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PREFACE.

The present publication is the first contribution to a research on
the physical constants of rocks, the experiments of which are to follow
a general plan devised by Mr. Clarence King, former Director of the
U. 8. Geological Survey. Retaining such questions as have an imme-
diate bearing on dynamical geology for his own investigation, Mr. King
honored me by placing the purely physical part of the inquiry into my
hands. Our undertaking was begun some years ago. I was in com-
munication with Mr. King as far back as the summer' of 1881, and
much work in the way of determining the possibilities of the problems,
of organizing methods of research, and of selecting and devising suit-
able apparatus, was done prior to 1882.

Not, however, until January of 1882 were definite steps taken toward
the organization of a physical laboratory. The work in view was of
too elaborate a nature'to be undertaken by a single observer; and at
my request Mr, King invited Dr. Vincent Strouhal, theu of the Univer-
sity of Wiirzburg, to share my labors. Our early endeavors were of a
pioneering kind. With the exception of a few instruments which had
been used in the physical work in Nevada, and which came into our
possession through the kinduess of Mr. G. F. Becker, the early labora.
tory of the Survey was furnished entirely at the expense of Mr. King.

It is but just, in this place, to acknowledge a debt of gratitude which
I in particular owe to Mr. Becker, by whom our efforts in the direction
of pbysical research were befriended and advanced. It will be remem-
bered that the first physical work on the Geological Survey was done
under his direct supervision.? .

The general scope of the problems to be undertaken, so far at least
as their purely physical relations are concerned, has been briefly given
in an article prepared under the direction of Mr. King, and printed by
the Survey? for the year ending June 30, 1882. In this article I classi-
fied the parts of the proposed research as follows:

(a) Phenomena of fusion. These would comprehend temperature of fusion, specific
volume at this temperature of the solid and of the lignid materials respect-
ively, heat expansion, compressibility, latent heat of fusion, specific

heats—all considered with especial reference to their variation with press-
ure.

LCf. Second Ann. Rept. U. 8. Geol. Survey, 1882, p. 40.
2Cf. First Ann. Rept. U. S. Geol. Survey, 1380, p. 46; Second Ann, Rept, U. 8. Geol.
Survey, 1382, pp. 311, 319-330.
3 Third Ann. Rept. U. S. Geol. Survey, 1883, pp. 3-9. .
Bull, 54 2 (671) . 17
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(b) Phenomena of elasticity and viscosity, considered, as before, with especial refer-
ence to their dependence on temperature and pressure.
(¢) Phenomena of heat conductivity under analogous circumstances.

The article then proceeds to select the relation between melting point
and pressure, as a problem the experimental difficulties of which are
perhaps least formidable; as a problem, moreover, which for thermo-
dynamic reasons may judiciously be decided upon as a point of depart-
ure. It develops certain general methods by aid of which increments

. of high melting point, however relatively small, are measurable even

under conditions of very high pressure. It concludes by signaling the
importance of special and preliminary researches on the measurement of
high temperatures and of high pressures, with a view to the selection of
such details of method as will best subserve the purposes in question.

Throughout the present research the points here mentioned have
been carefully kept in mind. It is my judgment that few important
steps in dynamical geology will be made until the methods for the
accurate measurement of high temperatures and of high pressures have
not only been perfected but rendered easily available. On the basis of
this conviction the present memoir on high temperatures has been
prepared; and though the experiments on temperatures may seem to
have been pushed to some detail, I can not regard them either as pro-
fuse or as superfluously ambitious. Indeed, if the investigation be of
any fullness, it is almost essential that the observer master the com-
ponent parts of his research separately; and not until he has satis-
factorily done this can he apply them conjointly. In work like the
present, moreover, the value of the data can scarcely be determined
except by the degree of uniformity of great numbers of results.

In June, 1882, Dr. Stroubal resigned his charge to take a professor-
ship at the University of Prague. At my request Dr. William Hallock
was appointed to fill the vacancy, and, being at the time associated with
Dr. Strouhal in certain duties abroad, he was easily able to complete
the work which the latter had been compelled to leave unfinished, Dr.
Strouhal made the purchases of all the instrumrents we desired to buy
in Germany, while Dr. Hallock, following my instructions, proceeded to
purchase such apparatus as could best be obtained in France.

About this time the rooms which had been placed at my disposal by
the American Museum at New York became temporarily unavailable.
Moreover, as Dr. Hallock had joined me, more room than the museum
afforded was desirable. After due deliberation we determined to rent
a house in New Haven, Conn., and thither the laboratory was removed
in November, 1882. Our reasons for selecting New Haven were, briefly,
that a satistfactory house for practical laboratory purposes could be ob-
tained more reasonably there than elsewhere; and that the city offered
excellent library and other facilities for scientific work, such as can be
met with only in the immediate vicinity of a large university. We have
abundant cause to thank the gentlemen in charge of the scientific de-
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partment of Yale College for many favors which they kindly extended
to us.

The researches made in New Haven, in so far as they fall within the
scope of the present volume, are recorded in Chapter I. The bulk of
our New Haven work, however, was in organizing a working laboratory
and determining the errors and the constants of the instruments, and
solving other problems which do not command sufficient general inter-
est to be chronicled. The high-temperature work prosecuted there was
1aid out on a large scale, and the practical management of it is largely
due to Dr. Hallock. Following Deville and Troost, the plan was one in
which large masses of substances are thermally operated npon. Un-
doubtedly these researches would have led to important results beyond
those of Chapter I if there had been time to carry them consistently
through to the end. _

The work in New Haven was not satisfactorily completed. In July,
1883, with the appointment of Prof, F. W. Clarke as chief chemist of
_ the Geological Survey, our laboratory became officially connected with
the chemical laboratory. Conformably with the further decision of tite
Director, by which the divers laboratories of the Geological Survey
were united in one central laboratory in Washington, it was again neces-
sary to change our basis of operations, this time (in November, 1834) from
New Haven to Washington. In the quarters assigned to us in the U. 8.
National Museum, temperature work on so large a scale as the New
Haven work appeared impracticable, and it was therefore abandoned.

In the mean time Dr. Hallock had been placed in charge of a series
of independent researches not connected with my work, and the experi-
ments in hand were carried forward by myself to the point indicated
in the present volume. Of course I owe much to the experience gained
in our mutual efforts, detailed in Chapter L.

In the introductory pages I give a succinct account of the chief
methods of pyrometry which have thus far been put to the test.

I was fortunate in being able to avail myself of the fine working
library of the American Academy, and I owe much to the courtesy of
Dr. Austin Holden, the librarian in charge.

The actual investigations, as contained in Chapters II, IIT, IV, and
V, were adapted to the conditions prevailing at the National Museum.
In place of the dangerous and cumbersome apparatus of the former
laboratory, the endeavor is made to reduce all apparatus to the small-
est dimensions compatible with reasonable accuracy of measurement,

Methods of calibration of this kind based upon known thermal data
(boiling points) are developed in Chapter II.

Imake in Chapter I1T a cursory survey of certain pyro-electric proper-
ties of the alloys of platinum. Curiously enough, the data of this chapter
led to a striking result, inasmuch as it appears that the zero resistance
J(0),if the resistance at t° be r=f(¢)), and the zero temperature coeffi-
cient f7(0)/1(0), are related to each other by a law which during the’

(673)



20 MEASUREMENT OF HIGH TEMPERATURES.

stages of low percentage alloying is independent of the ingredients of
the alloy, except in so far as they modify its electrical conductivity.

In Chapter IV I develop a method for the direct and expeditious
comparison of the thermo-couple with the air thermometer. A compar-
ison of the data of Chapters IT and IV gives me a criterion of the ac-
curacy with which the data in the region of high temperature are known.
This indirect method of arriving at such data is not apparently as rig-
orous as their direct evaluation by means of the air thermometer; but
the indirect method requires much smaller quantities of substance and
may be conveniently extended to much higher temperatures. Taking
all liabilities to error into consideration, its inferior accuracy is only
apparent.

The results recorded in these chapters will lead directly to the com-
parison of the data to be obtained with porcelain air thermometers
containing different gases, or one and the same gas in all states of
tenuity. When methods to be indicated in the text are pursued these
comparisons can be made with great accuracy, since the stem errors
and the expansion errors practically vanish. It is upon such results
that the rigorous validity of known high-temperature data must ulti-
mately depend. From my results, moreover, it does not seem absolutely
essential to glaze the bulbs within, It thus appears probable that
bulbs can be made of fire-clay body by which the upper limit of direct

‘temperature measurement (1,500°) may be materially increased.

Finally, I propose in Chapter V a new method of pyrometry based
on the viscous behavior of gases. Using the results of the earlier
chapters, I endeavor to investigate the law of variation of gaseous
viscosity and temperature. Having found that the said variation
takes place nearly as the two-thirds power of apsolute temperature, I
proceed to indicate divers methods of utilizing this principle for prac-
tical high temperature measurement. The results show, I think, that
when the law of thermal variation of gaseous viscosity is rigorously
known, Poiseuille-Meyer’s equation applied to transpiration data will
enable us to measure temperature absolutely, over a wider thermal
range, and with a degree of preclsmn and convenience unapproached by
any known wmethod.

With regard to the contents of the present volume it is but just to
remark that the work in all its essential parts was doue either by Dr.
Hallock and myself, or by myself alone without other assistance. The
original practical construction of nearly all new apparatus, the design-
ing and drawing of instruments, the extremely laborious computations
which a task like the present involves, are our own work. If, there-
fore, in the writing of the present memoir I have apparently placed
superfluous stress on mechanical details, I offer in explanation the fact
that the result of personal experiences is my subject. Itis much to be
Jregretted that the valuable researches of Messrs. Deville and Troost were
not given to the world in more explicit form, for I have spent much
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time and pains in re-investigating and retesting methods and processes
which, if more elaborate publications by these brilliant experimentalists
were accessible, would not have been necessary.

In conclusion I wish to make some reference to the makers from whom
such special apparatus and supplies as are described in this volume
were obtained. Mr. William Grunow,! whose accomplishments as a
mechanician are too well known to need characterizing here, made the
fine parts of the apparatus for us; the cathetometer, the manometer
stand, the micrometer and appurtenances, the revolving muffle, and
other apparatus being from him. Those parts of the apparatus which
are of fire-clay—the furnaces, crucibles, tubes, etc.—were obtained from
Messrs. Hall & Sons.? I desire especially to commend the technical
skill of these gentlemen, as well as the pains and patience which they
spent in making difficult parts of the work. Capillary tubes of plati-
num and silver I succeeded in inducing the Malvern Platinum Works 3
to draw for me. As I do not know whether platinum capillary tubes
have previously been made, I wish to call attention to the fact that in-
asmuch as they can be heated to any temperature they are useful for
many other purposes besides those given in this volume. Apparatus of
porcelain, viz., air-thermometer bulbs and stems, fire crucibles, tubes,
ete., were furnished in superior quality from MM, Morlent Iréres,* an-
cienne M. Gosse. This firm constructed the standard apparatus for
Deville and Troost, and their artistic skill is unsurpassed. The porce-
lain of Bayeux used in their apparatus, besides being of the most re-
fractory kind, has this additional advantage that its heat-expansion
constants are known. Bulbs were also successfully made for me by the
Royal Prussian Porcelain Works,” at Berlin, These works are the
makers of Professor Rieth’s and Professor Angler’s bulbs. The Saxon
Porcelain Works,® at- Meissen, courteously placed duplicates of such
- bulbs as they had already made (Professor Braun’s bulbs) at my dis-
posal. The glass apparatus, boiling tubes in various open forms, were
originally made for ine by Messrs. Whitall, Tatum & Co.,” who have
excellent facilities for annealing glass. Closed forms of boiling tube, as
well as the reentrant air-thermometer bulb of glass, were constructed
by Emil Greiner,® with his usual accuracy and skill.

CARL BARUS.

PHYSICAL LABORATORY, U. 8. GEOLOGICAL SURVEY,

Washington, January, 1888.

1 William Grunow, observatory, West Point, N. Y.

2 Hall & Sons, No. 69 Tonawanda street, Buffalo, N. Y.

3 Malvern Platinum Works, Jas: Queen & Co., agents, Chestnut street, Philadelphia.
1 Morlent Freres, No. 8 Rue Martel, Paris, France.

5 Koniglich Preussische Porzellan Manufactur, Berlin; M. Andersen, director.

6 Koniglich Sichsische Porzellan Manufactur, Meissen; F. K. Biittner, director,

7 Whitall, Tatum & Co., Philadelphia, Pa.

¢ Emil Glemer, No. 63 Maldeu Lane, New York.
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22 MEASUREMENT OF HIGH TEMPERATURES.
SUPPLEMENTAL.

Let me here add, before passing on, that since this manuscript left
my hands some additional work has been done in high-temperature
thermometry. A form of standard air thermometer has been devised
and is being made. A torsion galvanometer suitable for the measure-
ment of thermo-electric powers, such as are here encountered, has also
been constructed. To test the efficiency of this instrument I made a
series of measurements on the variation of boiling points with pressure,

using the re-entrant poreelain crucible and the closed boiling tube

figured below (Chap. II, Figs. 14a and 11a). The results for mercury,
sulphur, cadmium, zine, and bismuth, covering an interval of some
1,5000 C., are important, inasmuch as they indicate the probable truth
of the principle of Groshans. (Pogg. Ann., vol. 78, 1849, p. 112.)

I will advert to the independent method of standardizing a non-in-
glazed re-entrant porcelain air thermometer bulb, by thermal com-
parison with a re-entrant glass thermometer bulb of known constants.
Such comparison is to be made above 300° to ocbviate all moisture and
condensation errors, and either directly in the elliptic revolving muffle,
or indirectly through the-intervention of the same thermo-couple. The
difficult estimation of the volume of the non-in-glazed bulb is thus
superfiuous.

Again, to insure union, the gradual sagging of a weighted porcelain
stem, the lower end of which has been heated to the viscous condition
before the oxyhydrogen blow-pipe, into the heated neck of a re-entrant
in-glazed bulb on the revolving table, has suggested itself. Similarly,
atmospheric pressure may be brought to bear externally on viscous
parts of bulb or stem. (Cf., p. 175.)

Regarding literature, I may briefly refer to a recent critical work by
C. H. Bolz (Die Pyrometer, etc., 70 pp., Berlin, J. Springer, 1888), and
M. H. Le Chatelier has recently extended his valuable pyrometric re-
searches in various directions.

: C. B.

Boston, Sept. 1, 1889.

NorE.~The thermo-dynamic reasons referred to on page 18 are briefly these: In the notation of
Clausius (Wiirme-theore, 2d' ed., I, Braunschweig, 1876, p.172), the first and sécond laws together
lead to the equivalent of James Thomson’s equation: dI'/dp=T(c~—)/Er'; and the second law gives
the equation dr//dT=c¢'—A/'4r'[T. Starting with these equations of fusion, I purposed to formulate
the relation between melting point and pressure, f(p, ) =0, from direct experimental measurements,
using ihe relation only within the pressure limits of the experiment. From this point it is difficult to
proceed, for it is next necesgsary either to measure ¢ — 7 as a function of pressure and temperature, or
to measure the corresponding relation of /. In addition to the above equations the more general re
lations

o 2 (5
. 00— 5 aF ar nd ¢y +E ar
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ON THE THERMO-ELECTRIC MEASUREMENT OF HIGH
TEMPERATURES.

BY CARL BARUS.

INTRODUCTION.
GENERAL ACCOUNT OF METHODS OF PYROMETRY.

Earlier digests.—Some account of the literature of high temperatures,
and particularly of the masterly.labors of Messrs. Deville and Troost,
being essential here, it was deemed expedient to give a brief but fairly
full digest of all the methods devised and applied for high temperature
measurement. To do this I made the customary use of the Fortschritte
der Physik and of the Beiblitter of the Annalen der Physik, though
in nearly all cases I have gone back to the original authors. Much as-
sistance was received from earlier summaries, those of Pelouze,! Bec-
querel,>2 Weinhold,? Fischer,* Sir William Thomson,® Nichols,® Browne,’
Lauth,® and Shaw,® all more or less complete and written with widely
different ends in view. I must also refer to the reports (1881 and 1884)
of the committee appointed by the British Association for the Advance-
ment of Science to investigate the state of our knowledge of spectrum
analysis..

I shall try to submlt a tolerably full summary of what has been done,
in most cases, however, giving no more than mere mention of the work
of the individual observers. Nor shall I make many critical statements,
for the cardinal difficulties surrounding divers processes described for

! Pelouze : Traité compldte des Pyromdtres; Paris, 1829.

2Becquerel: Recherches sur la détermination des hautes temperatures, etc ; Ann.
ch, et phys., vol. 68, 1863, p. 49.

3Weinhold : Pyrometrische Untersuchungen; Pogg. Ann., vol. 149, 1873, p. 186.

4+ Fischer: Ueber Thermometer und Pyrometer; Dingler’s Jour., vol. 225, 1877, pp.
272, 463.

5 Thomson : Heat, § 10; Encyclopaedla. Brit., 9th ed., vol. 11, 1880, p. 558.

6Nichols: Am. Jour. SGI , 3d series, vol. 22, 1881 p. 363.

7Browne: Pyrometers; Nature, vol. 30, 1884, p. 366.

8 Lauth: Mesures pyrometriques & hautes temperatures; Bull. Soc. Ch., Paris, new
series, vol. 46, 1886, p. 786.

9 Shaw : Pyrometer ; Encyel. Brit., 9th ed., vol. 20, 1886, p. 129.
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temperature measurement so readily suggest themselves to the student
of modern physics that special attention to them is superfluous, whereas
criticism of more searching value calls for special experiments. Such
experiments, except in a few cases, I have not had occasion to repeat.

Character of the measurements.—It is impossible to read the earlier
memoirs on high temperature research without a feeling of uneasiness
and disappointment. There is no lack of ingenious contrivances or
of well-devised methods, but the results obtained are usually sadly at
fault. In many cases no data for the absolute identification of the
measurements made are discernible. In other cases not only do ob-
servers, using different methods, fail to reach accordant results, but it
is not unusual to find even skilled observers using the same method
with errors in results as high as 10 per cent. for the same fixed high tem-
perature datum, the boiling point of zine. To secure certain facilities
of manipulation Deville and Troost, at the outset of their researches,
used iodine vapor as a gas for thermal measurement. " This step must
be regarded as a misfortune to science, and one which retarded the
progress of high-temperature research many years. After the tendency
of the iodine molecule to dissociate had been suspected, and the relative
imperviousness of porcelain as compared with platinum air-thermometer
bulbs had been clearly pointed out, the values of the boiling point of
zine begin to increase from the exceptionally low values of Becquerel
(8840), and to decrease from the exceptionally high values of Deville
and Troost (1,040° C.) over a total range of temperature of about 1509,
until the final results of these observers (932° and 9429, respectively)
agree to about 10°. Curiously enough, however, Weinhold, an observer
of great assiduity and some experience, having made himself master
ot high-temperature measurement by the air-thermometer methods, en-
deavors to redetermine the value of the boiling point of zine, and finds
a value (1,035°) as high as the highest datum of Deville and Troost,
Fortunatcly the subject has been rescued from this condition of vague-
ness by the recent vigorous work of Violle, the results of which agree
well with the mean data of Becquerel and of Deviile and Troost.

My chief object in giving this outline is to place before the reader the
nature of the difficulties with which the problem of high temperature
measurement is surrounded, and to indicate the diversity of the results
reached even by the best of trained observers. Methods which in the
Lands of different investigators lead to data so widely different as the
values just cited are not apt to inspire confidence. It is perhaps more
for this reason than because of real difficulties of manipulation that the
gas thermometer has been so little used as a standard of reference in
high-temperature measurement. For the experimental operations are
not necessarily more complex than those called for in some of the empiric
methods of standardization—methods which have further burdened
the unfortunate subject of high-temperature research with their own
allotment of vagueness of principle and inaccuracy.
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Classification of pyrometers.—Thermometers which depend essentially
on the properties of the substance used for thermal measurement are
called by Thomson! intrinsic thermoscopes. They way be either con-
tinuous or not. It is with such intrinsic thermoscopes that practical
pyrometry must be conduacted, although the data of the gas thermowmeter,
as appears from the recent pyro-chemnical researches of Langer and
Meyer,? may safely be regarded as non-intrinsic and absolute, particu-
larly in the region of high temperatures. Almost every thermal phe-
nomenon has been utilized for temperature measurement, and the de-
vices employed may be conveniently classified by aid of these phe-
nomena as follows:

I. Dilatation of solids. VII. Ebullition.
1. A single solid. VI1I. Specific heat.
2. Two solids acting differen- IX. Heat conduction,
tially. X. Heat radiation.
I1. Dilatation of liquids. , XI. Viscosity.
III. Dilatation of gases. 1. Of solids.
1. Expansion measured in vol- 2. Of liquids.
ume, manometrically. 3. Of gases.
2. Expansion measured in press- XII. Spectrophotometry and color. Ro-

ures, manometrically. : tary polarization.
3. Expansion measured in vol- | XIII. Acoustics (wave length).

ume, by displacement, X1V. Thermo-electrics.
IV. Vapor tension. XV. Electrical resistance.
V. Dissociation. XVI. Magnetic moment.
VI. Fusion. XVII. Miscellancous.

Dilatation of solids.—Curiously enough the dilatation thermometers
were not the first to.suggest themselves. Newton, in his scala graduum
caloris, proposes a method of temperature measurement based on his
law of cooling, almost as early as 1700. However Musschenbroek (1731),
Ellicot (1736), Bouger (1745), and others availed themselves of single-
bar expausion devices, and Mortimer made a thermometer on this prin-
ciple in 1746.

