have appeared in
the final result.
fore, freer

II.

MATHEMATICAL INVESTIGATION.

The Value

of the Attraction Expressed in Terms of
the Masses and Distances, and the Investigation
of the Effect of Want of Symmetry in the Masses.

Let us suppose that
positions

M m
z,

l9

initially the attracting masses are in the
Fig. 17, the larger on the left, the smaller on the
FIG.

17.

L

and that the attracted masses are in the lower position A, B.
the turntable is moved round so that the positions of the
m2 the greater attraction is taken from the left
masses are
2
and put on to the right. Let the centre of swing of the balance

right,

When

M

,

,
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by an amount corresponding to a total change of vertical pull
attracts another
n dynes. Assuming that a spherical mass
D centimetres apart with
spherical mass M' when their centres are
alter

M

of

GMM'/D 2 dynes, we can express the change of vertical
the change of position of the masses as G x a function
to
due
pull
F of the masses and distances. There is also a change of pull on
the suspending rods and the balance beam which we may denote
a force of

by E.
Then

?i

In order to eliminate

E

let

their upper positions A', B',
the attracting masses be n

the attracted masses be moved into
let the change on moving round
If / is the function of the
dynes.

and

masses and new distances corresponding to F,

n-

Subtracting

whence

n'

Q

= G(F - /),

n-n

_

and knowing G, the mean density of the earth may be at once
found in the manner shown later.
We have then to find the form of the functions, F, /, and as a
preliminary step it is necessary to find the effect of the holes bored
through the attracted masses A,B. This may be made to take the
form of a correcting factor to the attraction which would be
exercised on them if they were spheres.
The piece bored out in each case has radius 'SI centim. This
we denote by c. It may be taken as practically a cylinder with
plane ends and length equal to 15*8 centims., the diameter 2r of
the spheres. The intensity due to such a cylinder of mass
at
from its centre is (Todhunter's " An. Stat.," 5th ed., p. 293),
fj.

G

2r

- V {(D +

r)*

c2 }

+
-

which equals, to a

+

J

{(D -

2

r)

+

D

2

c }

cV

sufficient approximation,

If the mass remaining after p is removed is A, and if the centre
below that of A, the attraction of
is
on
mass
is

of the

M D

GM(A

M

+ ^)

D2

L_)

A
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Now

and the greatest value of

Then the higher powers may be

may be

neglected, and the attraction

written

When A and B are in the lower position, D = 32,
When they are in the upper position, D = 62

99996, a value so near
correction, since

is

it

only

1

6

=

we

shall in this position omit the
applied to one-fourth of the final

that

1

1-0 =

and
and

99986.

result.

In the cross attractions we

shall also omit the correction.
Referring to Fig. 1 let the vertical differences of level between
the centres of the various spheres be denoted as follows, the
and
suffixes to
denoting their first and second positions

M

respectively

m

:

A - M
B B -

M

-

m

A

x

2

A A -

m^ = H!
2

=

H

- M, = D/,

B

= D,
= D2

B -

2

M, = D/,
m, = H/,
m2 = H/.

When the masses A, B, are placed in their upper positions, let
the corresponding distances be denoted by small letters.
Let the horizontal distance between the centres of
and B be
L, being within sensible limits equal to that between the centres
in its two positions, and to the length of the beam, and let
of
the radius of the circle in which
moves be I.
Then we have the following horizontal distances

A

M

m

:

A - M,
A MJ
A m
a

We

= B - M, =
= B
m =
= B
M! =
s

L,
I

+ JL,

I

JL.

may now write the change in vertical pull on the left by
from left to right, and of
the motion of
from right to left, as
follows the first four terms representing the vertical attractions
and B by
and
on
in their first position, the next four their
attractions when moved round, and the last term E representing
the change in attraction on the beam and suspending rods

A

M

M

m

m

:
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G MAL(1 2J1^)_
D,

MED/

Ill

mBH,

(D/ 2

MB (i -

+

MAD;

0)

We may arrange all but the last term in nearly equal pairs.
Thus the first and fifth go together, and if we put D + D 2 = 2D,
and Dj + 8 = D2 - S = D, their sum is
t

+

B

/

55

I

+

TO

1

GM(1 -

A

38^

D

I?

__

6)

-

28

+

+

B a/ 2,

.

4S2

.

highei powersof
)

-D*

/;

Now (S/D) 2 is negligible, as will be seen by reference to the
table of distances, and (A-B)/(A + B) is less than 4/3000, or of
the same order as S/D.
To a sufficiently close approximation, then, the sum of the two
terms

is

GM (A
The second and

+ B)

-

(1

6)

~W~

sixth terms

may

be taken together, and

also

putting

D; + D/ = 2D' and D/ +
we may show

GM

X

_-

2

2
(D/ +

)ii

pairs with

H

= D/ -

D

=

x
,

that to a sufficient approximation

I(B7^ L

The two

$'

=

J

m give

(H +
1

H

2)

L2

)i^

(I/

)

2

+

L 2)f

similar results with

and IT =

J

(H/ + H/).
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2D = D

Now

=
and similarly
form

G

f

M (A

4x

B

-

D

M

2H = 2H',

+ B)

-

(1

A - M

=

a

so that

M

_

0)

+

B -

A - M, = D/

+

t

t

we may put
(A + B)

1D

2

+

m(A.

B)
T

JH 2

H^

2

the expression in the

m (A

D
'

4 B)

H

L 2)*

|^7T|j*jt

I

+

M

+ D/ = 2D',

+E

= GF + Egay>

It is evident that we may combine experiments at different disand
tances on different occasions in the same way by taking
to represent the mean values of these distances, so long as there is
only a small variation from the mean.
If the attracted masses are now moved into their upper positions
the expression for the change in attraction may be at once deduced
from that in the lower position by replacing
and
by d and h,
and omitting the factor 1-0. Let it be denoted by G/+ E.
Subtracting one expression from the other E is eliminated, and

H

D

H

D

we have

G

(F - /)

M(A+

B)(l

- 0)_M(A + B)D

m (A

+ B)

H

m (A

+ B) H
_,1*
2

2/

m(A

M (A +

B) +

M (A _+

B) d

\

+ B)7^

m(A

+ B)

li

This is to be equated to the difference in the values of the change
in attraction in the two positions, as determined by the rider.

Let
&

=

w =

A

the length of the small rider beam.
the mass of each rider.

= mass

deflection

-r

rider deflection in lower position.

gs = acceleration of gravity, or dynes weight per unit mass.
at Birmingham.
- a)
Then
(A
r n? -

n
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Whence we may

find the gravitation constant

p _ 2bwy B (A
where

all
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a)

the quantities on the right hand are given in the Tables

at the end.

The value of gB may be found sufficiently nearly from the formula (Everett's " Units," p. 21); # B = 980-6056 -2-5028 cos 2A000003A, where X is the latitude = 52 28' at Birmingham, and h
is the height above sea-level, which may be taken as 450 feet, or
13,725 centims. Whence </B = 981-21.
Since all the operations are conducted in air, the effective masses
should throughout be less by the mass of air each displaces. But
-f B
since they all have nearly the same densities, and w and

A

appear respectively in numerator and denominator, it is sufficient
to take their true masses, and to correct for air displaced in the

M

m

case of
and
only.
To obtain the mean density of the earth A, we must express the
acceleration of gravity in terms of Gr and the mass and dimensions
of the earth.

"

The ordinary formula

(Pratt,

Figure of the Earth," 4th

ed.,

p. 119) is based on the assumption that the earth is a spheroid.
It is sufficiently correct for our purpose, the departure of the

assumed spheroid from the actual shape being very small. Add~6
9
since the
ing a term 3x 10~ /&, or approximately, -41 x 10
balance room is taken as 13,725 centims. above sea-level (see above),
the value of gravity at Birmingham may be written
,

?VA

gB =

1

+

.1

J

-

!

m +

:

(|- i) sin

2

52

28'

- 41 x 10- 6
|,

where

V

= volume of the
p. 57).

earth

= 1-0832 x 10 27

a = mean radius of the earth

=

6-3709 x 10 8

A = mean density of the earth.
m = equatorial " centrifugal force "
= ellipticity of the earth = s^s
e
-

(Everett's' 'Units,"

-r

gravity

(loc. cit.}.

=

^J-g-.

.

The value of the ellipticity is taken to make the formula agree
with that quoted above from Everett's " Units." The uncertainty
in the value is quite unimportant, for were E as low as Y ^ T the
error in A, introduced by taking it as ^o-, would be less than 1
,

in 50,000.

Substituting for
earth is

G, the value of the

mean

density of the
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a2L(F-/)

_
m

+ |---m +

sin 2 52

e

28'

-

41 x 10

j

Here, as in the value of G,
values,

-

w

and

A+B

may have

(A

-a

their true

M and m their values less the mass of air displaced.

In the foregoing investigation we have supposed that all the
masses are homogeneous and spherical, with the exception of the
borings through A and B. We have supposed, also, that the
turntable is exactly symmetrical about a vertical plane through its
axis, so that its motion through two right angles is without effect.
Doubtless these suppositions and the formula based on them are
not quite true. But, if we invert all the masses and change their
sides, or pervert the whole arrangement of them, on taking the

mean

of the results obtained in the original and inverted and perverted positions we ought to greatly reduce the errors. Indeed,
those due to want of symmetry in the turntable should evidently
be quite eliminated, and those due to want of homogeneity in the
masses should certainly be lessened.
To show this, we shall calculate the effect of a spherical " blowhole," or gas cavity in M, in the first and most important term of
F. This we shall take as being

GM (A
D

+ B)
2

M

is homogeneous and spherical.
on the supposition that
If the mass of metal which would fill the blowhole is X, supposing it to be placed there, the sphere is completed and its attrac-

tion is

G (M +

X)

D
But the

vertical attraction is less

(A + B)

2

than this in reality by the ver-

component of the attraction of X.
Let
B be the centre of the cavity,

tical

P the
O the

centre of the attracted mass,
centre of the attracting mass,
S the distance of B from the centre of
the angle BOP.

The

vertical

component

of the attraction of

GX(A

t

X

B)cosBPO

PB 2
but

BP 2

-

D2 + &

- 2DS cos

0,

is

M,

WANT OF SYMMETRY
and

cos

BPO

IN

THE MASSES.

11

""L*,

=

whence the attraction of X may be put
l
GX (A + B) (P - 8 cos 0) _ _ GX A + B) d
dD v/D 2 + & - 2DS
D 2 + 82 - 2D8 cos 0f
f

where

P P
15

2

.

.

are zonal harmonics.
is therefore

.

The

cos 0'

attraction of the

sphere with the cavity

GM

(A + B-

(1

-V- f

X

/

8

9p

Mr s

"

>

5P>
+ op

S2

S

4ip>
p

B*

3

\)

*/f

mass is inverted, the vertical component is obtained by
changing the sign of S, and the mean of the two values is

If the

GM(A-B)( 1
TS^~

the

first

If

If

{

power of S

/

D

.

X

/

M

I

3p2

8*

&

-

4

5p%

8*

"D*

^

being eliminated.

= 0, P and all the other harmonics = 1.
= 90, P,= -J, P4 = f,&c.
2

actual dimensions of the apparatus, (S/D) 2 cannot be so great as (J) 2 or J, and may, of course, be much smaller.
The first term of those involving X, therefore, is the most impor-

Now, with the

2

between +
(X/M) (S /D ) and
changing sign for the value of 9 given by 2 = 0.
The second set of experiments recorded in this

tant,

and

2

it lies

P

-

3 (X/M) (S2

D)
2

paper was taken
and change of side of all the masses, and the final
result obtained from this set differs by a little more than 1 per
cent, from that obtained from the first set, the observed attraction
being slightly greater at the same distance. The difference may
be due to irregularities in any or all of the masses and in the
turntable, and to other undetected effects, such as change of level
on rotating the turntable. It would be a very long task to disentangle these, and I have contented myself with trying to find how
much must be set down to irregularity in the large mass M, by

after inversion

taking a set of weighings with it alone inverted.
After the weighings on July 28, and the subsequent measures
of distances,
was inverted only, and the other masses remained
as in Set II.
Some weeks later on, September 14, 25 values of
M/R = were obtained, the mean being -9926. The distances
= 3O978. The mass
were D = 32'118,
was then put in its
original position, as in Set II., and on September 17, on referring

M

A

H

M
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it will be seen that the value of M/R obtained was
= 30-955, practically
9984, the distances being D = 32'117 and
the same as on September 14.
Assuming that the difference in attraction is due to cavities
in various places, and that, for each, the term 3P2 S 2/D 2 is negligible,

to the tables,

we

H

have, approximately,
1

1

Whence, approximately,
l

M

- 2

-

MD

9926
=

9984'

2

since

D

=

32.

= '0464 centim.

This result may be tested by independent experiment. For let
the centre of gravity be x below the horizontal plane through the
point bisecting the vertical diameter (i.e., the centre of figure), in
the position of September 14. The distance of any missing particle A from the horizontal plane is
cos 9 = P^.
Completing the
addition
all
the
of
such
sphere by
particles, the centre of gravity
is brought to the centre of figure, so that we have

and

We

_ SAP,S

have, therefore, to determine the vertical distance of the
centre of gravity from the centre of figure.
In order to do this, a large flat-bottomed scale-pan (one belonging to the balance used in the gravitation experiment) was
suspended by two parallel wires about 8 centims. apart and 3
metres long. In the middle of the pan was a shallow cup about
7'5 centims. internal diameter, arranged so that it could turn
The mass, M, was placed
freely but truly about a vertical axis.
on this cup with the diameter, which had been vertical, arranged
horizontal, and perpendicular to the plane of the suspending
vertical flat plate, worked by a horizontal micrometer
wires.
screw, could be brought just in contact with the end of the
diameter, and the reading of the micrometer gave the position of
the point of contact. The position of the scale-pan was determined by a plumb-line hanging over one edge in front of a
On turning the cup and mass through 180, and
horizontal scale.
repeating the readings, knowing the weight of the scale-pan

A
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gravity,
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M could at once be

found.

Two

separate experiments gave
cc

=

'0536 centim.,

M = *0516 centim.,

and

not very different from the value '0464, obtained from the attracThe agreement is, I think, very close when it is
tion experiments.
noted that a difference in the attraction in one of the sets of
weighings of 1 in 1000 would make x either -038 or -054.
This result appears to justify the rejection of all terms in the
first, and so supports the belief that the
reversal largely eliminates errors due to irregularities of shape.
that there is the greatest danger of
For it is in the case of
large value for 8/D, and the above experiments seem to indicate
that even in this case it is small.

expansion above the

M

It

perhaps, noteworthy that the largest term rejected in the
2
2
M, viz., 3APa 8 /MD is, if vve give P2 its maximum

is,

attraction of

value

1,

3X8

MD
which

is

8
'

D

- 3^

D

8
'

D

'

not greater than

_
mass is 15.
term about 5/4 of the final result, so that the
greatest error which can be introduced by neglecting this term is
since the radius of the

This

is

in a

0025, or 1 in 400.
In calculating the results of the experiments the means of Sets
I. and II. have been taken.
Equal weights have been given to
each set. It would have been more satisfactory if the number of
experiments had been the same in each set ; but I should have
had to wait for another season to obtain more, and then it would,
probably, have been necessary to repeat the whole series in both
arrangements, as it is not safe to assume that the various disturbing causes remain the same over a wide interval of time. The
second set, though fewer in number, are, in some respects, I
believe, better ; partly owing to the additional experience gained
when they were taken.
In order that the various terms in F - / may be compared, I
give below their numerical values, as determined from the values
of the masses and distances given in the tables.
The meaning of
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term in the

column will be seen on referring to Fig. 1 7.
contains the actual values the third column
the values in terms of the fourth, the lowest term.

each,

first

The second column

;

VALUE

MY A + B)/

f1
\

-

9}
/

of

F

-/.
ft/LSQQQQ'Q

VERTICAL DIAMETERS OF MASSES.
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Constants of the Apparatus and
Dimensions of the Earth.

I.

Masses.
Grms.

Attracting mass M, in vacuo
Less air displaced, say .

153407-26
153388-85
76497-4
76488-2
21582-33
21566-21
43148-54
0-010119

.

Attracting mass m, in vacuo
Less air displaced, say
Attracted mass A, in vacuo

..

A

+ B,

Riders each, in vacuo

in vacuo
.

.

.

.

Vertical Diameters of Masses in Terms of Cathetometer Scale correct at 18.
The masses

are taken as having the

same

coefficient of

expansion

as the scale.
Centims.

M

=

B

= 24-176
= 15-8203
= 15-7829.

m
A

30-526

A

The diameters of the masses
and B are taken between the
nuts securing them on the suspending wires.
Centims.

Balance beam at 0,
Rider beam at 0, b

= 123-232

L

=

2-53575

=

48*59775

occurring explicitly in G and A,
independent of temperature, assuming
them to have the same coefficient of

L/Z> (as

expansion)

....

Latitude of Birmingham
Height of balance room above sealevel

Gravity at Birmingham, # B
Mean radius of earth

.

.

.

force

28'

= 13725
= 981-21
=
-

Volume

of earth
"
Equatorial
centrifugal

=52

centims.
centims. /sec. 2
6-3709 x 10 8 centims.
1-0832 x 10 27 c. centims

"
/

gravity
Ellipticity of earth
1

+
g

^r
- 41

+
(|
x

w

10'

-

52 28'

2
)sin*

6
.

= -999161.
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TABLE

II.-

Vertical and Horizontal Distances.

Vertical Diameters of Masses taken

by the

Cathetometer

(described p. 94).
In the tables below, P.S. signifies divisions on the scale over
which moves the pointer, which is attached to the small adjustment
V.S. signifies divisions on the vertical millimetre scale.
plate.

DIAMETER

of

Large Attracting Mass M.

VERTICAL DIAMETERS OF ATTRACTED MASSES.
YKKTICAL Diameter of Small Attracting Mass

///.

121

122

THE MEAN DENSITY OF THE EARTH.
TURNING round

to the Vertical Scale.

VHRTICAL DISTANCES.

123

THE MEAN DENSITY OF THE EARTH.
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observed during the immediately preceding weighings, the presence
of the observer and the lights used tending to raise it.
The cathetometer rested always on the brick floor of the room.
Its vernier reads to '002 centim.

SET

I.

A on the left, B on the right. Attracting
round
from left to right in front of the balance
moving

Attracted masses

mass

M

case.

February 5, 1890. Attracted masses in upper position. Assumed
temperature 11.
Half way through the measurements the cathetometer was
accidentally moved, and could not be exactly replaced. Repeating
the reading of A it was found that '197 must be added to the
This
previous readings to compare with the following ones.
addition is made where the numbers have an asterisk.

VERTICAL DISTANCES.

May

28, 1890.

temperature 14.

Attracted masses in upper position.

125

Assumed
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Test Experiment.
The balance was set free at the end of these
measures, and two days later, on May 7, it was again fixed, and
was determined by the cathetometer described on
the distance
The value obtained was D = 31-786.
p. 94.
NOTE. If the apparatus were perfectly rigid and constant in
= d - li = constant. The
its dimensions, we should expect D values actually given by the above experiment are

D

H

February 5

May
May
There

-892,
-959,
-935.

5
28

apparently a slight increase during the course of the
spring, probably due to the warping of the wood supporting the
mass m. But there was some uncertainty in sighting the top
of the mass m, especially when in the position on the right.
is

SET
Attracted

mass

masses, A

on the

M moving round from

II.

right,

B

on the left. Attracting
behind the balance case.

left to right

All the masses inverted.

July 29, 1890.
temperature 16.

Attracted masses in lower position,

Assumed

127

VERTICAL DISTANCES.

whence

D = 82-117,

H = 30-955.

Subtracting temperature correction -001,
Corrected

D = 32-116,

H = 30-954.
Mean

values in Set

September

27,

II.,

1890.

Assumed temperature 16.

H = 30-960.
Attracted

masses

in

upper position.
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Means

of Sets

and

I.

D

II.

=

J

(31783 + 32-111)

31-947.

--

H

:

=
=

i

(30-824 + 30-960)

30-892.

d = i (62-313 + 62-708)

=

62-511.

A = J (61-399 + 61-566)

=

61-483.

Horizontal Distances.
SET

L =
At 18

122-915

=

61-635

J

mence

l
t

^

+

^

-

^

123-269 centims.

=
I,

and

I.

= 184-550

=

61-280

Taking the mean temperature of the Set as 12, and assuming
1/60000 as the coefficient of expansion, on correcting to 12,
/!

+

=

^

ii

=

184-532 centims.

61-274

g

SET

At 18

/,

= 122-795
-

Whence

^ +

L =

-

=

12

II.

61-635

61-160

centims.

DETERMINATIONS OF THE ATTRACTION.
'!';

to

king the

mean temperature

15,
la

+ - =

of the Set as 15

U
,

129

and correcting

184-421 centims.

61-157
2

Mean

values for the two Sets

L I

123-260

+ - = 184-477
2

I

TABLE

-^z

=

61-216

Determination of Attraction by the
Balance.

III.

