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1. INTRODUCTION.

I~ a paper entitled “The Practical Measurement of Temperature,” read before the
Royal Society in 1886, Professor CALLENDAR drew attention to the method of
measuring temperature based on the determination of the electrical resistance of a
platinum wire. He showed that the method was capable of a very general application,
and that the platinum resistance thermometer was an instrument giving consistent
and accurate results over a very wide temperature range.

CALLENDAR pointed out that if R, denote the resistance of the spiral of a particular
platinum thermometer at 0°, and R, its resistance at 100°, we may establish for the
particular wire a temperature scale, which we may call the scale of platinum
temperatures, such that if R be the resistance at any temperature T° on the air-scale,

this temperature on the platinum scale will be 1{1—{—-_%’ X 100°. For this quantity,
17 AW
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CALLENDAR employs the symbol pt, its value depending on the sample of platinum
chosen.

In order to reduce to the standard scale of temperature the indications of any
platinum thermometer, it is necessary to know the law connecting T and pt. These
are, of course, identical at 0° and 100°, but the determination of the remainder of the
curve expressing the relationship between them is a matter for experiment. Our
present knowledge of this relation depends mainly on the investigations of CALLENDAR
and GRIFFITHS. '

The following is a list of the principal papers published bearing on the subject of

platinum thermometry —

CALLENDAR

GIRIFFITHS .

br
33
3
b

9

CALLENDAR and GRIFFITHS
CAREY FOSTER .
Hevcock and NEVILLE

3 3
GrrrritaS and CLARK .
CLARK .
OLSZEWSKI . .
DeEwaAr and FremIiNG

3 3

Hamivron Dickson .

»
D. K. Morrgi1s . .
‘WaAIDNER and MALLORY
Day . .
CHREE .

The work of CALLENDAR established for a particular sample of pure platinum the

relation

“Phil. Trans.,” A, 1887.
¢ Phil. Mag.,” July, 1891.
s July, 1892.
. February, 1899.
¢ Brit. Assn. Reports,” 1890.
‘ Phil. Trans.,” A, 1891.
. 1893, |
‘ Proc. Roy. Soc.,” vol. 55, 1894,
‘ Nature,” November, 1895.
. February, 1896.
¢ Phil. Trans.,” A, 1891.
‘ Nature,” August, 1894.
‘Chem. Soc. Journ.,” 1890.
. . 1895,
¢ Phil. Mag.,” December, 1892.
¢ Electrician,” vol. 38.
‘Phil. Mag.,” August, 1895.
. September, 1893.
' July, 1895.
., December, 1897.
’ June, 1898.
2 September, 1897.
. August, 1897.
’ August, 1897.
‘ Nature,” July, 1898.

— s Iy_ T
d=T—pt=3 [<100> - 100}

over the range 0° to 600°. For CALLENDAR’S wire the value of § was about 1°57.
Subsequent experiments by CALLENDAR and Grivrrras showed that the values
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of 8 for the different samples of platinum they examined varied greatly with their
purity, yet, provided that the percentage of impurity were small, the formula given
above held true. They found from their experiments that the T — pt curve was
always a parabola, and that, therefore, to establish the whole curve showing the
divergence of the two scales, it was sufficient to know d for three fixed points. For
two of these, viz., 0° and 100°, d is by definition zero. For the third point, for
reasons indicated in their paper, GrirrrTHs and CALLENDAR chose the boiling-point
of sulphur, and subsequently made a new determination of this point by an air
thermometer, finding as their most probable value 444°53, the pressure being
760 millims. This value, which is nearly four degrees lower than that previously
obtained by REeNAULT, is the one which has been generally adopted in work with
the platinum thermometer.

As further evidence in confirmation of this conclusion GRIFFITHS points out that,
if this number be taken for the boiling-point of sulphur in the caleulation of the
values obtained by him for the boiling and freezing points of a number of substances
on which he experimented, the results for most of the substances concord better with
their accepted values as determined by other observers, than if ReeNxaurr's value,
448°:34, be adopted.

Many of these accepted numbers quoted in Grirrrras’ paper are given to hundredths
of a degree, but closer examination of the original papers in most cases reveals the
fact that the reductions to the normal scale and the various corrections of the thermo-
meters employed, if made at all, are, to say the least, very uncertain. Iurther, we see
no @ priors reason why, in GRIFFITHS experiments, the results with certain of the
substances employed should be rejected from consideration, as there does not appear
sufficient ground for supposing that the experimental error in these cases was higher
than the average.

Substantially then our knowledge of temperatures, deduced by means of the platinum
thermometer, depends solely on the correctness of the conclusions of GriFrFITHS and
CALLENDAR :—

(1) That the boiling-point of sulphur under 760 millims. pressure is 444°53.

(2) That the curve representing the divergence of the platinum and air scales is a

parabola.

I1. Tae InvesticatioNn ror THE KeEw CoMMITTEE.

In recent years the platinum thermometer has been employed by various observers,
and their experience has tended to confirm the view that it could be relied upon to
give constant indications at a given temperature. It consequently appeared to the
Kew Observatory Committee that it might be possible to use this instrument as a
means of referring measurements of temperature to the scale of the gas thermometer
adopted as an International standard by the Comité International des Poids et
Mesures, and thus to extend their means of accurately testing thermometers sent to
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them for verification at temperatures outside the range 0° to 100°. With this view
they deemed it desirable to obtain an independent investigation into the principles and
methods of platinum thermometry, and they consequently procured a complete
equipment of the necessary apparatus, which was installed at the observatory under
the supervision of Mr. GRIFFITHS in a special building. As the general results of the
experiments made with this apparatus seemed promising, the Kew Committee
approached the Comité International des Poids et Mesures, with a view to securing
their co-operation, and ultimately it was arranged that a direct comparison, extending
over as wide a range as possible, should be made between some platinum thermometers
belonging to Kew and the Standard instruments at the International Laboratory at
the Pavillon de Breteuil, at Sevres, near Paris. The present paper is the outcome of
this investigation, in which it may be understood that one of us (C.) is responsible for
the gas and mercury thermometry involved, while the working of the platinum
thermometers devolved on the other (H.). In it will also be found an account of the
means by which the range of the gas thermometer employed was extended upwards
from 200°, the limit of the Bureau’s previous experiments, for the purpose of this
investigation.