The most celebrated apparatus of this kind (1782) is Wedgwood’s?
pyrometer, in which the attempt is made to express temperature in a
scale based on the shrinkage experienced by a little compressed cylinder
of clay after exposure to the said temperature. This apparatus came
into much more general use thau its inventor intended. ~Its indications
were vigorously discussed by the physicists of the time, especially by
Guyton-Morveau,* who in attempting to convert Wedgwood’s arbitrary
thermal scale into degrees centigrade showed the apparatus to be un-

! Encyclopedia Brit., 9th ed., vol. 11, 1880, p. 580.

2Langer and Meyer, Pyrochemische Untersuchungen, Braunschweig, Vieweg u.
Sohn, 1885; Berl. Ber., vol. 18, 1885, p. 1501.

3 Wedgwood: Phil. Trans., Roy. Soc., vol. 72, 1784, p. 305; vol. 74, 1782, p. 358;
Dingler’s Jour., vol. 15, 1824, p. 230.

4 Guyton-Morveau: Annales de chimie, Paris, 1st series, vol. 46, 1803, p. 276; ibid.,
vol. 73, 1810, p. 254 ibid., vol. 74, 1810, pp. 18, 129 ; ibid., vol. Y0, 1314, pp. 113, 225.
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reliable because of the tendency of clay to shrink irregularly and to
warp, and because of its dependence on the kind of clay used and on
the time of exposure. ~After this the use of single-solid pyrometers
seems to have been abandoned until quite recently, when Mr. Nichols,
in comparing the resistance-temperature formui of Bénoit, Siemens, and
Matthiessen with his own, found the linear dilatation of platinum very
serviceable for the co-ordination of his data. He gives preference to
the expansion thermometer over the resistance thermometer whenever
the special constants of both instruments are unknown,

The absence of further devices for single-solid pyrometry is not re-
markable when the vast numbers of pyrometers in which solids are com-
bined differentially are taken into view. Some of the earliest attempts
of this kind are due to Borda,? although Guyton-Morveau (loc. cit.) was
probably the first observer who had pyrometric ends in view, the solids
adopted being platinum and porcelain. This physicist was at some
pains in systematizing the dilatation of solids. More elaborate attempts
to utilize the occurrence of different expansibility in solids for pyro-
metric purposes are due to Daniell.’ Daniell’s substances are platinum
and black lead, with a suitable interposition of clay, and his work on
the dilatation of solids is elaborate, but unfortunately without much
permanent value. ‘

Following Daniell come a host of inventors whose apparatus, though

 often exceedingly ingenious, have only technical importance. These

may therefore be passed over with a single brief mention here. Peter-
sen’ has a platinum wire in an iron tube ; Gibbon® exposes rods of iron
or steel, and copper provided with a contact lever ;- Oechslef utilizes an
iron-brass spiral working on the principle of Bréguet’s metallic ther-
mometer, while Clement? replaces the metals of such a spiral by plati-
num and silver. Prinsep,® however, held that even this apparatus is
not reliable on account of the tendency of the metals to alloy—a con-
clusion which has Weinhold’s® assent. Gauntlet,' Desbordes," Oechsle,'

1E. L. Nichols: Am. Jour. Sci., 3d series, vol. 22, 1881, p. 363.

2Borda: Boit Traité, I, 1816, p. 159. The use of iron and brass seems first to have
been made by Felter in Braunschweig.

3Daniell : Experiments with a new register pyrometer for measuring the expansion
of solids; Jour. Royal Soc., London, vol. 11, p. 309; Philos. Mag., London, 2d series, .
vol. 10, 1831, pp. 191, 268, 297, 350; ibid., 3d series, vol. 1, 1832, pp. 197,261; Din-
gler’s Jour., vol. 19, p. 416; vol.43, p. 189; vol. 46, pp. 174,241,

4Petersen : Gehler, Phys. Worterb., 2d series, vol. 7, p. 994.

6Gibbon: Dingler’s Jour., vol. 68, 1833, p. 436.

6 Qechsle: Ibid., vol. 60, 1836, p. 191.

7Clement: Ibid., vol. 80, 1843, p. 241.

8 Pringep: Ibid., vol. 28, 1828, p. 421.

? Weinhold : Dingler’s Jour., vol. 208, 1873, p. 125.

10 Gauntlet: Ibid., vol. 157, 1860, p. 279.

11 Desbordes: Ibid., vol. 157, 1860, p. 279.

12 Qechsle: Ibid., vol. 160, 1861, p. 112; ibid., vol. 196, 1870, p. 218.
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Bock,! Lion and Guichard? use iron and copper or iron and brass, either
in the form of parallel rods or tubes bundled together or of a rod within
a tube; in each case provided with a suitable index and dial arrange-
ment. A like apparatus of metal and fire-clay (chamotte) is due to
Bussius.® Finally, the use of graphite for pyrometry, an idea which
long ago occurred to Daniell, was resuscitated by v. Steinle. and Har-
ting.* In their apparatus an iron tube surrounds a rod of graphite, and
an ingenious mechanism permits only those parts which are actually
exposed to the high temperature to act differentially on the dial. Ad-
Jjustment is made by means of mercury. Winkler, who first tested these
apparatus, declared them serviceable, but his testimony is not corrobo-
rated by Beckert. He finds that the indications of graphite pyrometers
are neither strictly comparable nor very decisive, and that they are
quite unreliable above 600°, This criticism applies to the pyrometers
of the present class generally.

Dilatation of liquids.—~Pyrometers based on liquid expansion are few
in number and quite unavailable. An old apparatus is described anony
mously in Dingler’s Journal® in which the expansion of a fused alloy in
a porcelain bulb is registered by aid of a platinum rod moving along a
scale. The division is in Wedgwood degrees. A similar apparatus
was proposed by Achard® Here the expansion of the alloy is to be
read off directly in the translucent stem of the porcelain bulb. The
construction, therefore, is that of the ordinary mercury thermometer. I
doubt whether either of these instruments has ever been used. Person’
applied a new principle. He found that mercury under 4 atmospheres
pressure boils above 4500, under 30 atmospheres pressure above 500°;
that the dilatation in these cases is quite notable. Here I may refer to
experiments of Bystrom,® to whom a hydro-pyrometer is due, and to
Waterston,® by whom the expansion of water at high temperatures
(300°) under pressure has been specially investigated. Waterston
formulates his data and is led to the striking result that water at 3000
expands at a greater rate than permanent gases. Water at high
temperatures and pressures attacks glass, rendering it opaque and
thus putting an end to the experiment.

Dilatation of gases (manometric methods).—According to Shaw!® a
rudimentary air thermometer was built by Amonton in Paris about as

! Bock: Ibid,, vol. 195, 1870, p. 312.

2Lion et Guichard : Ibid., vol. 220,1876, p. 37.

3 Bussius: Ibid., vol. 164, 1862, p. 107. Berg- und Hiittenm. Zeitung, No. 10, 1862.
1v. Steinle and Harting: Clemens Winkler’s report in Zeitschr. fiir Analyt. Chem.,

vol. 19, 1880, p. 63; Beckert’s report in ibid., vol. 21, 1882, p. 248.

5 Dingler’s Jour., vol. 32, 1829, p. 355.

¢ See Becquerel: Ann. ch., 3d series, vol. 78, 1863, p. 52.

7 Person: Comptes Rendus, vol. 19, 1844, p. 757.

8 Bystrém : Berl. Ber., 1862, p. 344.

9 Waterston : Philos. Mag., Lond., 4th series, vol. 26, 1863, p. 116,
10 Ene. Brit., vol. 20, 1886, p. 129.
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early as 1700, Guyton-Morveau,!in whose thermal researches the dila-
tation of solids and the specific heat of platinum were discussed with
reference to their availability in thermal measurements, also proposed
gases for that purpose. Prinsep,? however, appears to have been the
first to construct an air thermometer and to apply it as an instrument
of research, Prinsep’s bulb was of gold. This was in pneumatic con-
nection with a reservoir of olive-oil provided with a sensitive manowme-
ter. As the air in the bulb expanded it displaced the oil which exuded
through a cock at the bottom of the reservoir. Pressure being main-
tained constant the amount of olive-oil discharged is equal in bulk to
the amount of air which enters the receiver at the given temperature.
Hence by weighing the oil the temperature of the bulb may be ealcu-
lated. Prinsep’s apparatus is unique, and his absolute thermal data
are very much nearer the truth than those of his predecessors. Indeed
they compare well with the known data of the present day. Prinsep’s

. chief data refer to the melting points of alloys of gold, silver, and pla-
tinum which bear his name. To these I shall recur.

Leaving Davy,? who constructed an air thermometer in which the air
expansion was weighed in mercury, and Mill* and Petersen,’ to whom
also forms of air thermometers are due, the next observer seems to be
Pouillet.5 Ponillet’s researches are of prime importance. Having con-
structed a bulb of platinum, which enabled him toreach the highest tem-
peratures, lie then took the first definite steps in radiation-pyrometry
by investigating the temperature at which solids glow, in calorimetric
pyrometry by determining the specific heat of platinum between
0° and 1,2009, and in thermo-clectric pyrometry by carefully calibrat-
ing a thermo-couple of iron and platinum. As these apparatus will be
referred to again, I need only remark here that to Pouillet the form of
constant pressure manometer is due very nearly as it is to be used in
pyrometric work to-day. This apparatus was perfected by Regnault,’
and afterwards accurately figured by Pouillet® himself. Some time
after this Silbermann and Jacquelin® described a platinum air-thermom-
eter, of variable capacity, operating like a constant volume thermome-
ter, but it does not seem to have led to practical results. Erman and
Herster,' in their endeavor to measure the amount of permanent ex-

1Loc. cit.

2Prinsep : Philos. Trans. Roy. Soc. Lond., 1827. Ann. ch. et phys., 2d series, vol.
41, 1829, p. 247.

3Davy: Dingler’s Jour., vol. 46, 1832, p. 249.

4¢Mill: Gehler’s Physikal. Worterbuch, 2d series, vol. 7, p. 997.

5Petersen: Ibid., pp. 998, 1004,

6Pouillet: Recherches sur les hautes temperatures et sur plusieurs phénomenes qui
en dependent ; Comptes Rendus, vol. 3, 1836, pp. 782-790.

?Regnault: Relation des Expériences, Paris, vol. 1, 1847, p. 168.

8 Ponillet : Physique, vol. 1, 9th ed, 1853, p. 233.

9 Silbermann et Jacquelin: Bull. Soc. @’Encouragement, 1853, p. 110; cf Becquerel,
loc. cit.

v Erman and Herster : Pogg. Ann., vol. 97, 1856, p. 489.
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pansion of cast-iron at high temperatures, availed themselves of bulbs
of copper and of platinum for their thermal measurements. These were
used much after the manner of vapor-density bulbs. The long capillary
necks could be closed at the desired temperature by a faucet, and the
temperature was then calculated from the amount of water which en-
tered the cold bulb. These experiments form a natural transition
to the earlier researches of Deville and Troost,! in which a splendid
improvewment in thermmal measurements was made possible by the in-
troduction of porcelain bulbs to replace those of metal and of glass.
Deville and Troost here use Dumas’s well-known method to evaluate
both temperature aund vapor density. In their search for a heavier
thermal gas than air they select iodine vapor preferably to mercury,
inasmuch as the metal is apt to condense on the colder parts of the
bulb and in falling down upon the hot parts to cause fracture. Using
this iodine thermometer, they find that cadmium aund zinc boil at 8600
and 1,0400, respectively. They also measure the coefficient of expan-
sion of porcelain by noting the length of the necks of their bulbs at
different (high) temperatures (0°, 8600, 1,000°). Having found these
data they proceed to the measurement of vapor densities, with results
which are not of interest here.

The high values for the boiling point of zinc thus obtained conflicted
very seriously with certain measurements subsequently made by Bee-
querel.? This observer used a platinum-palladium thermo-couple, the
indications of which had to be carefully referred to Pouillet’s plati-
num air thermometer. In this way Becquerel found the boiling point
of zine at 9320, more than 100° below that of Deville and Troost, as
well as reaching a similarly low boiling point for cadmium, 7460, In
the same paper the method of determining a serics of melting points of
metals is described and the data are fully given, and several final sec-
tions are devoted to radiation pyrometry. As regards accuracy of
measurement and varied character of results, this paper is one of the
most important in the history of pyrometry. It is to be noticed that
Becquerel was aware of the probable permeability of platinum to gases
at bigh temperatures. Further mention will be made of this later.

These discordant results necessarily provoked considerable discussion
between Becquerel® and Deville and Troost,* which temporarily resulted
in favor of the former.

Deville and Troost natnrally reject Becquerel’s low values, and be-

! Deville et Troost : Sur la densité de vapeur ’un certain nombre de matieres min-
erales; C. R., vol. 45, 1857, p. 821 (C. F. Berl. Ber.,1857. p. 73) ; C. R., vol. 49, 1859, p.
239; Ann. ch. et phys., 3a series, vol. 58, 1860, p. 257.

2Becquerel: Recherches sur la determination des hauntes temperatures. Ann. ch.
et phys., 3d series, vol. 58, 1863, p. 49,

3Becquerel: C. R., vol. 57, 1863, p. 855; Inst., 1863, p. 369; C. R., vol. 57, pp. 902,
925; Inst., 1863, p 385. :

4Deville et Troost: C. R., vol. 56, p. 977; Inst., 1863, p. 161; C. R., vol. 57, 1863,
pp. 894, 935; Inst., 1863, p. 377; ibid., p. 897.
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lieve them to be erroneous because of the permeability of platinum at
high temperatures. In doing this they refer to researches of their own!
on the porosity of metals. Becquerel’s reply is of an experimental
character. He continues his work on air-thermometer pyrometry, re-
placing the platinum -bulb with bulbs of porcelain, and availing himself
both of constant pressure and of constant volume methods of measure-
ment. Curiously enough the results of these new determinations are
even below the former values, the boiling points of zinc and of cadminum
being at 891° and 7209, respectively, while for the former as low a value
as 884° was found. Becquerel dwells upon the excellence of the Pou-
illet method for high temperatures. Deville and Troost nevertheless
refuse to regard these new results of Becquerel’s as conclusive. They
insist upon the impossibility of deriving accurate data with a porous
reservoir. They point out that the large difference between Becquerel’s
present and former results is in itself to be looked upon with suspicion.
They finally assert, inasmuch as Becquerel’s pyrometers were not in
immediate contact with zine vapor, but were exposed in a closed lateral
tube which issued from the zinc retort, that the datum measured is not
the boiling point of zine but a temperature below it. They tinally re-
peat their own experiments with the same values as before. Becquerel
again endeavors to show that the permeability of platinum did not se-
riously influence his results. He shows that his own researches are
made in a way calling for much less skilled manipulation than those of
Deville and Troost; and he finally adds that Deville and Troost have
made but a single measurement with air, and that the use of iodine
vapor as a gas for thermal measurement is not immediately warranted.
Becquerel states the reasons for considering his boiling-point apparatus
sufficient, but agrees that a possible error may be the impurity of his
zine. With these remarks discussion ended, being left without a final
issue; but it is well to state, in passing, that the results of subsequent
observers, including Deville and Troost themselves, have proved be-
yond a doubt that the later inferences of Becquerel’s were very nearly
correct. Victor Meyer,? I believe, was the first to suggest the possible
dissociation of the iodine molecule at high temperatures, a behavior
which he had established for chlorine. Meyer’s views were corrobo-
rated and variously interpreted by Crafts and Meier,® by V. Meyer him-
self,* Crafts,® Troost,’ Berthelot,” and others.®

1 Deville and Troost: Porosité du platine. Rép. chim. appl., 1863, p. 326; sur la
perméabilité du fer a haute températare; C. R., vol. 57, 1863, p. 955.

2V. and C. Meyer: Berl. Ber., vol. 12, 1879, p. 1426.

3Crafts and Meier: C. R., vol. 90, 1880, p. 606; Berl. Ber., vol. 13, 1830, p. 851.

4V, Meyer: Berl. Ber., vol. 13, 1880, p. 391; ibid., 1880, p. 1010.

5 Crafts: Ibid., 1830, p. 1316. :

6 Troost: C. R., vol. 91, 1880, p. 54.

7 Berthelot : ibid., p. 77.

8 Cf. Deering: Chem. News, London, vol. 40, 1879, p. 87.
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In 1863 Deville and Troost® began the publication of another series of
investigations on high temperatures and boiling points. They describe
their new porcelain air-thermometer bulb, which is a hollow sphere of
porcelain, glazed both within and without, with a short neck, to which
a capillary fissureless porcelain stem is soldered with feldspar, and the
oxyhydrogen blowpipé. They propose to discard iodine and to use air
in its place, giving their apparatus a form nearly identical with
Regnault’s? normal air thermometer. They insist on the importance of
spherical bulbs, and the air contained is dried at red heat by aid of a
vacuum pump. All the zinc is carefully purified, and used in large
quantities (charges of 17 kg.). It is but just to add here, to the great
credit of Deville and Troost, that the actual construction of the porce-
lain air thermometer occupied them for nearly seven years, working in
concert with M. Gosse, in charge of the porcelain works at Bayeux.
They were the first to use metallic vapor baths for constant high tem-
peratures, a method which has been adopted by Becquerel and by
physicists generally since that time. In 1864 Deville and Troost? pro-
ceeded toward the accurate measurement of the heat expansion of the
Bayeux porcelain. Using a porcelain bulb simultaneously and of the

- same material as the porcelain of the dilatation apparatus, they have

the data sufficient to eliminate the error due to heat expansion irom the
thermal measurements made. Their method is necessarily one in which
the linear expansion of a porcelain rod exposed in a zone of known
constant temperature is measured by the cathetometer. Two platinum
buttons, inserted in the ends of the stem, subserve the purpose of
fiducial marks, and they are viewed through long lateral porcelain
sight-tubes in the constant temperature apparatus. In this way they
show that in some 200 measurements the cubical expansion ot porcelain,
between 0° and 1,5000, is 0.000016 to 0.000017, Above 1,500° it be-
comes rapidly larger. In addition to this normal heat expausion,
porcelain experieuces permanent dilatation, as is proved both by
measuring the linear dimensions and by density tests applied to the
porcelain after heating. Curiously enough, this deusity diminishes
with frequent heating. Tbhe permanent expansion, which is a very
serious error in the first heating (the volume of a bulb increasing from
281.3°¢ to 285.6°¢ in six heatings, for instance), fortunately, soon be-
comes negligible. Deville and Troost, at the end of their work, justly
congratulate themselves on these results: ¢ Nous conclurons que la por-
celaine de Bayeux, matiere absolument imperméable et encore rigide
aux 1,5000 * * # eapable de se dilater jusque 13 d’une maniére uni-
forme, sans qu’on ait & tenir compte de sa dilatation permanente si ce

n’est au but des expériences.,” They again emphasize the excellence of
soldering together, with feldspar in the oxyhydrogen flame, tbe aceu-
rately calibrated bulb and stem,

! Deville and Troost, vol, 57, 18(13, p. 897.

2 Regnault: loc. cit., P1. I, Figs. 7, et seq.

3 Deville and Troost: C. R., vol. 59,, 1864, p. 162,
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After these publications Deville and Troost made no further impor-
tant contributions to high temperature thermometry for five years.
The subject occupied Regnault,! who proposed two methods. The
first of these small flasks of iron or porcelain are partially charged
with mercury, and closed above with a loosely-fitting valve or stopper.
These are exposed at the temperature to be measured, and this is
calculated from the weight of mercury left after cooling. The other
method, being a displacement method, will be described below,
Shortly after this a series of very painstaking attempts in the measure-
ments of high temperatures were made by Schinz.2 Curiously enough,
these papers, which contain a series of experiments admirably correct
in principle, are but little known. Schinz, after endeavoring in vain to
utilize the principles of heat conduction in practical pyrometry, and
after testing Regnault’s displacement method with unfavorable results,
applies the thermo-electric methods of Pouillet and of Becquerel.
Schinz’s air-thermometer bulb is a huge iron cylinder, from the center
of one end of which an iron capillary tube passes to the manometric ap-
paratus, while an iron tube for the insertion of the junction of the
thermo-couple projects inward to the center of the figure through the
other end of the cylinder bulb. In this respect Schinz’s thermometer is
unique, being the only form of re-entrant bulb hitherto devised. The
great advantage of this form of bulb, which, quite independently of
Schinz, has been perfected in my experiments, will be emphasized below
(Chap. IV). Nitrogen is the thermal gas in Schinz’s work, and the cali-
brations are carried as far as 1,000°. Giving him full credit for correct-
ness of method and for the assiduity with which he endeavored to carry
it out, Schinz’s apparatus was doomed to fail because of its impractical
clumsiness of construction, to say nothing of the permeability of iron at
high temperatures. It is not possible to make much definite progress
in the measurement of high temperatures with an apparatus which falls
short of the conditions of facility and certainty of manipulation. I shall
revert to these measurements. For the special conveniences of the in-
vestigating chemist, Berthelot® devised an apparatus intended to be
compact and very sensitive, and provided with an easily adjustable em-
piric scale. His instrument is based on the expansion of air and grad-
uated by boiling points. Another instrument by Zabel* is so adjusted
as to ring an electric bell at any given temperature. It is perhaps ex-
pedient to advert in this connection to the thermometers of Weinhold®
and of Crafts,® both of which are constructed on Jolly’s? plan, but so ad-
justed that the conditions of constant volume are secured by the aid of

1 Regnault: Ann. ch. et phys., 3d series, vol. 63, 1861, p. 39,
28chinz: Dingler’s Jour., vol. 177, 1865, p. 85; ibid., vol. 179, 1866, p. 436.
3 Berthelot: Ann. ch. et phys., 4th series, vol. 13, 1868, p. 144.
4 Zabel : Dingler’s Jour., vol. 195, 1870, p. 236.
5Weinhold: Pogg. Ann., vol. 149, 1873, p. 186.
6 Crafts: Ann. de Chim. et de Phys., 5th series, vol. 14, 1878, p. 409,
i Jolly : Pogg. Ann., Jubelband, 1874, p. 82.
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an electro-magnetic engine. The mechanism of Crafts’ new thermome-
ters appears to be particularly perfect in this respect. An air ther-
mometer in which the pressure is directly measured manometrically is
described by Codazza.! A rigorous investigation of the formula of the
air thermometer, with a view toward the construction of an apparatus
of exceptional delicacy, has lately been made by Grassi.? Finally, the
possible condensation of gases on metallic air thermometers of very
large internal surface has been incidentally discussed by Fuess? Op-
erating with bulb in form of a cylindrical ring, Fuess found that for a
correct ice point the boiling point of water showed a value enormously
high, which gradually decreased without reaching a normal value. His
research is unfinished, however, and thus the full interpretation of these
anomalous results is yet to be given.