Determinations of Attraction in Terms of the
Riders by the Balance.
In each case, four turning-points of three successive swings are
recorded in tenths of a division i.e., in divisions on the diagonal
In the columns headed i the masses and riders are in the
lines.
initial position, in those headed r the riders are moved, and in
those headed
the masses are moved.
Under each set of four
In the next
readings is the calculated centre of swing (p. 101).
line are the deflections due to movements of riders and masses, each
placed under the middle one of the three centres of swing from
which it is calculated. In the next line are the values of deflection

m

due to mass -r deflection due to

rider, or

M/R

(p. 103).

SET!.
I.

ATTRACTED Masses

in

Upper

Position.
in
:

Feb.

4,

1890, 7.59 P.M.

observing room, 15*716-5 in balance room, 10-05. Barometer 752-2-752-0
millims.
Weather mild and still, after slight frost on the
two previous nights. Time between successive passages of
centre about 20 seconds.
to

10-49
;

P.M.

Temperature

130
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TABLE

III.

(continued}.
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TABLE

III.

(continued).
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TABLE

III.

(continued).

DETERMINATIONS OF THE ATTRACTION.

TABLE

III.

(continued).

134.
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TABLE

III.

(continue^).

DETERMINATIONS OF THE ATTRACTION.

TABLE

III.

(continued).

135

136

THE MEAN DENSITY OF THE EARTH.
TABLE

III.

(continued).

DETERMINATIONS OF THE ATTRACTION.

TABLE

III.

(continued).
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TABLE

MAY

III.

(continued).

1890, 11.11 to 11.50 A.M. Temperature: in observing room,
13-5-13-8; in balance room, 117; barometer, 742-0-7417
millims. Weather inclined to rain
a little cooler than previous
day; wind S. to S.W.

4,

;

DETERMINATIONS OF THE ATTRACTION.

TABLE

MAY

4,

1890.

Same

day.

ing room, 13'9-14-1
740-3-7397.

III.

139

(continued).

2.40 to 4.54 P.M.
Temperature in observin balance room, H7-ll'75 ; barometer,
:

;

140

THE MEAN DENSITY OF THE EARTH.

TABLE
1

(25)

(26)

III.

(continued).

DETERMINATIONS OF THE ATTRACTION.

TABLE

III.

(continued}.
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TABLE

May

4, afternoon.

April 30 and

III.

May 4.

III.

(continued).

determinations of M/R = A)
I
Attracted masses in lower position
Mean of 100 determinations of M/R = A)
Attracted masses in lower position

Mean of 40

ATTRACTED Masses

,

.,

..

A AQ^Q^
-,

in Upper Position.
May 25, 1890 ; 11.20 to
12.53 noon. Temperature: in observing room, 15'4-16; in
balance room, 13'3 ; barometer, 748 -5-748' 1 millims. Weather,
E. wind, warm, veiy bright.
Time of swing not recorded.

DETERMINATIONS OF THE ATTRACTION.

TABLE

III.

(continued).

143
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TABLE

III.

(continued).

DETERMINATIONS OF THE ATTRACTION.

TABLE

(M
Scale read-

,

ings.

Centre

of

swing
Deflection
due to rider
or mass
Mass deflec.

.

tion -r rider
deflection .

j

'

Til.

(continued).
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THE MEAN DENSITY OF THE EARTH,
TABLE

III.

(continued).

DETERMINATIONS Ob THE ATTRACTION.
1

TAHLE

III.

(continued).

SUMMARY OF SET
February 4
May 25

value of

value of

A =1-0109685

April 30

May 4
Mean

I.

a = -2142212
^ = 2157379
^ = 2149791
A = 1-010905
A= 1-011032

.

Mean

147

A-a- -7959894

Therefore

SET

II.

All Attracting and Attracted Masses inverted and changed
over, each to the other side. The Suspending Bods
also reversed and Riders interchanged. The initial
position always the higher reading on the scale.
I.

in Lower Position.
July 28, 1890; 8.10 to
9.43 P.M.
Temperature: in observing room, 17-16-9 ; in
balance room, 15 0< 4 ; barometer, 747*6-748 millims. Weather

ATTKACTED Masses

fine

and calm

;

wind

W.

148
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TABLE

III.

(continued).

DETERMINATIONS OF THE ATTRACTION.

TABLE

III.

(continued).
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TABLE

III.

(continued).

Temperature: in observing
0>
in balance room, 15'8; barometer, 746'2room, 17-17 5
746*4 millims. Weather warm, cloudy.

September

17,

1890; 8.0 to 9.31
;

P.M.

DETERMINATIONS OF THE ATTRACTION.

TABLE

III.

(continual).
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TABLE

III.

(continued).
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TABLE

III.

(continued).
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TABLE

III.

(continued).
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TABLE

III.

(continued).
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TABLE

III.

(continued).
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CYCLOPAEDIA (The). A Dictionary of Christian Antiquities, and of

IV.

the History of the Christian Church.
By the Rev. Professor EADIE,
assisted by numerous Contributors.
Large Post Svo. Sixth Edition.

Handsome

cloth,

....

8/6.
prove acceptable both to the clergy and laity
in \.\.."Athenceum.
will
be
found
great body of useful information

"The ECCLESIASTICAL CYCLOPAEDIA will

A

of Great Britain.

V.

EADIE

(Rev.

THE HOLY BIBLE (A)
Illustrations.

Small Svo.

Prof.):
;

DICTIONARY OF

for the use of

Young People.
Thirty-eighth Thousand.

Cloth, elegant,

With Map and

2/6.

LONDON: EXETEP. STREET, STRAND,

RELIGIOUS WORKS.

MR. SOUTHGATE'S WORKS.
(See also p. 67.)
"

No one who is in the habit of writing and speaking much on a variety of subjects can
afford to dispense with Mr. SOUTHGATK'S WORKS.
Glasgow News.

THIRD EDITION.

SUGGESTIVE THOUGHTS ON RELIGIOUS SUBJECTS:
A Dictionary of Quotations and Selected Passages from nearly I,ooo
of the best Writers, Ancient and

Modem.

Compiled and Analytically Arranged

By

HENRY SOUTHGATE.
In Square 8vo, elegantly printed on toned paper.

Presentation Edition, Cloth Elegant,

IO/6.

Library Edition, Roxburghe,
Ditto, Morocco Antique,

I2/.
.

2O/.

"The topics treated of are as wide as our Christianity itself: the writers quoted from, of
every Section of the one Catholic Church of JESUS CHRIST." Authors Preface.
" Mr.
Southgate's work has been compiled with a great deal of judgment, and it will, I
Rev. Canon Liddon, D.D., D.C.L.
trust, be extensively useful."
casket of gems." English Churchman.
" This is another of Mr.
.
The mission which
.
Southgate's most valuable volumes.
the Author is so successfully prosecuting in literature is not only highly beneficial, but necesIf men are to make any acquaintance at aU with the great minds
sary in this age.
of the world, they can only do so with the means which our Author supplies." Homilist.
"
Many a busy Christian teacher will be thankful to Mr. Southgate for having unearthed
so many rich gems of thought while many outside the ministerial circle will obtain stimulus,
encouragement, consolation, and counsel, within the pages of this handsome volume."

"A

.

...

;

Nonconformist.

" Mr. SOUTHGATE

his

own.

is an indefatigable labourer in a field which he has made peculiarly
The labour expended on Suggestive Thoughts must have been immense,
'

'

.

.

.

...

result is as nearly perfect as human fallibility can make it.
Apart from the
selections it contains, the book is of value as an index to theological writings. As a model of
judicious, logical, and suggestive treatment of a subject, we may refer our readers to the
manner in which the subject ' JESUS CHRIST ' is arranged and illustrated in ' Suggestive
"

and the

Glasgow News.

Thought*.'

"

Every day

is

a

little lift."

BISHOP HALL.

THE OH R ISTI AN
Thoughts

LIFE:

and Verse from 500 of the Best Writers of
Selected and Arranged for Every Day in the Year.

in Prose

BY MRS. H.
Small 8vo.

all

Ages.

SOUTHGATE.

With Red Lines and unique

Initial Letters on each
page.
Cloth Elegant, 5/. Second Edition.
" A volume
as handsome as it is intrinsically valuable." Scotsman.
" The
Readings are excellent." Record.
" A
library in itself." Northern Whig.

LONDON: EXETER STREET, STRAND.
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THE DESIGN OF STRUCTURES:
A

Practical Treatise on the Building of Bridges, Roofs, &c.
1

BY

S.

ANGLIN,

Master of Engineering, Royal University of Ireland,

C.E.,
late

Whitworth Scholar, &c.

With very numerous Diagrams, Examples, and Tables.
Large Crown 8vo. Cloth, i6s.

The
tures

"

leading features in Mr. Anglin's carefully-planned
briefly summarised as follows

may be

"Design of

Struc-

:

1. It supplies the want, long felt among Students of
Engineering and'
Architecture, of a concise Text-book on Structures, requiring on the part of
the reader a knowledge of ELEMENTARY MATHEMATICS only.

2. The subject of GRAPHIC STATICS has only of recent years been generally
applied in this country to determine the Stresses on Framed Structures ; and
many cases this is done without a knowledge of the principles upon
which the science is founded. In Mr. Anglin's work the system is explained
from FIRST PRINCIPLES, and the Student will find in it a valuable aid in
determining the stresses on all irregularly- framed structures.

in too

A

3.
large number of PRACTICAL EXAMPLES, such as occur in the every-day
experience of the Engineer, are given and carefully worked out, some being
solved both analytically and graphically, as a guide to the Student.

The

chapters devoted to the practical side of the subject, the Strength of
and other processes connected with the
manufacture of Bridges, Roofs, and Structural work generally, are the result
of MANY YEARS' EXPERIENCE in the bridge-yard ; and the information given
on this branch of the subject will be found of great value to the practical
4.

Joints, Punching, Drilling, Rivetting,

bridge-builder.

"Students of Engineering

"The

will find this

Text-Book INVALUABLE."

author has certainly succeeded in producing a

Architect-

THOROUGHLY PRACTICAL Text-

Book. "Builder.

"We

can unhesitatingly recommend this work not only to the Student, as the BEST
the subject, but also to the professional engineer as an EXCEEDINGLY

TEXT-BOOK on
VALUABLE book

of reference."

Mechanical World.

to engineers.
The author has wisely
of the higher mathematics as possible, and has thus made his book of
.
.
.
After careful perusal, we have nothing but

"This work can be CONFIDENTLY recommended
chosen to use as

little

REAL USE TO THE PRACTICAL ENGINEER.
praise for the work."

Nature.

LONDON: EXETER STREET, STRAND.

SCIENTIFIC

AND TECHNOLOGICAL

ASSAYING

n

WORKS.

(A Text-Book of):

For the use of Students, Mine Managers, Assayers, &c.

C.

BERINGER,

Late Chief Assayer

J.

F.I.C., F.C.S.,

Rio Tinto Copper Company, London,

BERINGER,

J.

Public Analyst

to the

for,

and Lecturer

With numerous Tables and

to the

F.C.S.,

F.I.C.,

Mining Association

Illustrations.

Crown

of,

Cornwall.

8vo.

Cloth, 10/6.

Second Edition ; Revised.

General Contents.
PART

I.

INTRODUCTORY; MANIPULATION: Sampling; Drying;

Calculation of Re-

Laboratory-books and Reports. METHODS
Dry Gravimetric Wet Gravimetric
Volumetric Assays
Titrometric, Colorimetric, Gasometric Weighing and Measuring
Reagents Formula?, Equations, &c. Specific Gravity.

sults

:

;

:

PART II. METALS Detection and Assay of Silver, Gold, Platinum, Mercury, Copper,
Lead, Thallium, Bismuth, Antimony, Iron, Nickel, Cobalt, Zinc, Cadmium, Tin, Tungsten,
Titanium, Manganese, Chromium, &c. Earths, Alkalies.
:

PART

III.

NON-METALS: Oxygen and Oxides; The Halogens Sulphur and

Arsenic, Phosphorus, Nitrogen

phates

Appendix.

"A

Silicon,

Sul-

Carbon, Boron.

Various Tables useful to the Analyst.

REALLY MERITORIOUS WORK,

instruction or for reference."

that

may

be safely depended upon either for systematic

Nature.

" Of the fitness of the authors for
the task they have undertaken, there can be no question.
Their book ADMIRABLY FULFILS ITS PURPOSE.
The results given of
an exhaustive series of experiments made by the authors, showing the effects of VARYING
CONDITIONS on the accuracy of the method employed, are of THE UTMOST IMPORTANCE."
.

.

.

.

.

.

Industries.

"A very good feature of the book is that the authors give reliable information, mostly
based on practical experience." Engineering.
"This work is one of the BEST of its kind.
.
Essentially of a practical character.
Contains all the information that the Assayer will find necessary in the examination
of minerals." Engineer.
.

.

.

.

.

LONDON: EXETER STREET, STRAND.

CHARLES GRIFFIN &

PUBLICATIONS.

CO.'S

PRACTICAL GEOLOGY
(-A.IDS IN):
WITH A SECTION ON PALAEONTOLOGY.

GRENVILLE

A.

COLE,

J.

F. G. S.,

Professor of Geology in the Royal College of Science for Ireland.

SECOND EDITION,

With Numerous

Revised.

Illustrations.

Large Crown 8vo.

Cloth, xos. 6d.

GENERAL CONTENTS.
PART
Observations in the

|

PART
Some

SAMPLING OF THE EARTH'S CRUST.

I.

field.

Collection and packing of specimens.

EXAMINATION OF MINERALS.

II.

physical characters of minerals.

Blowpipe-tests.

Simple tests with wet reagents.
Examination of minerals with the blowpipe.
Simple and characteristic reactions.

Quantitative flame reactions of the felspars

and their allies.
Examination of the optical properties

of

minerals.

PART

EXAMINATION OF ROCKS.

III.

The more prominent

characters to be observed in minerals in rock-sections.
Characters of the chief rock-forming minerals
in the rock-mass and in thin sections.

Introductory.
Rock-structures easily distinguished.
Some physical characters of rocks.
Chemical examination of rocks.
Isolation of the constituents of rocks.
The petrological microscope and microscopic

Sedimentary rocks.
Igneous rocks.

Metamorphic

preparations.

PART

Introductory.
Fossil generic types.
Rhizopoda
Hydrozoa; Actinozoa.

Polyzoa

;

EXAMINATION OF

IV.

Scaphopoda

;

Spongiae

rocks.

FOSSILS.

Gastropoda
Pteropoda
Cephalopoda.
Vermes.
Arthropoda.
Suggested list of characteristic invertebrate

;

Brachiopoda.

Lamellibranchiata.

;

;

Echinodermata

;

;

fossils.

"Prof. Cole treats of the examination of minerals and rocks in a way that has never
been attempted before
DESERVING OF THE HIGHEST PRAISE.
Here indeed arc
Aids INNUMERABLE and INVALUABLE. All the directions are given with the utmost clearness and precision. Prof. Cole is not only an accomplished Petrologist, he is evidently also
a thoroughly sympathetic teacher, and seems to know intuitively what are stumbling-blocks
"
A tkenceum.
to learners
a rare and priceless quality.
"To the younger workers in Geology, Prof. Cole's book will be as INDISPENSABLE as a
dictionary to the learners of a language." Saturday Review.
"That the work deserves its title, that it is full of AIDS, 'and in the highest degree
PRACTICAL,' will be the verdict of all who use it." Nature.
"A MOST VALUABLE and welcome book
the subject is treated on lines wholly
different from those in any other Manual, and is therefore very ORIGINAL." Science Gossip.
" A more useful work for the
practical geologist has not appeared in handy form.
Scottish Geographical Magazine.
" This EXCELLENT MANUAL
The Section
will be A VERY GREAT HELP.
on the Examination of Fossils is probably the BEST of its kind yet published.
FULL
of well-digested information from the newest sources and from personal research." A nnals
of Nat. History.
.

'

.

.

'

'

'

.

.

.

'

.
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SEWAGE DISPOSAL WORKS:
Guide to the Construction of Works for the Prevention of the
Pollution by Sewage of Rivers and Estuaries.

A

BY

W. SANTO CRIMP, M.lNST.CE.,

F.G.S.,

Late Assistant-Engineer, London County Council

With Tables,

Handsome

(SECOND EDITION

Cloth.

PART

Proper.

PART

Illustrated

in

Table of Sewage Farm Management.

i

each

4.

5.

Merton, Croydon Rural Sanitary Autho-

3.

New

12.

Maiden, Chemical Treatment and

Small Filters.
Friern Bamet.
14. Acton, Ferozone and Polarite Process.
15. Ilford, Chadwell, and Dagenham Sewage
Disposal Works.
1 6. Coventry.
13.

Swanwick, Derbyshire.

1 8.

The Ealing Sewage Works.

19.

Wimbledon.
Birmingham.
Newhaven.

20.
21.

Sewage

17.

rity.

7.
8.

THEIR

OPERATION

IN

District.

tration.

6.

Disposal of Sewage-sludge.
Preparation of Land for Sewage Dis-

posal.

CONSTRUCTION, MAINTENANCE, AND COST.
by Plates showing the General Plan and Arrangement adopted

Doncaster Irrigation Farm.
Beddington Irrigation Farm, Borough of
Croydon.
Bedford Sewage Farm Irrigation.
Dewsbury and Hitchin Intermittent Fil-

2.

Medium

Settling Tanks.
Chemical Processes.

The
The

SEWAGE DISPOSAL WORKS

II.

Plates.

in preparation.)

INTRODUCTORY.

I.

Introduction.
Details of River Pollutions and Recommendations of Various Commissions.
Hourly and Daily Flow of Sewage.
The Pail System as Affecting Sewage.
tuc ocw*gc
from the
Rain-water uuiu
of xviiiii-wAici
The
lie oepitiauuii
Sewage
Separation ui

1.

and 33 Lithographic

Illustrations in the Text,

8vo.

Chiswick.

Portsmouth.

Precipitation Works, Dortmund
(Germany).
Treatment of Sewage by Electrolysis.
"All persons interested in Sanitary Science owe a debt of gratitude to Mr. Crimp.
His work will be especially useful to SANITARY AUTHORITIES and their advisers .
EMINENTLY PRACTICAL AND USEFUL
gives plans and descriptions of MANY OF THE
with very valuable information as to
MOST IMPORTANT SEWAGE WORKS of England
The carefully-prepared drawings perthe COST of construction and working of each.
mit of an easy comparison between the different systems." Lancet.
"Probably the MOST COMPLETE AND BEST TREATISE on the subject which has appeared
Will prove of the greatest use to all who have the problem of
in our language.
The general construction, drawings, and type are all
Sewage Disposal to face.
excellent." Edinburgh Medical Journal.
10.

Kingston-on-Thames, A. B. C. Process.
Salford Sewage Works.

11.

Bradford, Precipitation.

9.

22.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

(W. Santo) and COOPER (Ch. Hamlet):
A POCKET-BOOK OF RULES, DATA, AND GENERAL

CRIMP

INFORMATION,

useful

to

Municipal

Engineers.

Surveyors,

Sanitary Inspectors.

LONDON: EXETER STREET, STRAND.
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CO.'S

PUBLICATIONS.

o n K: s
BY

AINSWORTH

R.

J.

DAVIS,

B.A.,

PROFESSOR OF BIOLOGY, UNIVERSITY COLLEGE, ABERYSTWYTH.

DAVIS

Ainsworth):

(Prof.

mentary Text-Book

PART

I.

of).

In large

BIOLOGY

Crown

VEGETABLE MORPHOLOGY AND PHYSIOLOGY.
Glossary and 128 Illustrations.

PART

Svo, Cloth.

II.

With Complete Index-

Price 8s. 6d.

ANIMAL MORPHOLOGY AND PHYSIOLOGY.
Glossary and 108 Illustrations.

(An Ele-

SECOND EDITION.

With Complete Index-

Price los.

6cl.

EACH PART SOLD SEPARATELY.
%* NOTE

The SECOND EDITION has been thoroughly Revised and Enlarged,
all the leading selected TYPES in the various Organic Groups.

and includes

" Furnishes a CLEAR and
COMPREHENSIVE exposition of the subject
Saturday Review.
Literally PACKED with information." Glasgow Medical Journal

in

a SYSTEMATIC

form."

"

DAVIS

(Prof.

THE FLOWERING

Ainsworth):

as Illustrating the First Principles of Botany.
Large Crown
SECOND EDITION.
Svo, with numerous Illustrations.
35. 6d.
" It would be hard to find a Text-book which would better
guide the student to an accurate
The SCIENTIFIC ACCURACY of statement,
knowledge of modern discoveries in Botany.
a'nd the concise exposition of FIRST PRINCIPLES make it valuable for educational purposes.
In
the chapter on the Physiology of Flowers, an admirable resume is given, drawn from Darwin,
Hermann Miiller, Kerner, and Lubbock, of what is known of the Fertilization of Flowers."
Journal ofthe Linnean Society.

PLANT,

.

DAVIS

and

.

.

SELENKA: A ZOOLOGICAL

POCKET-BOOK;

Or, Synopsis of Animal Classification.

Comprising

Definitions of the Phyla, Classes, and Orders, with Explanatory Remarks
and Tables.
By Dr. Emil Selenka, Professor in the University of

Erlangen.
Edition.