III. TaE First ForMm or PrATiINUM THERMOMETER RESISTANCE-BRIDGE.

As a full account of the first platinum thermometer apparatus acquired by Kew
Observatory has been published by Grirrrras (‘Nature, Nov. 14, 1895), under
whose supervision it was standardized, it is unnecessary here to give more than a

general description of its chief features. A diagrammatic representation of the
connections is given in fig. 1.

Fig. 1.

~

Ne ;
—MVWVWW‘—?
Q Resistances of bridge. C  Compensator of thermometer.
Rand S Proportional coils. AB Bridge-wire.
P Thermometer spiral. G Galvanometer.
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Here R and S represent the proportional coils of about five ohms each, adjusted to
exact equality. P is the thermometer coil connected by two long flexible copper ends
to the box terminals P, and P,.

The wires in the stem of the thermometer leading to the coil are of thick platinum,
the coil itself being of a very pure sample of platinum 006 inch in diameter. Down
the stem run also a second pair of leads made as similar as possible to the coil leads,
but connected together at their lower extremities and having no contact with the coil.
This loop, connected at C,C, in the figure in the opposite arm of the bridge to the
thermometer itself, serves to compensate the changes in resistance of the thermometer
leads proper, due to variations of stem temperature. The four copper wires joining
P,P,, C,C, to the thermometer are plaited together into a single cable, so that
temperature changes throughout their length may affect them all equally.

Q represents the nine platinum-silver resistances of the box connected to one
another in series, the lowest coil having a resistance of 5 box-units (1 box-unit =
‘01 ohm), and the rest forming a series 10, 20, 40, 80, up to 640 units the largest
coil. An extra coil of 100 units is used to determine the fundamental interval of the
usual type of thermometer, whose change of resistance between 0° and 100° is 100
box-units, 7.e., 1 ohm.

A platinum silver bridge-wire, AB, provided with a scale of millimetres, furnishes the
means of balancing exactly any resistance of P. A special form of slider is employed
for the contact between the bridge-wire and a precisely similar wire stretched parallel
to it, connected to the galvanometer. The exact position of the transverse wire
forming the contact-piece is indicated by a vernier by which 01 millim. may be
estimated. This symmetrical arrangement of two similar wires is found to diminish
the thermoelectric effects at the movable contact.

Coils of 20 and 100 ohms are provided as resistances in the battery circuit, and also
a ““ tenth 7 shunt for the galvanometer.

The top of the resistance-box is of a special quality of marble of good insulating
properties.

The whole is enclosed in a double-walled tank holding a considerable mass of water,
which is kept at a constant temperature near 20°, by a regulator controlling a small
gas flame. A delicate thermometer suspended in air in the interior of the box
indicates the coil-temperature, and the whole of the upper surface of the box is
protected against radiation and air currents by a glass cover similar to a balance case.

1V. EXPERIMENTS WITH THE FIRST APPARATUS.

From the time of the acquisition of this apparatus determinations were repeatedly
made of the constants of each of the platinum thermometers, in order to test the
permanence of the whole arrangement under ordinary working conditions; also to
ascertain how the accuracy obtained was influenced by alterations in the external
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conditions of experiment, such as changes in the laboratory-temperature, the different
treatment of the apparatus by different observers, &c.

These trials, which were continued over a considerable period, showed that one of
the disadvantages of this form of apparatus is the almost inevitable difference of
“lag” between the mercury thermometer employed to indicate the coil-temperature,
and the platinum-silver coils themselves, which in this case hang loosely in air.
From this cause, especially when the box-temperature is changing rapidly, some
uncertainty as to the coil-temperatures is introduced. During the winter, when the
temperature of the laboratory often fell very considerably during the night, and also
in summer when it rose to over 20° the temperature of the coil-space changed
rapidly during the daytime, although the regulator nevertheless maintained the water
in the tank very near 20° throughout, showing that the protection afforded by the
glass cover of the resistance-box was insufficient under the prevailing conditions. The
measurements made showed conclusively that in this case the coils followed
temperature changes faster than the mercury thermometer selected to indicate the
coil-temperature.

The temperature-coefficient of the alloy of which the coils are constructed is 00026
and that of the platinum wire of the thermometers is ‘00386 ; if then we wish to
determine a platinum-temperature to ‘001° (whatever the resistance of the thermo-
meter chosen) we must know the coil-temperature to ‘015°. Therefore, unless great
precautions be taken with the mercury thermometer, it is difficult to see how the
measurements of coil-temperature can be sufficiently trustworthy.

Grrrrrras in his later experience has got rid of the first-mentioned difficulty while
retaining platinum-silver as the resistance metal, by immersing the coils in a well-
stirred bath of highly insulating oil, into which the mercury thermometer is placed
directly, thus rendering the measurement of the coil-temperature much more certain.*

V. CoNsTRUCTION OF THE NEW APPARATUS.

As it was anticipated that the experiments at Sévres might occupy some time, and
it was not thought advisable that the Observatory should be deprived altogether of
the use of platinum thermometers for a long period by this apparatus being taken to
France, a new resistance-box was ordered specially for this work. The construction
of this box was entrusted by the Committee to Messrs. Crompron and Co., Limited,
and its behaviour has on the whole been very satisfactory.

In view of the fact that it was not easy to maintain the platinum-silver coils at a
sufficiently uniform temperature winter and summer by any simple means, and in
view of the difficulty previously mentioned as to the indication of the true coil-
temperature with sufficient accuracy by a mercurial thermometer, it was decided in

* A description of GRIFFITHS' subsequent improvements on the original Kew apparatus, here described,
is given by G. M. Cuark (‘ Electrician,” vol. 38, p. 747).

G2
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this second apparatus to obviate the necessity of very accurate measurement of the
coil-temperature by using one of the new alloys of very small temperature-coefficient,
manganine being the one chosen. The expediency of this change was subsequently
emphasised by the fact that we found it was inadvisable to artificially heat the room
at Breteuil in which the comparisons were made, on account of the uncertainties

Tig. 2.
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attending the measurement of the temperatures of the various mercury columns
of the gas thermometer. During the year and a-half the experiments lasted, the
room temperature varied from about 4° to 23°, which would have rendered accurate
artificial control of the box-temperature extremely difficult.