After the earlier work of Deville and Troost and the papers of Schinz,
the most important memoir on high temperature measurement was
published by Weinhold.* Having discussed the important methods of
empirical pyrometry, with reference to their availability for practical
work or for research, Weinhold uses his air-thermometer for a rede-
termination of the boiling point of zine. Unfortunately his high value,
1,035 at 71.89°m, which is only a little below the erroneously large
values of Deville and Troost, casts a slur over much of Weinhold’s
elaborate experimentation, and his criticism on the merits of Siemens’
pyrometer, of calorimetric pyrometers, and of the dissociation pyrome
ters fail to obtain the consideration which they probably deserve.
Weinhold’s bulb is of Meissen porcelain and his instrument of measure-
ment is a modified Jolly thermometer.

In this place it is well to call attention to certain experiments com-
menced at about this time by Amagat and others to test the correctness
of Boyle’s law at different temperatures and high pressures. The con-
stants hitherto adopted in bigh temperature air thermometry for all
temperatures and pressures indiscriminately were those investigated
by Regnault’ and by Magnus.® By Amagat,” Cailletet,® and others
these researches were pushed to great nicety for pressures as high as

1 Codazza: Dingler’s Jour., vol. 210, 1873, p. 255.

* Grassi: Rend. dell’ Academia delli Scienze fisiche e math., vol. 24, pp. 16, 131, 1885.
Beiblitter, vol. 10, 1886, p. 387.

3Fuess: Zeitschr. fiir Instrumentenk., vol. 5, 1885, p. 274.

4Weinhold: Osterprogramm der hoh. Gewerbesch. zn Chemnitz, 1873; Pogg. Ann.,
vol. 149, 1873, p. 186.

5Regnault: Relation des expdriences, Paris, 1847, pp. 15, 168.

$Magnus: Pogg. Ann., vol. 55, 1842, p. 1.

7Amagat: Fortschr. d. Phys., 1869, p. 155; C. R., vol. 71, 1870, p. 67 ; C. R, vol. 73,
1871, p. 183; Archives sci., phys. et nat. Geneve, 2d series, vol. 40, 1871, p. 320; Ann.
ch. et Phys., 4th series, vol. 29, 1873, p. 246; ibid., 5th series, vol. 22, 1881, p. 353, etc.;
C. RR., vol. 94, 1882, p. 847; C. R., vol. 95, 1882, p. 638; C. R., vol. 99, 1884, pp. 1017,
1153; C. R., vol. 103, 1886, p. 429.

8Cailletet: C. R., vol. 70, 1870, p. 1131.

Bull 54——3
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500 atmospheres and for temperatures below 3000, and in the hands of
Amagat they led to the discovery of minima of ¢ pv.” These researches,
which must be passed over briefly here, are not as yetin a state of prog-
ress to enable the results to be at once applied. Itis therefore reassur-
ing to find in the labors of Langer and Meyer! a number of data tending
to show that at high temperatures and for moderate pressures the con-
stancy of the co-efficient of expansion of gases may be warrantably
assumed.

To return from this digression to the subject in hand I find an im-
portant research by Erhard and Schertel? in which the melting points
of Prinsep’s alloys are again carefully determined by the porcelain air
thermometer. The bulbs are of Meissen porcelain, and the method of
measurement is essentially that of Weinhold. Finally, in 1880, De-
ville and Troost® publish a succinct account of their results in high
temperature measurement, and thus conclude the interval of compara-
tive silence.* They describe a new form of air thermometer, apparently
superior to the Regnault normal form. In this instrument the air of the
bulb is transferred into the measuring apparatus by a Sprengel’s pump.

The bulb itself, being placed in a furnace fed by heavy petroleum oil,
can be heated to any desired temperature by supplying a greater or
smaller amount-of fuel, through a graduated stop-cock. To eliminate
the stem error they again use the “compensator,” which is a closed
porcelain capillary tube identical with the stem of the air thermometer
and exposed side by side with it. This compensator is provided with
its own manometric attachment. Nitrogen is used preferably to air.

The last memoir contains a full digest of their results on the boiling
point of zinc. The methods of experiment and of measurement are also
tersely given in chronological sequence. The authors put great stress
on the purity of their zine, on the fact that no iron was used in the re-
torts, on the great mass of zine distilled (17 kg. to 20 kg.), on their
methods of protecting their bulb from direct radiation by multiple
screens, and on the great heat of the circumambient flame. The porce-
lain bulb, its peculiarities, and its construction are described with some
detail. Their mean value for the boiling point of zine, as Troost® sub-
sequently remarks, is 9420, and the number of measurements made, 27.
In some experiments made at a later date by Troost® the boiling point
~ of seleninm was found between 664° and 683°, the determination being
feasible in a vessel of enameled iron. Troost? therefore concludes that

1 Langer u. Meyer : Pyrochemische Untersuchungen, 1885.

?Erhard and Schertel: Jahrbuch fiir das Berg-und-Hiittenwesen, im Kénigr. Sach-
sen, 1879, p. 154. :

3Deville et Troost: C. R., vol. 90, 1880, pp. 727,773.

sDeville: C. R., vol. 74, 1872, p. 145; is speculative, and refers to excessively high
and to solar temperatures.

5Troost: C. R., vol. 94,1882, p, 788,

6Troost: Ibid.,p. 1508.

7Troost: Ibid., vol. 95,1882, p. 30.
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vapor densities in seleniumn vapor may safely be made in vessels of re-
fractory glass, and recommends for that purpose the glass of Appert
fréres & Clichy, which is nearly rigid at this temperature. Other rele-
vant results of Troost' ou the permeability of platinum to hydrogen
and of silver to oxygen at high temperature have been adverted to.
Berthelot? points out the occurrence of unstable platinum hydrides.
The value of the boiling point of zine, to which the later researches of
Deville and Troost had given a value compatible with that of Becque-
rel, was soon to be further fixed in position by the research of Violle.?
Using a triple jacketed boiling point apparatus of enameled iron, he
found by Deville and Troost’s methods that zine boils at 9300, thus
giving further warrant to the data of Becquerel and Deville and
Troost. In view of the accordance of these data, the problem of high
temperature measurement may be regarded as solved with some accu-
racy as far as 1,5000, The greater share of the credit for this result is
undoubtedly due to Deville and Troost, notwithstanding their unfortu-
nate beginping and the fact that they allowed the subject to slumber
in their hands for so many years. Violle refers to the problem of mere
high temperature measurement as being one of great simplicity, and
finds his main difficulty in the construction of constant temperature
apparatus. My experience is the reverse of this. It is not very
difficult to get the zine point; but it is difficult to obtain thoroughly
accordant values for it when different bulbs aré nsed. Violle, who used
but a single bulb (so far as I have been able to make out), obtains val-
ues which are almost identical, but which really apply only to the par-
ticular bulb in hand. The error possible in measuring the constants of
the bulb is one of a very serious kind, and in case of a single bulb it
remains arbitrarily fixed. The data of Deville and Troost, which were
obtained by using a large assortment of bulbs, bear evidence to this.
The differences between their later results are by no means insignifi-
cant, and these observers were most scrupulous in perfecting their
methods, even to the fine points of experimental detail. Becquerel, in
using divers thermometer bulbs, encountered the same wide limits of
error. Regarding Becquerel’s later and very low values, moreover, it
is probable that the criticism of Deville and Troost applies. Becque.
rel’s boiling-voints apparatus was imperfect. In the case of so large
au object as the air-thermometer bulb, at so high a temperaturs as the
boiling point of zine, its data can not be regarded as identical with the
temperature of the vapor unless it be in actual contact with it. Evi-
dence bearing on all these points will be repeated in Chapter IV,
Regarding Deville and Troost’s experiments on the coefficient of ex-
paunsion of porcelain, & short critical remark relative to the occurrence
of permanent dilatation is in place here. When a porcelain rod is sus--

!'Troost: Ibid., vol. 98, 1884, p. 1427.
2 Berthelot: Ann. ch. et phys., 5th series, vol. 30,1883, p. 530,
$Violle: C. R., vol, 94,1882, p. 720.
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pended at one end and heated to extreme whiteness, it is probable that
some permanent elongation will oecur by virtue of the viscosity of the
hot rod. The question therefore occurs whether this permanent expan-
sion may not to some extent have produced the dilatation due to vitri- -
fication which they observed, or have been partially confounded with

it. Messrs. Deville and Troost were careful to test the specific gravity

of their heated porcelain, and they found a dimunition of density, a re-

sult in harmony with the dilatation observed. Again, the fact that per-

manent expansion vanished after successive heating in their experi-

ments is evidence in their favor.

And yet I regard this remark not superfluous, because, in my own
experiments, in which careful volnmenometric tests of the volume of
the bulb after successive heatings to 1,000° or 1,200° were made, I ob-
served no permanent dilatation of volume. The increments I found
would rather point to contraction. " It does not seem probable, more-
over, that porcelain which has been thoroughly fired in the manufact-
urer’s furnace would continue to change in volume for some time after,
at a temperature at which porcelain is appreciably viscous.

Dilatation of gases (displacement methods).—The next important step
in air thermometry was made in Germany by V. Meyer and his pupils,
although an ingenious suggestion, which was probably the main in-
centive to those researches, is due to the American, Orafts. So far as I
have read, Regnault! appears to have been the originator of methods
of air thermometry in which the thermal gas, instead of being measured
manometrically, is chased out or displaced by a second gas, which can
subsequently be absorbed or otherwise eliminated. Regnault’s bulb
is a large cylinder of iron provided with two capillary stems adjusted
axially, and adapted for the admission and eflux of the gases. He
bases his measurements on hydrogen, which is chased out, when the
desired temperature is reached, by oxygen. Oxygen burns the hydro-
gen, and it is therefore necessary only to absorb and weigh the water .
thus produced. It is obvious that this operation may be repeated as
often as is desirable.

Schinz (loe. ¢it.), who repeated these measurements, did not find them
satisfactorily accurate. ' Nevertheless, a process which is of inferior
accuracy below 1,500° may be very serviceable above the temperature
at which the ordinary methods fail, and porcelain becomes viscous or
even liquid. This appears to be the case with the displacement method
as Crafts pointed out.

In 1878 Victor and C. Meyer? published an account of a new method
of determining vapor density. In this the air contained was mechan-
ically lifted or chased out at any given temperatire by vapors issuing
from the substance whose vapor density was to be determined. Inas-

'Regnault: Ann. ch. et phys., 3d series, vol. 63, 1861, p. 39.
2V. Meyer: Berl. Ber., vol. 11, 1878, p. 1867; V. u. C. Meyer- Ibid., 1878, p. 2253;
Dingler’s Jour., vol. 231, 1878 p. 330; vol. 232, 1879, p. 418.
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much as all these operations can be carriedl on under atmospheric
pressure the apparatus was specially adapted for high temperature
work., Messrs. Meyer", utilizing these advantages, were able to obtain
‘definite evidence oun the probable dissociation of chlorine and iodine
vapor. Crafts and Meier? then pointed out that Meyer’s method could
very readily be adapted for temperature measurement. Optie, calori-
metric, and electrical methods of temperature measurement, they con-
tend, are all dépendent on the air thermometer, the results of which are
reliable only in the case of very perfect mechanism, and are not available
above the temperature at which porcelain is rigid. By inserting a
capillary platinum tube into the neck of Meyer’s apparatus the air can
be lifted out by a current of carbonic acid gas or of hydrochloric acid
gas, both of which are easily absorbed. It is possible to make vapor
density measurement to alternate with thermal measurements; and
since the operation may be completed in two minutes, absolute rigidity
of the porcelain vessel is not rigorously essential. Entering into the
spirit of this suggestion, Meyer® and his pupils opened a new field of
pyrochemical research, in which, after establishing the constancy of
the coefficient of expansion of permanent gases at high temperatures,
they extend their inquiries further to vapors. Meyer’s apparatus here
is a hollow sphere of porcelain provided with axial capillary tubes for
influx and efflux of gas.

Following Meyer’s summary, the linear character of the heat expan-
sion of gases at high temperatures (barring dissociation) is to be
regarded as established for selenium and tellurium (Deville and Troost),
for nitrogen, oxygen, mercury vapor, and As, O; vapor (V. and C.
Meyer), for hydrochloric acid, and carbonic acid gas (Crafts), and for
hydrogen (Meyer and Ziiblin). These inferences antagonize the pub-
lished opinion of Troosf,* who, with Berthelot’s acquiescence, prefers to
regard the expansion of gases at high temperature (iodine for instance)
as a physical function of temperature rather than to accept the occur-
rence of dissociation.

Meyer® and his pupils, however, push their investigations inte much
greater detail, adding to the number of gases of constant thermal ¢ -
efficient and interpreting the variable behavior of others. Their new
researches are carried on at temperatures even as high as 1,7000.  Their
apparatus is a long platinum tube provided with terminal capillary
stems of platinum which have been ground iuto the somewhat narrower
ends of the tube. This thermometric tube is surrounded by fire-clay
which in its turn is enveloped by a second and wider platinum tube.

1V, u. C. Meyer: Berl. Ber., vol. 12, 1879, p. 1426.

2Crafts and Meier: C. R., vol. 90, 1880, p. 606.

3Meyer: Berl. Ber., vol. 13, 1880, p. 2019; ibid., vol. 15, 1882, p. 1161.

4Troost: C. R., vol. 91, 1850, p. 54.

6Langer u. Meyer: Pyrochemische Untersuchungen, Braunschweig, Vieweg u.
- Sohn, 1885; Berl. Ber., vol. 18, 1885, p. 1501.
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To obtain the high temperatures in question retort carbon is burned in
an air-blast. The displacement method shows that oxygen, uitrogen,
sulphurous acid, and even carbonic dioxide are stable at 1,7000, Plati-
num absorbs much oxygen and must be saturated with it before the ther-
mal measureinents are commenced. On the other hand, chlorine, bro-
mine, iodine, carbonic oxide, steam, and even hydrochloric-acid are more
or less dissociated. Tollowing these researches into further conse-
quences, Meyer and his pupils! determine the vapor density of zine, prov-
ing that all known metallic vapors are monatomic, and they even meas-
ure? the vapor densities of antimony, phosphorus, and arsenic, at 1,437°.

These brilliant researches contain the most advanced work thus far
done on the subject of high temperatures, and it is upon the validity of
some of their results, the non-dissociative character of the expansion of
the permnanent gases at high vemperatures, that all high temperatare
thermal measurement depends.

Vapor tension.—Pyrometers of this kind have réceived little attention.
Sajotschewsky® pointed out that the vapor tensions of different quanti-
ties of liquid are identical as far as the absolute boiling point, after
which the curves diverge. He further studied the temperature and
pressure relation of twelve liquids in detail, at least as far as the critical

.point. The importance of vapor tension thermometers was signalized

by Sir William Thomson,* but the remarks refer principally to low
temperatures. Shaw® has recently inquired somewhat rigorously into
such pressure-temperaturerelations. For moderately high temperatures
Crafts’s® paper seems to be the only companion research to Sajots-
chewsky’s. Crafts studied the boiling point and vapor tensions of
mercury, and sulphur vapors, as well as of some carbon compounds
with his hydrogen gas thermometer.

Dissociation.—The difficulty in the way of a successful application of
vapor tension thermometers, Lamy believed to have been overcome in
his dissociation thermometer. In the suppositive case of marble, for
instance, originally placed in a vacoum, the pressure due to the evo-
lution of carbonic dioxide will increase with temperature, and would
finally revert to the pressure zero when the original temperature is
again reached. Debray’s’ data for the dissociation of caleic carbonate
and Isambert’s® further researches on the gaseous dissociation of solids,
suggest a number of materials. Lamy® incloses these in an exhausted

1 Mensching u, Meyer: Berl. Ber., vol. 19, 1886, p. 3295.

2 Mensching u. Meyer: Gott. Nachr., 1887, p. 258.

3 Sajotschewsky: Beiblitter, vol. 3, 1879, p. 741.

*Thomson: Proc. Royal Soc., Edinburgh, vol. 10, 1880, p. 532.

5Shaw: Trans. Cambridge Phil. Soc., Eng., vol. 14, 1885, p. 30.

6Crafts: Nature, vol. 26, 1882, p. 466.

"Debray: C.R.,vol. 64, 1867, p. 603.

8Isambert : These présente 4 1a Faculté des sciences de Parls, 1868.

“Lamy: C. R.,vol. 69, 1869, p. 347 ; vol. 70, 1870, p. 393. Dingler’s Jour., vol. 194

1869, p. 209 ; vol. 195, 1870, p. 525.
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porcelain bulb. Weinhold (loc. cit.) who examined this apparatus con-
demnns it, at least so far as the * pyrométre & marbre” is concerned. It
appears that the carbon dioxide emitted is not again absorbed with
sofficient regularity to subserve the purpose of thermal measurement,
Perhaps Troost’s! diffusion method for studying high temperature dis-
sociation is to be added to this paragraph.

Fusion.—These pyrometers are discontinuous as Well as intrinsic.
Nevertheless, in virtue of their simplicity they are among the most serv-
iceable of all the forms of pyrometers devised. Aslong ago as 1828, Prin-
sep,?.using an air-thermometor bulb of gold, endeavored to measure the
melting points of silver-gold, silver-platinum, and gold-platinum alloys.
The brothers Appolt® investigated similar data for copper-tin alloys,
using a calorimetric thermometer for high temperature measurement.
A special double crucible for fusion of silver-platinum alloys is given by
Heeren. Temperatures estimated by alloy fusion were largely made use
of by Plattner. Becquerel, in his extended paper on the measurement
of high temperatures, gave considerable attention to melting poiuts.
He used metallic wires and measured the fusing temperature with his
calibrated thermo-couple. After him, Riemsdyk® made a series of meas-
urements on metallic melting points. A very ingenious series of ring-
shaped cups, placed on a common axis in a tier, was suggested by
Heeren.” These cups contain rings of alloy, the consecutively varying
melting points of which are stamped on the bottom of the cups. After
each observation the rings are simply turned. Carnelley® made use of
fusion pyrometers, substances of known melting points being inclosed
in capillary tubes to serve for the identification of similarly exposed
substances of unknown melting point. Results on the melting points
of platinum alloys are due to Roberts.? A more elaborate series of re-
searches is due to Violle,! whose data for high melting points are pre-
sumably the best in hand. Violle makes a careful study of the relation
between specific heat and temperature. Assuming this relation to hold
as far as the melting point in each case, he fixes this point for silver
(9540), gold (1,035°), copper (1,054°), palladium (1,500°), platinum
(1,775°), and iridinm (1,9500), calorimetrically. For metals which melt
below the platinum point, either the metal itself or platinum may be

! Troost: C.R.,vol. 89, 1879, p. 306.

2Prinsep : Trans. Royal Soc., London, 1827; Ann. ch. et phys., 2d series, vol. 41,
1829, p. 247; Pogg. Ann., vol. 13, 1828, p. 576; vol. 14, 1828, p. 529,

3 Mitth. des Gewerbe Vereins fiir Hanover, 1855, p. 345.

“Heeren: Dingler’s Jour., vol. 161, 1861, p. 105.

5Becquerel: Ann. ch. et phys 3d. series, vol. 68, 1863, p. 49

¢ Riemsdyk: Jahresber. d. Chem., 1869, p. 993 ; Chem. News, London, vol. 20, 1869,
p.32.

T"Heeren: Zeitschr. des Vereins d. Ingenieure, 1876, p. 314.

8 Carnelley: Jour. Chem. Soc., London, vol. 33, 1878, p. 281.

9Roberts: Aunn. ch. et phys., 5th series, vol. 13, 1878, p. 111.

10Violle: C. R., vol. 85, 1877, p. 543; vol. 87, 1878, p. 981: vol. 89, 1879, p. 702
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made the basis of measurement. Both methods give the same result.
The thermal comparisons are based on the porcelain air-thermometer
of Deville and Troost. Furthermore, Erhard and Schertel! at about
this time made elaborate re-determinations of the melting points of very
pure Prinsep’s and other precious alloys, by simultaneously exposing
these alloys and a porcelain air-thermometer in a large mufle. Having
obtained a series of silver-gold and gold-platinum alloys, melting be-
tween 9840 and 1,4089, they apply these data practically, determining
by means of them a table of melting points of known silicates (1,208°
to 1,4440). Conechy,? at the suggestion of Carnelley, used fusing points
to find the temperature at which arsenic volatilizes. Silicious mixtures
of gradually increasing fusing points have been investigated by Seger,
in (Germany, and his tables are printed in full by Lauth,® who also gives
some attention to alloy fusions. Seger’s mixtures are made of feldspar,
chalk, and kaolin, substances easily obtained, and they fuse between
1,100° and 1,700°. Finally,the data of Le Chatelier* must be mentioned,
by whom fusing points, as well as temperatures of chemical decompo-
sition, have been measured. Tables of melting points are published
in great fullness by Carnelley.®* Excellentand serviceable tables of this
kind are also to be found in Landolt and Boernstein’s® Physikalisch-
chemische Tabellen. .