Authorised English translation from the Third German
In Small Post Svo, Interleaved for the use of Students.
Limp

Covers, 43.
" Dr. Selenka's Manual will be found useful
by all Students of Zoology. It is a COMPREHENSIVE and SUCCESSFUL attempt to present us with a scheme of the natural arrangement of
the animal world." Edin. Med. Journal.
" Will

prove very serviceable to those who are attending Biology Lectures.
Lancet.
is accurate and clear."

translation

LONDON: EXETER STREET, STRAND.

.

.

.

The

SCIENTIFIC

AND TECHNOLOGICAL

CROMPTON (R.
DYNAMOS

(A

E.,

WORKS.

17

V.P.InstE.E., M.Inst.C.E.):

Practical Treatise on).

With numerous

Illustrations.

In Large Svo.

DONKIN (BRYAN,
OIL, and

AIR ENGINES

bustion Motors without Boiler).

GENERAL CONTENTS.

GAS,

M.Inst.C.E.):

Jr.,

Practical

(A

Text-hook on Internal Com-

With numerous

Illustrations.

Large Svo.

General Description History and Development British, French, and German Gas Engines Gas Production for Motive PowerTheory of the Gas Engine Chemical Composition of Gas in Gas Engines Utilisation of

Gas Engines:

Heat Explosion and Combustion.
Oil Motors
History and Development Various
Types -Priestman's and other Oil Engines. Hot-Air Engines : History and Development Various Types Stirling's, Ericson's, &c., c.
:

:

INORGANIC CHEMISTRY (A Short Manual
BY

DUPRE,

A.

Ph.D., F. R.

S.,

of).

AND WILSON HAKE,

Ph.D., F.I.C., F.C.S., of the Westminster Hospital Medical School.

SECOND EDITION,

"A well-written,

Revised.

Crown

Svo.

Cloth, 75. 6d.

and accurate Elementary Manual of Inorganic Chemistry.
We agree heartily in the system adopted by Drs. Dupre and Hake. WILL MAKE EXPERIMENTAL WORK TREBLY INTERESTING BECAUSE INTELLIGIBLE." Saturday Review.
clear

.

.

"There is no question that, given the PERFECT GROUNDING of the Student in his Science,
the remainder comes afterwards to him in a manner much more simple and easily acquired.

The work

is

AN EXAMPLE OF THE ADVANTAGES OF THE SYSTEMATIC TREATMENT of a
BY A LONG WAY THE BEST of the

Science over the fragmentary style so generally followed.
small Manuals for Students." Analyst.

HINTS ON THE PRESERVATION OF FISH,
IN

BY

REFERENCE TO FOOD SUPPLY.

COSSAR EWART,

M. D., F. R. S. E.,
J.
Regius Professor of Natural History, University of Edinburgh.
In

Crown

Svo.

Wrapper, 6d.

LONDON: EXETER STREET, STRAND.
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SECOND EDITION,

Revised.

CO.'S

With numerous Illustrations and

Royal Svo.

13 Lithographic Plates.

P UBLIGA TIONS.

Handsome

Price 30^.

Cloth.

BRIDGE-CONSTRUCTION
PRACTICAL TREATISE ON):

(A

Being a Text-Book on the Construction of Bridges in
Iron

and

Steel.

FOR THE USE OF STUDENTS, DRAUGHTSMEN, AND ENGINEERS.

T.

CLAXTON FIDLER,

M. INST.

Prof, of Engineering, University College,

C.E.,

Dundee.

"Mr. FIDLER'S SUCCESS arises from the combination of EXPERIENCE and
SIMPLICITY OF TREATMENT displayed on every page.
Theory is kept in
subordination to practice, and his book is, therefore, as useful to girder-makers
as to students of Bridge Construction. "(The "Architect" on the Second
.

.

.

Edition.')

" Of late
years the American treatises on Practical and Applied Mechanics
have taken the lead
since the opening up of a vast continent has
given the American engineer a number of new bridge -problems to solve
but we look to the PRESENT TREATISE ON BRIDGE-CONSTRUCTION, and
the Forth Bridge, to bring us to the front again" Engineer.
" One of the VERY BEST RECENT
WORKS on the Strength of Materials and its
.

.

.

.

.

.

application to Bridge- Construction.

.

.

.

Well repays a careful Study."

Engineer ing.

"An INDISPENSABLE HANDBOOK for the practical Engineer." Nature.
"An admirable account of the theory and process of bridge-design, AT

ONCE

SCIENTIFIC AND THOROUGHLY PRACTICAL. It is a book such as we have a right
to expect from one who is himself a substantial contributor to the theory of
the subject, as well as a bridge-builder of repute. "Saturday Review.

"This book

is

a model of what an engineering treatise ought to be."

Industries.

"A
"Of

SCIENTIFIC TREATISE OF

GREAT MERIT."

recent text-books on subjects

Westminster Review.

mechanical science, there has
appeared no one more ABLE, EXHAUSTIVE, or USEFUL than Mr. Claxton
Fidler's work on Bridge-Construction." Scotsman.
of

LONDON: EXETER STREET, STRAND.
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Ofe and Stone Jlining
(A Text-Book of)

:

FOR THE USE OF MINE-OWNERS, MINE-MANAGERS,
PROSPECTORS, AND ALL INTERESTED IN

ORE AND STONE MINING.

CLEMENT LE NEVE FOSTER,

D.Sc., F.R.S.,

PROFESSOR OK MINING, ROYAL COI.LKGE OF SCIENCE; H.M. INSPECTOR

In Large Svo.

With very numerous

MINKS.

Illustrations.

[Griffin's

GIBB

Ol-

Mining

Series.

(Thos., Associate, Royal School of Mines):

.COPPER (THE METALLURGY OF):
Metallurgical Series, edited by Professor

Being one of the

New

ROBERTS- AUSTEN, C.B., F.R.S.

(Seep. 34.)

GRIFFIN

(John Joseph, F.C.S.)
CHEMICAL RECREATIONS: A Popular
With 540 Engravings

Chemistry.
4to.

:

of Apparatus.

Manual of Experimental
Tenth Edition.

Crown

Cloth.

Part

I.

Part II.

Elementary Chemistry,

2/.

The Chemistry

of the Non-Metallic Elements, including a
Comprehensive Course of Class Experiments, 10/6.

Or, complete in one volume, cloth,

gilt top,

.

.

12/6.

LONDON: EXETER STREET, STRAND.
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GO. 'S

PUBLICATIONS.

Issued in two styles.
Large Crown 8vo, Cloth, for Office use, 8s. 6d. Also
Printed on Thin Paper and Bound in Leather, for the Pocket, 8s. 6d.

G-IE^IIF JFIHST'S
1

Electrical

Engineers'

Price-Book.

FOR THE USE OF
Electrical,

Civil,

and Borough Engineers, Local

Marine,

Authorities, Architects, Railway Contractors, &c., &c.
EDITED BY

H.
Member of the

J.

DOWSING,

Institution of Electrical Engineers

;

of the Society of Arts ; of the London

Chamber of Commercet &f.

GENERAL, CONTENTS.
PAKT

I.

PRICES

AND DETAILS OF MACHINERY AND APPARATUS;

Buildings for Generating Station; Generating Plant (Steam, Gas, and Oil Engines);
Dynamos (Continuous, Alternating, and Exciters); Storage; Measuring, Regulating, and Controlling Apparatus
Distributing Plant, Public and Private ;
Meters
Warming, Cooking, and Ventilating by Electricity Electromotive
Power; Electric Railways, Tramways, Launches, Cranes, &c. Electro-Deposition;
;

;

;

;

Electric Smelting and Welding; Primary Batteries;
Electric Bells; Lightning Conductors Miscellanea.

Telephones;

Telegraphy;

;

USEFUL INFORMATION CONCERNING THE SUPPLY OF
ELECTRICAL ENERGY; Complete Estimates; Reports, Rules and ReguPART

II.

lations, Useful Tables, &c.

of Electrical

and General Information regarding the carrying out

;

Work.

" The ELECTRICAL
PRICE-BOOK REMOVES ALL MYSTERY about the cost of Electrical
Power. By its aid the EXPENSE that will be entailed by utilising electricity on a large or
small scale can be discovered.
Contains that sort of information which is most oftert
required in an architect's office when the application of Electricity is being considered."
.

.

.

A rchitrct.

"The value of this Electrical Price-Book CANNOT BE OVER-ESTIMATED.
save time and trouble both to the engineer and the business man." Machinery.

.

.

.

Will

GURDEN

(Richard Lloyd, Authorised Surveyor
New South Wales and Victoria)
TRAVERSE TABLES computed to Four Places Decimals for every

for the

Governments of

:

:

to 100 of Distance.
For the use of Surveyors and
Second Edition.
Folio, strongly half-bound, 2 1/.
Engineers.
* *
+ Published with Concurrence of the Surveyors- General for New South

Minute of Angle up

Wales and Victoria.
" Those who
have experience in exact SURVEY-WORK will best know how to appreciate
the enormous amount of labour represented by this valuable book. The computations
enable the user to ascertain the sines and cosines for a distance of twelve miles to within
half an inch, and this BY REFERENCE TO BUT ONE TABLE, in place of the usual Fifteen
minute computations required. This alone is evidence of the assistance which the Tables
ensure to every user, and as every Surveyor in active practice has felt the want of such
assistance, few knowing of their publication will remain without them." Engineer.
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PAGE
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PROF. RANKINE,

.

Engineering,
Bridge-Construction,
Design of Structures,
Sewage Disposal Works,
Traverse Tables,
.

S.

ANGLIN,
SANTO CRIMP,
.

Marine Engineering,
Stability of Ships,

SIR

15

(Student's),

25

T. W. TRAILL,
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31
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6d.

Use of Engineers and others Engaged
Mining, Tunnelling, Quarrying, &c.
Assoc. M. INST. C.E.
OSCAR
for the

in

GUTTMANN,

Societies of Civil Engineers and Architects of Vienna and Budapest,
Corresponding Member of the Imp. Roy. Geological Institution of Austria, &c.
** Mr. GUTTMANN'S Blasting is the ONLY work on the subject which gives at once full
information as to the NEW METHODS adopted since the introduction of Dynamite, and, at the
same time, the results of MANY YEARS PRACTICAL EXPEKIENCE both in Mining Work and in
the Manufacture of Explosives. It therefore presents in concise form all that has been proved
good in the various methods of procedure. The Illustrations form a special and valuable
feature of the work.

Member of Ihe

GENERAL CONTENTS. Historical Sketch Blasting Materials Blasting PowVarious Powder-mixtures Gun-cotton Nitro-glycerine and Dynamite
Other Nitro-compounds Sprengel's Liquid (acid) Explosives Other Means of
Blasting Qualities, Dangers, and Handling of Explosives Choice of Blasting
Materials Apparatus for Measuring Force Blasting in Fiery Mines Means of
Igniting Charges Preparation of Blasts Bore-holes Machine-drilling Chamber
Mines Charging of Bore-holes Determination of the Charge Blasting in Borecoles Firing Straw and Fuze Firing Electrical Firing Substitutes for Electrical
Firing Results of Working Various Blasting Operations Quarrying Blasting
Masonry, Iron and Wooden Structures Blasting in earth, under water, of ice, &c.
"This ADMIRABLE work." Colliery Guardian.
"Should prove a vade-mecum to Mining Engineers and all engaged in practical work."
der

Iron

and Coal Trades Review.

With Numerous

Illustrations.

Price I2S.

6rf.

PAINTERS' COLOURS, OILS, AND VARNISHES
.A.

Practical

GEORGE

BY

:

]VEarm.al.

HURST,

H.

F. C. S.,
of the Society of Chemical Industry Lecturer on the Technology of Painters'
Technical
and
the
School, Manchester.
Colours, Oils,
Varnishes,
Municipal

Member

;

GENERAL CONTENTS. Introductory THE COMPOSITION, MANUFACTURE,
ASSAY, and ANALYSIS of White Pigments Red Pigments Yellow and Orange
Pigments Green Pigments Blue Pigments Brown Pigments Black Pigments
LAKES Colour and Paint Machinery Paint Vehicles (Oils, Turpentine, &c.,
&c.
Driers VARNISHES.
)

" This useful book most
will prove
.
successfully combines Theory and Practice
MOST VALUABLE. We feel bound to recommend it to ALL engaged in the arts concerned."
Chemical Neivs.
" A
practical manual in every respect. The directions are concise, clearly intelligible,
and EXCEEDINGLY INSTRUCTIVE. The section on Varnishes the most reasonable we have
met with." Chemist and Druggist.
" A work that is
both useful and necessary, from the pen of a writer experienced in more
ways than one with the very wide subject with which he deals. VERY VALUABLE informa.

tion

"

is

A

Plumber and Decorator.
THOROUGHLY PRACTICAL book,

given."

work that

satisfactorily treats of the

Trades' Journal.
"

.

.

.

constituting, we believe, the ONLY English
Chemical
oils, colours, and pigments."

manufacture of

the work are scattered hints which are INVALUABLE
Throughout
"

reader.

.

to

Invention.
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COAL-MINING

CO.'S

PUBLICATIONS.

(A Text-Book of):

FOR THE USE OF COLLIERY MANAGERS AND OTHERS
ENGAGED IN COAL-MINING.
BY

HERBERT WILLIAM HUGHES,

F.G.S.,

Assoc. Royal School of Mines, Certificated Colliery Manager.

SECOND EDITION.
Illustrations,

"The

Demy %vo, Handsome Cloth. With -very Numerous
1 &s.
mostly reduced from Working Drawings.

In

work have been fully described, on the ground that
often made REMUNERATIVE by'pERFECTiON ix SMALL MATTKKS
than by bold strokes of engineering.
It frequently happens, in particular
localities, that the adoption of a combination of small improvements, any of
which viewed separately may be of apparently little value, turns an unprofitable
concern into a paying one." Extractfrom -Author s Preface.
details of colliery

colleries are

more

...

GENERAL CONTENTS.
Geology Rocks Faults Order of Succession Carboniferous System in Britain.
Coal: Definition and Formation of Coal Classification and Commercial Value of Coals.
Search for Coal Boring various appliances used Devices employed to meet Difficulties
of deep Boring Special methods of Boring Mather & Plait's, American, and Diamond
Breaking Ground;
systems Accidents in Boring Cost of Boring Use of Boreholes.
Tools Transmission of Power: Compressed Air, Electricity Power Machine Drills Coal
Cutting by Machinery Cost of Coal Cutting Explosives Blasting in Dry and Dusty
Mines Blasting by Electricity Various methods to supersede Blasting.
Sinking:
"
Stone-head "Method of
Position, Form, and Size of shaft Operation of getting down to
proceeding afterwards Lining shafts Keeping out Water by Tubbing Cost of Tubbing
Sinking by Boring Kind- Chaudron, and Lipmann methods Sinking through Quicksands
Cost of Sinking.
Preliminary Operations Driving underground Roads Supporting
Roof: Timbering, Chocks or Cogs, Iron and Steel Supports and Masonry Arrangement of
Inset.
Methods of Working: Shaft, Pillar, and Subsidence Bord and Pillar SystemLancashire Method Longwall Method Double Stall Method Working Steep SeamsWorking Thick Seams Working Seams lying near together Spontaneous Combustion.
Haulage: Rails Tubs Haulage by Horses Self-acting Inclines Direct-acting Haulage
Main and Tail Rope Endless Chain - Endless Rope Comparison.
Winding; Pit
Frames Pulleys Cages Ropes Guides Engines Drums Brakes Counterbalancing
:

:

:

Expansion Condensation Compound Engines Prevention of Overwinding Catches at pit
Pumping: Bucket and Plunger
Changing Tubs Tub Controllers Signalling.
Pumps Supporting Pipes in Shaft yalves Suspended lifts for Sinking Cornish and
Bull Engines Davey Differential Engine Worthington Pump Calculations as to size of
Pumps Draining Deep Workings Dams. Ventilation: Quantity of air requiredGases met with in Mines Coal-dust Laws of Friction Production of Air-currents
Natural Ventilation Furnace Ventilation Mechanical Ventilators Efficiency of FansComparison of Furnaces and Fans Distribution of the Air-current Measurement of Aircurrents.
Modern Lamps Conclusions
Lighting: Naked Lights
Safety Lamps
Locking and Cleaning Lamps Electric Light Underground Delicate Indicators. Works
at Surface; Boilers Mechanical Stoking Coal Conveyors Workshops. Preparation
of Coal for Market: General Considerations Tipplers Screens Varying the Sizes made
by Screens Belts Revolving Tables -Loading Shoots Typical Illustrations of the arrangement of Various Screening Establishments Coal Washing Dry Coal Cleaning Briquettes.
top

...

as PRACTICAL in aim as a book can be
"Quite THE BEST BOOK of its kind
touches upon every point connected with the actual working of colleries. The illustrations

are

EXCELLENT."
"

A

.

.

A tJiciueitin.

is a great desideratum, and Mr. HUGHES possesses
We cordially recommend the work."
.
supplying it.

Text-book on Coal-Mining

ADMIRABLE QUALIFICATIONS

for

.

.

Colliery Guardian.

"Mr. HUGHES has had opportunities for study and research which fall to the lot of
but few men.
If we mistake not, his text-book will soon come to be regarded as the
STANDARD WORK of its kind." Birmingham Daily Gazette.
*** Note. The first large edition of this work was exhausted within a few months of
publication.
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WOKKS BY

ANDREW JAMIESON,

M.lNST.CK,

Professor oj Electrical Engineering:, The Glasgow
Technical College.

M.I.E.E., F.R.S.K.,

and West

of Scotland

PROFESSOR JAMIESON'S ADVANCED MANUALS.
In Large Crou>n

8vc.

Fully Illustrated.

STEAM AND STEAM-ENGINES

1.

Text-Book on).

(A

For the Use of Students preparing for Competitive Examinations.
With over 2OO Illustrations, Folding Plates, and Examination Tapers.
EKHITH Eurnox. Revised and Enlarged, 8/6.
"
Professor Jamieson fascinates the reader by his CLEARNESS OF CONCEPTION AND
SIMPLICITY OF EXPRESSION.
His treatment recalls the lecturing of Faraday."
"
The BEST BOOK yet published for the use of Students." Engineer.
"

Athenieum.

Undoubtedly the MOST VALUABLE AND MOST COMPLETE Hand-book on the subject

that

now

2.

MAGNETISM AND ELECTRICITY (An" Advanced
Book

3.

Marine Engineer.

exists."

Specially arranged for

on).

Honours"

Advanced and

Text-

Students.

APPLIED MECHANICS (An Advanced Text-Book
"
Specially arranged for

Honours"

Advanced and

on).

Students.

PROFESSOR JAMIESON'S INTRODUCTORY MANUALS.
In
1.

Cro'ti'ii

8v0,

With ve>y numerous
Examination Papers.

ClotJi.

on).

EDITION.

First- Year

for

arranged

Specially

Students.

the RIGHT SORT OK ISOOK." Engineer.
" Quite
Should be in the hands of EVERY engineering apprentice."

on).

EDITION.

"A

First-Year

for

arranged

Specially

Students.

TextTHIRD

3/6.

" A CAPITAL TEXT-BOOK
can be.

THIRD

Practical Engine :r.

MAGNETISM AND ELECTRICITY (Elementary
Book

Text-

3/6.

"

The diagrams are an important feature." Schiwlmastrr.
THOROUGHLY TRUSTWORTHY Text-book.
Arrangement as good as well
The subject throughout treated as an
Diagrams are also excellent.
.

.

.

.

...

essentially

3.

and

STEAM AND THE STEAM-ENGINE (Elementary
Book

2.

Illlust rations

.

PRACTICAL one, and very

.

.

.

.

clear instructions given."-

-Nature.

APPLIED MECHANICS (Elementary Text-Book

on).

3/6.
Specially arranged for First-Year Students.
The work has VERY HIGH (DUALITIES, which
Nothing is taken for granted.
may be condensed into the one word 'CLEAR.'" Science and Art.

"

.

.

.

POCKET-BOOK

of ELECTRICAL RULES and TABLES.
FOR THE USE OF ELECTRICIANS AND ENGINEERS.

Pocket

Size.

Ninth Edition, revised and enlarged.
Leather, 8s. 6d.
(See under Mnnro and Jamieson. )
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CO.S PUBLICATIONS.

" The MOST VALUABLE and USEFUL WORK on
Dyeing that has yet appeared in the English
language
likely to bo THE STANDARD WORK OF REFERENCE for years to come."
Textile Mercury.
.

.

.

In

Two Large 8vo Volumes, 920
with a

pp.,

SUPPLEMENTARY

Volume, containing Specimens
of

Fabrics.

Dyed

Handsome

Cloth, 45s.

MANUAL OF DYEING:
FOR THE USE OF PRACTICAL DYERS, MANUFACTURERS, STUDENTS,

AND ALL INTERESTED

E.

KNECHT,

IN THE

ART OF DYEING.

CHR. RAWSON,

Ph.D., F.I.C.,

Head of the Chemistry
Dyeinsir Department of
y and Dye-in
the Technical School, Manchester; Editor of "The
ami Colourists ; "
Journal of the Society
y of Dyers arid

F.I.C., F.C.S.,

anil Dyeing Department of
Late Head of the Chemistry and
Technical College,
Bradford :" Member of Council
the Technical
College. Bradford
ut the Society of Dyers and
s
Colourists ;

And RICHARD LOEWENTHAL, Ph.D.