Since in the first resistance-box the thermoelectric effects between the various
wires and terminals in the circuit (in which several different metals are used) were
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sometimes considerable, copper was substituted throughout for brass in the new box,
the only metals in circuit being copper and manganine. For the platinum-silver
bridge-wire was substituted a manganine strip heavily gilt, placed on edge and
stretched between two adjustable clips. The slider is provided with a fine adjust-
ment, which can be manipulated from the outside of the box, without risk of heating
the galvanometer-contact by repeatedly approaching it with the hand. As in
Mr. GrirrFiTeS latest form, the terminals project outside the glass case. The top of
the box is formed of a heavy slab of white marble 75 centims. long, 30 centims. wide,
and 3 centims. thick. For the ordinary form of plug-contacts are substituted heavily
gilt forks of forged copper, which can be clamped by powerful steel screws over
tongues projecting upwards from the blocks to which the coils are fastened. A
general plan of the resistance-box is shown in Plate 1 and the details of one of the
contacts in fig. 2.
VI. THE RESISTANCE-COILS.

The general scheme of the box connections is almost the same as the one previously
described, and may be traced in fig. 1. For the winding, fixing, and annealing of the
manganine coils the method described in the official publication of the Physikalisch-
Technische Reichsanstalt at Charlottenburg was carefully followed. The specimen of
wire used was selected after various tests from several furnished by Messrs. W. T.
Grover and Co., of Salford, and was double silk covered No. 26 S.W.G. The
diameter of several pieces cut from different parts of the bobbin only varied within
very narrow limits. In order to simplify the application of the temperature correc-
tion, the same wire was employed for all the coils except the two lowest. These were
of strip manganine, and being originally cut off too wide, could be adjusted till
accurate by clipping the edge with shears.

VII. Coi. VALUES ADOPTED.

In the Callendar-Griffiths resistance-boxes the coils are arranged on the binary
scale, and the value of each is determined in terms of the sum of those below it
together with a certain length of bridge-wire. Although Mr. GRIFFITHS gives
evidence for the utility of this arrangement in general work, it was thought more
important, for the purposes of this research, to have several independent checks in
the determination of each coil-value, than that the maximum resistance, measurable
with a given number of hox-coils, should be as high as possible.

The thirteen coils were therefore arranged as follows, the values being expressed in

ohms :(—
40 20 10 . 4 3 2 1

A B C D B F G
‘02 ‘05 ‘1 2 '3

e~
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Several of these values are the ordinary ones adopted for standard resistances, so that
with a suitable arrangement comparisons with a standard could be made from time to
time. Coils of these values are also much easier to measure off accurately than the
larger multiples of ‘01 ohm on the binary scale. We will revert to this question as
to the best arrangement of coil-values in the discussion of the method of standardi-
zation adopted.

The resistance box is fitted with three interchangeable bridge-strips of different
resistances, on which a change of ‘01 ohm in the box-coils causes a displacement of
the slider, to restore the balance, of 10, 5, and 2 centims. respectively. The slider is
fitted with a vernier giving +ith millim. divectly, it being considered unnecessary,
perhaps indeed impossible, to determine the position of the knife edge forming the
contact to a greater accuracy than this, without taking extraordinary precautions
with the scale, the slider, and the bed in which it travels.

With the three bridge-strips the resistance corresponding to a movement of one
millim. 1s ‘0001, ‘0002, 0005 ohm, respectively.

The strip of medium resistance was the one employed exclusively during this
research. v :

The slider is of the form employed on the best potentiometers, and can be displaced
either by hand or by a fine-adjustment screw with large milled head, projecting beyond
the outside of the case. This screw moves longitudinally a rectangular frame carrying
the slider ; this frame is also capable of lateral movement in the massive brass casting
which surrounds the bridge-wire, and tends to protect it from injury, and to equalise
its temperature from end to end. The return contact from the slider to the
galvanometer was originally made by means of this movable frame, but from some
unexplained cause, apparently not thermoelectric, this led to unsteadiness of the
galvanometer zero.* Coupling the various parts of the framework together electri-
cally by flexible copper wires did not remove the difficulty, and ultimately it was
found best to have a silk-covered return lead attached to the spring contact on the
slider, and to cut off the frame from all electrical connection with the apparatus.

The marble slab forming the top of the resistance-box was supported from the
inside of the tank by an iron framework, carrying racks for the coils, the sides being
left quite open, and all the coils easily accessible for inspection at any time. The
whole was placed in a very heavy double-walled copper trough holding about 50 litres
of water, and was covered by a doubly-hinged lid, glazed with thick bevelled plate

* In these experiments, in which a Griffiths’ thermoelectric key (described later) is used, in the normal
position of the key the galvanometer circuit remains made. When the platinum thermometer is not
changing rapidly in temperature, the stability of the galvanometer zero is a good criterion, from which
much may be gathered as to the working state of the bridge, and the magnitude of the thermo-currents
present. We have reason to believe from our own experience that the use of a well-constructed key of
this type considerably facilitates the carrying out of low-resistance measurements, where high accuracy is
desired,
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glass. Provision was made in the outer space of the tank for a regulator and heating
arrangement underneath. This was, however, not used during the present experi-
ments. Suitable thermometers indicated the temperature of the water in the outer
tank, and two sensitive ones, divided to tenths of a degree with thin bulbs and their
stems bent at right angles, indicated the temperature of the internal coil-space.

IX. GALVANOMETER SHUNTS AND BATTERY RESISTANCES.

The resistance-box was provided, as in the Callendar-Griffiths type, with a set of
galvanometer shunts and a series of battery resistances of 20, 50, 100, and 500 ohms.
It was afterwards found a great advantage to have a more exact adjustment of the
battery current, and for this purpose a subsidiary three-dial box, working up to
1,000 ohms, was provided.

Previous experience at Kew had shown the occurrence of differences in the point of
balance, according as the battery-current was in one direction or the other; it was
found that the difference between the readings with the current in the two directions
generally increased gradually during the first quarter of an hour on commencing the
observations, and was greater the greater the intensity of the battery current. In
order to be able to study, and if possible to eliminate this cause of uncertainty, we
placed in the battery circuit of the new apparatus a high-insulation reversing switch.
The working of this switch was at first unsatisfactory, but was subsequently perfected
by short-circuiting the rubbing contacts at the pivots by flexible brass strips, and
covering the five contact studs with thin platinum plates.

X. Barrery Powrr EMPLOYED.

The battery used throughout the experiments consisted of two dry-cells of the
Obach type, obtained from Messrs. SIEMENS ; we ascertained that the E.M.F. of the
two cells was practically constant throughout and about 28 volts, and that the
internal resistance of the two in series did not rise to more than 1 ohm, changing by
a quantity quite negligible in comparison with the large resistance always added in
the battery circuit.