Specific heat.—The measurements of temperature calorimetrically
dates as far back as Guyton-Morvean,” in whose pyrometric researches
it is definitely proposed. Schwarz® used both iron and water as well
as platinum and mercury. Coulomb,? in studying the relation between
hardness and permanent magnetization, determined the temperatures
before quenching or annealing, by submerging the rods in water under
known conditions. Clement and Desormes!® use iron and water for tech-
nological temperature measurement, as was proposed also by others.!
In general, however, neither is any attention given to the variation
of specific heat and temperature, nor is allowance made for errors
by radiation.

! Erhard u, Schertel: Jahrbuch fiir das Berg u. Hiitten-wesen im K&énigr. Sachsen,
1879, p. 154.

¢ Conechy : Chem. News, London, vol. 41, 1880, p. 189,

3Lauth: Bull. Soc. chim., Paris, vol. 46, 1886, p. 786.

¢ Le Chatelier: Ibid., vol. 47, 1887, p. 300.

5Thomas Carnelley: Melbmw and boﬂmg point tables; London, Harrison & Sons,
two vols., 1885.

6Landolt‘, u, Bornstem Physikalisch-chemische Tabellen, Berlin, Julius Springer,
1883.

7Guyton-Morveau: Ann. ch. et phys., vol. 46, 1803, p.276; vol. 73, 1810, p. 254 vol.
74,1810, pp. 18, 129; vol. 90, 1814, pp. 113, 225.
8bcnwam Bull. Soc. Mulhause, 1827, p. 22; Pogg. Ann., vol. 14, 1828, p. 530.
9 Coulomb: Pogg. Ann., vol. 14, 1828, p. 530.
10 Clement and Desormes: Dingler’s Jour., vol. 33, 1829, p. 145.
' Anonymous: Pogg. Ann. 2d series vol. 39, 1836, p. 518,
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At this point Pouillet! took up these researches. He measured the
specific heat of platinnin between 0° and 1,200°, by direct comparisons
with his platinum air-thermometer. The data found were so nearly
constant as to give the calorimetric method of temperature measure-
ment considerable importance. After a scientific basis had thus been

‘given, the method was soon practically developed and many special

forms of application were devised. Miller? describes an apparatus in
which iron or platinum is quenched in mercury. This apparatus is
discussed by Schubarth.? In an apparatus due to Wilson,* platinum or
even clay is cooled in water. Schinz’ recommends platinum and water.
Siemens’s® data are based on calorimetric measurements with copper and
water. Bystrom? describes a platinum water pyrometer. Weinhold,®
who reinvestigated the specific heat of platinum at high temperatures,
found an anomalous behavior, while that ot iron was quite regular.
From these results for iron Schueider? calculated an extensive table.

In view of the known anomalous behavior of iron at red heat, the
regular variation of its specific heat, as compared with that of platinum,
is certainly very remarkable, and quite at variance with more recent
results of Pionchon (see below). Salleron’s? pyrometer makes use of
copper cooled in water. Special attention is to be given to Carnelley
and Williams’s" calorimetric work, in view of the many valuable data
which these observers deduce by means of it. In their experiment a
platinum vessel of special form is heated to the unknown temperature
and then quenched in water. Fischer’s'? calorimeter again is adapted
to furnace uses—cooling in water. Hobson* and, more thoroughly,
Bradbury,' endeavored to apply a new method of calorimetric pyrome-
try. They cool the hot air of the blast with a known amount of cold air
aud measure the resulting temperatare.

Therenpon Violle™ Legan to publish the researches to which refer-
ence has already been made. By investigating formulated relations

! Pouillet: C.R., vol. 3, 1836, p. 782.

?Miller: New Philos. Jour, Edinburgh, vol. 44, 1848, p. 126 ; Dingler’s Jour., vol. 103,
1848; p.115.

3Schubarth : Dingler’s Jour., vol. 110, 1848, p. 32.

4 Wilson: Philos. Mag., London, 4th series, vol. 4, 1852, p. 157; Dingler’s Jour., vol.
158, 1860, p. 108.

6Schinz: Wiirme-messkunst, 1858, p. 53.

6Siemens: Dingler's Jour., vol.217, 1875, p. 291.

7 Bystrom: Mechanics’ Jour., 2d series, vol. 8, 1862, p.15; Fortschritte d. physik,
1862, p. 244; ibid., 1863, p. 355.

5Weinhold: Pogg. Ann., vol. 149, 1873, p. 186.

98chneider: Zeitschr. des Vereins Deutscher Ingen., 1875, p. 16.

0Salleron: Sci. Am.,1875, p. 50.

1 Carnelley and Williams: Jour. Chem. Soe. London, vol. 1, 1876, p. 489.

2 Fischer: Dingler’s Jour., vol. 225, 1877, p. 467.

13 Hobson : Ibid., vol. 222, 1876, p. 46.

M Bradbury: Ibid., vol. 223, 1877, p. 620.

#Violle: C. R., vol. 85, 1877, p. 5435 Philos. Mag. Lond., 5th series, vol. 4, 1877, p.
318; C. R., vol. 87, 1878, p. 981; Ibid., vol. 89, 1879, p. 702.
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between specific heat and temperature almost as far as 2,0000, he made
silver, gold, copper, palladium, platinum, and perhaps iridiam, availa-
ble for thermal measurement. V. Meyer! before adopting Craft’s sug-
gestion had measured his temperatures calorimetrically. In America,
practical calorimetric temperature measurement was studied with much
success by Hoadley,® who describes an apparatus and the precautions
to be observed. Like Violle, he endeavors to arrive at the melting
point of platinum, and finds a small value of about 1,600 C. Mr.
Hoadley, however, questions the purity of his platinum. An elaborate
research published by Ehrhardt® proposes to find the specific heat of
iodides, bromides, and chlorides throughout large ranges of tempera-
ture. Hhrhardt measures his temperatures with the porcelain air-ther-
mometer and carries his investigations as far as 600°,

Finally, I desire to advert to an important research by Pionchon.*
This observer mnakes a special study of the specific heat of iron between
0° and 1,0000, and finds a regular cubical formula to obtain between 0°
and 655°, Between 660° and 723° the increase is much more rapid,
and between 723° and 1,000° the relation is nearly linear. This inter-
esting result adds a new anomaly to the behavior of iron at red heat, for
in the last mentioned interval (723°-1,000°) the specific heat of iron
is nearly double that which holds for the first interval.

Ebullition.—Reference to high temperature boiling points has already
been made in the sections on air thermometry. Full data are given in
the tables of Carnelley and of Landolt u. Beernstein, just mentioned. In
this place I desire to call attention to the data of Crafts,®in which, by
using napthaline and benzophenol, temperatures of ebullition between
140° and 350° are obtainable by the mere variation of pressure from
8.7¢" to 230,

Heat conduction.—~A simple device for a thermostat is made by
Jourdes® who inserts a bar of metal into the furnace and measures the
temperatures at points cold enough for the mercury thermometer. Heat
is conveyed along the bar by conduction, and there are cavities to re-
ceive the thermometers. A somewhat different attempt of this kind is
due to Main,” who surrounds a mercury thermometer bulb with asbes-
tos and exposes it for stated lengths of time. Very elaborate attempts
to determine the temperature on the inner surface of a furnace wall, by
measuring the temperature of the outer surface under known conditions

.of conductivity, were published by Schinz.®! Following a method origi-

1 Meyer: Berl. Ber., vol. 12, 1879, p. 1426.

2Hoadley : Jour. Eranklin Inst., 3d series, vol. 84, 1882.

3Ehrhardt: Wied. Ann., vol. 24, 1885, p. 215.

4Pionchon: C. R., vol. 102, 1886, p. 1454.

5Crafts: Nature, vol 26, 1882, p. 466.

6Jourdes: C. R., vol. 51, 1860, p. 68; Dmgler’s Jour vol. 15/ 1860, p. 151.
7Main: Ibid., vol 221, 1876, p. 117.

8 Schinz: Dmgler’s Jour vol. 163, 1862, p. 321; ibid, vol. 177, 1865, p. 85.
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nally devised by Peclet,! Schinz first made a number of measurements
of the heat conductivity of the material composing the furnace walls,
devising special apparatus for that purpose. Having duly tested the
method, however, he abandoned it because of the irregularity of the
conduction phenomenon within the walls and because of its want of
sensitiveness as compared with electric methods.

All the above methods have failed in practice. On the other hand,
the circulating water-pyrometer due to Boulier’ and others, in which
the heat passing by conduction into the explorer or measuring part
of the instrument is carried off by a current of water flowing between
known levels, seems to be gaining in favor. The thermal estimate is
made by measuring the temperature of the water before entermg and
after leaving the furnace. The indications are, of course, wholly em-
piric. In Boulier’s compact and ingenious apparatus the explorer is a
cylindrical box, with internal cylindrical partitions so adjusted as to
secure a flow of water in cylindrical sheets. Water enters the outer
compartment and leaves the inner, thus avoiding loss by radiation.
According to Brown (loc. cit.) these apparatus, whichare used with great
success in connection with porcelain furnaces (Lauth), are due to Sain-
tignon. Caruelley prefers a spiral explorer.

Radiation.—I have mentioned that the first temperature scale pro-
posed was that of Newton® (1701) derived immediately from his law of
cooling. A piece of red hot iron was experimented upon. Long after
this M’Sweeney* proposed to catch the heat radiated from a furnace by
a concave mirror, at the focus of which he placed a thermometer. Iol-
lowing close upon Govi’s® photometric comparison of spectra, Becquerel®
published his large memoir on high temperature pyrometry. Using the
red copper glass, he investigates an exponential relation in which the
photometric intensity of red light is expressed in terms of the tempera-
ture of the source of radiation. Green and blue glasses were also used.
In addition to many results which must be omitted here, Becquerel
proves that although all bodies have not the same power of radiation,
truly opaque bodies like platinum, lime, magnesia, carbon, differ but
little in this respect as far as the melting point of platinum. Oxdiz-
able substances like iron and copper are not superficially opaque when
covered by layers of oxide. Exterpolating by aid of his equation Bec-
querel finally concludes the 2,100° is probably the highest temperature
electrically obtainable. The identity of emissive power accepted for

! Peclet: Traité élément. de Physique, 4th ed., vol. 1, 1847, p. 418,

2C. F. Amagat: C. R., vol. 97,1883, p. 1053 ; Lauth: Bull. Soc.chimique Paris, n. s.,
vol. 40,1883, p. 108; Csunelley Jour. Chem. Soo London, vol. 45, 1884, p. 237 Lauth:
Bull. Soc. c]nmlque Paris, vol. 46, 1836, p. 786, and others.

3Newton: Scala graduum caloris; Philos. Trans., vol. 22, 1701, p. 824.

‘M’Sweeny: Pogg. Ann., vol, 14, 1828, p. 531,

5Govi: C. R., vol. 50, 1860 p 106

6 Becquerel : C “R., vol. 55, 1862, p. 826; Ann. ch. et phys., 3d series, vol. 68, 1863,
p. 49. Also Dra.per: Fundamental researches, Philos. Mag., vol. 30, 1847, p. $45,
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opaque bodies by Becquerel,! involved him in a dispute with dela Pro-
vostaye® in which, however, the position of the former was not seriously
impugned.

Decharme, repeating Pouillet’s experiments, concludes that the inten-
gity of the glow of metals, particularly of platinum, is largely dependent
on the thickness of the wire. After this Crova® undertook a long series
of experiments, in the course of which he made the subject of radiation
pyrometry* practically his own. The law of emission being knowu,
temperature may at once .be measured spectro-photometrically. Crova
in some of his experiments obtains his radiation directly from the bulb
of a porcelain air thermometer. His results confirm Becquerel’s datum
that the emissive power of absolutely opaque bodies is the same. A
series of experiments on radiation and temperature was published by
Nichols,® who also uses his own results for a critical discussion of the
work of Crova (1. ¢.) and of the indications of the radiation pyrometer
in general. In the same year Stefan® published his law of radiation,
according to which the amount of heat emitted by a hot body in vacuo
increases as the fourth power of its absolute temperature. Violle,”
using Gray’s and Trannin’s photometer, determined the photometric
intensity of light emitted by glowing platinum at different tempera-
tures, results which he endeavors to formulate. Similar experiments
he subsequently makes for silver nearly at its melting point. An ex-
periment with reference to temperature and incandescence was pub-
lished by Bezold.®: To put the law proposed by Stefan (l. ¢.) to a prac-
tical test, Schneebeli® commenced a series of experiments in which ther-
mal measurements between 400° and 1,200° were made by a porcelain
airthermometerof Schneebeli’s® own construction. Radiation measure-
ments are made by a crude bolometer ! of tin foil, the instrument which
Langley' has carried to a remarkable degree of perfection. Schnee-

Becquerel : C. R., vol. 57, 1863, p. 681; Annaleschimie, 4th series, vol. 1, 1864, p. 120.

2 De la Provostaye: C. R. vol. 57, 1863, p. 637; Ibid., p. 1022, The older papers of
de la Provostaye et Dessains; see Ann. de ch. et phys., 3d series, vol. 12, 1844, p. 129;
Ibid., vol. 16, 1846, p. 337; ibid., vol. 22, 1848, p. 358; also de la Provostaye: Ibid.,
vol. 67, 1863, p. 1. Dulong and Petit’s older radiation work is given in Ann. ch., 2d
series, vol. 7, 1817, pp. 113, 225.

3Crova: C. R., vol. 87,1878, pp. 322,979 ; C. R., vol. 90, 1880, p.252 ; Ann. chim. ef
phys., 5th series, vol. 19, 1880, p. 472 ; Jour. de phys., vol. 8, 1879, p. 196.

4Regarding spectrophometric work upon which measurement like the present
largely depends, see Govi: C.R., vol. 50, 1860, p. 156; Trannin, Jour. de phys.,
Paris, vol. 5, 1876, p. 297 ; Vierordt: Pogg. Ann., vol. 1, 37, 1869, p. 200; Glan : Wied.
Ann,, vol. 1,1877, p. 351.

5Nichols: Am. Jour. Sci., 3d series, vol. 18, 1879, p. 446; ibid., vol..19, 1880, p.42.

6Stefan : Wien. Ber., vol. 79, 2d series, 1879, p. 391.

7Violle: C. R., vol. 92 1881, p. 866, 1204; C.R., vol. 96, 1883, p. 1033.

8 Bezold: Wled Ann,, vol. 21, 1884, p. 175

98chneebeli: Wied. Ann vol. 22, 1384, p. 430.

1oSchneebeli: Arch. sci., pbvs et nat., Geneva, vol. 8 1882, p. 244,

1 Svanberg: Pogg. Ann., vol. 84, 1851, p. 411.

2 Langley: Am. Jour., 3u ser., vol. 21, 1531, p. 187.
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beli finds that the law of Stefan very closely interprets his experi-
ments. In a series of beautiful experiments Schleiermacher?! puts the
same law to a rigorous test. He heats a platinum wire to incandes-
cence in an inclosure, the walls of which can be heated to different
constant temperatures (0° to 200°), and from which all air has been
carefully exhausted. The actual temperature of the wire is calculated
from its resistance, a series of subsidiary researches in which the wire
is compared with the porcelain air thermometer having previously been
made. The amount of heat generated in the wire following from Joule’s
law, Schleiermacher has the data necessary to test Stefan’s law. In
this way he proves that the heat emitted from platinum, covered or not
with copper oxide, increases with temperature in greater rate than
Stefan’s law predicts. Schleiermacher then interprets the discrepan-
cies observed.

At the close of the present paragraph a few references to the use of

.the radiation pyrometer for evaluating solar temperature and others
of great intensity is in place. Passing over the earlier measurements
we find a paper of Soret,? and at about the same tine one by Violle.?
The latter’s memoir is particularly complete, containing the history
of the subject and a discussion of methods and apparatus. Making
his observations on Mount Blane, Violle firds 2,500 for the surface tem-
perature of the sun. After this, observations on the temperature of
flames, of the electric are, and of the sun, were published by Rossetti.*
Using a thermo-couple, he investigates a law of radiation as far as
the boiling point of mercury, which law he carefully formulates. With
due allowance for atmospheric absorption, Rossetti finds 9,9650. as the
sun’s surface temperature. The process is, of course, one of extrapola-
tion. The same method applied to the temperature of the electric arc
gives 2,500 and 3,900° as the temperatures of the negative and posi-
tive poles respectively. A further important contribution to solar sur-
face temperatures is due to Crova.’

Other optic methods of pyrometry® endeavor to establish the rela:
tions butween temperature and the character of the spectrum. Dewar
and Gladstone” attempted and finally abandoned a project of this kind,
Ou the other hand, however, Stas® refers with some enthusiam to the

tSchleiermacher: Wied. Anu., vol. 26, 1885, p. 287.

2Soret: Ann, de Iécole norm. sapér., 2d series, vol. 3, 1874, p. 435.

3Violle: Ann. ch. et phys., Paris, vol. 10, 1877, p. 239.

1Rossetti : Ann. ch. et phys., vol. 17,p.177,1879; C. R., vol. 89, 1879, pp. 384, 781 ;"
Philos. Mag., London, Hth series, vol. 8, 1879, p. 324.

5Crova: C. R., vol. 95, 1882, p. 1271.

6§ Prof. Cleveland Abbe has called my attention to a paper in the Comptes Rendus,
in which the continuous change of rotation of the plane of polarization of quartz,
with temperature, is made the basis of thermal measurement. Unfortunately I can
not now supply the reference.

"Dewar and Gladstone: Chemical News, vol. 28, 1873, p. 174.

8Stas: Bull. Acad. Roy. Belgique, 3d series, vol. 7, 1884, p. 290.
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research of I'ievez,! in which the attempt to associate the wave-length
character of the spectrum with the temperature of the source has again
been made. Recently a number of German physicists have undertaken
a re-interpretation of Draper’s law. I have only space to allude to
the papers of H. F. Weber,> Stenger,® and Kovesligethy,* by whom the
questions relating to emission and absorption of light are being vigor-
ously discussed. In America a series of well-known researches have
been published by Langley.® Having perfected the holometer, and
thus developed a new method for the measurement of radiant heat and
light, Langley, in a series of researches which are still in progress, has
determined the distribution of energy in prismatic solar spectra and in
the spectrum of the grating. Proceeding thence to artificially incan-
descent bodies, Langley is actively engaged in mapping out the char-
acter of their spectra for all temperature 0° to 2,000° of the source.

Less adapted for accurate measurement are certain pyrognomic sub-
stances® which discolor with temperature, such as the iodides of copper
and mercury, for instance., To this class belong the oxide coats’ which
form on iron and copper. The tints, however, depend not only on the
temperature but very materially on the time of exposure.®t

Viscosity.—Very little use has been made of the viscous qualities
of a substance for temperature measurement. Sir William Thomson,?
indeed, proposed a thermoscope based on the change of viscosity of
liquids, more especially of water with temperature; but it is inteuded
for low temperatures, and does not seem ever to have been used.

In my own work I have found that kaolins and fire clays could be
classified by noting the amount of sag at a given temperature and for
a given time, which rods of the same form and dimensions experienced
when spanning the distance between supports at a given length apart.
The criterion here is flexural viscosity. Such a process would lend
itself for temperature measurement conducted in a way similar to the
fusion experiments in the case of alloys. It seems curious, however,
that no attempt has yet been made to base pyrometric measurements
on the viscosity of gases. Following Maxwell’s!® well-known investi-
gation, the viscosity of gases is independent of the pressure and de-
pendent only on the absolute temperature. From a theoretic point of
view, therefore, such pyrometers have almost as much in their favor as

1Fievez: Bull. Acad. Roy. Belgique, 3d series, vol. 7, 1884, p. 348,

2H. ¥. Weber: Wied. Ann., vol. 32, 16387, p. 256.

3 Stenger: Ibid., 1887, p. 271. :

4 Kovesligethy: Wied. Ann., vol. 32, 1837, p. 699.

6 Langley: Am. Journ. Sci., 3d series, vol. 25, 1883, p. 169.

6 Hess : Dingl. Jour., vol. 218, 1875, p. 183.

7 Fischer: Dingler’s Jour., vol. 225, 1877, p. 278.

8 Barus & Strouhal: Bull. U. 8. Geol. Survey, No. 18.

9 Thomson: Proc. Royal Soc., Edinburgh, vol. 10, 1880, p. 537.

10 Maxwell : Philos. Mag., London, 4th serics, vol. 19, 1860, p. 19; ibid., vol. 32, 1866,
P- 390; ibid., vol. 35, 1868, pp. 129, 185; Philos. Trans., vol. 1, 1866, p. 249,
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the air thermometer itself. The form of apparatus most easily used
experimentally, viz, the platinum transpiration tube, is based on prin-
ciples not quite as direct as Maxwell’s law. Nevertheless Meyer' has
succeeded in interpreting Graham’s® data, has discussed his experi-
mental methods, and has more recently shown that both Graham’s and
Coulomb’s vibration methods lead to the same results. Work of this
kind ‘has also occupied Stefan.? In Meyer’s deduction the volume of
gas transpiring per unit of time under given conditions, besides de-
pending on the pressures, the internal friction, the length of tube,
involves an expression containing the fourth power of the radius
of the capillary tube and the ratio of internal to external.gaseous
friction coefficiented by the third power of radius. Hence in such a
pyrometer the coefficient of heat expansion of platinum must be some-
what carefully predetermined. According to Nichols (l. ¢.) this is by
no means seriously difficult. Supposing a capillary platinum spiral to
terminate in two larger platinum tubes (of which one may wholly en-
velop the other), we have given at once the effective part of the mech-
anism of a thermometer based on the viscosity of gases. Such a ther-
mometer may be used as far as the melting point of platinnm. For
temperatures beyond this, porous fire-clay plugs in an impervious tube
suggest themselves.