GENERAL CONTENTS. Chemical Technology of the Textile Fabrics
Water Washing and Bleaching Acids, Alkalies, Mordants Natural
Colouring Matters Artificial Organic Colouring Matters Mineral Colours
Machinery used in Dyeing Tinctorial Properties of Colouring Matters
Analysis and Valuation of Materials used in Dyeing, &c., &c.
" This iiosT VALUABLE

on

WORK

.

.

.

This authoritative and exhaustive
the subject." Textile Manufacturer.

will be widely appreciated."

work

.

.

.

Chemical Stirs.

the MOST COMPLEX*:

we have

yet seen

The MOST EXHAUSTIVE and COMPLETE WOIIK on the subject extant." Textile Recorder.
" The
distinguished authors have placei in the hands of those daily engaged in the dyehouse or laboratory a work of EXTREME VALUE and UNDOUBTED UTILITY
appeals
quickly to tho technologist, colour chemist, dyer, and more particularly to the rising dyer
of the present generation. A book which it is refreshing to meet with." American Textile
.

Record.
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(A Treatise on):

Embracing the Application of Electrolysis to the Plating, Depositing,
Smelting, and Refining of various Metals, and to the Reproduction of Printing Surfaces and Art- Work, &c.

WALTER

BY

hem 1st and Metallurgist

With numerous

G.

M'MILLAN,

F.I.C.,

F.C.S.,

Cossipore Foundry and Shell Factory ; Late Demonstrate
of Metallurgy in King's College, London.

to the

Large Crown 8vo.

Illustrations.

Cloth, 10s. 6d.

GENERAL CONTENTS.

General Conditions
Introductory Sources of Current
Electro-Plating Plating Adjuncts and Disposition of Plant
Cleansing and Preparation of Work for the Depositing- Vat, and Subsequent Polishing
of Plated Goods
Electro-Deposition of Copper Electrotyping -Electro-Depositiou
of Platinum, Zinc, Cadmium.
of Silver of Gold of Nickel and Cobalt ot Iron

to

be

observed

in

Electro- Deposition of Alloys
Tin, Lead, Antimony, and Bismuth ; Electro-chromy
Recovery of certain
Electro-Metallurgical Extraction and Refining Processes
Metals from their Solutions or Waste Substances Determination of the Proportion
of Metal in certain Depositing Solutions
Appendix.

" This excellent treatise,
one of the BEST and MOST COMPLK.TK
manuals hitherto published on Electro-Metallurgy." Electrical Review.
" This work will be a STANDARD." Jeweller.
"Any metallurgical process which REDUCES the COST of production
\Ye
must of necessity prove of great commercial importance.
recommend this manual to ALL who are interested in the PRACTICAL
APPLICATION of electrolytic processes." Nature.
.

.

.

.

Enlarged, and very fully Illustrated.

SECOND EDITION.

STEAM

.

Cloth,

.

4-s.

Gd.

BOILERS:

THEIR DEFECTS, MANAGEMENT, AND CONSTRUCTION.
BY R D. MUNRO,
Engineer of the Scottish Boiler Insurance and Engine Inspection Company.
This work, written chiefly to meet the wants of Mechanics, Enginecontains information of the first importkeepers, and Boiler- attendants, also
ance to every user of Steam-power. It is a PRACTICAL work written for PRACTICAL men, the language and rules being throughout of the simplest nature.

GENERAL CONTENTS. Explosions caused by Overheating of Plates: (a)
Shortness of Water
(b) Deposit
Explosions caused by Defective and
Area of Safety-Valves Explosions caused by
Overloaded Safety-Valves
Corrosion Explosions caused by Defective Design and Construction.
:

A

"
valuable companion for workmen and engineers engaged about Steam
Coll. Guardian.
Boilers, ought to be carefully studied, and ALWAYS AT HAND."
" The
subjects referred to are handled in a trustworthy, clear, and practical
The book is VERY USEFUL, especially to steam users,
.
manner.
artisans, and young engineers." Engineer.
.

.
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MUNRO

CO.'S

<k

PUBLICATIONS.

& JAMIESON'S ELECTRICAL POCKET-BOOK.
NINTH EDITION,

Revised and Enlarged.

A POCKET-BOOK
OF

ELECTRICAL RULES & TABLES
FOR THE USE OF ELECTRICIANS AND ENGINEERS.
BY

JOHN MUNRO,

&

C.E.,

PROF.

JAMIESON,

With Numerous Diagrams.

Pocket

Size.

M.lNST.C.E., F.R.S.E.
Leather, 8s. 6d.

GENERAL CONTENTS.
UNITS OF MEASUREMENT.
MEASURES.

ELECTRO-METALLURGY.
BATTERIES.

TESTING.

DYNAMOS AND MOTORS

CONDUCTORS.

TRANSFORMERS.
ELECTRIC LIGHTING
MISCELLANEOUS.
LOGARITHMS.

DIELECTRICS.
SUBMARINE CABLES.

TELEGRAPHY.
ELECTRO-CHEMISTRY.

APPENDICES.

" WONDERFULLY PERFECT.
give

it."

.

.

.

Worthy of

the highest commendation

we

i

Electrician.

"The STERLING VALUE

of

Messrs.

MUNRO

and JAMIESON'S POCKET-BOOK.

Electrical Review.

MUNRO

(J.

M.

Downton College

H., D.Sc., Professor of Chemistry,

of Agriculture)

:

AGRICULTURAL CHEMISTRY AND ANALYSIS: A
TICAL

HAND-BOOK

for the

Use of Agricultural

PRAC-

Students.

NYSTROM'S POCKET-BOOK OF MECHANICS
AND ENGINEERING.

Revised and Corrected by

Ph.B., C.E. (YALE

Whitney Professor of Dynamical Engineering,

s.s.s.),

University of Pennsylvania.

Pocket Size.

W. DENNIS MARKS,

Leather, 155.

EDITION, Revised and greatly enlarged.
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TWENTIETH

SCIENTIFIC

Demy
Physical
0JY

AND TECHNOLOGICAL

8vo,

Handsome

cloth,

WORKS.

29

18s.

Geology and Palaeontology,
THE BA SIS OF PHILLIPS.
BY

HARRY GOVIER SEELEY,
PROFESSOR OF GEOGRAPHY

TWlitb ^frontispiece in

F. R. S.,

IN KING'S COLLEGE, LONDON.

CbromosXitbograpbg,

ant> Illustrations,

" It is
impossible to praise too highly the research which PROFESSOR SEELEY'S
PHYSICAL GEOLOGY evidences. IT is FAR MORE THAN A TEXT-BOOK it is
a DIRECTORY to the Student in prosecuting his researches." Presidential Address to the Geological Society, 1885,^ Rev. Prof. Bonney- D.Sc.,LL.D., F.R.S.
" PROFESSOR SEELEY maintains in his
PHYSICAL GEOLOGY the high
Dr. Henry Woodreputation he already deservedly bears as a Teacher."
"
'

*

'

ward, F.R.S.) in the
Geological Magazine."
" PROFESSOR SEELEY'S work includes one of the most
satisfactory Treatises

on Lithology in the English language. ... So much that is not accessible
works is presented in this volume, that no Student of Geology can
American Journal of Engineering.
afford to be without it."
in other

Demy

8vo,

Handsome

cloth, 34$-

StratigrapMcal Geology & Palaeontology,
OJV THE BASIS OF PHILLIPS.
BY

ROBERT ETHERIDGE,

F. R. S.,
HIST. DEPARTMENT, BRITISH MUSEUM, LATE PALEONTOLOGIST TO
GEOLOGICAL SURVEY OF GREAT BRITAIN, PAST PRESIDENT OF THE
GEOLOGICAL SOCIETY, ETC.

THE NATURAL

TOtb
*

*

jflfoap,

Numerous

1

tables, and abfrt^sij plates.

PROSPECTUS of the above important work perhaps the MOST ELABORATE of
its kind ever written, and one calculated to give a new strength to the study
of Geology in Bt itain may be had on application to the Publishers.

'
No such compendium of geological knowledge has ever been brought together before."
Westminster Review.
"If PROF. SKELEY'S volume was remarkable for its originality and the breadth of its views,
Mr. ETHERIDGE fully justifies the assertion made in his preface that his book differs in conMust take HIGH RANK AMONG WORKS
struction and detail from any known manual, . . .
OF REFERENCE."
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THIRD EDITION, Revised by Mr. H. Bauerman, F.G.S.

ELEMENTS OP METALLURGY:
ON THE ART OF EXTRACTING METALS
FROM THEIR ORES.

A PRACTICAL TREATISE

BY

J.

ARTHUR

PHILLIPS, M.lNST.C.E., F.C.S.,
AXD H. BAUERMAN, Y.P.G.S.

With Folding

Plates and

many Illustrations.
Handsome Cloth, 36s.

F.G.S.,

<tc.,

Large Svo.

GENERAL CONTENTS.
Refractory Materials,
Fire -Clays.

Arsenic.

Iron.
Cobalt.

Fuels, &c.

Zinc.

Nickel

Aluminium.

Mercury.
Bismuth.
Lead.

Gold.

i

Copper.
Tin.

*#*

Antimony.

Silver.

Platinum.

Many NOTABLE ADDITIONS, dealing with new Processes and Developments,
will be

found in the Third Edition.

"

Of the THIRD EDITION, we are still able to say that, as a Text-book of
Metallurgy, it is THE BEST with which we are acquainted." Engineer.
"The value of this work is almost inestimable. There can be no question
that the amount of time and labour bestowed on it is enormous.
There
is certainly no Metallurgical Treatise in the language calculated to
prove of
such general utility." Mining Journal.
" In
this most useful and handsome volume is condensed a large amount of
valuable practical knowledge.
careful study of the first division of the
on
book,
Fuels, will be found to be of great value to every one in training for
the practical applications of our scientific knowledge to any of our metallurgi.

.

.

A

cal

A thenceum.

" operations."
work which is equally valuable to the Student as a Text-book, and to
the practical Smelter as a Standard Work of Reference.
The Illustrations are admirable examples of Wood Engraving." Chemical News.

A

.

POYNTING

(J.

.

H., Sc.D., F.R.S., late

of Trinity College, Cambridge;

Birmingham)

.

Professor

of Physics,

Fellow

Mason

College,

:

THE MEAN DENSITY OF THE EARTH: An

Essay to
which the Adams Prize was adjudged in 1893 in the University of
In
with
in
the
Illustrations
Cambridge.
large Svo,
Text,
Bibliography,
and seven Lithographed Plates.

and
PHYSICS.

THOMSON: TEXT-BOOK OF
(See under Thomson}.
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WORKS BY
W.

MACQUORN RANKINE,

J.

LL.D,

F.R.5,

Late Regius Professor of Civil Engineering in the University of Glasgow.

THOROUGHLY REVISED BY

W.

MILLAB,

J.

C.E.,

Secretary to the Institute of Engineers and Shipbuilders in Scotland.

I.

A MANUAL OF APPLIED MECHANICS

:

Comprising the Principles of Statics and Cinematics, and Theory of
With Numerous Diagrams.
Structures, Mechanism, and Machines.
Crown Svo, cloth, 12s. 6cl. THIRTEENTH EDITION.
II.

A MANUAL OF CIVIL ENGINEERING

:

Comprising Engineering Surveys, Earthwork, Foundations, Masonry, Carpentry, Metal Work, Roads, Railways, Canals, Rivers, AVaterworks,
Harbours, &c. With Numerous Tables and Illustrations. Crown Svo,
EIGHTEENTH EDITION.
cloth, 16s.

A MANUAL OF MACHINERY AND MILLWORK

III.

:

Comprising the Geometry, Motions, Work, Strength, Construction, and
Illustrated with nearly 300 Woodcuts.
Objects of Machines, &c.
Crown Svo, cloth, 12s. Gd. SEVENTH EDITION.

IV.

A MANUAL OF THE STEAM-ENGINE AND OTHER
PRIME MOVERS
:

With Numerous Tables and Illustrations, and a Diagram of the Mechanical
Crown Svo, cloth, 12s. 6d. THIRTEENTH EDITION.
Properties of Steam.

V.

USEFUL RULES AND TABLES

:

For Architects, Builders, Engineers, Founders, Mechanics, Shipbuilders,
Surveyors, &c. With APPENDIX for the use of ELECTRICAL ENGINEERS.
By Professor JAMIESON, F.R.S.E. SEVENTH EDITION. 10s. 6d.

VI.

A MECHANICAL TEXT-BOOK

:

A Practical

and Simple Introduction to the Study of Mechanics. By
Professor RANKINE and E. F. BAMBER, C.E.
With Numerous Illustrations.

*** The

Crown

Svo, cloth, 9s.

"MECHANICAL TKXT-?.OOK"

to the

icas

FOURTH EDITION.
designed by Professor

BANK INK

above Series of Manuals.

LONDON EXETER STREET, STRAND.
:

as an INTKO-

CHARLES GRIFFIN &
WORKS

PROF. RANKINE'S

VII.

CO.'S

PUBLICATION'S.

(Continued}.

MISCELLANEOUS SCIENTIFIC PAPERS.
Royal 8vo.

Cloth, 31s. 6d.

Part I. Papers relating to Temperature, Elasticity, and Expansion of
Vapours, Liquids, and Solids. Part II. Papers on Energy and its Transformations.
Part III. Papers on Wave-Forms, Propulsion of Vessels, &c.
With Memoir by Professor TAIT, M. A. Edited by W. J. MILLAR, C.E.
With tine Portrait on Steel, Plates, and Diagrams.
" No more
enduring Memorial of Professor Rankine could be devised than the publicaThe Collection is most valuable on
tion of these papers in an accessible form.
account of the nature of his discoveries, and the beauty and completeness of his analysis.
The Volume exceeds in importance any work in the same department published
"
A rchitect.
in our time
.

.

.

.

REDGRAVE
CEMENTS A
:

Testing, &c.

(Gilbert

Practical

(Gtiffin's

R.,

Assoc.

Hand-Book on

Inst.

C.E.):

their Manufacture, Properties,

Tcclinological Manuals}.

A TREATISE

ON.

The Geographical Distribution, Geological Occurrence,
Chemistry, Production, and Refining of Petroleum;
its Testing, Transport, and Storage, and the
Legislative Enactments relating thereto
together with a description of
;

the Shale Oil Industry,
BY

BOYERTON REDWOOD,

F.R.S.E., F.I.C., Assoc. INST. C.E.,

Hon. Corr. Mem. of the Imperial Russian Technical Society Mem. of
the American Chemical Society; Consulting Adviser 10 the
Corporation of London under the Petroleum Acts,
';

&c., &c.

ASSISTED BY

GEO.

T.

HOLLOWAY,

F.I.C.,

Associate, Royal School of Mines.

In

Large 8vo.

With Maps and

Illustrations.

SrKCiAL FEATURES of Mr. KEDAVOOD'K Work will be (I) the hitherto unpublished
descriptions of the UNDKVKLOPKD SOURCKS of PETUOLEI-M *n various parts of the world, which
the author is in an exceptionally favourable position to give and (2) Rules for the TESTING,
TKANSI-OKT, and STORAGE of Petroleum these subjects will be fully dealt with from the
point of view of LEGISLATION and the PRECAUTIONS which experience in this and other
countries has shown to be necessary in the interests of public safety.
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Royal 8uo, Handsome Cloth, 258.

THE STABILITY OF

SHIPS.

BY

SIR

EDWARD

REED,

J.

K.C.B., F.R.S., M.P.,

KNIGHT OF THE IMPERIAL ORDERS OF ST. STANILAUS OF RUSSIA FRANCIS JOSEPH OF
AUSTRIA MEDJIDIE OF TURKEY AND RISING SUN OF JAPAN VICEPRESIDENT OF THE INSTITUTION OF NAVAL ARCHITECTS.
;

;

;

With numerous
THIS work has been written

;

Illustrations

and

Tables.

purpose of placing in the hands of Naval Constructors,
Shipbuilders, Officers of the Royal and Mercantile Marines, and all Students of Naval Science,
a complete Treatise upon the Stability of Ships, and is the only work in the English
Language dealing exhaustively with the subject.
for the

In order to render the work complete for the purposes of the Shipbuilder, whether at

home or abroad, the Methods of Calculation introduced by Mr. F. K. BARNES, Mr. GRAY,
M. REECH, M. DAYMARD, and Mr. BENJAMIN, are all given separately, illustrated by
Tables and worked-out examples.
The book contains more than 200 Diagrams, and is
illustrated by a large number of actual cases, derived from ships of all descriptions, but
especially from ships of the Mercantile Marine.

The work will thus be found to constitute the most comprehensive and exhaustive Treatise
hitherto presented to the Profession on the Science of the STABILITY OF SHIPS.
"

EDWARD

'

Sir
REED'S STABILITY OF SHIPS ' is INVALUABLE. In it the STUDENT, new
to the subject, will find the path prepared for him, and all difficulties explained with the
utmost care and accuracy ; the SHIP-DRAUGHTSMAN will find all the methods of calculation at
present in use fully explained and illustrated, and accompanied by the Tables and Forms
employed ; the SHIPOWNER will find the variations in the Stability of Ships due to differences
in forms and dimensions fully discussed, and the devices by which the state of his ships under
all conditions may be graphically represented and
easily understood ; the NAVAL ARCHITECT
brought together and ready to his hand, a mass of information which he would otherwise have to seek in an almost endless variety of publications, and some of which he would
possibly not be able to obtain at all elsewhere." Steamship.

will find

"This IMPORTANT AND VALUABLE WORK
connected with shipping interests." Iron.
" This
VERY IMPORTANT TREATISE,
COMPLETE that has ever appeared." Nature.

.

.

.

cannot be too highly recommended to

all

.

"The volume

.

.

the

MOST INTELLIGIBLE, INSTRUCTIVE, and

an ESSENTIAL ONE for the shipbuilding profession."

is

Review.

RICHMOND

(H. Droop, F.C.S., Chemist to the

Aylesbury Dairy Company)

:

DAIRY CHEMISTRY FOR DAIRY MANAGERS
Handbook.

(

Westminster

Griffin's Technological

Manuals. )

LONDON: EXETER STREET, STRAND.
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||tetal(iTrgital

STANDARD WORKS OF REFERENCE
FOR

Mine-Owners, Assayers, Manufacturers,
interested in the development of

Metallurgists,

and

all

the Metallurgical Industries.
EDITED BY

W.

ROBERTS-AUSTEN,

C.
C.B., F.R.S.,
CHEMIST AND ASSAYER OF THE ROYAL MINT; PROFESSOR OF M
METALLURGY IN
THE ROYAL COLLEGE OF SCIENCE.
In Large 8vo, Handsome Cloth.

Now
1.

INTRODUCTION
By

the

EDITOR.

With

Illustrations.

Ready.

STUDY

to the

METALLURGY.

of

THIRD EDITION.

" No
English text-book at all approaches this in the COMPLETENESS with
which the most modern views on the subject are dealt with.
Professor Austen's
volume will be INVALUABLE, not only to the student, but also to those whose
of
art
is
the
far
advanced."
Chemical
News.
knowledge
" INVALUABLE to the student.
Rich in matter not to be readily found
.

elsewhere.

"

.

.

Athen&um.

" This volume
amply realises the expectations formed as to the result of the
labours of so eminent an authority.
It is remarkable for its ORIGINALITY of conception and for the large amount of information which it contains.
recommend every one who desires information not only to consult, but to
.

.

.

We

STUDY

work." Engineering.
" Will at once
take FRONT RANK as a text-book." Science and Art.
" Prof. ROBERTS-AUSTEN'S book marks an
epoch in the history of the teaching
of metallurgy in this country." Industries.
this

Will be Published at Short Intervals.
2.

GOLD

3.

COPPER

(The Metallurgy

of).
By
Assoc. R.S.M., F.I.C., of the Royal Mint.

(The Metallurgy

of).

THOS. KIRKE ROSK,

By THOS.

GIBB, Assoc.

R.S.M., F.I.C., F.C.S.
4.

IRON

and

TURNER,
5.

STEEL

(The Metallurgy

of).

By THOS.

Assoc. R.S.M., F.I.C., F.C.S.

METALLURGICAL MACHINERY:

the Application of

Engineering to Metallurgical Problems. By HENRY CHARLES JENKINS,
Wh~.Sc., Assoc. R.S.M., Assoc. M.Inst.C.E., of the Royal Mint.
6.

ALLOYS.

By
'"'.,.*

the EDITOR.
Other Volumes

in

Preparation.

LONDON: EXETER STREET, STRAND.
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SECOND EDITION,
In Large

Svo,
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Revised and

Handsome

cloth, 34s>

HYDRAULIC POWER
AND

HYDRAULIC MACHINERY.
BY

HENRY ROBINSON,

M. INST.

C.E.,

F.G.S.,

PROF. OK CIVIL ENGINEERING,
KING'S COLLEGE, ETC., ETC.

FELLOW OF KING'S COLLEGE, LONDON'

TOtb numerous

;

TKHoo&cutSt an&

Sttg*nme

plates.