XI. TaerMorLECTRIC KEY.

For the completion of the different circuits a Griffiths’ thermoelectric key was
employed, as in the first Kew apparatus. The essential feature of this key consists
in the addition to the ordinary form of double bridge-key of a lever so arranged that
when the key is released the galvanometer circuit remains made. Thus a simple
depression of the key first breaks the circuit of the galvanometer, then makes that of
the battery, and finally remakes the circuit of the galvanometer.

The key we used was somewhat modified from the original pattern, which, being
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mounted on wood, was not found to be quite perfect as regards insulation. The new
key, which along with the thermometers and nearly all the accessory apparatus was
obtained from the Cambridge Scientific Instrument Company, Limited, is shown in
fig. 8, and in the general plan of the auxiliary apparatus (fig. 4). It is provided with

P <
Fig. 3.
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ebonite pillar insulation, and the four levers are rearranged in their order, the two
forming the galvanometer-contacts being supported from the same pillar one under
the other. All the contacts in the key are of platinum. An adjustable steel spring
under the topmost lever helps to hold it up against the contact secrew above, thus
ensuring good contact in the galvanometer-circuit when the key is released.

XTII. ACCESSORIES TO THE RESISTANCE-BRIDGE.

The battery, reversing-switch, key, and external resistances were all enclosed in a
wooden case provided with a glass lid, the necessary handles for the adjustments and
for working the keys, projecting through the sides, and the whole being kept nearly
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air-tight by suitable protections. This seemingly unimportant detail we found to be
a great advantage, as in the damp weather, experienced during part of the experi-
ments, the insulation of exposed parts always required considerable attention. The
battery was insulated from the wooden case by gutta-percha strip, and after this was
added, the insulation resistance of the whole apparatus, when all was kept dry, was
practically perfect.

XII1. GALVANOMETER.

For the first experiments the galvanometer employed was one of the pattern
described by Dusois and Rusens in ¢ Wied. Annalen,” vol. 48, p. 236, lent to us by
Professor Scuuster. This is a Thomson four-coil instrument with connections so
arranged that its bobbins may be coupled to give an internal resistance of 80, 20, or
-5 ohms. The magnet system and mirror weighed together 02 gram. The deflections
were observed from about three metres distance by a large Steinheil telescope. Much
trouble was experienced in finding a foundation for the galvanometer sufficiently free
from vibration. After several unsuccessful experiments in which we attempted to
insulate the galvanometer with rubber blocks, a special pillar was erected independent
of the floor. We found, however, that, even when resting on this, the vibration of
the magnet-system, caused by heavy traffic on the Versailles road, was sufficient at
intervals to prevent any satisfactory observations being made. At this juncture
Professor CArEY FosTER was appealed to, and through him Mr. R. K. GrAY, of the
India-rubber, Gutta-percha, and Telegraph Works Company, of Silvertown, very
kindly came to our aid by sending us a reproduction of an arrangement he had
employed at the works to cut off vibrations from delicate instruments. It consisted
of a brass plate forming a platform from which the galvanometer is suspended, the
whole being slung by long india-rubber tubes from a wall-bracket above. To diminish
the effect of air currents we added a damping arrangement consisting of a vertical
metal cross with attached horizontal vanes, plunging into a vessel standing on the
concrete pillar and containing a thick oil. The galvanometer and suspension were
also completely surrounded by a paper screen extending upwards to the ceiling,
provided with suitable openings for making the adjustments.

The india-rubber suspension arrangement, when once the tubes were properly
stretched, worked perfectly satisfactorily till the winter, when, presumably under the
influence of the low temperature of about 4° or 5°, such a change took place in the
elasticity that we were obliged to seek a substitute for the india-rubber, less influenced
by climatic conditions.

We at length managed to construct from steel wire, 1 millim. in diameter, long
spiral springs of the requisite strength, which have served the purpose admirably, and
at the same time have shown a comparatively small variation of elasticity with
temperature. The arrangement of the suspension in its modified form is shown in

figs. 5 and 6.
VOL. CXCIV.—-A. H
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With the comparatively heavy magnet-system of this first galvanometer, we were
obliged, in order to obtain the requisite sensibility, to work with a relatively long
time of vibration, which was not convenient for rapid work, and it was ultimately
found necessary to so modify our galvanometer that the necessary sensitiveness should
be obtained with a time of swing not exceeding six or seven seconds. We therefore
had recourse to the ingenious type of magnet-system devised by M. Broca, of the
Ecole de Médecine, Paris, and described by him in the ¢Journal de Physique,
February, 1897. In its latest form this consists of two vertical hollow magnets,
having at their middle points a north and south pole respectively. When the two
similar but oppositely magnetised needles are fixed strictly parallel to one another,
the system thus formed is perfectly astatic in a uniform field, since the strength of
the pole at the centre of each magnet is equal to the sum of the poles at its ends, and
further the astaticism is not affected by even complete loss of magnetism in one of the
magnets. M. Broca was kind enough to lend us a galvanometer of the type described
in his paper, and a magnet-system made by himself. This instrument is the one
shown in the sketches of the galvanometer and suspension in figs. 5 and 6. We had
not the means of accurately measuring the sensitiveness of this instrument by one of
the ordinary processes, but ascertained that, with a time of swing of five seconds, the
scale deflection, for a want of balance of the bridge corresponding to ‘001°, was about
0'5 millim.  This was with a system carrying a mirror large enough to give a bright
image in the telescope, readable without ditficulty in broad daylight.

XIV. THERMOMETER LEADS.

The thermometer leads were of stranded copper equal to No. 17 S.W.G., and about
seven metres long. The resistance of the four separate wires was carefully equalised
before fixing on the copper end-pieces used to make the contacts, each loop, P,P,,
C,C,, having a resistance of ‘15 ohm at 16°. After nearly two years continual use the
two loops differed in resistance by ‘0003 ohm, a change of only about one-fifth
per cent. of the whole.

The connections between the resistance-box leads and thermometer were made by
means of the special alloy employed by Mr. Grirrrras, and from our own experience
we can strongly recommend these joints as very trustworthy and easy to make.