Acoustics.—The next year after Pouillet’s fundamental research on
pyrometry, his brilliant and ingenious countryman, Cagniard-Latour,*
acting in concert with Demonferrand, proposed an acoustic air ther-
mometer. Inasmuch as the velocity of sound in dry air is proportional
to the square root of the ahsolute temperature, Latour and Demonfer-
rand easily wrought out a formula in which temperature is expressed
in terms of the vibrations of the fundamental note of their apparatus at
the high temperatures and at normal temperatures. They estimate that
the error of a comma would not exceed 30° at 1,0000, This apparatus
was afterwards reinvented by Mayer,’ who discusses its principle ex-
haustively. Mayer calculates tables for temperature, velocity of sound
and wave length, between —300° and +2,000°, and suggests many
devices of measurement. Aftér Mayer the same principle was empha-
sized by Chautard,® who simplified ‘the apparatus necessary, but he
expresses some doubt as tq its efficiency.

1 0. E. Meyer: Pogg. Ann., vol. 127, 1866, pp. 253, 353 ; ibid., vol. 125, 1865, pp. 177,
" 401; ibid., vol. 143, 1871, p. 14; Wied. Ann., vol. 32, 1887, p. 642; cf. Konig, ibid., p.
193.

2 Graham’s original researches. See Philos. Trans., London, 1846, p. 573; 1849,
pt.2, p.349. The suggestion of using platinum capillary tubes at high temperatures
is my own. '

3Stefan: Wien. Ber., vol. 46, 1862, p. 495.

4 Cagniard-Latour ¢t Demonferrand: C. R., vol. 4, 1837, p. 28.

5 Mayer: Pogg. Aun., vol. 148, 1873, p. 287,

6 Chautard : C. R., vol. 78, 1874, p. 128; Pogg. Ann., vol. 153, 1874, p. 158,
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Thermo-electrics.—The use of the thermo-couple for high temperature
pyrometry was suggested and carried to a high state of perfection in
the great research of Pouillet.! He used iron and platinum for his
couple. Subsequent observers suggested a wide range of substances for
the purpose, and improved the methods of electrical measurement and
thermal comparison, the best of them, however, following very closely
in the footsteps of Pouillet's research. Solly? proposed an iron-copper
couple, without, however, attempting to calibrate it. Regnault?® tested
an iron-platinum element but failed to obtain satistactory results. This
unfavorable dictum of the great experimentalist is much to be regretted,
for it was probably the main reason which threw the subject of thermo-
electric pyrometry into undeserved disrepute. Fortunately Becquerel¢
resuscitated the method, and in his hands it led to the new results cited
above. Becquerel’s elements were of platinum and palladium, of two
different kinds of platinum, and of platinum and iron, among which he
preferred the former. After Becquerel, Schinz® began thermo-elec-
tric pyrometry with great vigor and success, and it is indeed curious
that Schinz’s work is se little known. His iron air thermometer,
adapted specially for calibration work, has been already described.
Its chief merit is this, that an iron tube closed within, projects from the
base of the cylindrical bulb into the interior. This tube, being co-axial
with the stem of the bulb and the bulb itself, serves for the introduc-
tion of the thermo-couple, the junction of which may thus be exposed
at the center of figure of the bulb. The re-entrant form of bulb, to which
I myself was led in my experiments quite independently of the almost
unknown paper of Schinz, I regard essential to accurate and expeditious
calibration work. Deville and Troost® condemned bulbs of any other
than spherical form, though, it seems to me, quite unjustly and without
sufficient evidence against them. In thermo-electric comparisons the
chief end in view is to secure identical conditions of exposure for the
junction of the couple and the bulb of the thermometer; for the errors
which result if this identity does not obtain, are apt to be much more
serious than such as are due to small irregularities of contraction of the
bulb. It does not seem proven, moreover, that a bulb will not contract
regularly if its form is not spherical. Schinz’s bulb is a large iron box,
with which fine measurements can not possibly be made. The appa-
ratus, moreover, is not at all adapted to the comparison of results ob-
tained with different bulbs, a step which [ regard as essential. My bulbs
are of porcelain; they may be easily handled and exchanged one for an-
other, and the whole method of exposure is such as to secure as muach

1Pouillet: C. R., vol. 3, 1836, p. 782; Dingler’s Jour., vol. 63, 1837, p. 22L.
28o0lly : Philos. Mag., London, 3d series, vol. 19, 1841, p. 391.

3Regnault: Relation des Experiences, vol. 1, Paris, 1847, p. 246 (1845).
+Becquerel: Aun, ch. et phys., 3d series, vol. 68, 1863, p. 49.

6Schinz: Dingler’s Jour., vol. 175, 1865, p. 87; Ibid., vol. 179, 1866, p. 436.
6 Deville et Troost: C. R., vol. 57, 1863, p. 897.
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facility of manipulation as is compatible with the character of the ex-
periment. My object has been to place the calibration problem within
the reach of the laboratory not specially equipped for high temperature
work, and though I have worked independently, I am glad to defer the
priority of principle to Schinz. In addition to his air thermometer
Schinz invented a torsion galvanometer on the principle of Coulomb’s
torsion balance, for the measurement of thermo currents. This instru-
ment also does credit to his experimental sagacity. His couple is
iron-platinum, having failed to obtain reliable data with Becquerel’s
platinum-palladinm couple. Schinz. does not give any absolute data,
and it is easily seen that the absolute value of results with his bulb
could not lay claim to accuracy. He fails, for instance, to discern the
jron anomalies of which Tait! subsequently made considerable study.
Tait’s memojr is well known. TFollowing the suggestion of Thomson,?

Tait makes an elaborate survey of the diagram by which the thermo-
electrics of metals generally are to be expressed. For the measure-
ment of temperature Tait uses a thermo-couple of platinum and plati-
num-iridium alloy, and, so far as I have been able to find, his researches
are the first in which the pyrometric use of the platinum-iridiam alloy
is recorded. I may add here that special attention to the platinum-
iridium alloys seems first to have been given by Deville and Debray,?
to whom we owe so much of the metallurgy of the platinum group.

A special study of the thermo-electrics of platinum-iridium and other
alloys is due to Knott and MacGregor.* Diagrams are investigated for
these alloys, applying between 45° and 400°, and for compositions as
high as 20 per cent. of iridium. They also study silver-palladium, iron-
gold, and platinum-silver alloys with the same ends in view. In a
late research Knott, MacGregor, and Smith® determine the thermo-
electrics of cobalt. Having studied the platinum-iridium alloy calori-
metrically, Le Chatelier® suggests the occurrence of an allotropic modi-
fication of the alloy above red heat, the behavior being the same as that
shown by iron at about 7000, and between the melting points of silver
and gold. TFurthermore, with the object of checking the formule of
Avenarius” and Tait,® Le Chatelier® avails himself of the fusing points
of Violle. It appears that these formulz apply up to a certain tempera-
ture, above which (*‘ brusquement”) a second formula with new constants
is applicable. Platinum, platinum alloys of iridium, copper and rho-

1Tait: Trans. Royal Soc. Edinburgh, vol. 27, 1872-'73, p. 125.

27Thomson : Philos. Trans., London, vol. 146, 1856, p. 649.

3Deville et Debray: C. R.,vol. 81,1875, p.839; Cf. Ann. ch. et phys., 3d series, vol.

- 56, 1859, pp. 431 (iridium), 415 (rhodium).

4Knott and MacGregor: Trans. Royal Soc. Edinburgh, vol. 28, 1876~77, p. 321.

5K., M., and S, : Proc. Royal Soc. Edinburgh, vol. 9, 1876-'77, p. 421.

6 Le Chatelier: Bull. Soc. chimique, Paris, vol. 45, 1886, p. 482,

7Avenarius: Pogg. Aun., vol. 119, 1863, p. 406; Ibid., vol. 149, 1873, p. 372.

8Tait: Trans. Royal Soc. Edinburgh, vol. %7, 1872-73, p. 125.

9 Le Chatelier: C. R., vol. 102, 1836, p. B19.

Bull. 54—4 (703)




50 MEASUREMENT OF HIGH TEMPERATURES.

dium, and palladium are tested, and he finds that high temperature
measurements thermo-electrically made can be relied upon to 200, ¢Il
résulte de mes recherches,” adds he, ¢ que la loi d’Avenarius et Tait
continue 3 se vérifier au-dessus de 400° avec une approximation égale
a celle quelle comporte au-dessous, jusq’a une certaine température
limite, variable avec la nature des couples considérés.” The superior-
ity of the platinum-rhodium couple! of Le Chatelier’s (which is his special
contribution to thermo-electric pyrometry) over the iron platinum or
platin-palladium couples is due to greater homogeneity of the former,
and the fusing point calibration may be considered accurate within 5°
C. 1In a very full paper recently published, Le Chatelier? shows that
the condemnation which was inflicted on Pouillet and Becquerel’s
wethods was thoroughly unjust. Believing the fusing and boiling
point method of calibration to be superior to direct comparison with the
air thermometer, he selects the series, H,O (1000), Pb (323°), Hg (358°),
Zn (415°), S (448°), Se (665°) Ag (945%), Au (1045°), Cu (1054°), Pd
(15000), Pt (1775°), most of which values are due to Violle (l. c.).
Having, moreover, given attention to the errors due to homogeneity Le
Clatelier concludes with Becquerel,’and many others* before him, that
to make the Avenarius-Tait formula sufficiently applicable it is neces-
sary either to add a cubical term or else to use two laws, one for low and
the other for high temperatures. In a final wemoir Le Chatelier® invents
an ingenious method for fusing point measurement, and compares his
results with those of Carnelley (1. ¢.). The table given contains data for
alkaline and metallie chlorides, cast-irons, nickle, etc., and the paper
ends with an investigation of the temperature of chemical phenomena
in which heat is absorbed or disengaged, or in which the substances
undergo transformation.

Finally, I desire to add that the thermo-electric effect of changes of -
physical state and of molecular changes in general, has not been left
unnoticed. Obermayer’s® experiments largely refer to alloys which
melt at comparatively low temperatures. Tidblom” investigates an
amplified form of the thermo-electric équation, in which changes of the
kind in question may be allowed for. '

Electrical conductivity—The measurement of temperature in terms
of electrical conductivity was not attempted at so early a date as the
thermo-electric methods. Miiller® attempted to co-ordinate tempera-
ture and resistance both for iron and for platinum, without, however,
more than estimating the thermal datum. A resistauce thermometer,

1 Le Chatelier: Bull. Soc. chimique, Paris, n. 8., vol. 47, 1837, p. 2.
2Le Chatelier: Jour. de physique, vol. 6, 1887, p. 23.
3Becquerel: Ann. cb. et phys., Paris, 3d series, vol. 68, 1863, p. 49.
4 Cf. Mousson : Physik, Ziirich, 2d ed., vol. 3, 1874, p. 384.
5 Le Chatelier: Bull. Soc. chimique, Pane, n. 8., vol. 47, 1887, p 300,
6Obermayer: Wien. Ber., vol. 66, pt. 2, 1872, p. 65
?Tidblom : Beibl,, vol. 1, 1877, p. 151.
8 Miiller: Pogg. Ann., vol. 103, 1858, p. 176
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suggested by Quincke, was carried out practically by Reissig.! This is
simply a wheatstone-bridge adjustment, not different in any essential
respect from C. W. Siemens’s? pyrometer, except in so far as the latter
endeavored to calibrate his electrical apparatus by the calorimetric
method. Siemens’s pyrometer is too well known to need special descrip-
tion. In the final form, currents are measured electrolytically, and to
give the method greater sensitiveness two identical voltameters to cor-
respond to the hot and the cold wires are used simultaneously. This
makes the‘ apparatus to some extent independent of the local and time
errors of the galvanometer. Siemens’s resistance-temperatnre measure-
ments are made with platinnm, copper, and iron, and the data obtained
are formulated.

Siemens’s pyrometers were tested by Weinhold (l. ¢.) and pronounced
sufficiently in keeping with the air thermometer to be of reliable serv-
ice to the metallurgist., After this Forster,” Williamsen,* and Fischer®
find that the effect of long-continued exposure of a Siemens pyrometer
is an increment of the resistance of the exposed wire. Recalibration
from time to time is therefore essential. An important series of meas-
urements of the relation between resistance and temperature was made
for quite a number of metals by Bénoit.® His temperatures run as high
as 860° (boiling point), and all the relations are formulated. Iridio-
platinum wire was tested with regard to its resistance at 15° and at
white heat by Bueknil].” TFormulae applying for silver-platinum, iron-
gold, and platinum-iridium alloys were computed with great care and
from many experiments by MacGregor and Knott;® but their ranges
of temperature did not much exceed 150°. A critical comparison of the
data of the resistance temperature formule of Siemens (l. ¢.), Bénoit
(I ¢.), which apply for platinum, was made by Nichols,’ and the dis-
crepancies between these results fully pointed out. Nichols, moreover,
expressed resistance in terms of his dilatation thermometer. Perhaps
one of the most careful measurements of resistance as varying with
temperature, and indeed the only ones which to my knowledge were
" made at high temperatures and by direct comparison with the porcelain
air thermometer, are due to Schleiermacher.’® This observer wrapped
bis wires directly around the thermometer bulb or exposed them in sim-
ilar unexceptionable ways. Recognizing the variable character of ordi-

! Reissig: Dingler’s Jour., vol. 171, 1864, p. 351.

28iemens: Proe. Royal Soc. London, vol. 19, 1871, p.443. Dingler’s Jour., vol, 198,
1870, p. 394; ibid., vol. 209, 1873, p.419; ibid., vol. 217, 1875, p. 201.

3Forster: Chemical News; vol. 30, 1874, p. 138.

4 Williamsen : Dingler’s Jour., vol. 210, 1873, p. 176.

& Fischer: Dingler’s Jour., vol. 225, 1877, p. 463.

6Bénoit: C. R., vol. 76, 1873, p. 342.

7 Bucknill: Jouy. Soe. Tel., Eng., vol. 7, 1878, p. 327.

8 MacGregor and Knott: Trans. Royal Soc. Edinburgh, vol, 29, 1880, p. 599.

9Nichols: Am. Jour, Sci., 3d series, vol. 22, 1881, p. 363,

10Schleiermacher; Wied, Anu., vol. 26, 1835, p. 287,
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nary platinam, he does not attempt to formulate his data. A final and
more ambitious attempt to express the resistance of temperature rela-
tion is due to Callendar.! Wishing to establish a strictly comparable
standard of high temperature, he avails himself of pure platinum. This
he compares directly with an air thermometer as far as 600°. A feature
of the experiments is the inclosure of the wires within the bulbs of the
air thermometer. Great care is taken to guard against surface conden-
sation of gas. Data are tabulated. The work enjoys the supervision
of J.dJ. Thomson, '

From a theoretical point of view the electrical conductivity of gases
presents many phases available for temperature measurement. Experi-
ments on the conductivity of hot gases are due to Buchanan.?

T am aware that Mr. C. A. Perkins, of Johns Hopkins University, has
for some time been occupied with similar experiments.

Magnetism.—A magnetic thermoscope was proposed by Thomson,®
but it is specially intended for low temperature. High temperature
thermoscopes of this kind must obviously fail from the irregularity of
the magnetic behavior of metals at high temperatures.

Interpolation methods.—Methods of this kind are of the utmost service
and have been much in use. In the case of a furnace, whose tempera-
ture is increasing or decreasing regularly,a given unknown tempera-
ture may be fixed between two known temperatures by time-inter-
polation. The two or three known temperatures between which the
unknown data lie may be convenient fusing points, sufficiently near
together to make linear or quadratic interpolation practicable. Carnel-
ley* and others have made much effective use of methods of this kind.

ADVANTAGES OF THERMO-ELECTRIC PYROMEIRY.

Having thus indicated the chief methods of pyrometry so far em-
ployed, it next behooves me to state clearly in what respeet the thermo-
electric method deserves preference before all others. To do this I must
reiterate the point of view already emphasized in the preface and from
which the greater part of the present volume has been written. It is
my belief that before important steps in most subjects directly bearing
on dynamical geology can be made, our methods of high temperature
weasurement and of high pressure measurement must first be facilitated.
Moreover, the solutions to be given to the thermal and to the mechan-
ical problems must be such that the high temperatures may be measured
under conditions of high pressure, and conversely.

When temperature measurements are to be made under these almost

L Callendar: Proc. Royal Soc. London, vol. 41, 1886, p. 231.
2Buchanan: Philos. Mag., London, vol. 24, 1887, p.287. The subject is now being
vigorously discussed; but there is no space for further references here. (Schuster,
Blondlot, Elster u. Geitl, and others.)
3Thomson : Proc. Royal Soc. Edinburgh, vol. 10, 1880, p. 538.
+Carnelley : Jour. Chem. Soc. London, vol. 1, 1877, p. 365.
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insuperable difficulties, the kinds of pyrometers available dwindle down
to a very small number. Indeed, the thermo-couple is alinost the only
instrumeunt of research left. Itis therefore most encouraging to find
that, for purposes of high temperature measuremeut in general, the
thermo-couple can be made to yield results which, apart from practical
conveniences and easy manipulation, are warrantably as accurate as
any known to us. I will summarize the advantages here in question
as clearly as I can, so that they may be referred to in the bulk of the
work : .

1. Barring a few corrections, the thermo-couple of known properties
is available for temperature measurement under all pressures. The cor-
rections implied are those which become necessary in consequence of the
changes of thermo-electric property with pressure; but these changes
are slight and quite negligible in comparison with the thermal sensi-
tiveness of the couples. '

2. The temperature at the hot junction is dependent on the tempera-
ture at the cold junction and the constants of the couple only. It is
independent of the distribution of temperature in the parts of the couple
between the junctions. This is a great practical advantage, the impor-
tance of which is realized when temperature is to be measured under
pressure.

3. The thermo-couple is capable of measuring temperature when the
dimensions of the hot space scarcely exceed a physical point. Small
zones of constant temperature and relatively small apparatus for heat-
ing are therefore sufficient for thermal comparisons of relatively great
accuracy. In this respect the thermo-couple deserves preference to
the resistance thermometer, particularly when material fusible with
great difficulty is operated tipon.

4. The upper limit of temperature measurement is practically infivite,
and lies much above the melting point of platinum; for by using re-
fractory alloys of platinum, iridium, rhodinum, and inclosing wires of
these metals in tubes of calcined lime, distinct and powerful thermo-
electric effects are obtained even when the contents of the tubes are
fused. ' :

5. The electromotive forces of suitable thermo-couples are easily meas-
urable with an accuracy of 1 in 1,000. Almost with the same accuracy
may the indications observed at the beginning of any year be compared
with those at the begintiing of the next or any other subsequent time.
The secular errors of a thermo-electric pyrometer, when properly cared
for, need not be larger, relatively, than the secular errors of a mercury
thermometer.

6. Many couples are known which, in addition to the desideratum
of thermal sensitiveness, possess great tenacity and ductility, and are
unalterable under ordinary conditions of heating.

7. The thermal indications are as nearly as possible instantaneous,
and the discrepancy of the lag error is therefore 2 minimum or nil.
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8. In view of the facts summarized in 2, insulation of the wires 1s not
difficult even when the couple is to be used under pressure. This does
not apply in case of the resistance thermometer.

9. When destroyed by silicification or metallic corrosion the thermo-
couple may easily be purified by fusing it over again on a lime hearth
and drawing to wire. With good metal the variation of constants thus
produced is almost negligible.

10. Tinaliy, the thermo-couple has this important property, that
between temperatures lying not too far apart (100° to 200°) any inter-
mediate temperature may be interpolated with great accuracy by the
quadratic equation devised by Avenarius and Tait, and such interpo-
lation, curiously enough, seems to be more trustworthy in proportion as
temperature increases above the regions of incipient red heat. Itis this
property which specially recommends the thermo-couple for the meas-
urement of relatively very small inerements of temperature added to
relatively large temperatures, possibly under conditions of high pres-
sure, a8 is the case, for instance, in investigation relating to melting
point and pressure of solids.

To use the thermo-element it is necessary to find the thermal equiva-
lent of the electromotive force for all temperatures of the junctions.
This is at present possible only by making detailed comparison with the
air thermometer. An experimental problem of some difficulty is thus
. encountered at the outset. Inasmuch as the measuring part of a thermo-
couple is not much more than a sensitive point, and the corresponding
part of the air thermometer is a sphere of relatively enormous dimen-
sions, it is not easy to devise an environment which at temperatures
high and low shall be thermally identical for both. When temperature
varies, the indications of the air thermometer necessarily lag behind
those of the thermo-element. It is therefore one of the chief purposes
of the present volume to devise a method such that the observed indi-
cations of air thermometer and thermo-element may be rigorously equiv-
alent; in other words, to carry forward the methods of calibration to a
degree of perfection subject only to the improvement of the air ther-
mometer. Ihope in some future publication to show the feasibility of a
fire-clay air thermometer which will be available for temperature meas-
urement much above those at which porcelain becomes too viscous for
further use; but in much of the present volame the object is less to de-
vise new methods, than to bring the old ones more within the scope of
easy application than has hitherto been done. However, in Chapter
V I submit a new method of pyrometry.

In calibrating thermo-couples I make use of two methods. The first
of these is preliminary. The measurements made are based on known
values of high boiling points. The second method, however, is a direct
calibration with the air thermometer. In this way I arrive at an ulti-
rior result; for a comparison of the two sets of data thus obtained is
to some extent a criterion of the degree of accuracy with which thermal
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data in the regions of high temperature are known. Beyond this inci-
dental result I do not attempt to fix the absolute value of any high tem-
perature datum. To do this it is not only necessary to expend more
time than I have now at my disposal, but it is expedient that the ob-
server be specially equipped for the purpose. In the problems of this
volume, on the other hand, where the end chiefly in view is the trial of
available methods rather than the investigation of new and accurate
results, such equipment is superfluous. In one case the variables of
the thermal apparatus selected, including of course the limits of varia-
tion of its constants, are chiefly to be studied; in the other case addi-
tional time and pains must be spent in the absolute evaluation of the
constants themselves,
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CHAPTER 1.