GENERAL CONTENTS.
Discharge through Orifices Gauging Water by Weirs Flow of Water
through Pipes The Accumulator The Flow of Solids Hydraulic Presses
and Lifts Cyclone Hydraulic Baling Press Anderton Hydraulic Lift
Hydraulic Hoists (Lifts) The Otis Elevator Mersey Railway Lifts City
and South London Railway Lifts North Hudson County Railway ElevatorLifts for Subways
Hydraulic Ram Pearsall's Hydraulic Engine PumpingEngines Three- Cylinder Engines Brotherhood Engine Rigg's Hydraulic
Engine Hydraulic Capstans Hydraulic Traversers Movable Jigger HoistHydraulic Waggon Drop Hydraulic Jack Duckham's Weighing MachineShop Tools TweddelPs Hydraulic Rivetter Hydraulic Joggling Press
TweddelTs Punching and Shearing Machine Flanging Machine Hydraulic
Centre Crane Wrightson's Balance Crane Hydraulic Power at the Forth
Bridge Cranes Hydraulic Coal-Discharging Machines Hydraulic DrillHydraulic Manhole Cutter Hydraulic Drill at St. Gothard Tunnel Motors
with Variable Power Hydraulic Machinery on Board Ship Hydraulic Points
and Crossings Hydraulic Pile Driver Hydraulic Pile Screwing ApparatusHydraulic Excavator Ball's Pump Dredger Hydraulic Power applied to
Bridges Dock -gate Machinery Hydraulic Brake Hydraulic Power applied
to Gunnery
Centrifugal Pumps Water Wheels Turbines Jet Propulsion
The Gerard-Barr Hydraulic Railway Greathead's Injector Hydrant Snell's
Hydraulic Transport System Greathead's Shield Grain Elevator at FrankfortPackingPower Co-operation Hull Hydraulic Power CompanyLondon Hydraulic Power Company Birmingham Hydraulic Power System
Niagara Falls Cost of Hydraulic Power Meters Schcinheyder's Pressure
Regulator Deacon's Waste-Water Meter.

"A Book of great Professional Usefulness."

Iron.

EDITION of the above important work has been thoroughly revised and
brought up to date. Many new full-page Plates have been added the number being
increased from 43 in the First Edition to 6!) in the present. Full Prospectus, giving a
description of the Plates, may be had on application to tbe Publishers.
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PUBLICATIONS.

CO.' 8

SCHWACKHOFER

BROWNE:

and
FUEL AND WATER: A Manual for Users of Steam and Water.
By Prof. FRANZ SCHWACKHOFER of Vienna, and WALTER
R. BROWNE, M.A., C.E., late Fellow of Trinity College, Cambridge,
Demy

8vo, with

Numerous

Illustrations, 9/.

GENERAL CONTENTS.

Heat and Combustion Fuel, Varieties of Firing Arrangements
The Boiler, Choice of Varieties Feed- water
Furnace, Flues, Chimney
Heaters Steam Pipes Water Composition, Purification Prevention of Scale, &c., &c"The Section on Heat is one of the best and most lucid ever written." Engineer.
" Contains a vast amount of useful
Cannot fail to be valuable to
knowledge.
thousands compelled to use steam power." Railway Engineer.
"
:

:

.

Its practical utility is

WORKS

.

.

Mining Journal.

beyond question."

HDMBOLDT SEXTOH, F.I.C., F.C.S.,
Glasgow and West of Scotland Technical College.

Prof.

by

F.R.S.E.,

OUTLINES OF QUANTITATIVE ANALYSIS.
FOR THE USE OF STUDENTS.
With

THIRD EDITION.

Illustrations.

"A practical work by a practical man
method."

.

.

.

Crown

8vo, Cloth, 33.

will further the

attainment of accuracy and

Journal of'Education.

.
well fulfils its purpose." Schoolmaster.
"An ADMIRABLE little volume
"A COMPACT LABORATORY GUIDE for beginners was wanted, and the want has been WELL
SUPPLIED.
A
and useful bcok." Lancet.
" Mr. Sexton's bookgood
for the processes are WELL CHOSEN,
will be welcome to many teachers
the principle which underlies each method is always CLEARLY EXPLAINED, and the directions
are both SIMPLE and CLEAR." Brit. Med. Journal.
.

.

...

;

BY THE SAME AUTHOR.

OUTLINES OF QUALITATIVE ANALYSIS.
FOR THE USE OF STUDENTS.

With

THIRD EDITION.

Illustrations.

Crown

" The work of a
.
thoroughly practical chemist
British Medical Journal.
ingly recommended."
"Compiled with great care, and will supply a want."
.

SHELTON-BEY
Imperial Ottoman

Gun

.

8vo, Cloth, 35. 6d.

and one which may be unhesitat-

Journal of Education.

(W. Vincent, Foreman
Factories, Constantinople)

to the

:

THE MECHANIC'S GUIDE: A

Hand- Book for Engineers and
With Copious Tables and Valuable Recipes for Practical Use.

Artizans.
Illustrated.

Second Edition.

Crown

8vo.

Cloth, 7/6.
Mensuration Velocities in Boring
Miscellaneous Subjects and Useful
and Wheel-Gearing
Recipes The Steam Engine The Locomotive Appendix Tables for Practical Use.
"
The MECHANIC'S GUIDE will answer its purpose as completely as a whole series of

GENERAL CONTENTS.

Arithmetic Geometry
Wheel and Screw-Cutting

:

elaborate text-books."

Mining Journal.
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Price 18s.

With Numerous Illustrations, reduced from
Working Draivings.

MANUAL OF
MARINE ENGINEERING:
AND
A

COMPRISING THE DESIGNING, CONSTRUCTION,
WORKING OF MARINE MACHINERY.

By

A.

E.

SEAT ON,

M.Inst.C.E., M. Inst. Mech.

E.,

M.Inst.N.A.

GENERAL CONTENTS.
Part

eulations for
Cylinders,
Pistons, Valves, Expansion

Principles of Marine
Propulsion.
I.

Part IL-Prineiples of Steam
Engineering.
Part III. -Details of Marine
Engines : Design and Cal"

Valves &e
Part IV. Propellers.
Part V.-Boilers.
Part VI. Miscellaneous*
'

i

i

In the three-fold capacity of enabling a Student to learn

*

how

to design, construct,

and work a modern Marine Steam- Engine, Mr. Seaton's Manual has NO RIVAL as
regards comprehensiveness of purpose and lucidity of treatment." Times.
"The important subject of Marine Engineering is here treated with the THOROUGHNESS that it requires. No department has escaped attention. . .
Gives the
results of mucn close study and practical work." Engineering.
"
.
Gives a complete account of the
By far the BEST MANUAL in existence.
methods of solving, with the utmost possible economy, the problems before the Marine
.

.

.

Engineer." Athenceum.
"The Student, Draughtsman, and Engineer will find this work the MOST VALUABLE
of Reference on the Marine Engine now in existence." Marine Engineer.

HANDBOOK

A POCKET-BOOK OF

MARINE ENGINEERING RULES AND TABLES,
FOB THE USE OF

Marine Engineers, Naval Architects, Designers, Draughtsmen,
Superintendents,
AND ALL ENGAGED IN THE DESIGN AND CONSTRUCTION OF

MARINE MACHINERY, NAVAL AND MERCANTILE.
E. SEATON, M.I.C.E., M.I.Mech.E., M.I.N.A., AND

BY A.

H. M.

ROUNTHWAITE,
With Diagrams.

M.I.Mech.E., M.I.N.A.

Pocket-Size, Leather.
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By PROFESSORS

J. J.

In Large Svo.

THOMSON

& POYNTING.

Fully Illustrated.

A TEXT-BOOK OF PHYSICS:
COMPRISING

PROPERTIES OF MATTER; HEAT; SOUND

AND

LIGHT;

MAGNETISM AND ELECTRICITY.
J.

H.

POYNTING,

St'.D.,

J. J.

I'.R.S.,

Late FelJow of Trinity College, Cambridge

Mason
Birmingham.

Professor of Physics,

;

BOILERS,

Fellow of Trinity College, Cambridge Prof.
of Experimental Physics in the University
of Cambridge;
;

College,

SECOND EDITION, Revised and Enlarged.

THOMSON,

M.A., F.R.S.,

AND

Pocket-Size, Leather, also for Office Use, Cloth, 12a.

MARINE AND LAND;

THEIR CONSTRUCTION AND STRENGTH.

A HANDBOOK

OP RULES, FORMULAE, TABLES, &c., RELATIVE TO MATERIAL,
SCANTLINGS, AND PRESSURES, SAFETY VALVES, SPRINGS,
FITTINGS AND MOUNTINGS, &c.
3for tbe THse of all Steam^'Olgers.

BY

T.

W. TRAILL, M.

INST. C. E.,

F.E.R K,

Engineer Surveyor-in-Chief to the Board of Trade.

%*

In the

New

Issue the subject-matter has been considerably extended.,
for Pressures up to 200 Ibs. per square inch.

and Tables have been added

...

"Very unlike any of the numerous treatises on Boilers which have preceded it.
Really
Contains an ENORMOUS QUANTITY OP INFORMATION arranged in a very convenient
.
.
Those who have to design boilers will find that they can settle the dimensions for any
form.
.
with
its
aid.
almost
no
calculation
A
with
MOST
USEFUL
VOLUME
.
given pressure
supplying information to be had nowhere else." The Engineer.
"As a handbook of rules, formula;, tables, &c., relating to materials, scantlings, and pressures, this
work will prove MOST USEFUL. The name of the Author is a sufficient guarantee for its accuracy. It
will save engineers, inspectors, and draughtsmen a vast amount of calculation." Nature.
"By such an authority cannot but prove a welcome addition to the literature of the subject.
We can strongly recommend it as being the MOST COMPLETE, eminently practicaiywork on the subject."
arine Engineer.
"To the engineer and practical boiler-maker it will prove INVALUABLE. The tables in all probability are the most exhaustive yet published.
Certainly deserves a place on the shelf in
Practical Engineer.
the drawing office of every boiler shop.
useful.

.

.

.

...

.

.

.

M

.

.

.
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WORKS BY

FIXED
And

DR.

WORKS.

ALDER WRIGHT,

3y

F.R.S.

OILS, FATS, BUTTERS, AND WAXES:
THEIR PREPARATION AND PROPERTIES.
the Manufacture therefrom of Candles, Soaps, and
Other Products.
BY

C. R.

ALDER WRIGHT,

Lecturer on Chemistry,

St.

Handsome

In Large 8vo.

D.Sc., F.R.S.,

Mary's Hospital School; Examiner
and Guilds of London Institute.

With 144

Cloth.

SECOND EDITION. With very Numerous

in

"Soap"

to the City

Illustrations.

Handsome

Illustrations.

Also Presentation Edition, Gilt and Gilt Edges,

Cloth, 6s.

7s. 6d.

THE THRESHOLD OF SCIENCE:
A VARIETY OF EXPERIMENTS

(Over 400)

ILLUSTRATING
SOME OF THE CHIEF PHYSICAL AND CHEMICAL PROPERTIES OF SURROUNDING OBJECTS,
AND THE EFFECTS UPON THEM OF LIGHT AND HEAT,

BY

C.

K.

ALDER WRIGHT,

F.R.S.

D.Sc.,

%* To the NEW EDITION has been added an excellent chapter on the
Systematic Order in which Class Experiments should be carried out for
Educational purposes.
"Anyone who may still have doubts regarding the value of Elementary
Science as an organ of education will speedily have his doubts dispelled, if he
takes the trouble to understand the methods recommended by Dr. Alder
Wright. The Additions to the New Edition will be of great service to all
who wish to use the volume, not merely as a play-book,' but as an instrument
for the TBAINING of the MENTAL FACULTIES." Nature.
Dr. Alder Wright has accomplished a task that will win for him the
hearts of all intelligent youths with scientific leanings.
.
Step by step
the learner is here gently guided through the paths of science, made easy by the
perfect knowledge of the teacher, and made flowery by the most striking and
curious experiments. Well adapted to become the TREASURED FRIEND of many
a bright and promising lad." Manchester Examiner.
'

' '
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WELLS (Sidney H.,Wh.Sc., Assoc.Men.InstC.E.,
Assoc.

Mem. Inst. Mech. E.

Department

in,

;
Principal of, and Head of the Engineering
Battersea Polytechnic Institute, late of Dulwich College) :

ENGINEERING DRAWING AND DESIGN. A

Practical

With very numerous Illustrations
Engineering Students.
and folding-Plate. In Large Crown 8vo.
PART I. GEOMETRY, PRACTICAL, PLANE, AND SOLID.
Manual

for

PART

II.

MACHINE AND ENGINE DRAWING AND DESIGN.

Tenth Annual Issue.

Handsome

cloth, 7s. 6d.

THE OFFICIAL YEAR-BOOK
OF THE

AND LEARNED SOCIETIES OF GREAT BRITAIN
AND IRELAND.

SCIENTIFIC

COMPILED FROM OFFICIAL SOURCES.
Comprising (together with other Official Information] LISTS of the
PAPERS read during 1892 before all the LEADING SOCIETIES throughout
the Kingdom engaged in the following Departments of Research:
i.

Science Generally : i.e., Societies occupying themselves with several Branches of
Science, or with Science and Literature

8.

jointly.
5 2.
3.

4.
5.

Economic Science and Statistics.
Mechanical Science and Architecture.
Naval and Military Science.
Agriculture and Horticulture.
Law.

6.
|

9.

Mathematics and Physics.
Chemistry and Photography.
Geology, Geography, and Mineralogy.
Biology, including Microscopy and Anthropology.

10.

11. Literature.

Psychology.
Archaeology.
Medicine.

12.
5 13.

14.

" The YEAR-BOOK OF SOCIETIES

is

a Record which ought to be of the greatest use for

progress of Science." Sir Lyon Play/air, F.R.S., K.C.B., M.P., Past-President
British Association.
ffthe
" It
goes almost without saying that a Handbook of this subject will be in time
one of the most generally useful works for the library or the desk." The Times.

the

"British Societies are

now weu

represented in the 'Year-Book of the Scientific and
(Art "Societies" in New Edition of

Learned Societies of Great Britain and Ireland."'
''Encyclopaedia Britannica," vol. xxii.)

Copies of the FIRST ISSUE, giving an Account of the History,
and Conditions of Membership of the various
Societies, and forming the groundwork of the Series, may still be
Also Copies of the following Issues.
had, price 7/6.
Organization,

The YEAR-BOOK OF SOCIETIES forms a complete INDEX TO
THE SCIENTIFIC WORK of the year in the various Departments.
It is

HANDBOOK

used as a ready

in all

our great SCIENTIFIC

CENTRES, MUSEUMS, and LIBRARIES throughout the Kingdom,
and has become an INDISPENSABLE BOOK OF REFERENCE to every
one engaged in Scientific Work.

LONDON EXETER STREET, STRAND.
:

MBDIOINB AND THE ALLIED SCIENCES.

4i

GRIFF IN'S
STANDARD PUBLICATIONS
IN

MEDICINE, SURGERY, HYGIENE

(Public

and

Private),

AND

THE ALLIED SCIENCES.

Full Illustrated Catalogue sent Post-free

on Application.

COMPLETE RECORD of the PAPERS read
MEDICAL and SCIENTIFIC SOCIETIES
" THE
throughout the United Kingdom during each year, uide
OFFICIAL YEAR-BOOK of the SCIENTIFIC AND LEARNED
SOCIETIES OF GREAT BRITAIN AND IRELAND " (page 40).
For a

before the leading
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In Leather,

With numerous

8s. 6d.

Illustrations.

A MEDICAL HAND-BOOK,
For the Use of Practitioners and Students.

By R.

AITCHISON,

S.

M.B.Edin.,

F.R.S.E.

GENERAL CONTENTS. Case-taking Diseases of the Circulatory System
of the Renal System of the Digestive Systemof the Respiratory System
Fevers and Miasmatic
of the Nervous System of the Hsemopoietic System
Diseases Constitutional Diseases General Information and Tables Useful
to the Practitioner
Rules for Prescribing Prescriptions.
"

Such a work as this is really NECESSARY for the busy practitioner. The field of medicine
wide that even the best informed may at the moment miss the salient points in diagnosis
he needs to refresh and revise his knowledge, and to focus his mind on those things
.
We can speak HIGHLY of Dr. Aitchison's Handbook.
which are ESSENTIAL.
HONESTLY EXECUTED. .
No mere compilation, the scientific spirit and standard
maintained throughout put it on a higher plane.
EXCELLENTLY got up, handy and
portable, and well adapted for READY REFERENCE." The Lancet.
"
this
little
as
a
reliable
We STRONGLY RECOMMEND
work
guide for medical practice.
Elegantly got up." Liverpool Medico-Chirurgical Review.
is

so
.

.

.

.

"

As

turn to

a

its

.

.

.

.

.

reference, MOST COMPLETE. The busy practitioner will often
-Jonrn. of the American Med. Association.

means of ready
pages."

Works by SIR

WILLIAM AITKEN,

M.D., Edin., F.R.S.,

LATE PROFESSOR OF PATHOLOGY IN THE ARMY MEDICAL SCHOOL EXAMINER IN MEDICINE
FOR THE MILITARY MEDICAL SERVICES OF THE QUEEN.
J

THE SCIENCE AND PRACTICE OF
MEDICINE. In Two Volumes, Royal 8vo., cloth. Illustrated by
numerous Engravings on Wood, and a Map of the Geographical Distribution of Diseases.

To

a great extent Rewritten ; Enlarged, Remodelled,

and Carefully Revised throughout, 42/.
"The work is an admirable one, and adapted to
fessor,

and Practitioner of Medicine."

SEVENTH EDITION.
the requirements of the Student, Pro-

Lancet.

OUTLINES OF THE SCIENCE AND
PRACTICE OF MEDICINE.
EDITION.

Crown

" Students
preparing

for

A

Text-Book

for

Students.

SECOND

8vo, 12/6.

examinations will hail

it

as a perfect godsend for

Athenaum.

LONDON: EXETER STREET, STRAND.

its

conciseness."

MEDICINE AND THE ALLIED SCIENCES.

WORKS

WYNTER BLYTH,

A.

by

4

M.R.C.S.,

;

F.C.S.,

Barrister-at-Law, Public Analyst for the County of Devon, and Medical Officer
of Health for St. Marylebone.

I.

FOODS: THEIR COMPOSITION AND
ANALYSIS.

Price i6/.

and Litho- Plates.

In Crown 8vo, cloth, with Elaborate Tables
Revised and partly rewritten.

Third Edition.

General Contents.
Legislation, Past and Present Apparatus useful to the
Sugar Confectionery Honey Treacle Jams and Preserved
Fruits Starches Wheaten- Flour Bread Oats
Barley Rye Rice Maize Millet
Potato Peas Chinese Peas Lentils Beans MILK Cream Butter Cheese Tea
Alcohol
Coffee
Cocoa and Chocolate
Brandy Rum Whisky Gin ArrackLiqueurs Beer Wine Vinegar Lemon and Lime Juice Mustard Pepper Sweet
and Bitter Almond Annatto Olive Oil Water. Appendix: Text of English and
American Adulteration Acts.
" Will be used
by every Analyst." Lancet.

History of Adulteration

"Ash"

Food Analyst

"STANDS UNRIVALLED

for completeness of information.

.

.

.

A really

'

practical'

work for the guidance of practical men." Sanitary Record.
" An admirable
.
Interesting
digest of the most recent state of knowledge.
even to lay-readers." Chemical News.
%* The THIRD EDITION contains many Notable Additions, especially on the subject
of MILK and its relation to FEVER-EPIDEMICS, the PURITY of WATER-SUPPLY, the
MARGARINE ACT, &c., &c.
.

II.

POISONS: THEIR EFFECTS
TECTION.

SKCOND EDITION,

.

AND

DE-

16,'.

General Contents.
Historical Introduction Statistics General Methods of Procedure Life Tests
ORGANIC POISONS (a.) Sulphuric, Hydrochloric,
Special Apparatus Classification : I.
and Nit
Citric Acids, Potash, Soda, Ammonia, &c.
(b.) Petroleum, Benzene, Camphor,
Alcoho
Carbolic Acid, Prussic Acid, Phosphorus, &c. ; (c.) Hemlock,
ols,7 Chloroform,
f~^
el.
\
A
,_
A
T\:_Ji_i:_
o__ .
/ j \
T>_:
Poisons
Poi
(d.)
Nicotine, Opium, Strychnine, Aconite, Atropine, Digitalis, &c. ;
:

;

'

*.

INORGANIC
II.
from Animal Substances; (e.) The Oxalic Acid Group.
POISONS Arsenic, Antimony, Lead, Copper, Bismuth, Silver, Mercury, Zinc, Nickel,
Iron, Chromium, Alkaline Earths, &c.
Appendix : A. Examination of Blood and
Blood-Spots. B. Hints for Emergencies: Treatment Antidotes.
"Should be in the hands of every medical practitioner." Lancet.
" A sound and
practical Manual of Toxicology, which cannot be too warmly recommended. One of its chief merits is that it discusses substances which have been

derived

:

overlooked." Chetnical JVews.
"
One of the best, most thorough, and comprehensive works on the subject."