XV. Tue Praminum THERMOMETERS.

The resistance of all except one of the platinum thermometers belonging to the
original Kew installation was such that their change of resistance between 0° and 100°
was almost exactly one ohm. Though convenient for high range work, this type of
thermometer is hardly suitable for measurements of the highest accuracy at lower
temperatures, in consequence of the relatively considerable effect on the results of

H 2



H2 DRS. J. A. HARKER “AND P. CHAPPUIS ON A

small variations in the plug-contact resistances. On this account two new thermo-
meters of higher resistance were ordered from the Cambridge Instrument Co. ; their
fundamental intervals were five and ten ohmg respectively. They are designated in
this paper K. 8 and K. 9.

Owing to the shape of the various baths in which the comparisons with the platinum
thermometers were made, and more especially to the difficulty of keeping dry the air
within the tubes of thermometers of the old form, we were obliged to modify the form
of the “head” of these principal thermometers.

In the reconstruction the whole thermometer was arranged so as to be practically
air-tight, and the contacts were rearranged in such a manner that although the four
wires all left the thermometer at the same side, yet the
arms were perfectly symmetrical. At the same time the number of contacts where
thermoelectric effects could arise was reduced as far as possible, by suppressing the
brass terminals and making the connection between the platinum leads and the copper
fusible metal cups directly by stout copper wires, all joints being made quite secure
with hard solder. Though this form of thermometer-head is a little more difficult to
construct, we find when the four contact cups are surrounded by a thin shield of
polished metal to keep off air-currents, that the thermo-effects, almost invariably
present to some extent in the old form of thermometer, especially when rapid
temperature changes are progressing, are almost entirely absent. Another feature is
the readiness with which the glass tube can be freed from internal moisture by simply

coil 7 and * compensator

Fig. 7.

connecting the small stopcock on the ebonite plate alternately to a vacuum pump and

to an arrangement for supplying dry air, while the whole thermometer is at a high

temperature. This we find to be of great importance for accurate work below 100°.
A sketch of the thermometer in its improved form is given in fig. 7.

XVI. STANDARDIZATION OF THE RESISTANCE-BOX.

The standardization of the resistance-box consisted in the determination :—
‘ (1) Of the calibration corrections of the bridge-wire ;
(2) Of the values of the resistance coils in terms of one another ;
(3) Of the temperature-coefficient of the coils.

XVIL. Calibration of the Bridge- Were.

As has previously been mentioned, the cylindrical bridge-wire employed in the
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CALLENDAR-GRIFFITHS box was replaced by a manganine strip, cut from a large sheet.
Although this strip had been carefully adjusted by filing to a very fairly uniform
resistance along its whole length, yet, from the method of its construction, we
anticipated the possibility of there being in some places more sudden variations of
resistance than were likely to occur in a wire of a hard material like platinum-silver or
platinum-iridium carefully drawn down to a certain diameter. We determined
therefore to substitute for the usual Gay-Lussac calibration a more complete one
with several different ‘columns.” As it was not always possible to take vernier-
readings with the slider close up to the ends, we decided to employ only the middle
48 centims., and to obtain the calibration corrections for each 2 centims. over this
range. We are indebted to Dr. Bexorr for his advice on the best method to adopt.
He recommended that the whole length should be divided into two parts, and that
for each part a  complete” calibration should be made for every 4 centims., involving
the employment of “ columns” of 20, 16, 12, 8, and 4 centims., and that afterwards
the intermediate 2 centim. points should be determined by subdivision of each
interval of 4 centims. into two parts. The necessary conversions of the separate
corrections found to one system were made exactly as in the calibration of a mercury
thermometer or a divided scale.
Fig. 8.

1

P
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The method adopted for making the necessary measurements is described in a
paper presented to the Royal Society in 1896 by one of us; the scheme of the
connections is shown in fig. 8.

Between the terminals P, P, of the resistance-box is connected an auxiliary adjust-
able resistance, having four sets of coils made of the same sample of manganine as
those of the bridge proper, and also a small U-shaped trough containing mercury.
By means of this appliance, a plan of which is shown in fig. 9, the resistance between
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the terminals P,P, can be quickly adjusted to any value between zero and 100 ohms.
In the opposite arm of the bridge, between the terminals C,C,, are inserted a fixed
resistance of 01 ohm and the calibrating apparatus. This consists of two massive
copper blocks of rectangular form, mounted on an insulating base, each pierced
by two holes about a centimetre in diameter, which are well amalgamated and
partly filled with mercury. Into one pair of holes are inserted two round copper
pillars, across which is soldered a piece of thin manganine strip, and into the other
pair of holes the lower ends of a thick U-shaped copper rod. A sketch of the
calibrator is given in fig. 10.

A number of strips of different resistances, each mounted between copper pillars as
shown, are first prepared, the values chosen being equivalent to 2, 4, 8, 12, 16, 20,
and 24 centims. movement of the slider. The calibration is commenced by placing
the contact-maker to the division 24 to the left, and one of the strips in position on
the calibrator. The resistance in the opposite arm of the bridge is then adjusted so
that no galvanometer deflection is obtained, and the exact position of the slider
noted. The manganine strip remaining untouched, the copper short-circuiting piece
is now placed across between the two remaining mercury cups, and the slider is then
moved to the right till the balance is again restored. In order to eliminate the effects
of any gradual temperature changes, the process is repeated, the readings being made
in the reverse order, a similar pair of readings being made for each successive position
along the bridge-wire. The results of several series of observations made on different
days with each strip are then combined, and the whole set treated precisely as an
ordinary calibration of a length or volume, and the curve of corrections prepared.

It was interesting to compare the results of the complete calibration with those
deduced from the observations with the two-centim. column alone, and from two test
calibrations made by means of the coils M and N. The general agreement of the
different results was found to be satisfactory.

XVIIL. The Resistance Coils.

The manganine coils were annealed, in accordance with the recommendations of the
German Reichsanstalt, by heating them to about 140° for some time and allowing
them to cool slowly. This was done in a closed electrically heated space in which
the temperature could be regulated at will, and the cooling could be made as slow as
desired.

The ends of each coil were hard-soldered to copper tags of rectangular form
previous to the final annealing, these tags being afterwards firmly fastened by
ordinary solder to the stout tinned copper leads connected to the contact-blocks.

The coils were wound on glass tubes 3 centims. in diameter, which were fastened
by metal strips to wooden cross-pieces supported from the iron framework of the
resistance-box. These tubes were coated with three thin layers of shellac varnish
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before the coils were wound, and after the winding the wire itself’ was also well
varnished to improve the insulation and to protect it from oxidation during the
annealing.

We understand that the standard manganine coils issued by the Reichsanstalt are
not tested till a year after their construction, but that after this lapse of time the
gradual changes they exhibit are very small.