THE DEGREE OF CONSTANT HIGH TEMPERATURE ATTAINED IN
METALLIC VAPOR BATHS OF LARGE DIMENSIONS.

By C. BARUS AND W. HALLOCK.
EXPLANATION.

The general character of this chapter is introductory. The experi-
ments are therefore largely arranged with reference to a single point of
view, viz, the degree of constancy attainable in metallic vapor baths
at temperatures either high or low. To secure this end we profited by
the experience of Messrs. Deville and Troost, who recommend the use of
large masses of metal, and consequently large forms of boiling-point
apparatus. The advantages gained in this way are twofold. It is ob-
vious that if the quantity of substance used is indefinitely large, not
only may the ebullition be prolonged for a considerable time—a great
desideratum when many pyrometers are to be calibrated—but in the
same measure, as the volume of vapor and consequently the space of
constant temperature is larger, the probability of constant temperature
at any one central point is proportionately increased.

There is, however, a second point of view from which the present ex- .

periments have been pursued. The questions to which this leads us
do not conflict with the main purpose of the chapter. They are inti-
mately connected with the thermal equivalents of the thermo-electric
indications of small temperature variations upon which many of the
following data must be based. The refractory alloys best adapted for
measurements of high temperature are invariably of platinum body, in
which relatively small amounts of the foreign metallic ingredient are
added to platinum. This will be seen more fully below. Now it ap-
pears that alloys containing platinum and the other metal mixed in
nearly equal amounts are either brittle or otherwise unsuited for wires.
Often the second ingredient is of a relatively volatile or oxidizable
kind. Escaping at high temperatures, this gives rise to changes of
homogeneity or even of composition. Fortunately it is not difficult to
find low percentage platinum alloys, which, when combined with pure
platinam thermo-electrically, show electromotive forces so large that no
difficulties of measurement can be apprehended. In fact the purely
electrical measurement is a part of the problem which may be solved

with extreme nicety.
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Having these desirable properties of many platinum alloys in mind,
it is a natural step in the argument to inquire into the nature of re-
fractory alloys of platinum with gradually vanishing amounts of other
metals or alloys. Given, for instauce, a series of thermo-couples, one
element, in all of which is platinum and the other element an alloy of
platinum in which the foreign ingredient diminishes from element to
element in given small amounts. The limiting case of such a series is
a thermo-element of pure platinum thermo-electrically combined with
pure platinum. Now, a priori, it does not seem improbable that the
series may possess certain properties in common, from the totality or
grouping of all of which the properties of the thermo-couple platinum-
platinum may be warrantably predicted, and that therefore thermo-
electric measurement may aictually be made by the limit couple platinum-
platinum in question. Theinterest which attaches to any such endeavor"
is naturally enhanced by the fact that the said limit couple is possibly,
though not necessarily, the point of convergence of any other series of
alloys. In general, if any number of series of platinum alloys be made,
in each of which series platinum is alloyed with small quantities of the
same foreign metal, in amounts which diminish from alloy to alloy as
far as zero; if, mogeover, the individual members of the divers series
in question be thermo-electrically. combined with pure platinum, then
it is not impossible, inasmuch as the thermo-electric properties of all
the series converge in the thermo-electric properties of the element pla-
tinum-platinum, that a reduction of all thermo-electric data to this limit
couple may be feasible. We state distinetly that the identity of the
limit couple for all series is a possible case. It is not a necessary case,
for the interpretation to be given to the limit couple may be different
for each of the divers series which converge in it. .Again, since the
thermo-electrics of an alloy bear no easily discernable relation to the
thermo-electrics of its ingredients, it follows that the said interpreta-
tion is far from being simple, and that the question at issue is one
which must be solved experimentally.

APPARATUS.

Remarks.—The construction of apparatus for obtaining spaces of
practically constant temperatures is a step introductory to all experi-
ments in thermometry. It is important and even necessary, moreover,
that the temperature be of the nature of a fixed datum; in other words,
that it have always the same value under like easily reproducible cir-
cumstances, whether this value be known or unknown. To obtain
such constant temperatures use has always been made of the boiling
points of liquids; and boiling points conveniently disposed in the ther-
mometric scale are at hand for selection, in the results of many
observers.! More especially for the high temperatures we are indebted

"1Cf. Carnelley: Melting and Boiling-Point Tables; Landolt and Boernstein: Physi-
kaliseh-chemische Tabellen, etc.
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to the classical researches of Messrs. Deville and Troost. Availing
ourselves of these, we adopt vapor baths, and in the present chapter
uniformly adhere to them, all the temperatures chosen for calibration
or definite comparison being boiling points.

With the exception of certain forms of bath for boiling points below
1009, our apparatus consists essentially of a closed crucible provided
with an axial tube for the efflux of vapor. This tube projects inward
or upward as far as the center of figure of the crucible, and downward
through the bottom, of which it is a part. Distillation therefore takes
place per descensum, through the tube, and the surtace of the surround-
ing boiling liquid is kept as nearly as possible at constant level as
regards its position in the crucible. In the case of low boiling points
this apparatus is made of metal and appropriately jacketed. For high
boiling points, crucibles of graphite or of clay are preferable. In the
interior of the central tube aund near the center of figure of the cruci-
ble the temperature is satisfactorily constdnt. Here, therefore, is
placed the essential part or * explorer” of the pyrometer to be calibrated,
It is thus exposed in the current of vapor circulating through the tube,
the walls of which are permanently kept at the boiling point by the
boiling liquid surrounding them. In this way a comparatively simple
form of apparatus, available at all temperatures, both high and low,
retains all the essential features of the ordinary boiling point apparatus ;
and it is only for very low temperatures (< 100°) that a special form is
expedient.

Low boiling points—To describe in passing this form of apparatus
for low temperatures (< 100°), we insert Fig. 1, in which the position
of the thermo-element is indicated by ¢ a 7. The cold junction ¢ is
kept at constant and comparatively low temperature by water com-
ing directly from the water mains and continunally circulating around
it, This.cold water is further used in condensing the vapor after cir-
culating around the hot junction 7. A glance at the cut will make
the disposition clear. Water enters at w and vapor at v, and after
passing around the junctions ¢ and 7, respectively, they enter the con-
denser, diagrammatically shown at cc, the water entering an external
compartment and the vapor an internal compartment. The condensed
vapor is at once refed into the boiler or flask, thus enabling the
observer to use this apparatus quite as long as desirable without inter-
ru[;tion. At the cold end of the condenser the inner tube is in commu-
nication with the air. Ebullition thus takes place under atmospheric
pressure. The apparatus is available for experiments with ether, methyl
alcohol, alecohol and water. It fails,so far as praetical convenience is
concerned, for aniline, etc., because of the difficulty encountered both
in conveying the vapor into it from the boiler without condensation,
and because of the corrosive action of such vapors on the corks and rub-
ber tubing of the apparatus. If made of a single piece of glass it is
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too liable to break at the fused joints, In the form used the tubes v 7
and wt were about 25" long and about 2.5 wide.
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Fic. 1. Apparatus for constant temperature between 0° and 100°. Scale, §.

Boiling points between 100° and 300°.—In Fig. 2 we give a form of ap-
paratus constructed on the typical plan indicated above, and which is
adapted to temperature between 100° and 3000, It consists essentially
of alarge sphere, 4 A A, of copper, 25°™ in diameter, the joints of which
are brazed. ] ' '

Through the bottom of this a somewhat conical central tube, d d, pro-
jects into the interior as shown, the tube communicating below with an
iron gas-pipe, ¢f g h, leading to the condenser. The neck or head, k, of
the spherical copper bottle is in connection with a wide glass tube, & m,
kept in place by a gallows adjustment, the top of which, m, is of iron
and providell with two lateral steel rods or bolts. These being fastened
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below to a wide flange in the neck k, secure the tube by screw pressure
between the head m and the flange of k. It is often convenient to use
gaskets of asbestos or any other kind of packing at the upper and lower
end of the tube. The head m, moreover, is in communication with the
condenser by means of the lateral tube of gas pipe, m nog. Hence the
vapor arising from the surface of boiling liquid, @ a, can escape either

L,

F1G. 2. Apparatus for constant temperature between 100° and 300°. Scale, 7.

above or below, and the respective circulations are regulated by a
faucet, f.  'We found, however, that in case of corrosive or hot liquid,
soon begins to leak, and that it is advantageous to partially stop up the
lower passage by a ball suspended in the cone ¢ d from a platinum
wire passing through Zm l. In this way the use of the cock f may be
avoided. 4

To heat the sphere A A A we used a large ring burner, B B, about
22°m in diameter and provided on its inner.surface with 130 jet holes,
0.15°m each in diameter. This ring burner was so made that it could
beused either with or without blast, according as temperaturesrelatively
low or high were to be obtained. Its position is adjustable at pleasure
- by a clamp at*ached to the standard C C. Another clamp attached to
the standard D D acts as a safeguard against lateral vibrations of the
sphere A A A, the main weight of which is supported by the exit pipe
d e f to the upper end of which it is serewed. A final clamp and stand-
ard, I r, facilitates the adjustment of the exit pipe o » m. The sphere
is provided with a feed pipe, ¢ ¢, and an appropriate gauge, p p, to
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register the height of the liquid. The capacity of the retort is about
one gallon of liquid. If the liquid be fed in drops from a Mariotte flask,
F, no interruption of ebullition need take place.

In the apparatus given in the figure a space of constant temperat;ure
nearly 3" wide and fully 60" long is available. If the ring burner
be so adjusted that the ebullition is fairly brisk the temperature within
this spaceis almost perfectly constant. Forrelatively high temperatures
it is generally advisable to discard the glass tube %k m, and to close the
neck with a plate of metal suitably perforated to allow the introduction
of thermo-couples. In general, however, thelarge tubular spaceis con-
venient both for the comparison of long-stemmed mercury thermometers
and for the further comparison of electrical pyrometers with them.

‘We omit special data relative to the degree of constant temperature
here obtained, because it is questionable whether at these relatively
low temperatures the use of large forms of vapor baths is to be recom-
mended, and because none of the data of importance below depend
upon the perfection of the large retort here described. In Chapter II
data for smaller forms are fully given, and from these the efficiency of
the larger forms may easily be inferred.

F10. 3. Boiling-point apparatus for mercury. Scale, .

Apparatus for mercury.—The boiling-point apparatus just desecribed
is useful for substances boiling at a lower temperature than mercury
when constancy of boiling point can not be accurately relied upon.
Such substances are mostly of organic kind, and are apt to change
their properties slightly after long ebullition. It is for this reason that
the mercury thermometer remains indispensable. When, however, the
boiling point is fixed and known, like that of mercury or sulphur, the
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apparatus ard the manipulations may be simplified. A form of vapor
bath specially adapted to mercury calibrations is given in Fig. 3, one-
tenth actual size. The boiler or retort A A A is of cast-iron, and is a
modified form of the well-known mercury still of the shops. By drill-
ing a hole through the bottom and tapping into it a long nipple, the
central tube d d may be screwed down firmly in position. The nipple
communicates below with a long tube of gas pipe, ¢ f g, leading to the
condenser. The crucible A A A is closed above by a flat lid, the edge
of which as well as the rim of the crucible has been carefully turned,
and is held in place by a stout gallows connection not shown in the
figure. Through the center of the lid passes a smaller iron tube, & ¢,
the lower end of which is closed and projects into the central tube d d,
somewhat below the level ‘@ ¢ of the surrounding mercury. It isinto
the tube & ¢ that the hot junction of the thermo-element is to be intro-
duced as far as the base of the tube. A lateral tube, b kI n, largely of
iron, subserves the purpose of replacing the mercury lost by evapora-
tion, and communnicates with a larger reservoir, B B, in which the mer-
cury is practically at the same level, m m, asin 4 A. Hence the level
in B B is to some extent a gauge of the level in 4 4. A supply reser-
voir, ¢ C, enables the operator to keep m m at constant height. To
keep up the ebullition we made use of a kind of ring burner, consisting
of three distinct blast-burners symmetrically placed around the crucible,
the flames impinging upon its sides. In this way full advantage was
taken of the curreut of air furnished by Professor Richards’s pneumatic
pump. The operation of boiling may therefore be prolonged indefi-
nitely. ,

In the tables below we give a series of results by which the con-
stancy of temperature attained during the successive stages of improve-
ment of this apparatus is fully exhibited. These results will show that
variations in the disposition of parts is by no means without conse-
quence. '

Boiling point of zinc.—The construction of apparatus first used was
carried out by Mr. Hallock, and to him the following description is due:

In our earlier experiments an attempt was made to use the large clay
retorts of the shops, but after some trials we abandoned them in favor
of the special forms of retort now to be described.

Having in mind the form and operation of the ordinary apparatus for
checking the boiling points of thermometers a retort was constructed
with a view to surrounding the thermo-element with a double jacket of
the vapor in question. It soon became evident that the simpler forns
were useless, owing to the condensation of the vapors and the clogging
of the outlets. We were thus led after trials of several other simpler
‘forms, to test the arrangement shown in TFig. 4 and constructed as

follows:
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Fig. 4. Boiling point apparatus for zinc; earlier form. Scale, 3.
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The cylindrical reservoir, or retort proper, shown at 4, Fig. 4, was
made by screwing cast-iron caps N N, C C, upon the ends of a piece
of iron pipe 6 inches long and 6 inches in diameter. A piece of 1-inch
iron pipe, D, fitted in the upper cap ¢ C, and extended upward to an
elbow, E, and similar pipe, B, which latter passed out through the side
wall of the anthracite furnace at O 0. Thence the pipe B extends
through the T at I I, 18 inches, into the iron pipe H H, which is
screwed into the other end of the T. The third opening of the T is
fitted with the short outlet pipe K, 1 inch in diameter. A cap, @,
closes the whole apparatus except the outlet at K. A small iron pipe,
F F, passing through the cap @, and extending 15 inches into the
interior tube B B, and closed at its inner end was intended to receive
the thermo-element. A perforated tube burner, I L L, Fletcher system,
placed beneath the pipe H H, was intended to prevent the solidification
of the metal therein and consequent stoppage of the circulation of vapor.
We hoped to be able with this apparatus to obtain a region of constant
temperature in the inner end of the tube F, which would be surrounded
by two distinct jackets of -the vapor of zinc. We expected the action
to be as follows:

The vapor rising from the boiling zinc in the retort 4, to pass through
D and B B, out past the end of F, out of the end of B into H H,
thence backward through H, and out at K, elther still in the state of
a vapor or condensed to a liquid in H.

Two difficulties made the apparatus impracticable. Whereas melted
zine or zine vapor has little or no solvent effect upon iron, still zine just
at the boiling surface or at the point of condensation of the vapor does
dissolve iron in considerable quantities. This action of the boiling zinc
soon eats through the iron walls of the retort and makes the whole ap-
paratus very short lived. Moreover, the spontaneous combustion of
zine vapor on coming to the air inevitably results in stopping up the
outlet, causing the destruction of the apparatus. These objections, to-
gether with other minor ones, led to the abandoning of this form and
ultimately of all forms constructed on a similar principle.

The principle next applied was that of downward distillation through
the bottom of the crucible, a system that had already proved very good
for mercury and some other substances, and which has been touched
upon in an earlier part of this chapter.

The particular form ultimately constructed is shown in vertical cross-
section in Fig. 6 and in vertical longitudinal section in Fig. 5. In this
case the furnace formed an essential part, and was constructed simulta-
neously and as part of the whole. It covered 5 x 33 feat on the floor and
stood 5 feet high. It was built of brick, lined with fire-brick, on the
double-reverberatory principle, entirely symmetrical. Each side was
provided with a fire-box, A (Fig. 5), a grate, O, ash-box, B, ash-door, C,
blast inlet, @, and fire-box door at D. The zinc was contained in the
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gvraphite crucible F' F, which was 14 inches high, 11 inches in largest

diamater, and # inch thick. The graphite cover M 3f was luted on with:
a paste of powdered graphite and water. Through the cover M M the
iron tube L passed, extending downward into the crucible and closed
at its lower end. An iron pipe, @, 1} inches in diameter, passed up
through the bottom of the crucible about 6 inches, carrying the fire-
clay spherical shell i K, and protected by a coating of fire-clay, I I.
- W m‘/
P ‘a"z:;.. §%////
-~
com, =
BFire CLav.
[E)Srone Wane.
ElGrarire.
[RaN.
Fic. 5. Boiling-point furnace for zinc; later form; longitudinal section. Scale, T
(‘ Underneath the crucible a piece of stone-ware pipe, 6 inches in diam-

eter, N V, was built into the furnace concentric with the crucible and
extending 15 inches below it. In practice this pipe N N dips just below
the surface of the water in a tank placed between the two fire-boxes
A A and not shown in the drawing.
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Fig. 6 shows a vertical section through the axis of the crucible at
right angles to that shown in Fig. 5. The lettering in each case is the
same. U and V are the supporting arch between the two fires,and 7' T
are flues to carry off the products of combustion. R R is the top of
the furnace, 8§ § are supporting columns, W is the entrance of the
blast, and P the wind-box opening into the fires by @ @, shown on Fig. 5.

z T
N N
A NeR N
N R

|
!ﬁ\/v ) ) / |

FirEar/cx 8 MoRTAR.
Cou, = )
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GRAFHITE.

B sA0n.
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F16. 6. Boiling-point furnace for zinc; later form ; cross section. Scale, .

The fuel used in this furnace was anthracite coal with a blast furnished
by a 20-inch fan-blower, the ash-box door being of course closed during
operation. The flames from the fire rising through the space B E im-
pinged upon the crucible and passed thence off by the flues T 7. In
practice it was found that by applying fresh fuel in small quantities
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alternately to the two furnaces at regular intervals (ten minutes) a com-
paratively constant condition could be maintained until the accumnula-
tion of ashes interfered with the draft. The furnace performed its
part of the work satisfactorily, but from the large dimensions at least
one day was necessary to repair damages and prepare for a new ‘heat,”
and sometimes several days were necessary to get the crucible cleaned
and ready again,

The crucible was filled with pieces of zinc and the powder and grains
from previous distillings, mixed with powdered charcoal as a reducing
"~ agent. The cover was luted on as stated, and the tank placed under
the stone pipe N N. In operation the vapor from the boiling metal
rose around the sphere K and passed through holes into it, and down
through @ into N N, where it condensed and fell into the water, thus
keeping the pipe L and the thermo-element contained therein at a
comparatively constant temperatave. The degree of constancy actually
attained will be fully discussed later. Even in this apparatus the burn-
ing of the vapor proved a source of endless and unavoidable annoyance.
There seems little doubt that the vapor of zine is eveun able to decom-
pose water vapor and liberate the hydrogen, itself producing a horn-like
oxide, which is quite as apt to clog the outlets as the solid metal. Ow-
ing to this, many and frequent were the cases where the ¢ heat” proved
incomplete, or a total failure, owing to stoppages and explosions or
leaks. This will account for the incomplete series of determinations
which may occur in subsequent tables. Before we were able thoroughly
to profit by our experience the transfer of the laboratory to Washing-
ton interruvted the work and gave it a different direction.

EXPERIMENTAL RESULTS.

Methods of measurement.—Whether two given temperatures are equnal
or not may be shown with great accaracy and certainty by thermo-elec-
tric comparison. Thermo-couples of platinum with palladium, low
percentage ailoys of platinum-iridium, platinum-nickel, platinum-rho-
dium, platinum-cobalt, and many others, are available for the purpose.
Furthermore, since compmatlvely small increments of temperature are
here to be observed, the degree of constant temperature obtained in
any given space both as regards its variation at any given point with
time, as well as the distribution of temperature existing in the said
space at a given time, can be fairly estimated by thermo-elements of
known power.

Many observations go to show that for practical purposes we may rep-
resent the partial electro-motive force at each junction of a thermo-ele-
ment by an equation of the form

e=al+0T*+cTP+ . . . . . . o . oo (D)
where e, is the (partial) electromotive force at the junction whose tem-
perature is T, and @, b, ¢, . . . arethermo-electric constants rapidly

decreasing in magnitude.
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Hence in a couple in which the junctions are at temperatures T and
t, we find by difference ‘

\

v e=t—e=a (T—t)4+b (T*—8)4c (T'—+ . . . (2

an equation which in most cases applies so fully that the terms of the
right-hand member, whose powers of T and ¢ are greater than the third,
may be neglected.

From equation (2) follows at once that

de
T a2 3T ot
Inasmuch as the constants ¢, b,¢, . . decrease so rapidly in mag-

nitude that a mean or approximate value of T may be introduced into
equation (3), it appears that in proportion as the increment of tem-
perature becomes smaller it may be measured with the same accuracy
with which the constants a, b, . . have been found. Methods of
measuring ¢ and of calibrating the thermo-element will be indicated in
the next chapter.

List of thermo-couples.—It is expedient to insert for future reference
a list of the thermo-couples used for measurement here. In the first
part of this table the wires are given in the order in which their thermo-
electric powers were originally determined. The other part contains
the thermo-elements used for temperature measurement. The table
also contains values for the constants ¢ and b in equation (1). In the
case of Nos. 0 to 15 the calibration interval is not larger than 0° to
200°; in the others as large as 0° to 400°, or 0° to 450°. The data are
referred to a zinc sulphate Daniell standard, the electro-motive force of
which is assumed to be one volt. Lord Rayleigh’s recent value for
this standard is 1.072 volt. Hence to reduce the data to absolute units,
a and b must be increased 7.2 per cent. We have refrained from intro-
ducing this correction in the first two chapters because the relative
values of the data there given are alone of interest, and because of the
confusion and labor which a reconstruction of the whole series of data
and of graphic representations would involve.
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TABLE 1.— List af thermo-couples.