Saturday Review,

HYGIENE AND PUBLIC HEALTH
I.

II.

:

:

:

:

Warming, &c.
SANITARY LEGISLATION the whole of the
Ventilation,

III.

(a Die-

embracing the following subjects
SANITARY CHEMISTRY the Composition and Dietetic Value of
Foods, with the Detection of Adulterations.
SANITARY ENGINEERING Sewage, Drainage, Storage of Water,

tionary of)

:

PUBLIC HEALTH

together with portions of other Sanitary Statutes, in a
form admitting of easy and rapid Reference.
their History and ProEPIDEMIC AND EPIZOOTIC DISEASES
pagation, with the Measures for Disinfection.

ACT,

IV.
V.

:

HYGIENE

8vo, 672 pp.,
Royal
"

A work

MILITARY, NAVAL, PRIVATE, PUBLIC, SCHOOL.
cloth, with Map and 140 Illustrations, 28/.

that must have entailed a vast amount of labour and research.
become a STANDARD WORK IN PUBLIC HEALTH." Medical Times and Gazette.
" Contains a
great mass of information of easy reference." Sanitary Record.
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SECOND and CHEAPER EDITION.

Handsome

Cloth, 4s.

FOODS AND DIETARIES:
H

/Ifcanual of Clinical Dietetics*

K

BY
Member of the Royal

W. BURNET,

College of Physicians

M.D.,

of London; Physician to the Great Northern

Central Hospital, &c.

GENERAL CONTENTS.

DIET in Diseases of the Stomach, Intestinal Tract, Liver, Lungs, Heart, Kidneys, &c.; in Diabetes, Scurvy, Anaemia, Scrofula, Gout (Chronic and Acute), Obesity, Rheumatism, Alcoholism,
Nervous Disorders, Diathetic Diseases, Diseases of Children, with a Section
on Prepared and Predigested Foods, and Appendix on Invalid Cookery.

%'* To the SECOND EDITION a chapter on Diet in INFLUENZA, and numerous Fresh
for Invalid
have been added.
Kecipes
" The directionsCookery,
.
given are UNIFORMLY JUDICIOUS.
May be confidently taken
as a RELIABLE GUIDE in the art of feeding the sick." Brit. Med. Journal.
" To all who have much to do with
Invalids, Dr. Burnet's book will be of great use.
It will be found all the more valuable in that it deals with BROAD and ACCEPTED
VIEWS.
Gout, Scurvy, Rickets, and Alcoholism are instances in point, and they
are all TREATED with ADMIRABLE SENSE and JUDGMENT by Dr. Burnet.
He shows a
desire to allow as much range and VARIETY as possible. The careful study of such books as
this will very much help the Practitioner in the Treatment of cases, and powerfully aid the
action of remedies." Lancet.
" Dr. Burnet's work is intended to meet a want which is evident to all those
who have
to do with nursing the sick.
The plan is METHODICAL, SIMPLE, and PRACTICAL.
Burnet
Dr.
takes the important diseases seriatim
and gives a Time-table of Diet,
with Bill of Fare for each meal, quantities, and beverages
will help the nurse
when at her wits' end for a change of diet, to meet the urgency of the moment or tempt
the capricious appetite of the patient." Glasgow Herald.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Griffin's "
FIFTH EDITION, Pocket-Size,

.

.

.

.

.

Poeket-Book " Series.
LeatJier,

Ss.

>d.

With very Numerous

Illustrations.

A SURGICAL HANDBOOK,
ffor practitioners, Students, Ibouse^Surgeons,

AND

C.

BY F. M. CAIRD,
W. CATHCART,

and Dressers.

M.B., F.R.C.S. (ED.),
M.B., F.R.C.S. (NG.

&

ED.),

Assistant-Surgeons, Royal Infirmary, Edinburgh.

GENERAL CONTENTS. Case-Taking Treatment of Patients before and
after Operation
Anaesthetics: General and Local Antiseptics and Wound
Treatment Arrest of Haemorrhage Shock and Wound Fever Emergency
Cases Tracheotomy: Minor Surgical Operations
Fractures
Bandaging
Dislocations, Sprains, and Bruises
Extemporary Appliances and Civil
Ambulance Work Massage Surgical Applications of Electricity Joint-Fixation and Fixed Apparatus
The Syphon and its Uses Trusses and Artificial
Limbs Plaster-Casting Post-Mortem Examination Sickroom Cookery Re-

ceipts, &c., &c., &c.

"THOROUGHLY PRACTICAL AND TRUSTWORTHY. Clear, accurate, succinct." The Lancet.
"ADMIRABLY ARRANGED. The best practical little work we have seen. The matter is as
good as the manner."

Edinburgh Medical Journal.

"THIS EXCELLENT LITTLE WORK. Clear, concise, and very readable. Gives attention to
details, often omitted, but ABSOLUTELY NECESSARY TO svccKSS."At/te>ueutn.
important
"A
dainty volume." Manchester Medical Chronicle.
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^Pocket-Book" Series.

PRACTICAL HYGIENE:
INCLUDING

AIR AND VENTILATION; WATER, SUPPLY AND PURITY; FOOD AND THE
DETECTION OF ADULTERATIONS; SEWAGE REMOVAL, DISPOSAL,
AND TREATMENT; EPIDEMICS, &c., &c.
BY

SURG.-CAPT.

A. M.

DAVIES, M.D., D.P.H.Camb.,

Late Assist.-Professor of Hygiene,

Pocket

Large Crown

MIDWIFERY

Size.

With

8vo, ivith

Army Medical School.
Illustrations.

Numerous

Illustrations.

(An Introduction

to the

Study

of).

For the Use of Young Practitioners, Students,
and Midwives.
BY

ARCHIBALD DONALD,
Surgeon

to St.

Marys

M.A., M.D., C.M.EoiN.,

Hospitalfor Women and Children, Manchester',
and Salford Lying-in Institution.

In Extra Crtnvn %vo>

-with Litho-plates

and Numerous

and the Manchester

Illustrations.

Cloth,

Bs. 6d.

PHARMACY AND MATERIA MEDICA
(A Laboratory Course of):
Including the Principles

and Practice of Dispensing.

BY W. ELBORNE,

F.L.S., F.C.S.,
Late Assistant-Lecturer in Materia Medica and Pharmacy in the

Owens

College, Manchester.

"

A work which we can very highly recommend to the perusal of all Students of Medicine.
ADMIRABLY ADAPTED to their requirements." Edinburgh Medical Journal.
.
" There can be no doubt that
any one who works through this Course will obtain an excellent insight into Chemical Pharmacy." British Medical Journal.
"The system
which Mr. Elborne here sketches is thoroughly sound." Chemist
.
.
and Druggist.
.

.

.
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CHARLES GRIFFIN & CO.'S MEDICAL SERIES.
Standard Works of Reference for Practitioners and Students.
Issued in

LIBRARY STYLE,

large 8vo,

Handsome

Cloth, fully Illustrated.

HUMAN ANATOMY.

BY

ALEXANDER MACALISTER,

M.A., M.D., F.R.S., F.S.A.,

Professor of Anatomy in the University of Cambridge, and
Fellow of St. Johns College. 365.
" BY FAR THE MOST IMPORTANT WORK
on this subject which has appeared in recent years."
- The Lancet.
"
.
.
Destined to be a main factor in the advancement of Scientific Anatomy.
The
fine collection of Illustrations must be mentioned."
Dublin Medical Journal.
"
This SPLENDID WORK." Satrtrday Review.
.

HUMAN LANDOIS
PHYSIOLOGY.
BY PROFESSOR

OF GREIFSWALD

WM. STIRLING,

M.D., Sc.D.,

Brackcnbury Professor of Physiology in Owens College and Victoria University, Manchester;
Examiner in the Universities of Oxford, Edinburgh, and London.
FOURTH
EDITION. With some of the Illustrations in Colours. 2 Vols., 425.
"The BOOK is the MOST COMPLETE resume of all the facts in Physiology in the language.
With this Text-book at command, NO
Admirably adapted for the PRACTITIONER.
STUDENT COULD FAIL IN HIS EXAMINATION." The Lancet.
"
One of the MOST PRACTICAL WORKS on Physiology ever written. EXCELLENTLY CLEAR,
ATTRACTIVE, and SUCCINCT." British Medical Journal.
.

EMBRYOLOGY
BY

ALFRED

.

(An Introduction
HADDON,

C.

Professor of Zoology in the

.

to).

M.A., M.R.I.A.,

Royal College of Science, Dublin.

i8s.

"
An EXCELLENT RESUME OF RECENT RESEARCH, well adapted for self-study.
Gives
remarkably good accounts (including all recent work) of the development of the heart and
.
The book is handsomely got up." The Lancet.
other organs.
.

.

.

.

.

CLINICAL DIAGNOSIS.
Ubc Cbemfcal,

.Microscopical, anb Bacteriological Evibence of Disease.

BY

PROF. VON

OF PRAGUE.

JAKSCH,

From the Third German Edition, by JAS. CAGNEY, M.A., M.D., of St. Mary's Hospital.
With all the Original Illustrations, many printed
SECOND ENGLISH EDITION.
in Colours.

"

255.

Prof. v. Jaksch's

'

Clinical Diagnosis' stands almost alone in the width of

THOROUGHNESS OF ITS EXPOSITION and the clearness
Lancft.
as TRUSTWORTHY as it is scientific."

of

its style.

.

.

.

its

range, the

A STANDARD WORK,

CLINICAL MEDICINE,

A PRACTICAL HANDBOOK

BY

FOR

PRACTITIONERS & STUDENTS.

BURY,
JUDSON
Manchester

Senior Assist.-Phys.,

M.D.,

Royal Infirmary.

M.R.C.P.,

With Numerous

LONDON: EXETER STREET, STRAND.

Illustrations.
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MEDICAL SKRIES

GRIFFIN'S
New Work

by Sir

ANDREW CLARK.

Illustrated by

Numerous

47

Continued.

Bart., M.D., LL.D., F.R.S.

Plates in Colours.

ON FIBROID DISEASE OF THE LUNG AND ON
FIBROID
BY SIR

PHTHISIS.
CLARK, BART.,

ANDREW

M.D.,

Consulting Physician and Lecturer on Clinicil Medicine to the London Hospital,

AXI>

DRS.

HADLEY AND CHAPLIN,
London
Diseases of the

W.

J.
Assistant Physicians to the City of

Hospital for

Chest.

GOUT
BY SIR DYCE
Physician

to,

(A Treatise on).
DUCKWORTH. M.D.EDIN., F.R.C.P.,

and Lecturer on Clinical Medicine

at, St.

Bartholomew's Hospital.

"At once thoroughly practical and highly philosophical. The
ENORMOUS AMOUNT OF INFORMATION." Practitioner.

255.

practitioner will find in

an

it

RHEUMATISM AND RHEUMATOID ARTHRITIS.
BY ARCH.

E.

GARROD,

M.A., M.D.OxoN.,

West London Hospital, &c. 215.
The amount of information collected and
We gladly welcome this Treatise.
manner in which the facts are marshalled are deserving of ALL PRAISE." Lancet.
Assistant-Physician to the

"

.

.

.

the

THE BRAIN AND SPINAL CORD:
THEIR STRUCTURE AND FUNCTIONS.
BY

VICTOR HORSLEY,

F.R.C.S.,

F.R.S.,

Professor of Pathology, University College Assist. -Surgeon, University College Hospital
Surg. Nat. Hosp. for Paralysed and Epileptic, &c., &c. IDS. 6d.
"
We HEARTILY COMMEND the book to all readers and to ALL CLASSESOF STUDENTS AI.IKI-.
as beini^ almost the only lucid account extant, embodying the LATEST RESEARCHES and their
conclusions/' Britisk Medical Journal.
;

;

THE CENTRAL NERVOUS ORGANS
(The Anatomy

BY PROFESSOR

of), in

Health and Disease.

OBERSTEINER,

TRANSLATED BY

ALEX

OF VIENNA.
HILL, M.A., M.D.,

Master of Downing College, Cambridge. 253.
" Dr. Hill has enriched the work with
Dr. Obersteiner's
many Notes of his own.
INVALUABLE AS A TEXT-BOOK." British Medical Journal.
work is admirable.
.

.

.

.

.

.
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Continued.

ON PERIPHERAL NEURITIS.
By JAS. ROSS, M.D., LL.U.,
Late Physician

to

the Manchester Royal Infirmary, and Joint Professor of Medicine at the
Owens College and
;

JUDSON BURY,

M.R.C.R,

M.D.,

Senior Assistant Physician to the Manchester Royal Infirmary.

With
"

It will for

Illustrations,

many

Large 8vo, Handsome Cloth, 2 is.

years remain the

British Medical Journal.
monument of industry."

"A

AUTHORITATIVE TEXT-BOOK on

peripheral neuritis."

Edinburgh Med cal Journal.

MENTAL

DISEASES:

With Special Reference to the Pathological Aspects of Insanity.

BY W.

BEVAN LEWIS,

L.R.C.P. (LOND.),

M.R.CS. (NG.),

Medical Director of the West Riding Asylum, Wakefield.

.

zSs.

"Without doubt the BEST WORK in English of its kind." Journal of Mental Science.
"This ADMIRABLE TEXT-BOOK places the study of Mental Diseases on a SOLID BASIS.
The plates are numerous and admirable. To the student the work is INDISPENSABLE."
.

.

Practitioner.

ASYLUM
By
Lecttiie' on

MANAGEMENT AND ORGANIZATION,
CHARLES MERCIER, M.B., F.R.C.S.,

Neurology and Insanity, Westminster Hospital Medical School, Medical
School for

FORENSIC
By

J.

Women,

&c., &c.

MEDICINE AND TOXICOLOGY.
DIXON MANN, M.D., F.R.C.R,

Professor of Medical Jurisprudence and Toxicology, Owens College Manchester Examiner
2is.
in Forensic Medicine, London University, and Victoria University, Manchester.
;

"

MOST RELIABLE, .MOST SCIENTIFIC, and MOST MODERN book on Medical
By
"
Dublin. Medical Journal.
Jurisprudence with which we are acquainted.
far the

HYGIENE AND PUBLIC HEALTH.
By

CHARLES HUNTER STEWART,

Demonstrator of Public Health, University of Edinburgh
R.C.P. Edinburgh.

;

B.Sc., F.R.S.E.,

Examiner

in Practical

LONDON: EXETER STREET, STRAND.
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DISEASES

London Fever Hospital;

Assist.-Pliys.

Continued.

THE

OF

BY WILLIAM HUNTER, M.D.,

49

BLOOD.
F.R.S.E.,

Arris and Gale Lect.

R.CS. Eng.,

M. .-..

THE DISEASES OF CHILDHOOD
(MEDICAL).
BRYAN DONKIN,

BY H.
Physician, East

Westminster Hospital

;

M.A., M.D., F.R.C.P.

:

Physician and Lecturer on Clinical Medicine,
Consulting Physician, New Hospital for Women. i6s.

London Hospital

for Children

;

DISEASES OF THE EYE.
BY DR. ED. MEYER, OF

PARIS.

Jfrom tbc Ubtrt) jfrencb fiction,

BY

A.

FREELAND FERGUS,

Ophthalmic Surgeon, Glasgow Royal Infirmary.

M.B.,
255.

"An EXCELLENT TRANSLATION

.
of a Standard French Text-Book. .
Essentially a
publishers have done their part in the tasteful and substantial manner
characteristic of their medical publications."
Ophthalmic Review.

VRACTICAL WORK.

.

The

THE HEART
DISEASES OF
DIAGNOSIS
(THE

BY

A.

OF).

ERNEST SANSOM,

M.D., F.R.C

P.,

Physician to the London Hospital Consulting Physician, North-Eastern Hospital for Children
Examiner in Medicine, Royal College of Physicians (Conjoint Board for England', and
University of Durham Lecturer on Medical Jurisprudence and Public Health,
London Hospital Medical College, &c. 28s.
:

;

:

" Dr. Sansom has
opened to us a TREASURE-HOUSE OF KNOWLEDGE. . . . The
work is shown on every page, an originality so complete as to mark it out
from every other on the subject with which we are acquainted." Practitioner.
" A book which does credit to Fritish Scientific Medicine. We
warmly commend it to
The Lancet.
all engaged iu clinical work."-

originality of the

DISEASES OF THE SKIN.
BY

T.

M'CALL ANDERSON,

M.D.,

Professor of Clinical Medicine in the University of Glasgow.

"Beyond
England

for

SECOND EDITION.

doubt, the MOST IMPORTANT WORK on Skin Diseases that has appeared
many years." British Medical Journal
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GYNAECOLOGY

Continued.

(A Practical Treatise on).

JOHN HALLIDAY GROOM,

M.D., F.R.C.P.E., F.R.C.S.E.,

Physician to the Royal Infirmary and Royal Maternity Hospital, Edinburgh Examiner in
Midwifery, R.C.P., Edinburgh Lecturer, Edinburgh School of Medicine, &c., &c.,
;

;

WITH THE COLLABORATION OF

MM. JOHNSON SYMINGTON,

AND MILNE MURRAY,

MIDWIFERY
BY

JOHN

(A

M.D., F.R.C.S.E.,
M.A., M.B., F.R.C.P.E.

Treatise

PHILLIPS, M.A., M.D.,

on).

F.R.C.P.,

Physician, Brit. Lying-in Hospital Assistant Obstetric Physician, King's College, Hospital
Fell, and Memb. Ed. for Exam, of Midwives, Obstet. Society ; Examiner in
Midwifery, University of Glasgow, &c., &c.
:

THE SURGERY OF THE
BY VICTOR HORSLEY,

of the

BY WILLIAM THORBURN,

;

Professor of Pathology,
c.

SPINAL CORD.

B.S., B.Sc.,

M.D., F.R.C.S.,

Assistant-Surgeon to the Manchester Royal Infirmary.

"

Really the FULLEST RECORD
British Medical Journal.

BRAIN.

F.R.S., &c.,

Assistant Surgeon, University College Hospital
University College, 6cc.,

The SURGERY

;

125, 6d.

we have of Spinal Surgery, and marks an important advance.

RAILWAY INJURIES:
With Special Reference to those of the Bach and Nervous System,
Medico-Legal and Clinical Aspects.

BY

HERBERT

W. PAGE, M.A., M.C. (CANTAB), F.R.C.S.

in their

(ENG.),

Surgeon to St. Mary's Hospital Dean, St. Mary's Hospital Medical School, &c., &c. 6s.
"A work INVALUABLE to those who have many railway cases under their care pending"
A book which every lawyer as well as doctor should have on his shelves.
litigation.
British Medical Journal.
;

.

.

.
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Continued.

In Large 8vo, Handsome Cloth, with Illustrations and 24 Plates.

RUPTURES
JONATHAN
the Great Northern

By

25s.

(A Treatise on).

C

F.

H.

MACREADY,

F.R.C.S.,

Central Hospital to the City of London Hospital for
to
Diseases of the Chest, Victoria Park to the City of London Truss Society, &c., &c.
may say at once that we regard Mr. MACREADY'S Treatise as much TMK MOST
cannot doubt
.
IMPORTANT work on Hernia which has appeared of late years. .
will have a large circulation.
The Plates are of an order of ARTISTIC MERIT
the
book
that
-and SCIENTIFIC ACCURACY not often met with." Glasgow Medical Journal.

Surgeon

;

;

"We

.

We

ABDOMINAL SURGERY.
By
Surgeon

J.

to the

KNOWSLEY THORNTON,
Grosvenor

Samaritan Free Hospital

New

Hospital for

By

;

to the

Women

the

M.B.,

Hospital for

C.M.,

Women

;

to the

and Children, &c., &c.

Same Author.

THE SURGERY OF THE KIDNEYS.
Being the Harveian Lectures, 1889.
In

"The name and
British.

Demy

8vo, with Illustrations, Cloth, 55.

experience of the Author confer on the Lectures the stamp of authority."

Medical Journal.

THE DISEASES OF CHILDHOOD
(SURGICAL).

By BILTON POLLARD, M.B.,

Surgeon N.E. Hospital

for Children

;

B.S., F.R.C.S.,

Assist. -Surgeon, University College Hospital;

Assist.-Prof. of Clinical Surgery

and Teacher of Practical

Surgery, University College.

%*
In Large

Other Volumes

Crown

8vo.

in active preparation.

With numerous

Illustrations.

IDS. 6d.

ANESTHETICS AND THEIR ADMINISTRATION:
A

Practical

Hand-Book for Medical and Dental Practitioners
and Students.

By

FREDERICK HEWITT,

M.A., M.D.,

Anesthetist and Instructor in Anaesthetics, London Hospital Chloroformist and Lecturer
on Anaesthetics, Charing Cross Hospital Anaesthetist, Dental Hospital,
London and National Orthopaedic Hospital, c., &c.
;

;

;
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In Large

fc

Svo.

CO:S PUBLICATIONS.
Qd.

12s.

ChtJt,

THE PHYSIOLOGIST'S NOTE-BOOK:
A Summary of

the Present State of Physiological
Science for Students.

ALEX

BY

HILL,

M.A.,

M.D.,

Master of Downing College, Cambridge.

With Numerous Plates and Blank pages

for MS. Notes.