In our case we were however obliged to begin work with the resistance-box before
the coils had been properly aged, and therefore were not surprised at alterations in
their values, particularly during the first few months.

We regret that at the commencement of our work we had not at our disposal the
means of comparing the coils with an invariable standard, but could only obtain their
relative values in terms of the mean bridge-wire unit, which was even more likely to
change slightly than the coils themselves; on this account we are unable to give
details of the progressive alterations in their absolute values, and can only indicate
the means we adopted to prevent these changes influencing the accuracy of our
temperature-measurements. The changes were, as was to be expected, most appre-
ciable at the beginning of the work. The first standardization was made as soon as
the apparatus was got into order and fitted up at Breteuil, and immediately following
this came the comparisons of K. 8 with the mercury thermometers. As soon as this
series of comparisons was completed a second standardization was at once made. The
individual observations of the thermometric fixed points and comparisons were then
reduced with both the earlier and new coil-values. At a later stage it was found
that, although the absolute value of the mean bridge-wire unit had slightly altered,
yet the values of the box coils relatively to one another, with the exception of one of
the very low resistances constructed of strip manganine, had not changed by an
amount large enough to make the two determinations difter materially. It was easy
to allow for such small variations as did occur by taking into consideration the date of
each experiment and assuming that the change between the two standardizations was
proportional to the time which had elapsed since the first.

Not counting a preliminary series of observations, four complete standardizations
were made in all during the course of the work with the thermometers, and we think
that no serious errors were introduced into the results by the alterations in the
relative values of the resistance-coils.

Further particulars as to the changes in the values of the different coils are given
on p. 58 after the description of the method adopted for the standardization.

For the comparison of ‘the coil-values with one another the following plan was
adopted. Firstly, the values of the smaller coils M and N were determined directly
in terms of the bridge-wire by the same process as was employed in the calibration.
Next, each higher coil in turn was balanced against the adjustable manganine
resistance previously described, which in each case was so adjusted that the position
of the contact-maker on the bridge-wire was in the neighbourhood of the zero of the
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scale. The coil in question was then changed for some combination of those of lower
values giving the same (or very nearly the same) nominal resistance, and the outside
resistance remaining untouched, the contact-maker was again adjusted to equilibrium.

The distance between the first and second positions of the slider is a measure of the
difference between the two sets of coils, expressed in mean bridge-wire divisions.
The process being repeated for all the coils and the different combinations equivalent
to each, the results are collected into a set of equations of the following form™* :—

A—-B—-C—-D—-E—-F—-G = o,
&e.

D—E -G = a,

D—-E —-—H—-J—-K~—0L = a,

&e., &e.

As previously mentioned, the scheme of coil-values adopted was such as to
permit of independent values for most of the coils being obtained in a single
standardization, the difference between these several values being a measure of the
accuracy obtained.

For the standardization we adopted the same scheme in the four sets of deter-
minations of the coil-values taken at different times throughout the research. We
ascertained during the experiments, but too late to make any change, that the values
chosen for the higher coils were not such as were best adapted for giving a number of
inter-dependent relations, and on this account the control only extended upwards to
the fourth largest coil.

We give below the residual errors obtained in one of the standardizations by
substitution of the values found by least squares for each coil in the respective
equations of condition, suppressing the first three coils for which the control was
absent. t

* The method of forming these equations will be readily seen on reference to the table of coil-values
given previously on p. 45.

T In the opinion of Dr. Bexorr, whose kindness in giving us his advice with regard to the methods
of standardization we here gratefully acknowledge, the best way to obtain in one standardization the
requisite number of equations from which the relative values of such a system of coils can be satis-
factorily determined, is to adopt a system similar to that employed for standard sets of weights. After
careful consideration of these we think the following scheme for a set of fifteen coils would be almost an
ideal one. Without counting combinations only involving changes in coils, whose resistance is smali com-
pared to the total in any comparison, we should have in this system several controls for each coil-value

20’ 20" 10’ 107 ) 2' 2" N
‘05" 05 ‘1 2 "2 ‘5 17

The system of about 44 cquations of condition to determine the unknowns, given by the different
direct comparisons, can either he divided into groups and solved thus, or may be solved as a whole, which,
if Gauss’ method be followed, can be done without undue labour, as the cocfficients of the various terms
remain small whole numbers till near the end of the resolution.

VOL. CXCIV.—-A. I
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Residual error

in bridge-wire units.
D-IB -H-J-K ~-L = - 00158
D -F~-G-H-J-K -1 = Iy + 00022
D-E - G = iy + 00136
E-F -G = iy + 00087
F-G-H-J-K-1L = i + 00000
G-H-J-K -~ M = + 00071
H-J - L = iy + 00024
H - K~-L~M-N =75 ~ 00024
J - K - L = Ny + 00024
K-L~-M~N =, + 0-0008
L -M-N = My - 00110
M ~- N = N + 00002
N = — 00132

It will be observed that the largest residual is only 0°0158 mean bridge-wire
unit, or about 0:00003 ohm, showing that when all the contacts are kept clean the
uncertainties due to variability of the contact-resistance are exceedingly small, and
that the form of contact-maker employed is extremely constant in its action.

The largest residual observed in any standardization was 000008 ohm, and the
average was about a quarter of this amount.

XIX. Changes in the Resistance-Coils.

In order to give an idea of the magnitude of the changes which took place during
the work, we give in the following table the values obtained for the wire coils in the
fivst and last standardizations expressed in mean bridge-wive units. In the fifth
column is shown the change which took place in each coil, not taking into account
the variation of unit. The figures were obtained by dividing the values in the fourth
column for the several coils by the corresponding values in the third. The absolute
magnitude of the changes cannot be deduced with certainty, but from other experi-
ments made by one of us with manganine wires it seemed probable that the total
change in any coil is in reality a combination of two distinet effects, the one being a
change in the specific resistance of the wire throughout its entire length, and the
other an effect confined to a small length at each end, which was very strongly
heated during the operation of hard-soldering it to the copper tags.