Thermo-couple. 1
No. @ x 103 | b x 100 “Where made, ete. Calibration interval.
+ —
0 Ag Cu 261 174 | Laboratory; 0° to 190°.
1| Ag,5%Pt | Cu . 5730 7010 Do.
2| Ag10%Pt| Cu 7230 10100 Do.
3| Ag16%Pt{ Cu 8964 | 11830 Do.
4 Ag 25% Pt | Cu 9641 15220 Do.
5| Pt Cu 4024 11450 | Commercial; 09 to 1900,
6 | Pt soft Cu 3222 12740 | Paris; 0° to 1900,
7 | Pt hard Cu 3760 9680 Do.
8 Pt Ir 5% Cu 906 9150 Do.
9| Cu Pt, Ir 20% 3364 3890 Do.
10 Pd Cu 8590 21100 Do.
11 Ti Cu . 20090 22000 Do,
i2 Ni Pt soft 17630 4900 Do.
13 Pd Py hard 5517 8375 Do.
14 | Pthard Pt, Ir 20% 7197 6325 Do.
15 | Pd Pt, Ir20% 12347 16855 Do.
16 | Cu (07 R R P Commercial ; 0° to 1900,
17 Pt hard Pt, Ir 20% 7660 3900 | Paris; 0° to 4500.
18 | Pt hard Pt, Ir 20% 7640 3670 Deo.
19 | Pt hard Pt, Ir 5% 3075 —96 | Paris; 0° to 370°.
20 | Pt hard Pt Ir 5% 3056 —91 Do.
21 | Pd Pt hard 5253 9700 Do.
22 | Pt hard Pt, Tr 20% 7640 3810 | Paris; 0° to 450°.
23 Pt hard Pt, Ir 5% 2972 475 | Parig; 0° to 3700,
24 | Pt hard Pt, Ir 2% 1883 —1501 | Laboratory ; 0° to 370°.
25 | Ptsoft Pt, PA 3% 287 1194 Do.
26 | Pt soft Pt, Pd 10% 975 2732 Do.
27 | Pt,Ir5% | Pt Tr10% 2362 1525 | Paris ; 00 to 3700.
28 Pt, Ir 5% Pt, Ir 15% 3888 2685 | Laboratory ; 00 to 370°.
29 P, Ir 5% Pt, Ir 20% 4507 3982 | Paris; 0° to 3700,
30 | Ptcom. Pt, Ni 5% e428 505 | Laboratory ; 0° to 370°.
31 Pt com. Pt, N1 29% 4560 48 Do.
32 Pt com. Pt, Ni 3% 1978 519 Do.
33 | Ptcom. Pt, Ir 5% 3639 1472 Do.
34 | Ptcom. Pt, Ir 7% 4704 2073 Do.
35 Pt soft Pt, Ir 209 7180 6270 | Paris ; 0° to 4500,
36 Pt soft Pt, Ir 20% 7190 6200 Do.
37 | Ptsoft Pt, Ir 20% (7206) (6300) Do.
38 | Ptsoft Pt, Ir 209 (7200) (6300) | Fused over from old elements.
39 Pt soft Pt, Ir 20% (7200) (6300) Do.
40 Pt soft Pt, Ir 209 (7200) (6300) Do.

Data for the mercury vapor baths.—Returning from this digression to
the subject proper, we insert Table 2 to exhibit the degree of constant
temperature arrived at in the mercury apparatus. The observations
are made in time series. T is the temperature of the hot junction,
placed at < in Fig. 3, and ¢ the temperature of the cold junction of the
thermo-element No. 18, at the time specified in the same horizontal row.
T'is computed from the thermo-electric data. In the first part of the
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table, results are given for the case in which the thermo-element tube
h i, Fig. 3, is simply submerged in lignid.

TABLE 2.—Constancy of temperature in the mercury apparatus.

No. t. \ T. Time. Remarks.
k. om. .

18] 51| 357 2 s0]
4.2 | 337 35
6.6 | 336 3 20 . . .
78| a5 s |l Envelope of thermo-element (tube) submerged in the boiling liquid.

. il B .
8.7 856 50 .
9.6 | 357 4 51) .
10.2 | 359 20 | Envelope above liguid.
18 7.2 ;Zg 6 §g }Appnra,tus Fig. 3, but with longer central tube dd.

Results irregular and useless; no satisfactory constancy.

18 15.0 | 342

3 40 2 Apparatus TFig. 3, but with inner side of 1id and walls heavily lined
17.2 | 357

4 30 with plaster.

Results again irregular; no satisfactory constancy.

18 9.0 | 353.6 12 0

10.0 | 357.5 10

10.8 | 357.5 20

11.6 | 357.2 30 )\ Apparatus Fig, 3, with central tube projecting inward only as far
12.6 | 356.9 45 . as the center of figure. Apparatus without feed-pipe.

13.8 | 856.4 55

14.8 | 856.5 1 10

15.2 ] 336.4 15

18| 68| 3543| 10 50
74| 356.8| 11 5
81| 356.6| 11 30
9.1] 356.7| 11 50
10.1{ 356.7| 12 20
1.2 356.7| 12 55|

Apparatus Fig. 3, completed form.

Curiously enough, when the walls were lined with an inch coating of
plaster above the plane of ebullition, although distillation took place
with great rapidity, the thermo-element did not show the boiling point
until about one hour had elapsed. Where no feed-pipe is used the tem-
perature gradually falls as the charge of mercury diminishes in bulk.
In the final form the negligible differences of temperature, amounting
(after ebullition has set in) to less than 0.2°, are probably errors of
measurement. The accuracy of the thermo-electric method is not war-
ranted within 0.1 per cent.

Data for the zinc vapor baths.—In digesting the data obtained for the
variation of temperature in the zine apparatus, it will be necessary to
be more circumspect. For this reason we shall exhibit a very complete
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set of data. Barly values, i. e., such as were derived with couples of
palladium or of platinum-silver alloy are discarded, because during
the course of the measurements such elements were usunally corroded
through, and little confidence could, therefore, be felt in the use of the
constants of the uncorroded element. Assuming equation (1) above, the
temperature, 7, of the hot junction of the couple is

T_— \/1+£_—1

where ¢ and b are the constants of the element, and where, if £ be the
temperature of the cold junction and ¢ the observed electro-motive force
for temperatures ¢ and 7' of the junctions

e=e--at4-btd,

This value, ¢, is therefore the electro-motive force when the cold june-
tion is at zero, other conditions remaining the same. The passage from
¢ to ¢ usnally involves only a small correction which may be interpolated
from tables calculated for the purpose. Nevertheless the computation
of T, where many results are in hand, is exceedingly tedious; and it is
therefore preferable to avoid it by the use of graphic methods, as ex-
plained in Chapter II. -In ¢omputing the values of T, the constants
obtained in later and more refined apparatus are of course used, all older
calibrations being allowed no more than corroborative importance.

In Table 3 we give some of our earlier results, the first of which were
obtained by submerging a protected thermo-couple in boiling zine con-
tained in a large fire-clay retort. The charge was from 5 to 10 pounds,
but special data are not at hand. After this the iron apparatus de-
scribed in Fig. 4 was used. Owing to difficulties of manipulation, we
thereupon returned to the retort pattern, providing it with a suitable
condenser; exchanging this, eventually, for a graphite crucible on the
general plan of Fig. 5, but of much smaller dimensions. It is in this
order that the results in the tables are given. The third column of the
table contains the number of kilogrammes distilled and the total num-
ber of kilogrammes of zine charged; e is the observed electro-motive
force in microvolts, nearly when the hot junction is at T and the cold
junction at 20°; ey is preferred to ¢, which applies for =00 because ¢
in the average case is usually in the neighborhood of 20°, and therefore
the correction to be added is small. 7, and T,, are thermo-electric
data for the boiling point, when the calibration interval within which
the constants apply is respectively 0° to 450° and 0° to 1000°. 7, is
therefore the result of exterpolation. Further remarks regardlng these
quantities must be reserved for Chapter IT.
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TABLE 3.—Constancy of temperature in earlier forms of the zinc boiling-point apparatus.

Kg. of Zn. | No. of
Date. Apparatus. distilled; |thermo-| es. T.. Tun.

! charge. |couple.
Dec. 28,1883 | RetOTt -oovnveeeeioiiieneeeiceieiinann 1 14 9150 847 914
Jan, 10,1884 |...... [0 T . 1 14 9600 880 950
Jan. 11,1884 | Iron boiling-pojnt apparatus. S PO 14| 9630 883 | 953
Jan. 15,1884 | Retort with condenser... . 14 9390 867 934
Jan. 29,1884 | Graphite boiling-point apparatus 18 9216 860 924
Jan. 30,1884 |...... 12 R S f 18 9184 856 931
Feb. 21884 |...... [ . R 2 18| 9191 857 | 922
Feb. 4,1884 [...... A0 . e e 2 18| (9281)] 865 | 930

It is to be borne in mind that the above data have a relative signifi-
cance only. Their absolute values can not be discussed before Chapter
IV. The same thermal and electric scales are uniformly used through-
out Chapters I and II.

In Table 4 data showing the progressive stages of temperature of
the zinc crucible are given in time series. The plan is identical with
that of the preceding table. 7 denotes the number of hours elapsed
from the beginnin-g to the end of the ebullition.

TABLE 4.— Constancy of temperaturce in earlier forms of the zinc boiling-point apparatus;
time series.

No.of
Date. Time. h. thiermo- e. Tu. en. Remarks.
couple.
h.m.
Jan. 29,1834 425 0.00 18 9220 860 925 | Charge insufficient.
32 0.12 18 9180 857 921
37 0.20 18 9170 £56 920
48 0.38 .18 9020 246 910
55 0. 50 18 8580 815 872 | Furnace cools.
Jan. 30,1884 235 0.00 18 6500 658 693 | Approaching ebullition,

45 0.17 18 7510 73 682

3 00 0.42 18 8920 840 900
201 0.7 18 7800 756 807 | Blower stopped by acci-

dent,

35 1.00 18 8150 784 . 836
40 1.08 18 £910 839 899 | Approaching ebullition.
45 1.17 .18 9150 834 919
50 1.25 18 9180 836 920 | Ebullition.
55 1.33 181, .9180 836 920

410 1.55 18 9260 864 928
15 1.67 18 9260 864 928
30 1.92 18 9300 867 933
40 2.08 18 9370 870 938 | Charge distilled.
50 2.25 18 9610 886 956

500 2.42 18 9770 £98 970 | Superheating.
10 2.58 18 9580 890 961
16 2.67 18 9540 882 951 | Furnace cools.
25 2.83 18 9220 860 924
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TABLE 4.—Constancy of temperature in earlier forms of the zinc boiling-point apparatus ;
time series—Continued.

No. of
Date. Time. h. thermo- e20. Ts. e Remarks.
. couple.
h.om. | X .
Feb. 2,1884 315 0.00 18 7930 768 818 |' Approaching cbullition.

’ 19| o0.07 18 8100 780 833

25 0.17 18 8420 802 860

30 0.25 18 8740 825 884

35 0.33 18 9110 851 915 | Ebullition.

40 0.42 18 9170 856 920

56 0.68 18 9190 857 921

419 1.07 18 9220 860 924

The second part of this table (J:n. 30) is complete. The third (Feb. 2)
and the first (Jan. 29) part together make a series, showing in all cases
the rise and fall of temperature at the inception and at the close of the
distillation. The criterion of the occurrence of the boiling point is con-
stancy of temperature; for the furnace is sufficiently hot to superheat
the crucible when the charge of zinc is low or nearly distilled over as
the second part of the table shows. An early stopping or a late begin-
ning of the experiment is the result of accidents, which for the difficulty
of the experiments are not infrequent.

As distinguished from the above data the following results are all ob-
tained with very large apparatus, a ‘‘number 60” graphite crucible of
Messrs. Dixon, with a capacity sufficient to hold 60 pounds of zinc, being
used for the experiments. The apparatus and furnace have already
been described and it will therefore suffice to summarize the data. This
is done in the following very complete tables on a plan identical with
the preceding.

TABLE 5,—Constancy of temperature in the later form of zinc boiling-point apparatus;

time series.
No. of
Date. Time. h. thermo- [27% T Tau. Remarks.
couple.
h. m.
Apr. 15, 1884 215 0.00 18 7980 770 822 | Chargo 14 pounds.
26 0.18 18 8540 812 868
38 0.38 18 9110 852 915
50 0. 58 18 9550 882 952
53 0.63 18 9710 803 965
305 0.83 18 9940 910 983
10 0.92 18 10020 915 990
Apr. 18, 1884 2 08 0.00 18 9500 880 947 | Charge 20 pounds.
15 0.12 18 9530 | 882 950
20 1.20 18 9640 890 957
30 0.37 18 9807 901 971 | Furnace fired.
40 0,53 18 9960 911 985
50 0.70 18 9930 909 982
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TABLE 5.—Constancy of lemperature in the later form of zinc boiling-point apparatus ;
time series—Continued.

No. of
Date. Time. h. thermo- eq. s Ton. Remarks.
couple.
h.m.
Apr.18,1884 | 300 0.87 18 10020 915 990
10| 1.03 18 10110 920 995 Do.
20, 1.20 18 10130 922 998
30| 137 18 10080 920 995
42 1.57 18 10820 | - 935 1013 | Retort begins to leak.
400 1.87 18 10480 |- 945 1025
10| 203 18 10510 948 1026
20| 220 18 10500 946 1026
30| 2.37 18 10390 939 1019
2| 2.57 18 9910 908 980
333 0.00 18 7571 740 787 | Charge 50 pounds.
50 0.28 . 18 7990 772 823 | Farnace fired.
400 0.45 18 8230 790 844 Do.
10| 0.62 18 8570 813 872 Do.
2| 0.78 18 8870 835 897 | Approaching ebullition.
30| 0.9 18 8930 839 900 | Furnace fired.
43| 117 18 9100 851 914 Do.
50| 1.28 18 9120 852 915 | Ebullition.
Apr. 24,1884 | 500| 1.45 18 9130 852 916 | Furnace fired.
10| 162 18 9130 853 916 Do."
2| 1.8 0 -3 FN IO FOURR Do.
33| 2.00 18 0140 854 917 Do.
50| 2.28 pU: 1 IR I Do.
55| 2.37 18 9130 852 916
610 2.62 SE: 3 IR ISR ORI Do.
2| 2.78 18 9180 856 921 Do.
31| 2.97 b1 DU IR Do.
45 3.20 18 9190 857 922 | Superheating; F. fired.
55| 3.37 bt 71 PSRRI ISR IR,
705 3.53 18 9240 861 925 | 25 pounds distilled.
Apr.30,1884 | 1563 | 0.00 18 8530 812 870 | Charge 50 pounds.
215 037 18 8970 842 905
26| 0.55 18 9080 850 912 | Ebullition.
45| 0.87 18 9140 854 918
315 137 18 9120 853 915
35 1.70 18 9160 856 920
57| 2.07 18 9190 858 922
415 2387 18 9220 850 | © 924
36| 2.72 18 9280 864 930
500 3.12 18 9340 868 934
20| 3.45 18 9270 863 930
3B| 370 18 9280 864 930 | 28 pounds distilled.
May 12, 1884 300 0.00 18 7940 768 799 | Charge large.
20| 0.33 18 8520 811 868
30°| 0.50 18 8760 828 887
38| 0.63 18 8880 837 896
40| o.67 18 8900 838 900
65| 0.7 18 8950 842 902
50| 0.83 18 8960 843 904 | Approaching ebullition.
55| 0.92 18 8960 842 904
410 117 18 8960 842 904
30| 1.50 18 feeemennnns 842 904
500 2.00 18 8980 844 906
15| 225 18 9000 845 907
33| 2.56 18 9020 846 908
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TABLE 5.—Constancy of temperature in the later form of zinc boiling-point apparatus;
time serics—Continued.

No. of
Date. Time. h. thermo- €2, T.. Tane Remarks.
couple.
h.m.
May 19, 1884 300 0.00 18 8370 . 800 855 | Charge large.
15 0. 25 18 8750 827 885
30 0.50 18 8960 841 903
- 3 0. 58 18 9050 847 911
40 0. 67 18 9050 848 911
420 1.33 18 9270 863 929
30 1.50 18 9590 885 955 | Central tube cracks.
5 00 2.00 18 0330 93¢ 1012 | Superheating.
May 21, 1884 325 0.00 18 7890 764 814 | Charge large.
35 0.17 18 8250 790 845
4 00 0.58° 18 8630 819 876
10 0.75 18 9030 847 910
20 0.92 18 9120 853 915
30 1.08 18 9240 862 926
35 1.17 18 9310 867 932
40 1.26 18 9360 870 936
5 00 1.58 18 9500 879 948 | Central tube cracks.
03 1.63 18 9540 881 951 | Superheating.
May26,188¢ | 225 0.00 22 8840 828 890 | Charge large.
35 0.17 22 9081 845 908
45 0.33 22 9110 847 910 | Ebullition.
305 0. 67 22 9160 849 915
15 0.83 22 9200 852 918
35 1.1? 22 9300 860 927
60 1.42 22 9330 863 930
420 1.92 22 0470 874 940
40 2.25 22 9450 870 940 | Crucible explodes.
June 9, 1884 215| 0.00 19 ... 716 (672) | Charge large.
30 0.25 19 . 741 (696)
46| 0.50 19 . 782 (735)
305 0. 83 19 |......... 855 (805)
5] 1.00 19......... 934 (880)
19 1.07 18 |..oeln 981 (925)
20 1.08 19§ 987 (930)
25 1.17 |- 19 2864 987 930
. 30 1.25 [10)] U PRSPPI Fe
40 1.42 (20) 2830 975 920
55 1.67 (20) 2784 960 907
410 1.92 19 2769 954 901
25 2.17 19 2767 954 901
40 2.42 19 2738 944 891
55 2,67 19 2137 944 891
508 2.88 19 2782 242 890
25 3.17 19 2755 950 899
40 3.42 19 2803 966 913
50 3.58 19 2809 968 915
June 11, 1884 345 0.00 19 2808 970 915
55 0.17 p 1 38 Y P D,
4 00 0,25 19 2806 969 9156
07 0.37 b R4 I R (RN O
12 0.45 19 2848 982 025
18 0.55 b EL 2N DR DRI [,
25 0. 67 19 2815 970 915
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TABLE 5.—Constancy of temperature in the later form of zinc boiling-point apparatus;
time series—Continued.

. No. of |
Date. Time. h. thermo- [ T Tone Remarks.
couple.
h.m. ,i

June 11, 1884 35| 0.8 b (I TN PO PO
46 1.00 19 2815 970 915
50 1.08 (23) 2806 970 915
58 1.22 15 2828 974 920

510 1.42 b R4 2 RPN RSP P
15 1.50 19 2824 972 916

25 1.67 19 R R RELETT RECEPERRED
30| 175 19 | 2784 960 907
June 14,1884 | 323 | 0.00 19 2811 970 914
347 0. 40 19 2839 976 921
June?2l,1884 | 435 0.9 b5 2 999 939
41 0.10 23 2907 1002 942
55 0.33 23 2915 1002 943
506 0. 52 23 2919 1004 944
22 0.78 23 2935 1010 950
June 25, 1884 355 0. 00 23 2809 970 914
415 0.33 23 2809 970 914
4 40 0.75 23 2829 974 920
4 55 1.00 .23 2829 974 920
5 06 118 23 2829 974 920
518 1.38 23 2780 960 907

In the experiments made on the 15th and 18th of April the charges
were obviously too small. Hence we fail to discern a boiling point in
the first instance and obtain irregular results in the second, in both of
which cases the zinc vapor is superheated. In the next series the
charge of zine is much increased and the results are regular. The value
of T, is slightly low, a result which may be attributed to various ex-
traneous causes, such as slight corrosion or zincification of the thermo-
couple, polarization errors in the measuring apparatus, ete. In this, as
in the following series of experiments of the 30th of April, the temper-
ature of the cold junction, in consequence of its unavoidable proximity
to the furnace, rises as high as 700, Otherwise both series are as com-
plete as any we made. The effect of charging the furnace with fresh
coal does not chill the retorts perceptibly, and the experiments were
carried to an end without accident. In the series made on the 12th of
May, as well as in all subsequent series, the cold junction was kept at
a low temperature (ca. 15°) by submerging it in a current of running
water. The valuaes for 7,, found are lower than usual. The work done
both on the 19th of May and on the 21st of May was interrapted by
breakage of the central tube. There resulted a diminution of the charge
of zinc, in consequence of leakage, and the thermo-element soon indi-
cated the presence of superheated zine vapor. No boiling point is dis-
cernible. The experiments on the 26th of May were again terminated
at an early stage of progress by an explosion, due to stoppages in the
efflux pipe for the zinc vapor. Both the elements No. 18 and No. 22
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were partially destroyed by these accidents, necessitating their replace-
ment by No. 19. The constants and thermo-electrics of the new couple
being different from the old, it is clear that the subsequent values for
T, are no longer immediately comparable with the preceding values for
T... To make them as nearly as possible comparable, however, the fol-
lowing method was pursued: The values for ey, corresponding to Nos.
19, 20, 23, and obtained on the 2d of February, on the 24th of April, and
on the 12th, 26th, and 30th of May, were averaged, and this mean value
was assumed to correspond with the mean values of T, given by No.
18 on the same days, respectively. A glance at the tables below shows
that on these days one of the series of elements, Nos. 19, 20, 23, and one
of the series of elements, Nos. 17, 18, 22, were simultaneously compared.
From these data the constants of the former set (Nos. 19, 20, 23) and a
graphie representation were investigated; from this finally we took the
values of T;, given in Table 5. In this way the break in the results is
reduced to the least value possible under the circumstances.

It is curious that in the subsequent work we were not able to obtain
series of results as satisfactorily constant as in the earlier experiments.
To speculate on the causes for discrepancy is of course futile, and the
later data subserve no other purpose than that of comparing the thermo-
electric behavior of the couples simultaneously calibrated.