The Blood The Vascular System The NervesGENEKAL CONTENTS
Muscle -Digestion The Skin The Kidneys Respiration The Senses:

Voice and Speech
Body.

Central Nervous System

Reproduction

-Chemistry

of the

" The
OBJECT of the NOTE-BOOK is to save the Student labour ix CODIFYING HIS KNOWLEDGK,
not to diminish the need for the larger text-books still less to take the place of lectures and
work.
laboratory
"
If a Student could rely on remembering every word which he had ever heard or read,
such a book as this would be unnecessary
but experience teaches that lie constantly needs
to recall the form of an argument and to make sure of the proper CLASSIFICATION OP HIS FACTS.
With a view to rendering the book useful for RAVID RECAPITULATION, I have endeavoured to
strike out every word which was not essential to clearness, and thus,!? without I hope falling
into 'telegram
English, to give the text the form which it may be supposed to take in a
well-kept Note-book; at the same time, space has been left for the INTRODUCTION IN MS. of
such additional facts and arguments as seem to the reader to bear upon the subject-matter.
For the same reason the drawings are reduced to DIAGRAMS. All details which are not necessary to the comprehension of the principles of construction of the apparatus or organ, as the
case may be, are omitted, and it is hoped that the drawings will, therefore, be easy to grasp,
and reproduce." Extract from Author's Preface.
remember,
"
Bears the hall-mark of the Cambridge School, and is the work of one of the most
successful of her teachers.
.
Will be INVALUABLE to students."
.
.
The Hospital.
'

'

;

;

.

TENTH EDITION.

With Numerous

NURSING

Illustrations,

3^.

(A Manual

6d.

of):

anfc Surgical.

BY

LAURENCE HUMPHRY,
Late Lecturer
Auistant-Physician

to,

M.A., M.D., M.R.C.S.,

to Probationers at, Addenbrooke 's
Hospital, Cambridge,

The General Management of the Sick Room in
General Plan of the Human Body Diseases of the Nervous
System Respiratory System Heart and Blood-Vessels Digestive System
Skin and Kidneys Fevers Diseases of Children Wounds and Fractures
Management of Child-Bed Sick-Room Cookery, c., &c.
" In the fullest sense Dr.
Humphry's book is a DISTINCT ADVANCE on all previous
Manuals.
Its value is greatly enhanced by copious Woodcuts and diagrams of the

GENERAL CONTENTS.

Private Houses

.

.

.

bones and internal organs, by

many Illustrations of the art of BANDAGING, by Temperature
charts indicative of the course of some of the most characteristic diseases, and by a goodly
array of SICK-ROOM APPLIANCES with which EVERY NURSE should endeavour to become
British Medical Journal.
acquainted."
"
of the work.
should advise ALL NURSES to possess a
copy
commend it as an EXCELLENT GUIDE and companion.
Hospital.

We

We

can confidently re-

'
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LANDIS

(Henry
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A.M., M.D., Professor of

G.,

Obstetrics in Starling Medical College)

:

THE MANAGEMENT OF LABOUR AND OF THE LYING-IN
PERIOD.

LINN

In 8vo, with Illustrations.

(S.H., M.D., D.D.S., Dentist to the Imperial

Medico- Chirurgical Academy of

THE TEETH How
:

With

Cloth, 7/6.

and Diagrams.

Plates

LONGMORE
F.R.C.S., &c.,

St. Petersburg)

to preserve

Crown

:

them and prevent

8vo.

their

Decay.

Cloth, 2/6.

Q.H.S.,

(Surgeon-General, C.B.,

late Professor of Military Surgery,

Army Medical

School):

THE SANITARY CONTRASTS OF THE CRIMEAN WAR.
Demy 8vo. Cloth limp, 1/6.
"A most valuable contribution to Military Medicine."
"A most concise and interesting Review." Lancet.

PARKER
Professor,

(Prof.

W.

British Medical Journal.

Kitchen, F.R.S., Hunterian

Royal College of Surgeons):

MAMMALIAN DESCENT:

being the Hunterian Lectures for 1884.

Adapted for General Readers. With Illustrations. In 8vo,
"The smallest details of science catch a LIVING GLOW from the ardour

cloth, 10/6.

of the author's
are led to compare it to some quickening spirit which makes
imagination,
all the dry bones of skulls and skeletons stand up around him as an exceeding great
army." Prof. Romanes in Nature.
.

.

.

we

"Pocket-Book"

Griffin's
FOURTH EDITION.

Revised and enlarged

Series.

Foolscap 8va, Roan, -with 152 Illustratians

and Folding-plate.

8s.

6d.

THE SURGEON'S POCKET-BOOK.
Specially adapted to tbe public

BY SURGEON-MAJOR

dfoefcical

H.

J.

Services.

PORTER.

Revised and in great part rewritten

BY

BRIGADE-SURGEON
Late Professor of Military Surgery

"An INVALUABLE GUIDE
Lancet.
complete vade

C.

in the

H. Y.

Army

GODWIN,

Medical School.

to all engaged, or likely to be engaged, ia Field

Medical

Service."

"A

mecum

to

guide the military surgeon in the field."

Journal.
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In Crown 8vo.

With

OO.'S

PUBLICATIONS.

Illustrations.

7s. 6d.

THE DISEASES OF WOMEN
(OUTLINES

OP).

A CONCISE HANDBOOK FOR STUDENTS.
By JOHN PHILLIPS, M.A., M.D., F.R.C.P.,
Physician, British Lying-in Hospital; Assist. Obst. Physician, King's College Hospital;
Fell, and Mem. Bd. for Exam, of Midwives, Obstet. Society ; Examiner in
Midwifery, University of Glasgow, &c., &c.

%*

Dr. Phillips' work is ESSENTIALLY PRACTICAL in its nature, and will be
found invaluable to the student and young practitioner.

"

Contains a GREAT DEAL OF INFORMATION in a VERY CONDENSED form. . . . The
value of the work is increased by the number of sketch diagrams, some of which are HIGHLY

INGENIOUS." Edin. Med. Journal.
"Dr. PHILLIPS' MANUAL is written in a SUCCINCT style. He rightly lays stress on
The passages on CASE-TAKING are EXCELLENT. Dr. Phillips is very trustworthy
throughout in his views on THERAPEUTICS. He supplies an excellent series of SIMPLE but
VALUABLE PRESCRIPTIONS, an INDISPENSABLE REQUIREMENT for students." Brit. Med.
Journal.

Anatomy.

"This EXCELLENT TEXT-BOOK

The

.

.

prescriptions cannot but be helpful."

SECOND EDITION

gives just what the student
Medical Press.

requires.

.

With

Illustrations.

.

.

.

Price 6s.

PRACTICAL SANITATION:
HAND-BOOK FOR SANITARY INSPECTORS AND OTHERS
INTERESTED IN SANITATION.

By GEORGE
Fellow of

tJie

TlGUtb

By

REID,

an Bppen&t

D.P.H.,

on Sanitary

HERBERT MAN LEY,
Medical

M.D.,

Sanitary Institute of Great Britain, and Medical
Staffordshire County Council.

Officer

of Health for

tlie

M.A.,

Officer,

%aw

M.B.,

D.P.H.,

County Borough of West Bromwich.

GENERAL CONTENTS.

Introduction
Water Supply: Drinking Water,
of Water Ventilation and Warming
Principles of Sewage
Details of Drainage ; Refuse Removal and Disposal
Removal
Sanitary
and Insanitary Work and Appliances Details of Plumbers' Work House
Infection and Disinfection
Construction
Food, Inspection of ; Characteristics of Good Meat ; Meat, Milk, Fish, &c., unfit for Human Food
Law
Model
:
&c.
;
Bye-Laws,
Appendix Sanitary
" A VERY USEFUL
recommend
HANDBOOK, with a very useful Appendix.
it not only to SANITARY INSPECTORS, but to HOUSEHOLDERS and ALL interested
in Sanitary matters."
Sanitary Record.
Pollution

We
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OEKS
WILLIAM STIRLING, M.D.,
the Victoria
Professor
BY

Professor in
in the

Sc.D.,

of Physiology and Histology
University, Brackenbury
College, Manchester; and Examiner in the Universities of Oxford,
Edinburgh, and London; and 1'ur the Fellowship of the Boyal
College of Surgeons, .England.

Owens

SECOND EDITION.

In Extra Grown

234 Illustrations, Cloth,

8vo, with

9s.

PRACTICAL PHYSIOLOGY
Being-

(Outlines of):
a Manual for the Physiological Laboratory, including
Chemical and Experimental Physiology, with
Reference to Practical Medicine.

PART
PART

I.

II.

CHEMICAL PHYSIOLOGY.
EXPERIMENTAL PHYSIOLOGY.

In the Second Edition, revised and enlarged, the
tions has been increased from 142 to 234.

%*

number

of Illustra-

"

A VERT EXCELLENT and COMPLETE TREATISE." Lancet.
"The student is enabled to perform for himself most of the experiments usually shown in
a systematic course of lectures on physiology, and the practice thus obtained must prove
JNVALCABLE.
May be confidently recommended as a guide to the student of
physiology, and, we doubt not, will also find its way into the hands of many of our scientific
and medical practitioners." Glasgow Medical Journal.
" This
valuable little manual.
The GENERAL CONCEPTION of the book is EXCELLENT
the arrangement of the exercises is all that can be desired the descriptions of experiments
are CLEAR, CONCISE, and to the point." British Medical Journal.
.

.

.

.

.

.

:

;

SECOND EDITION.

In Extra Crown
Cloth, 12s.

8vo, with

PRACTICAL HISTOLOGY
A Manual

368 Illustrations,

6<2.

(Outlines of):

for Students.

" Outlines of Practical
*** Dr. Stirling's
Histology" is a compact Handfor students, providing a COMPLETE LABORATORY COURSE, in which
almost every exercise is accompanied by a drawing. Very many of the
illustrations have been prepared expressly for the work.

book

" The
It is very evident that the suggeneral plan of the work is ADMIRABLE.
gestions given are ihe outcome of a PROLONGED EXPERIENCE in teaching Practical Histology,
combined with a REMARKABLE JUDGMENT in the selection of METHODS.
Merits the
highest praise for the ILLUSTRATIONS, which are at once clear and faithful." British Medical
.

.

.

.

.

.

Journal.

" We can
confidently recommend this small but CONCISELY-WRITTEN and ADMIKABLT
ILLUSTRATED work to students. They will find it to be a VERY USEFUL and RELIABLE GUIDK
in the laboratory, or in their own room. All the principal METHODS of preparing tissues for
section are given, with such precise directions that little or no difficulty can be felt in folThe volume proceeds from a MAST*B in
lowing them in their most minute details.
.

his craft."

.

.

Lancet.
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CO.'S

PUBLICATIONS.

POPULAR MEDICAL SERIES.

GRIFFIN'S

In

Handsome

Crffivn 8vo.

Cloth.

CONSUMPTION
(Till-:

HYGIENIC PREVENTION

OF).

BY

EDWARD SQUIRE,

M. D., D. P. H. Camb.,
J.
Physician to the North London Hospital for Consumption and Diseases of the Chest
Fellow of the Royal Mcd.-Chirurg. Society, and of the British Institute of
Public Health, &c. &*c.
,

" If the terrible
prevalence of Consumption is to be lessened, it can only be by
conviction
the intelligent co-operation of the laity with the Medical Profession.
that the disease is PREVENTIBLE is of first importance, and some knowledge of its
nature, and of the mode in which it spreads, is necessary to direct the preventive

A

measures required."

Extr.from Author's Preface.
THE NATURE OF CONSUMPTION

GENERAL CONTENTS
MEASURES

:

PREVENTIVE

In Infancy, Childhood, School Life, Adult Life; Exercise, Clothing,
the Household, Choice of Occupation, Residence STATE HYGIENE
MANAGEMENT OF EARLY CONSUMPTION
Question of Curability, Climatic
c.
Conditions, Travelling,
Diet

:

;

:

Should be

in the

hands of EVERY

In large Crown 8v0.

MOTHER AND NURSE."

Handsome

Price

Cloth.

The Nurse (Boston).
$s.

Post free.

THE WIFE AND MOTHER:
A Medical Guide

Care of Health and the

to the

Management of

BY

GENERAL CONTENTS
PART

Children.

ALBERT WESTLAND,
II.

Early

:

Motherhood.

M.A.,

M.D.,

C.M.

PART I. Early Married Life.
PART III The Child, in

PART IV. Later Married Life.
"WELL-ARRANGED, and CLEARLY WRITTEN." Lancet.
"A REALLY EXCELLENT BOOK.
The author has handled the

Health and Sickness.

.

.

.

subject

and with perfect good taste." Aberdeen Journal.
deals with an important subject in a
"EXCELLENT AND JUDICIOUS
manner that is at once PRACTICAL AND POPULAR." Western Daily Press.
" The best book I can recommend is THE WIFE AND
MOTHER,' by Dr. ALBERT
WESTLAND, published by Messrs. Charles Griffin & Co. It is a MOST VALUABLE
and
and
Home.
discretion
refinement."
Hearth
written
with
work,
abounds with valuable
"Will be WELCOMED by every young wife .

conscientiously

.

.

.

'

.

advice."

.

Glasgow Herald.
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BRYCE

Hamilton,

(Archibald

LL.D.,

D.C.L.,

Senior Classical Moderator in the University of Dublin)

:

THE WORKS

OF VIRGIL. Text from HEYNE and WAGNER.
English Notes, original, and selected from the leading German and
Illustrations from the antique.
Commentators.
English
Complete in
One Volume. Fourteenth Edition. Fcap 8vo. Cloth, 6/.
Or, in Three Parts

Part

I.

Part

II.

Part III.

:

BUCOLICS and GEORGICS,
THE ^ENEID, Books I.-VL,
THE ^ENEID, Books VII.-XIL,
.

.

2/6.

.

2/6.

.

2/6.

"

Contains the pith of what has been written by the best scholars on the subject.
.
The notes comprise everything that the student can want." Athenceum.
.
" The most
complete, as well as elegant and correct edition of Virgil ever published in
this country." Educational Times.
"The best commentary on Virgil which a student can obtain." Scotsman.
.

COBBETT

(William):

ENGLISH GRAMMAR,

in a Series of Letters, intended for the use of Schools and Young Persons
in general. With an additional chapter on Pronunciation, by the Author's
1 he only correct and authorised Edition.
Son, JAMES PAUL COBBETT.

Fcap 8vo.

Cloth, 1/6.

COBBETT

(William):

FRENCH GRAMMAR.

Fcap 8vo. Cloth, 3/6.
Fifteenth Edition.
"Cobbett's 'French Grammar comes out with perennial freshness.
'

There are few
are learning, or desirous of learning, French without
a teacher. The work is excellently arranged, and in the present edition we note certain
careful and wise revisions of the text." School Board Chronicle.

grammars equal

to

COBBIN'S

it

for those

who

MANGNALL: MANGNALL'S

HISTORICAL AND MISCELLANEOUS QUESTIONS,

for the use

By RICHMAL MANGNALL. Greatly enlarged and
People.
corrected, and continued to the present time, by INGRAM COBBIN, M.A,
New Illustrated Edition. I2mo. Cloth, 4/.
Fifty-fourth Thousand.
of

Young

A DISSER-

COLERIDGE

(Samuel Taylor):
TATION ON THE SCIENCE OF METHOD.
Metropolitan^}

CU RR E
I

With a

Synopsis.

(Joseph,

Ninth Edition.

(Encyclopaedia
Cr. 8vo.
Cloth, 2/.

Head

formerly

Master of Glasgow Academy) :

THE WORKS

HORACE:

Classical

Text from ORELLIUS.
OF
English
Illustrations
Notes, original, and selected from the best Commentators.
in
One Volume. Fcap 8vo. Cloth, 5/.
from the antique. Complete
Or in Two Parts
Part I.
CARMINA,
3/.
.
Part II.
SATIRES AND EPISTLES,
37.
" The notes are excellent and exhaustive." Quarterly Journal of Education.
:

.....
.
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CRAIK'S ENGLISH LITERATURE.

A

COMPENDIOUS HISTORY OF
ENGLISH LITERATURE AND OF THE ENGLISH LANGUAGE

FROM THE NORMAN CONQUEST.
By GEORGE LILLIE CRAIK, LL.D.,
English Literature, Queen's College,

With numerous Specimens.
Professor of History and
Belfast.
New Edition. In two
late

vols.
Royal 8vo. Handsomely bound in cloth, 25/.
" Professor
Craik has succeeded in making a book more than usually agreeable."
The Times.

Crown

8vo.

Cloth, 7/6.

TENTH EDITION.

A MANUAL OF ENGLISH LITERATURE,
the use of Colleges, Schools, and Civil Service Examinations.
Tenth Edition. With
Selected from the larger work, by Dr. CRAIK.
an Additional Section on Recent Literature, by HENRY CRAIK, M.A.,
Life of Swift."
Author of "
"A Manual of English Literature from so experienced a scholar as Professor Craik
needs no other recommendation than the mention of its existence." Spectator.
for

A

REV.
WORKS BY
Late Fellow

CRUTTWELL, M.A.,
HISTORY OF ROMAN LITERATURE:

A
From the

C. T.
Merton

of

College, Oxford.

Earliest Period to the

Times of the Antonines.

FIFTH EDITION. Crown 8vo. Cloth, 8/6.
" Mr. CRUTTWELL has done a real service to all Students of the
Latin Language and
Literature.
Full of good scholarship and good criticism." Athenceuin.
.

.

.

"A

.
.
.
The
indeed, indispensable guide for the Student.
reader' will be both charmed and instructed." Saturday Review.
general
"
The Author undertakes to make Latin Literature interesting, and he has succeeded.
There is not a dull page in the volume."- Academy,
" The
great merit of the work is its fulness and accuracy." Guardian.

most serviceable

'

SPECIMENS OF ROMAN LITERATURE:
From

Prose "Writers and Poets.

the Earliest Period to the Times of the Antonines.

ROMAN THOUGHT Religion,
ROMAN STYLE Descriptive,

Part I.
Part II.

:

:

Philosophy, Art,
Rhetorical,

6/.

Humorous,

5/.

One Volume complete, 10/6. SECOND EDITION.
Edited by C. T. CRUTTWELL. M.A., Merton College, Oxford; and
PEAKE BANTON, M.A., some time Scholar of Jesus College, Oxford.
"
Or

in

Marks a new era in the study of Latin." English Churchman.
work which is not only useful but necessary. The sound judgment exercised
selection calls for hearty commendation." Saturday Review.

"A

in

plan and

%* KEY

now be had
Publishers.

to

PART

II.,

(by Tutors
Price 2/6.

PERIOD

and

by THOS. JOHNSTON, M.A., may
Schoolmasters only) on application to the
II.,

A HISTORY OF EARLY CHRISTIAN LITERATURE:
For the use of Students and General Readers.
In Two Vols.
8vo, Handsome Cloth.
[Sec page
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By

Prof.

GARDNER and

A IAMAL

JEVONS, M.A.

F. B.

&REEK ANTIQUITIES.

OP

For the Use of Students and General Headers.
BY

PERCY GARDNER,

F.

B.

AND

M.A., rJ.LITT.,

and Art
the University of Oxford

Prof, of Class. Archaeology

JEVONS,
M.A.,

in

University of

Durham,

;

With

In Large 8vo.

HELLAS

An

:

Illustrations.

Introduction to Greek Antiquities,

Comprising the Geography, Religion and Myths, History, Art

and Culture of old

On

the Basis of the

With Additions by
In Large

The Land and

Greece.

German Work by

8vo, with

Map and Illustrations.

PART

the People

:

DO BRING,

E.

ELLIOTT GR^ME.
I.

the Religion and

Myths of Old Greece.

In the English version of Mr. Doering's work, the simple and interesting style of the
original written for young Students has been retained but, throughout, such additions
and emendations have been made as render the work suitable for more advanced Students,
and for all who desire to obtain, within moderate compass, more than a superficial acquaintance
with the great People whose genius and culture have so largely influenced our own. The
results of the latest researches by Dr. SCHLIEMANN, MM. FOUQUE, CARAPANOS, and others,
are incorporated.
{Shortly.

%*

;

D'ORSEY

(Rev.

Alex.

J.

D.,

B.D.,

Christ! Coll. , Cambridge, Lecturer at King's College,

SPELLING BY DICTATION:
Orthography, for Schools and Civil
Thousand.
i8mo. Cloth, I/.

FLEMING

(William,

Moral Philosophy

Corpus
:

Progressive Exercises in English
Sixteenth
Service Examinations.

D.D.,

in the University of

London)

late

Glasgow)

Professor

of

:

THE VOCABULARY OF PHILOSOPHY: PSYCHOLOGICAL,
ETHICAL, AND METAPHYSICAL. With Quotations and References for the
Use of Students. Revised and Edited by HENRY CALDERWOOD, LL.D.,
Fourth
Professor of Moral Philosophy in the University of Edinburgh.
Crown 8vo. Cloth, 10/6.
Edition, enlarged.
"The additions by the Editor bear in their clear, concise, vigorous expression, the
More than
his powerful intellect, and thorough command of our language.
ever, the work is now likely to have a prolonged and useful existence, and to facilitate
Review.
the researches of those entering upon philosophic studies."
Weekly
stamp of
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F. B.