Examination of the appended results shows that the change in the value of the
lower coils is relatively much greater than in the case of the higher ones. This is in
accordance with what we should expect, if’ the statement above were true, and both
changes tended in the same direction.
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1

| Nominal value l Value No. 1. Value No. 4. .‘f_. :
A 40 | 1876117 1876371 1-00014
B 20 1 9391-12 9393:25 1:00023
c 10 | 469767 4698-80 1:00024 - ,
D 4 187263 187401 1ooo7s | - VVound onglass
E 3 i 1406-88 1407-39 1:00036 i 1hes.
i 9 | 939:276 939562 1:00030
3 1 | 462770 463-047 1:00060 J
H 4 192719 192880 1:00083
J '3 ] 146367 146-610 1-00166 Hanging free
K 2 | 99-444 99-616 1:00172 in air.
L 1 48498 48627 100265

XX. Determination of the Temperature-Coefficient of the Coals.

Preliminary determinations had shown that the temperature-coefficient of the wire
used for the coils was extremely small, and had we been able to keep the box-tempera-
ture anywhere near constant we would hardly have needed to take it into account at
all.  As, however, considerable variations of the temperature of the room were
inevitable, as previously explained, a method had to be devised to determine the
cocfticient with considerable accuracy. It had been previously found by one of us
that the annealing process, to which the wire must be subjected to minimise subse-
quent time-changes in its resistance, has an appreciable effect on the temperature
coefficient of the wire. In nearly all the specimens examined, the point where the
characteristic change in sign of the tempevature-coeflicient takes place was displaced
so as to oceur at a lower temperature.

In view of* uncertainties in the method of subjecting a sample of the wire to treat-
ment exactly similar to what the coils themselves had received, and determining the
cocfficient of this piece—the process usually followed—we attempted to measure
dirvectly the actual coefficient of the coils themselves in sitd.

To do this we first tried a method consisting in the determination of the apparent
value In box-units of a resistance kept at constant temperature, while the box-
temperature was varied between that of the tap-water circulated through the outer
tank and a maximum of about 35°. During these determinations every care was
taken that the temperature of the coils as registered really represented their mean
temperature at the time. Without going into details as to how this was attained by
keeping up a continuous circulation of hot or cold water in the outer tank, and other
precautions, we may say that the results of the measurements made were somewhat
unsatisfactory, and the reason of this was traced to a curious and, we believe, not
previously observed behaviour of the alloy in not taking wp instantaneously the resist-
ance corresponding to a new temperature to which i may be subjected, especially when

12
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cooling. We found that if the results of the separate determinations of the value of
a constant outside resistance made with a series of steady box-temperatures with
temperature rising be plotted, along with those of a series similar in every respect but
with the temperature falling, the two do not overlap but form a loop.  After a deter-
mination commenced at about 15°, during which the resistance-box was heated to 31°
and allowed to cool, the whole temperature change occupying about nine hours, the
coils did not return to their original resistance at 15° till they had been at this
temperature about three days. We satisfied ourselves that this was due to a real lag
in resistance and not in the indications of the box thermometers. The whole
hysteresis effect is, however, small, and is quite imperceptible if the temperature
changes are very slow, like the variations of laboratory temperature to which the box
was ordinarily subjected. We may say that the temperature coefficient of the sample
with which we observed the effect is rather abnormally small even for manganine, and
that we had not time to see if the same effect could be observed with other specimens.

Although from the values thus obtained we might have deduced the temperature
coefficient, using only the determinations made after a rise of temperature, we con-
sidered it advisable to make some fresh experiments, using a modification of the same
method.  During the first series of observations with thermometer K.8, a consider-
able number of zeros had been taken during a period when the box-temperature
differed markedly from day to day. The thermometer had meanwhile never been dis-
connected from the box ; the contacts remained in the same condition throughout, and
we have no reason to believe that any secular change occurred in the leads or ther-
mometer wire during the experiments. These experiments, during which the box
temperatures ranged from 6°:60 to 19°°65, were accordingly utilised to calculate the
temperature-coefficients of the coils, and from them a formula was obtained by least
squares for the change of resistance of the box-coils with temperature.

Choosing as a standard temperature 15° a table was calculated” giving the
coefficients by which the nominal box-resistances must be multiplied to give the true
resistances. This multiplier is alluded to subsequently as the “factor” in the
example of the method of caleulating an experiment given later. The following
numbers extracted from the table, show the magnitude of the coefficient in question :—

Temp. Factor. Pemp. Factor.
5° 1 - -0000602 18° 1 - 0000169
6 - 569 14 — 087
7 - 530 15 1 -+ +0000000
8 - 485 16 + 093
9 } 434 17 -+ 193
10 - 377 18 + 299
11 - 314 19 F 410
12 - 244 20 + 528
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The coils used for this experiment were those lettered C and E, 10 and 3 ohms
respectively, which may be taken as fairly representative. They enter into nearly all
the comparisons with K.8.

It may be pointed out here that the influence of the variations of box-temperature
on the results is largely eliminated in the experiments, as the fundamental points of
the platinum thermometers were determined before, during, and after each series of
experiments, and if a wrong value were taken for the coefficient to reduce all these to
standard temperature, the errors committed would practically compensate one
another.

We may mention here that the coeflicients deduced by the method described above
show a satisfactory agreement with those found from the ascending series of observa-
tions made by the first method, although the coils used in the two cases were not
exactly the same,

XXI. Frxep Points or THE PrATiNUM THERMOMETERS.

Before the commencement of each series of platinum thermometer comparisons &
set of determinations of the zero and steam-points, generally about six in number,
was always made ; frequently check determinations of these points, especially of the
zero, were interspersed between the comparisons themselves, thus giving an indication
of the exact time when changes, if any, really took place. The zeros were taken in
an apparatus similar in all vespects to that described later in treating of the gas
thermometer.

A few of the first steam-points were taken in an early form of the boiling-point
apparatus usually employed at the Breteuil Laboratory, originally designed for
mercury thermometers. During a long series of preliminary control comparisons
between the platinum and gas thermometer at 100° we found, however, a very
small but systematic discrepancy in the results, which disappeared when the steam-
points of both thermometers were taken in the same apparatus. We therefore
arranged that the same steam-point apparatus should be used by both of us in all
the subsequent experiments.

The apparatus for the determination of the boiling-point of sulphur, and the special
experiments made with it, are described later on p. 97.

XXII. HeAaring oF THE THERMOMETER WIRE BY THE C'URRENT.

It is manifest that however small the current employed in the thermometers may
be, it must needs heat them to some extent. Although the amount of this heating
would be difficult to calculate, yet we thought it advisable to make a few experiments
with a view to determine it, and at the same time to get some data from which we
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might be able to fix upon the best magnitude of the current to be employed for the
thermometric measurements.

For this purpose we made a number of determinations of the apparent resistance
of thermometer K.8 in ice using different battery-currents.

For these a curve was constructed showing the increase in apparent resistance of
the wire with increasing energy absorbed in the coil, and a value calculated for what
the resistance would be, if' the current through it (and, consequently, the heating
effect) were vanishingly small.  Our measurements conclusively showed that, within
the limits of accurate experiment, the heating effect was directly proportional to the
watts in the wire, and that the heating per milliwatt for K.8 was about 0°-006.

In some of the earlier experiments, made before the heating effect was investigated,
we employed a total resistance in the battery circuit of 150 ohms for measurements
at 0°; the heating due to the current in this case being 07024, For all the subse-
quent experiments, however, by increasing the external rvesistance the heating was
diminished to 07014 in ice.

Although we only made direct determinations of the magnitude of the heating
effect at 0°, we have assumed, in the absence of further data, that for a thermometer
coil the heating due to a given amount of energy expended in it is the same at all
temperatures. As this is only approximate, some of our results may subsequently
require small modifications; but the value we give later for the boiling-point of
salphur would not be affected, as it is expressed on the scale of the gas thermometer,
the platinum thermometers being only used as an intermediary.

We ealeulated a table for each of the principal platinum thermometers, giving the
resistance to be inserted in the external circuit for different temperatures™ In the
example of a platinum temperature caleulation given later, this number is veferred to
ag the battery resistance “ B.IR. = 317 ohms.”

XXITL DereErMINATION O TR CENTtRE or 1R BRipem

The index-error of the scale was determined from time to time during the work by
reducing the resistances between C,C, and PP, (fig. 1, p. 41) to zero, fixing all the
contact pieces firmly in position, and determining the point of balance of the bridge.
Should this not fall strictly at the centre of the scale, a correction for “bridge-
centre” is applied in each resistance measurement.

* It was afterwards found that the formula used to caleulate the table referred to was not strictly
correct, but made the external resistance at high temperatures greater than it should have been. As,
however, the total current heating at 0” was only 07014, and less than this at higher temperatures, the
correction to be applied to the results, on account of the adoption of wrong external resistances, is
probably well within the limits of experimental errov, especially sceing that the error introduced is
already partly compensated by its effect on the fundamental intervals as well as on the platinum tempera-

tures found,
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[Paragraph added December 1, 1899.—The measurements by which we attempted
to determine the scale of the platinum thermometers may be divided into four groups,
in which different instruments and means of heating were employed, and in which
the precision varied from group to group.

These are—

(1) Comparisons in water between 0° and 50° of platinum thermometers K.8
and K.9 with the four principal mercury standards of the Bureau.

(2) Comparisons of K.8 and K.9 in an oil bath at temperatures between 80°
and 200°, with a constant volume nitrogen thermometer, the initial
pressure of the gas being 793 millims. of mercury.

(3) Comparisons of thermometers K.8 and K.9 between 250° and 460° in a bath
formed of a mixture of nitrates of potash and soda, with the nitrogen
thermometer, the initial pressure being 529 millims.

(4) Comparison of thermometer K.2 with the same nitrogen thermometer in the
same bath between the temperatures 424° and 586°, the initial pressure
being 392 millims.

As the sensibility of the gas thermometer varies according to the initial pressure,
it is evident that the same precision cannot be attained in the different series. The
construction of our instrument was such that the highest measurable pressure was
about 1400 millims. |

XXIV. GuNgral CONSIDERATIONS ON THE (GAS THERMOMETER.

In accordance with the decision of the International Committee of Weights and
Measures,* the provisionally accepted normal scale of temperature is that of the
constant-volume hydrogen thermometer. The employment of hydrogen for our work
seemed therefore advisable, and before proceeding to the actual comparisons, we made
a number of trials of the hydrogen thermometer between 100° and 200°.  Up to
temperatures about 180° these experiments gave fairly good results, but we noticed
that prolonged heating above 180° was generally followed by a diminution of the gas
contained in the thermometer veservoir. This diminution, though small, being
regularly reproduced after each prolonged heating, might become serious at higher
temperatures. Some special measurements, made on a known quantity of hydrogen
enclosed in a capillary of “verre dur” of 1 square millim. cross section, and exposed

* The vesolution fixing this was passed by the International Committee on October 15, 1887, and is as
follows :—

“That the International Committee of Weights and Measures adopt as the Normal Thermometric Scale
for the International Service of Weights and Measures, the centigrade scale of the Hydrogen Thermometer
having as fixed points the temperature of melting ice (0°), and that of the vapour of distilled water in
ebullition (100°) under the normal atmospheric pressure ; the hydrogen being taken under the manometric

initial pressure of one metre of mercury, i.c., at 1592 = 13158 of the atmospheric pressure.”
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repeatedly to temperatures varying from 200 to 250°, showed that the volume of the
gas regularly diminished. .

1t therefore seems evident from these experiments that the walls of “verve dur”
absorb a minute quantity of hydrogen.

It appears probable that this absorption is due to the reduction of sulphates
contained in the glass. The employment of lead-glass as the material for the
reservoir instead of < verre dur” would probably give rise to still more serious effects
on account of the reduction of the salts of lead.

To avoid in the measurement of temperature the uncertainties caused by the
variations of the gaseous mass, of which we bhave just spoken, and which might affect
not only its quantity but its composition, we have substituted nitrogen for hydrogen.
The nitrogen scale certainly diverges a few thousandths of a degree from the hydrogen
scale in the interval 0° to 100° Its departure from the normal scale at high tem-
peratures is likely to be small and can always be corrected subsequently, when the
necessary data have been collected.

The initial pressures of the nitrogen gas thermometer show no diminution, but
rather a slight increase, which is explained by the contraction of the glass due to the
annealing.

XXV. ComMPARISONS oF THE PrATiNuM ToeErMoMETERS K.8 Axp K.9 wiTH THE
MERCURY STANDARDS.

The direct comparison of the platinum thermometers with the large normal
hydrogen thermometer between 0° and 100° would have necessitated such an enormous
amount of work, without offering any special advantage, that we decided not to
employ this instrument, but to take instead the four primary mercury standards of
the Bureau, Tonnelot thermometers Nos. 4428, 4429, 4430, and 4431, whose cor-
rections to the hydrogen-scale have been previously determined with all possible
precautions by one of us. An account of this work is given in vol. 6, ‘ Trav. et Mém.
du Bureau International.’
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