Crown

Revised.
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8vo, Cloth,

8s.

6d.

A HISTORY OF GREEK LITERATURE.
From the

Earliest Period to the Death of Demosthenes.

FRANK BYRON

BY

Tutor

Part

I.

Part

II.

JEVONS,

in the University of

M.A.,

Durham.

and the Drama.
History, Oratory, and Philosophy.

Epic, Lyric,

SECOND EDITION.

With Appendix on The Present

State of the

Homeric

Question.

"

It is beyond all question the BEST HISTORY of Greek literature that has hitherto been
published. "Spectator.
"An admirable text-book." Westminster Review.

" Mr.
Jevons' work supplies a real want." Contemporary Review.
"Mr. Jevons work is distinguished by the Author's THOROUGH ACQUAINTANCE with THE
OLD WRITERS, and his DISCRIMINATING USE of the MODERN LITERATURE bearing upon the
His great merit lies in his EXCELLENT EXPOSITION of the POLITICAL AND
subject.
1

.

.

.

SOCIAL CAUSES concerned
Wochenschrift.
gische
"

in the

As a Text-Book, Mr.

development of the Literature of Greece."

Jevons' work from

its

excellence deserves to

Berlin Philolo-

SERVE AS A MODEL."

Deutsche Litteraturzeitung.

THE DEVELOPMENT OF THE ATHENIAN DEMOCRACY.
Crown

A

8vo,

is.

MANUAL OF GREEK ANTIQUITIES.
FOR THE USE OF .STUDENTS.
[Sec under

GARDNER

and JKVONS.

PREHISTORIC ANTIQUITIES OF THE ARYAN PEOPLES,
Translated from the

German

of

DR. O.

SCHRADER by F. B. JEVONS, M.A.

(See page 63, under SCHRADER.)
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McBURNEY
FROM

OVID'S

Adapted

for

PUBLICATIONS.

(Isaiah,
LL.D.,)
METAMORPHOSES. With

Young

:

Scholars.

celebrated Essay on

METHOD

LOGIC and RHETORIC.

(W.

T.

S.
;

EXTRACTS

Notes, Vocabulary, &c.
i8mo. Cloth, 1/6.

Third Edition.

MENTAL SCIENCE:
MILLER

GO. S

COLERIDGE'S

Archbishop WHATELY'S Treatises on

Tenth Edition.

Galbraith,

Crown

8vo.

Cloth,

$/.

M.A., LL.B., Lecturer

on Public Law, including Jurisprudence and International Law, in the
University of Glasgow)
:

THE PHILOSOPHY OF LAW, LECTURES

ON.

Designed
In 8vo.

mainly as an Introduction to the Study of International Law.
Handsome Cloth, I2/. Now Ready.

"Mr. MILLER'S 'PHILOSOPHY OF LAW' bears upon it the stamp of a wide culture
and of an easy acquaintanceship with what is best in modern continental speculation.
.
Interesting and valuable, because suggestive." Journal of Jurisprudence.
.

.

WORKS BY WILLIAM RAMSAY,
Trinity College, Cambridge, late Professor of

Humanity

M.A,,

in the University of

Glasgow.

A MANUAL OF ROMAN ANTIQUITIES.
Advanced
With
and
For
the use of
copious Index.
"

Comprises

pass."

all

Students.

Foiirteenth Edition.
the results of

A tkenceum.

Map, 130 Engravings,
Crown 8vo. Cloth, 8/6.

very

modern improved scholarship within a moderate com-

AN ELEMENTARY MANUAL OF

ROMAN ANTIQUITIES.
Illustrations.

Adapted for Junior Classes. With numerous
Eighth Edition. Crown 8vo. Cloth, 4/.

A MANUAL OF LATIN PROSODY,
and
Remarks. For

Critical
the use
by Copious Examples
Seventh Edition.
of Advanced Students.
Crown Svo. Cloth, 5 /.
"
There is no other work on the subject worthy to compete with it." Atheneeum.

Illustrated

AN ELEMENTARY MANUAL OF
LATIN PROSODY.

Adapted for Junior

Classes.

Crown Svo.
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In Large 8vo, Handsome Cloth, Gilt Top, 21s.

PREHISTORIC ANTIQUITIES
OF THE ARYAN PEOPLES:

A

Manual of Comparative Philology and the Earliest Culture.
Being the Sprachvergleichuny und Urgeschichte of

DR.

o.

SCH'RADE'R.

Translated from the SECOND

F.

B.

GERMAN EDITION by

JEYONS,

M.A.

In DR. SCHRADER'S great work is presented to the reader a most able
and judicious summary of all recent researches into the Origin and History
of those Peoples, Ancient and Modern, to whom has been mainly entrusted
the civilisation and culture of the world.
Dr. Schrader's pictures of the Primeval Indo-European Period in all its
most important phases The Animal Kingdom, Cattle, The Plant- World,
Agriculture, Computation of Time, Food and Drink, Clothing, Dwellings,
Traffic and Trade, The Culture of the Indo-Europeans, and The Prehistoric
Monuments of Europe (especially the Swiss Lake-Dwellings), Family and

State, Religion, The Original Home will be found not only of exceeding
interest in themselves, but of great value to the Student of History, as
throwing light upon later developments.

PART I.
PART II.
PART III.
PART IV.

HISTORY OF LINGUISTIC PALEONTOLOGY.
RESEARCH BY MEANS OF LANGUAGE AND HISTORY.
THE FIRST APPEARANCE OP THE METALS.
THE PRIMEVAL PERIOD.

" Dr. SCHRADER'S GREAT WORK." Times.
"Mr. Jevons has done his work excellently, and Dr. Schrader's book is a model of
industry, erudition, patience, and, what is rarest of all in these obscure studies, of
moderation and common sense." Saturday Review.
"
Ably translated by that well-known scholar Mr. Jevons, will be found the best

COMPENDIUM
race.
Aryan
"

of the last thirty years' research into the early history and speech of the
. .
INTERESTING FROM BEGINNING TO END." Manchester Guardian.
In comparison with the First, the Second Edition has gained greatly not merely
in point of size, but of worth. We are convinced that the success which it deserves
must attend, in its new form, a book' so interesting and STIMULATING." Litterarisckes
.

Centralblatt.

"When

a book like this reaches a Second Edition, we have in the fact a proof that
has, in a happy way, solved the problem how to rouse the sympathy of the reader.''
Allgeineine
Zeitung.
"
work which in every respect may be described as of CONSPICUOUS EXCELLENCE."
B(
Centralblatt.
ru)gm(ann)LUterarisches
" I must confess
that, for long, I have read no work which has roused in me so lively
an interest as Dr. SCHRADER'S. Here all is FRESH, LITING INSIGHT, AND SOLID

it

A

WELL-BALANCED
REASONING." Wilh. Geiger Deutsche Litter-aturzeitung.
"
MOST REMARKABLE BOOK." St(eint/ial)Zeitschrift fur Folkerpsychologie und
Sprachwissenschaft.
"One of the BEST WORKS published of late years. . . Everyone who, for any
reason whatsoever, is interested in the beginnings of Europpan Civilisation and IndoEuropean Antiquity, will be obliged to place Dr. SCHRADER'S book on his library
shelves. The work addresses itself to the general reader as well as to the learned.''
Gustav Meyer Philologische Wochenschrifl.
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SENIOR
of Political
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PUBLICATIONS.

(Nassau William, M.A.,
Economy

A TREATISE ON POLITICAL ECONOMY.
Crown

Cloth.

8vo.

THOMSON

Professor

late

in the University of Oxford) :

(Encyclopedia Metropolitana),

Sixth

THE SEASONS.

(James):

Edition,

4/.

With

an Introduction and Notes by ROBERT BELL, Editor of the "Annotated
Series of British Poets." Fourth Edition.
Fcap 8vo. Cloth, 1/6.

"An

admirable introduction to the study of our English classics."

WHATELY (Archbishop): LOGIC A
With
RHETORIC A Treatise on.
Synopsis and Index.

on.

Synopsis and Index.

WORKS

Treatise

(Encyclopedia Metropoliiana]^

3/.

With

(Encyclopaedia Metropolitana), 3/6.

GENERAL LITERATURE.

IN

THE WORKS OF WILLIAM COBBETT.
THE ONLY AUTHORISED EDITIONS.

COBBETT
Men and

(William)

(incidentally) to

able Portrait on Steel.

:

ADVICE TO YOUNG

Young Women.

Fcap

8vo.

New Edition.

With admir-

Cloth, 2/6.

COTTAGE ECONOMY.
Eighteenth Edition, revised by the Author's Son.

Fcap

8vo.

Cloth, 2/6.

EDUCATIONAL WORKS.

(See page 58.)

A LEGACY TO LABOURERS.
With a Preface by the Author's Son, JOHN M. COBBETT,
Oldham. New Edition. Fcap 8vo. Cloth, 1/6.

late

M.P.

for

LEGACY TO PARSONS.

A
New Edition.

Fcap 8vo.

Cloth, 1/6.

GILMER'S INTEREST TABLES;

Tables for

Calculation of Interest, on any sum, for any number of days, at j, I,
5 and 6 per Cent.
By ROBERT GILMER.
i^, 2, 2^, 3, 3^, 4,
I2mo. Cloth, 5/.
Corrected and enlarged. Eleventh Edition.
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Hints
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:

(Elliott)

Portrait, Essay,
to Students, by
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:

a Memoir.

and Remarks on the Pianoforte Sonatas, with
DR. FERDINAND HILLER, of Cologne.
Third

Cloth gilt, elegant,
Edition. Crown 8vo.
.
"This elegant and interesting Memoir.

5/.

.
.
The newest, prettiest, and most
readable sketch of the immortal Master of Music." Musical Standard.
gracious and pleasant Memorial of the Centenary." Spectator.
"This delightful little book
Manchester
concise, sympathetic, judicious."

"A

Examiner.

"We

can, without reservation, recommend it as the most trustworthy and the
pleasantest Memoir of Beethoven published in England." Observer.
most readable volume, which ought to find a place in the library of every
admirer of the great Tone-Poet." Edinburgh Daily Review.

"A

A NOVEL WITH TWO HEROES.
In 2 vols. Post 8vo. Cloth, 2I/.
" A decided
success." Atheneeum.
" Clever and literary
above the average even of good novels
.
free
.
amusing
from sensationalism, but full of interest . . . touches the deeper chords of life
delineation of character remarkably good." Spectator.
"A
.
The dramatic scenes are powerful almost to painstory of deep interest.
fulness in their intensity." Scotsman,
Second Edition.

.

.

.

.

.

.

.

.

.

THE EMERALD SERIES OF POETS.
by Engravings on Steel, after STOTHARD, LESLIE, DAVID
ROBERTS, STANFIELD, Sir THOMAS LAWRENCE, CATTERMOLE, &c.
Fcap 8vo. Cloth, gilt

Illustrated

The delicacy of the
Particular attention is requested to this very beautiful series.
engravings, the excellence of the typography, and the quaint antique head and tail
pieces, render them the most beautiful volumes ever issued from the press of this
country, and now, unquestionably, the cheapest of their class.

BYRON, 3/.
CAMPLELL, 3/.
CHATTERTON, 3;'.
GOLDSMITH, 3/.

GRAY

(Eton Edition, with
the Latin Poems), 5/.

KEBLE,
POE,

MACKEY'S FREEMASONRY:

Containing a

Communicable Terms, Notices of its History, Traditions,
and Antiquities, and an Account of all the Rites and Mysteries of the
Ancient World. By ALBERT G. MACKEY, M.D., Secretary-General of
the Supreme Council of the U.S., &c.
Eighth Edition, thoroughly
revised with APPENDIX by Michael C. Peck, Prov. Grand Secretary for
N. and E. Yorkshire. Handsomely bound in cloth, 6/.
definition of its

" Of MACKEY'S LEXICON

it would be impossible to speak in too high terms
suffice it
it ought to be in the hands of every Mason who would
No Masonic Lodge or
thoroughly understand and master our noble Science. .
Library should be without a copy of this most useful work." Masonic News.
;

to say, that, in our opinion,

.

.
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HENRY MAYHEWS CELEBRATED WORK ON
THE STREET-FOLK OF LONDON.

LONDON LABOUR AND THE LONDON
POOR A

Cyclopaedia of the Condition and Earnings of those that -will
work and those that cannot work. By HENRY MAYHEW. With many
Illustrations
from Photographs. In three vols. Demy 8vo.
full-page
:

Each

Cloth.

vol. 4/6.

The Extra Volume.

LONDON LABOUR AND THE LONDON
POOR

:

Those that

-will

not work.

Companion volume

to the preceding.

THE CRIMINAL PRISONS OF LONDON
and Scenes of Prison Life. BY HENRY MAYHEW and JOHN BINNY. Illustrated by nearly two hundred Engravings on Wood, principally from
Photographs. In one large vol. Imperial 8vo. Cloth, 10/6.
This volume concludes Mr. Henry Mayhew's account of his researches into the
crime and poverty of London. The amount of labour of one kind or other, which the
whole series of his publications represents, is something almost incalculable.
%* This celebrated Record of Investigations into the condition of the Poor of the
Metropolis, undertaken from philanthropic motives by Mr. HENRY MAYHEW, first gave the
wealthier classes of England some idea of the state of Heathenism, Degradation, and Misery
in which multitudes of their poorer brethren languished.

Published Quarterly.

Price 6s.

THE JOURNAL
OF

ANATOMY AND PHYSIOLOGY:
NORMAL AND PATHOLOGICAL.
CONDUCTED BY

SIR

GEORGE MURRAY HUMPHRY,

M.D., LL.D., F.R.S.,

PROFESSOR OF SURGERY, LATE PROFESSOR OF ANATOMY IN THE
UNIVERSITY OF CAMBRIDGE
;

SIR

WILLIAM TURNER,
PROF. OF

AND

ANATOMY
G.

IN

M.B., LL.D., D.C.L., F.R.S.
THE UNIVERSITY OF EDINBURGH
J

M'KENDRICK,

M.D.,

F.R.S.,
PROF. OF THE INSTITUTES OF MEDICINE IN THE UNIVERSITY OF GLASGOW.
J.

%* MESSRS. GRIFFIN will be glad to receive
SCRIBERS to the above Journal.

at their Office

Names

LONDON: EXETER STREET, STRAND.

of SUB-

FIRST SERIES-THIRTY-FIFTH EDITION.

SECOND SERIES- NINTH EDITION.

MANY THOUGHTSOF MANY MINDS:
A

Treasury of Reference, consisting of Selection* from tht Writings of the mart

Oeiebtated Author*.

FIRST AND SECOND SERIES.

By
Each

Compiled and Analytically Arrange*

HENRY SOUTHGATB.

Series is complete in

itself,

and

sold separately.

...
Presentation Edition, Cloth and Gold
Library Edition, Half Bound, Roxburghe...
Morocco Antique
Do.,

12/6

each volume.

14/-

21/-

In Square Svo, elegantly printed on toned paper.
"'HAirr THOtTOHTS,' MX, re evidently the
Examiner.
of years of research."
produce
"
Many beautiful examples of thought and style
re to be found among the selections." Leader.
" There can be little doubt that it Is destined to
take a high place among books of this class."
Sciet and Queriet,
" A treasure to
every reader who may be fortunate enough to possess it. Its perusal is like inwe hare the cream only of the
essences
;
haling
"
great authors quoted. Here all are seeds or gems.
Englith Journal of Education.
" Mr.
found
exto
Bouthgate's reading will be
tend over nearly the whole known field of literaOentleman't Magature, ancient and modern."
tttu.

u We have no hesitation In
pronouncing it one
of the most important books of the season. Credit
Is due to the publishers for the elegance with
which the work is got up, and for the extreme
beauty and correctness of the typography."

**W111 be found to be worth its weight In gold
by"literary men." TV Bvildtr.
Every page U laden with the wealth of profonndest thought, and all aglow with the loftiest
Inspirations of genius." Star.
"The work of Mr. Southgate far ootstrlps all
others of ita kind. To the clergyman, the author,
the artist, and the essayist, ' Many Thoughts of
Many Minds' cannot fail to render almost incalculable service." Edinburgh Mercury.
"
have no hesitation whatever in describing
Mr.Southgate's as the very best book of the class.
There is positively nothing of the kind in the language that will bear a moment's comparison with

We

lt."MncAeiter Weekly Adrw^er.
" There is no mood in
which we can take

It

up

without deriving from it instruction, consolation,
and amusement. We heartily thank Mr. Southgate
for a book which we shall regard as one of our
best
friend!
and companions." Cambridge
Chronicle.

* This work
Chronicle.
possesses the merit of being a
Of the numerous volumes of the kind, we do MAGNIFICENT GIFT-BOOK, appropriate to all
not remember having met with one in which the times and seasons ; a book calculated to be of use
selection was more judicious, or the accumulation to the scholar, the divine, and the public man."
Freematon'i Magazine.
af treasures so truly wonderful. "-Morning Herald.
" It is not so much a
" The selection of the extracts has been made
book as a library of quotations. "Patriot.
with taste, judgment, and critical nicety."
" The
Put.
quotations abound In that thought which
Morning
" This is a wondrous
book, and contains a great Is the mainspring of mental exercige." Liverpool Courier.
many
gems of thought." Daily Newt.
" For
" As a work of
purposes of apposite quotation, it cannot
reference, it will be an acquisition to any man's library." Publisher/ Circular. be surpassed." Brittol Timet.
" It is
" This volume contains more gems of thought,
impossible to pick out a single passage til
refined sentiments, noble axioms, and extractable the work which does not, upon the face of it, jussentences, than have ever before been brought to- tify its selection by its intrinsic maAU'Dorm
Chronicle.
gsther in our language." The Field.
" We are not
u All that the
poet has described of the beautiful
surprised that a SECOND SERIES
In nature and art, all the axioms of ezperienco, of this work should have been called for. Mr.
the collected wisdom of philosopher and sage, are Southgate has the catholic tastes desirable in a
pwrnered into one heap of useful and well-arranged good Editor. Preachers and public speakers will
find that it has special uses for them,*
Instruction and amusement." Tht Era.
Edinburgh
"
The collection will prove a mine rich and In- Daily Review.
" The SKOOND SIRIBS fully sustains the deexhaustible, to IhoM in searoh of a quotation."
served reputation of the FlBOT." John Bull.

Morning
"
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A BOOK NO FAMILY SHOULD BE WITHOUT.
TWENTY-EIGHTH EDITION.

Royal

8vo,

Handsome

LOS.

Cloth,

6d.

A DICTIONARY OF
DOMESTIC MEDICINE AND HOUSEHOLD SURGERY,
BY

SPENCER THOMSON,
REVISED,

AND

IN

M.D., EDIN.,

L.R.C.S.,

PART RE-WRITTEN, BY THE AUTHOR,
AND BY

JOHN CHARLES STEELE,

M.D,,

LATE OF GUY'S HOSPITAL.

With Appendix on the Management

of the Sick-room, and
Diet and Comfort of Invalids.

many

Hints for the

New

Form, DR. SPENCER THOMSON'S "DICTIONARY OF DOMESTIC MEDICINE"
"
Representative Book of the Medical Knowledge and
Practice of the Day
applied to Domestic Requirements.
The most recent IMPROVEMENTS in the TREATMENT OF THE SICK in APPLIANCES
and in all matters connected with SANITATION, HYGIENE, and
for the RELIEF OF PAIN
the MAINTENANCE of the GENERAL HEALTH will be found in the New Issue in clear and
full detail ; the experience of the Editors in the Spheres of Private Practice and of Hospital
Treatment respectively, combining to render the Dictionary perhaps the most thoroughly
Many new Engravings have been
practical work of the kind in the English Language.
introduced improved Diagrams of different parts of the Human Body, and Illustrations of
the newest Medical, Surgical, and Sanitary Apparatus.
In

Its

fully sustains its reputation as the

%*

All Directions given in such a form as to be readily and safely followed.

FROM THE AUTHOR'S PREFATORY ADDRESS.
" Without

entering upon that difficult ground which correct professional knowledge and educated judg-

to be safely trodden, there is a wide and extensive field for exertion, and for usefulness,
the timely help and
open to the unprofessional, in the kindly offices of a true
solace of a simple
or, better still, in the watchful care more generally known as
'
which tends rather to preserve health than to cure disease. 'The touch of a
'
gentle hand will not be less gentle because guided by knowledge, nor will the safe domestic remedies be less
anxiously or carefully administered. Life ' may be saved, suffering may always be alleviated. Even to the
IS
to do good ; to the settler and
resident in the midst of civilization, the

ment can alone permit

DOMESTIC MEDICINE,

HOUSEHOLD SURGERY,

SANITARY PRECAUTION,'

KNOWLEDGE

emigrant

it is

INVALUABLE."

POWER,'

"Dr. Thomson has fully succeeded in convoying to the public a vast amount of useful professional
Dublin. Journal of Medical Science.
*
" The amount of useful
Medical Times and Gazette.
knowledge conveyed in this Work is surprising.
"WORTH ITS WBICHT IN GOLD TO FAMILIES AHD THE CLKRGY." Oxford Herald,

knowledge."
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