INFERENCES RELATIVE 1T0 LOW PERCENTAGE ALLOYS.

~veduction of data.~In view of the insufficient degree of constancy
observable in the above results as a whole, it is necessary to resort to
an artifice by which all thermo-electric forces may be referred to a fixed
interval of temperature, 7—¢. Tor the lower limit of this interval we
selected 20°, a temperature as near the mean value of ¢ as practicable;
for the upper limit 9309, the assumed value of the boiling point of zine.
Then the reduction to the lower limit has the value

e—e=(t—20) { a+Db (t420) »;
and the reduction to the higher limit the value

ano—e=(930—"T) (a+b (9304 T)).
+ The method of correction was therefore a quadratic interpolation by
which the thermo-electric interval is rectified at each end, and thus re-
duced to the uniform temperature interval. The constants ¢ and b
were carefully redetermined in a final calibration, so that the sole re-
maining difficulty in the equation is the choice of 7. Fortunately it is
only the variations of 7 with which the above equation is concerned,
and this may be obtained cither by linear reduction of the thermo-
electric datum 7 to 930°, or we may calculate the constants for each
element thronghout the interval 0° to 9300, and then use the T, so
obtained. The first method is less accurate than the second without
being insufficiently accurate. At the same time the first method is so
much more expeditious that we applied it.
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TABLE 6.—Values of €™, approzimately, in microvolts.

No. of No. of
Date. thermo- | %9, Date. thermo- | €20°%,
couple. couple
January 29, 1884 ............. 18 9160 || June 25 935
January 29, 1884 ............. 18 9150 {| June 19 2825
January 29, 1884 ..o.......... 18 9170 || June 2 2361
January 30, 1884 . ............ 18 9180 || June 19 2823
January 30, 1884 ............ 18 9180 |f June 39 7147
January 30, 1884 .. .......... 18 9180 || June 19 2824
February 2, 1884............. 18 9180 || June 31 3738
February 2, 1884............. 17 9320 || June 19 2823
February 2, 1884. 18 9160 || June 34 5367
February 2, 1884. 19 2816 || June 19 2827
February 2, 1884. 18 9160 {| June 33 4011
April 24, 1884. ... 18 9100 || Jnne 19 2829
* April 24,1884. .. . 22 9220 || June 32 1082
April24,1884..cccceiaaaiii. 18 9100 {| June 19 2830
April24,1884...... ... 2 2827 || June 9,188%..........c.c.... 32 1974
April24,1884.....c.iiinaaaan 18 9120 || June 9,1884..........c...... 19 2830
April24,1884. .......ooianenn 24 770 || June 11, 1884.........ccanl.L. 19 2829
April24,1884..cceeeiaiann.. 18 9100 || June 11, 1884..c..vvvenecnnnn. 22 9363
April24,1884......ooiiiill. 25 891 || Junell,1884.......cceuen..n. 19 2830
April24,1884. ... ..o oaall. 18 9090 || June 11, 1884....ccnimnnen.... 27 2908
April24,1884...........iallll 26 2274 || June 11, 1884......c....col.. 19 2833
April¥4,1884. aevnnnnnnaanns 18 9070 ' June 11, 1884. ... ..cceuueen.. 28 5030
May 12,1884, cceccnanianean, 18 9130 || June 11, 1884... . ..covunrnnnn. 19 2833
May 12,1884, .cceccanccnnnnnn. 22 9280 || June 11, 1884..........cc...... 29 6482
May 12,1884 . cececcaccnncnnns 18 9130 || June 11, 1884....eeeeeeunennn. 19 2836
May 12,1884 .c.coeamannncnnn. 23 2830 || June 11,1884......ccceeeen.n. 23 2830
May12,1884..c.ccvnnennnnnan 23 2834 || June 11,1884 .....eecaeaaann. 19 2834
May 12,1884 cccenaacinnnnnn. 18 9130 || June 11, 1884......cvuennn... 17 9250
Moy 12,1888 ceennnrenrennnnns 24| 786 || June1l, 1884..cccee.ennnn.. 19 2833
May 12,1884.cccncemncnnnn.. 18 9120 || June 11, 1884........ccoveeen. 18 9330
May12,1884.ccoccenmaiaaan. 25 898 || June 11, 1884.........c...... 19 2828
May 12,1884 cccuveennncannn. 18 9140 || June 14, 1884........ccoail e 19 2832
May 12,1884 . cceuennnniannnen. 26 2333 || June 14, 1884......cceqnnnnnn. 34 5349
May12,1884. oo eeaaeeannnnn. 18 9130 {| June 14, 1884 19 2833
May 19,1884 .....co.ennnee 18 9290 || June 14, 1884 33 6762
May 19, 1884 24 780 || June 14, 1884 19 lecennnnnas
May 26, 1884 22 9080 || June 21, 1884 23 2835
May 26,1884 19 2810 || June 21, 1884 34 5291
May 26,1884 «ocnvecueeennnn. 22 9080 || June 21, 1884 23 2834
May 26,1884 .....cccennnannn. 20 2800 (| June 21, 1884 33 3951
May 26,1884 cevneannnrannnn 22 9060 [| June 21, 1884 23 2835
May 26,1884 .covvrvennennnnn. 22 9050 || June 21, 1884 32 2018
May 26,1884 ....ccmeinnn.an. 25 852 || June 21, 1884 23 2839
May 26,1884 .ceueenrenannnnnn 22 9060 || June.25, 1884 23 2830
May 26,1884 «.couennnennannn. 26 2205 || June 25, 1884 31 8751
May 26,1884 ... ..oveeeeenennn 22 9040 || June 25, 1884 23 2830
May 26,1884 .....cocnnnnennn. 24 817 || June 25, 1884 30 7095
May 26,1884 ..-ceeciiaanann, 22 9030 || June 25, 1884 23 2832
May 26,1884 -.cenieemeninnne. 22 9122 (| June 25, 1884 29 6416
May 26,1884 ......ccoooinaann. 22 9080 i| June 25, 1884 23 2832
June 9,1884.cceeeeacinaaa.n. 19 2830 |{ June 25, 1884 28 5029
June9,1884....cacienniann.. 20 2850 || June 25, 1884 23 2832
June 9,1884 . ...coevaniaonannt 19 2850 || June 25, 1884 27 2974
June 9, 1884 ..cceevaninnnnnnn. 24 791 '] June 25, 1884 23 2819
June 9, 1684...evvvenvnnnnnnns 19| 2830,
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From this table it is expedient to select the mean values for each
element, and then to arrange the alloys in a series of the kind deseribed
on page 80. This has been done in Table 7, where, in addition to e, ,°3°,
the constants @ and 0, derived from the last definite calibration, are in-
serted (microvolts). The interval of calibration for @ and b is only 0°
to 4009, as has been stated. Knowing, therefore, ¢, a, and b we are able
to compute T, or the exterpolated value of the zinc boiling point, to
which special reference will presently be made. The figures for ¢ in
parenthesis will be referred to in Chapter 1I.

TABLE 7.—General summary of results.

S;‘,’ffs No.  Description of cloment. I-.[ov:&h:)vl};elr&dg by |Meane.| a. b. T.
. ) _ ©412)|,
17 | It (h); Pt-Ir, 20%; annealed.| Paris metallurgists.. { 0235 57.60 +-0. 00300 861
4.
18 |...... A0 ceemeeemenaennenn S P S g(ziﬁ? } 7.60 | +0.00385 | 857
’ 2861
10 | Pt (); PtIr, 5%; annealed ..|....d0..owveeeeennnss. { (2923) § 3.07 | —0.00010 ] 968
2869
20 |...... 40 weernneeeieeeenenns S £ SO { ‘2807’ § 3.05 | —0.00000 | 973
I 2
9
92 | Pt (b); Pt-Ir, 20%; annealed..|....d0weeemneeeeen. .. {(9;?;)21.60 +0.00393 | 856
2829
23 | Pt (b); Pt-Ir, 5%; annealed ..|....do.......oc...co.. {(2885) }(2.97) (+0.00041)| 070
24 | Pt (h); Pt-Ir, 299 ; annealed .. Pt-Ir 5% fused into 791 | 1.88 —0.00150 | (*)
Pt (s) in proper
ratio, at Lab., OHa
blast.
1§ | % | B (@) PtPd, 3%; anncaled... gPd alloyed to Pt (s), | ¢ 982 | 0.287 | +0.00119 [ 797
g 26 | Pt (8); Pt Pd, 10% ; annealed. . at Lab., OHa blast.g 2207 { 0.975 | --0.00273 760
n 0, . . 04 » .
27 Pt‘,Iel;l:d/g, Pt-Ir, 109 ; an ]Pt Ir 5% ond Pt 2041 | 2.36 0. 00152 826
n LN
Ir 20% wires
Pt-Ir, 5%; Pt-Ir, 15%; - I N . R
I 28 t- la,,le.; % ; r, 15%; an ( fused together in 5030 { 3.89 +0, 00268 834
ne .
proper ratio, at
I 0/ - - 04 « -
29 | Pt-Ir, 5%; Pt-Ir, 20%; an Lab., OH, blast. 6449 | 4.51 +0. 00398 835
nealed. J
)i P i, 5%; |1 . ' .
30 qu(ncz;)e:{ t(com)-Ni, 5% Ll\l alloged to Pt {7121 8.43 +0. 00050 825
IValaL| Pt (com.); Pi(com)-Ni, 205; |{ (€00 3t Labo 10 ori | 466 | +o.00005| 33
J OHj; blast.
annealed.
( 32 | Pt (com.); Pt(com.)-Ir, 3% ; 1998 | 1.98 +0. 00052 84
annealed. ]
Ir (com.) alloyed to
D), P )-I 9% ; { 3 .
v 33 | Pt (com.); Pt(com.)-Ir, 5%; 4 Pt(com.),atLab., 3981 | 3.64 0. 00147 833
annealed. | OHs blow-pine
31 | Pt com); Pticom)Ir, 796; (| OTPPOFPPE Hsans | 420 | 4o.00207| saz
annealed. J

*Imaginary.

Series of alloys.—Having reached this stage of the inquiry, we are
prepared, so far as the set of data at present in hand go, to bring the
considerations back to the probable properties of the zero elements,
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platinum-platinum, when these elements are regarded as the limiting
cases into which any series of thermo-couples of platinum alloys must
ultimately converge. A series of couples such as is here anderstood
has already been defined. In each member of such a series pure plati-
num is thermo-electrically combined with an alloy of platinum and a
second metal, and the amount of the latter metallic ingredient decreases
from alloy to alloy of the series as far as zero.

Having given a number of thermo-couples, 4, B, C, D ..., let the
cold junction all be kept at the same constant temperature, ¢. In
like manner let the hot junctions be exposed together to a second tem-
perature, which, however, is made to vary continuously from a com-
parvatively low value to as high a value as may be admissible. Then
will a comparison of corresponding valnes of electro-motive force indi-
cate in how far the variation .of the latter with temperature may be re-
garded as uniformly continuous. Thermo-electric anomalies, such, for
instance, as are presented by iron, nickel, probably by some platinum-
iridium alloys, and by all metals at sufficiently high temperatures, are
thus detected and located. In practice it is convenient to compare the
thermo-couples in pairs; and like exposure of the hot junction is facili-
tated by melting them to a common spherule with the oxyhydrogen
blow-pipe. A tabe may be placed in Fletcher’s organic combustion-
furnace or in an anthracite blast-furnace and the insulated thermo-ele-
ments heated within it, with their common junction near the center of
the tube. All wires so compared are supposed, of course, to be homo-
geneous throughout their length.

TABLE 8.—Equivalent thermo-electric powers.

Tt PtTe | P4, P Ir| Pt PtIr] py pg || PLP6Tr| pg . || Pt PtIr| Py, PoIr
20%. 200. 20%. | N 13, 209%. N1z, 209, 5%.
No.14. | No.15. || No.'14. No. 14. No. 14, | No.19.

810 1470 810 680 810 1830 2900 1028
1350 2510 13590 1150 1350 2990 8430 | 2603
4290 8380 2250 1990 2706 5120 8470 2610
4370 8600 4280 4200 3130 5590 8570 2500
4770 9470 5690 5970 4640 7000 9030 2660
5700 11610 7018 7860 6990 9450 9550 .2720
6140 12330 7680 8830 7750 10210 13190 3090

7910 16940 N T _— !
7970 17210 T= 8000, T= 8000;! T= 12000
' 8370 | 18360 : ‘
T= 8500, i

At the end of this table the approximate value of the temperature
reached in each of these comparisons is given. The values of electro-
motive forces in this table (No. 14 being the couple common to all)
show that the variations are practically uniform, so far as the compari-
sons go. The table supplies an experimeiital test, which corresponds

(784) . :



BARUS.] DEGREE OF CONSTANT TEMPERATURE, 81

very closely to the mathematical examination of a function for conti-
nuity. '

If any equation between electromotive force and temperature, such
a one, for instance, as e=a (T—t)+b (1?—t?), were rigidly true for all
ranges of temperature, 7', then our methods would enable us to calculate
the constants @ and b from measurements of e, T, ¢, made at tem-
peratures not exceeding the boiling point of mercury, with a degree of
accuracy which would introduce a perceptible error only at very much
higher temperatures. If the thermo-electric equation hold, in other
words, the calibration of a thermo-couple throughout an interval of tem-
perature within which « glass-bulb air-thermometer is quite available,
would enable us satisfactorily to measure temperatures lying in the
regions of white heat. But such extrapolation is unwarranted because
we possess no known criterion for the temperature above which the
assumed equation appreciably fails.

In our original endeavor to surmount this difficulty we ventured to
reason as follows: Suppose there be given a series of thermo-couples of
the kind specified, in all of which platinum is the electro-positive metal
and the platinum alloy the negative metal. In such a series the con-
stants ¢ and b both vanish with the amount of foreign metal alloyed to
platinum. Hence the relation between electro-motive force and temper-
ature is ultimately linear, and, a fortiori, within the limits prescribed by
the foregoing paragraph, the assumed equation will apply more accu-
rately as the couple approaches the final couple platinum-platinum,
from which the foreign metal has been wholly eliminated. 1f the quad-
ratie equation (1) is more than an empirical relation, it would be practi-
cally sufficient at an earlier stage of progress; i. e., it would be practi-
cally sufficient for couples lying between platinum-platinum and a
couple the electro-negative part of which contains a certain determinate
addition of the foreign metal of the series under consideration. To
illustrate the manner of using such a prineiple, let a series of couples
whose constants are known from a calibration between 0° and 350° be
in hand; and then let a given fixed temperature (the boiling point of
zine for instance) be determined by each of them. There will be as
many values for boiling point as elements. If we regard these as func-
tions of the respective quantities of foreign metal in the negative parts
. of the couples, and it we represent the calculated boiling points as ordi-
nates, and the percentage compositions of the alloys as absciss®, we
obtain a locus the nature of which may be sufficiently obvious to enable
us to prolong it as far as the axis Y. The point of intersection, there-
fore, approaches very closely to the datum of the hypothetical element -
platinumn-platinum. '

If the effect of alloying metals were merely that of joining them in
multiple are, the interest which belongs to the problem in hand would
at once vanish.

For if e; and ¢, be the electromotive forces of two wires thermo-elec.

Bull, 54 6 (735)
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trically combined with platinum, and if w, and w, be the resistances of

these wires, then

W1
e1+6 w,

where ¢ is the equivalent electro-motive force. Hence if r=1w; | w,,

e:ﬁ_{ (T—t)(@r-+ @)+ (TP~ ) (br+-bar) |

which may be abbreviated
e=p | AT-9+B(I'~0) }.

From this it follows that

430 |
=3B <\ ey >

If in this equation w,=o0, which supposes this metal to vanish from
the alloy, and if additionally a; and b, be made equal to zero, we arrive
at an expression of 7' in terms of §. This result shows that however
near we may approach the limit couple platinum-platinum, any thermal
datum derived by thermo-electric means will none the less be depend-
ent on the properties of the metal combined in multiple arc with pla-
tinum.

In the case, however, of metals alloyed, the results are quite different;
for liere the thermo-electrics ot the alloy bear no intelligible or general
relation to the ingredient metals of the alloy, so far as onr present knowl-
edge goes. Indeed it is not infrequent to find the admixture of an
electro-negative ingredient produce.a distinctly electro-positive result.
And hence it follows that constants referring to-the final or infinitely
dilute alloy have a special and unique significance. In the final alloy
we have one metal combined by fusion with another in such a way
as to prodace absolutely no variation of molecular arrangement. If,
therefore, data for the limit couple be investigated, they are those from
which a clue respecting the dependence of the thermo.electries of the
compound upon those of its constituents may most probably be obtained.
Table 7 shows the sensitiveness of couples to be frequently such that
the final element platinum-platinum may be approached very near, and it
is for this purpose largely that the table was drawn up. With the object
" of basing the discussion on electric data exclusively, the constant a

may be taken as a symbol of the composition of the alloy-component of

the thermo-couples of a given series; and hence the curves or loci here

in question are obtained by representing any fixed datum (for instance

the value of the boiling point of zinc which obtains for the special couple

under consideration) as a function of «. We have attempted this with
(736)
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the data in hand, but they are not yet in sufficient number to give any
definite hints as to the nature of the relations sought. It is necessary,
moreover, to confine such work to data obtained from scrupulously pure
platinam and from scrupulously pure alloys—conditions which in case
of the data of Table 7 are not vouched for. Indeed the table gives evi-
dence of the varied character and purity of platinum derived from dif-
ferent sources and shows a widely different electrical behavior of nom-
inally the same alloys.

There is one respect, however, in which the data of Table 7 are crucial.
They show that extrapolations based on the equations of Avenarius and
of Tait lead to very different high temperature results. They, therefore,
prove that these equations are insufficient, and point out the probable
tendency toward an anomalous thermo-electric behavior, to allotropic
modification and polymerization even in the most stable alloys.! Here-
from it follows that the pyrometric value of any alloy can only be deter-
mined by a minute thermo-electric survey made by aid of the air-ther-
mometer, throughout the whole range of variation of thermo-electro-
motive force and temperature.

Intimately connected with the present discussion are questions relat-
ing to the relative variations of a, b, or even higher constants of the
thermo-electric formula. Tidblom (1. ¢.) has endeavored to throw light
on this subject, not without success. If @ and b vanish at the same rate,
then the data of the limit couple are as truly intrinsie. i. e., as fully de-
pendent on the metals of the series to which the couple belongs, as any
other. But if b vanish at a rate which is relatively very rapid as re-
gards @, then- the thermo-electric. equation becomes ultimately linear.
Extrapolations made by aid of the limit couple will therefore be more

justifiable in proportion as the fraction % tends toward zero.

1 Cf. Le Chatelier, loc. cit. Our own.results (see Table 6) were completed in 1884,
but in consequence of delays in moving the laboratory, publication was delayed (see
Preface).
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CHAPTER II.

THE CALIBRATION OF ELECTRICAL PYROMETERS BY THE AID
OF FIXED THERMAL DATA.

EXPLANATION.

In the apparatus described in the foregoing chapter, great masses of
metal were kept at the boiling point. The advantages gained from a
brisk but perfectly free circulation of vapor, particularly in the case
where the vapor is of small specific heat, have already been pointed
out. Itisto the use of large apparatus that Messrs. Deville and Troost
had been led before us. In their experiments, however, the direct use
of the air-thermometer made a boiler of considerable size essential from
the outset.

Large and expensive apparatus, whatever be their special advantages,
can never enjoy extensive use in the general laboratory. It is there-
fore the object of the present chapter to describe special forms of appa-
ratus by which ealibrations of thermo-elements may be quickly and safely
made, and by which the problem of thermo-electric temperature measure-
ment may be reduced to an ordinary laboratory experiment.! The de-
gree of error to which the observer is liable, the degree of constant tem-
perature attained, the selection of substances having convenient boiling
points, and finally the application of the apparatus to a variety of sub-
stances for boiling-point measurement will constitute the chief topics of
this chapter. The boiling-point apparatus must of course be such that
ebullition may be kept up indefinitely.

APPARATUS FOR LOW BOILING POINTS (100° 10 500°).

Original forms of boiling-point tube.—The original forms of boiling-
point apparatus for mercury, for sulphur, and for aniline, water, ete.,
are given in Figs.7, 8, 9, drawn to ascale of . They are all constructed
on essentially the same principle, slight modifications being introduced
to meet each case. The apparatus, Fig. 7, consists of an ordinary glass ,
lamp chimney, aaaa, inverted as shown, and closed at its lower end by
a plaster of Paris plug, bd, surrounded by a wrought-iron cap,ce. The
cap cc is larger than the glass, and by pouring in the plaster in the
moist condition and allowing it to set, the tube is firmly secured between

! Since the completion of the work of the present chapter, M. Le Chatelier has made
pyrometric experiments with ends in view similar to those here proposed. (Cf. p.50.)

84, (738)



T e i ¥
1 e — , i
. RN

W77\

N\ — _\v%ﬁi 2 22 \ Ny
{ N MN : &
O N | 9 @m o

- N z’f // jos y IOTLTETEEEETTS LR LR, 2
L <7 ¢ zwa%%% .Lﬂy \\%\ NAGN ®
Nﬁ . , B 'S i £839)

| = = \\\\%\ Y-

- T s
v anv . N . f\ m 0

Hz20

Fia. 8.

SANSNNNN . (// A NN\

§

AN

Fies. 7, 8, and 9.—Original forms of boiling-point tube, horizontal section. Scale, 3

Fia. 7

™S
Y3
Z
i
s

7N

1NN J.p . _.p Nw % 5 _\,/\rv\‘,ﬂ

//6

é"” ,

y
7

e
-



BARUS.} CALIBRATION OF ELECTRICAL PYROMETERS. 85

the body of plaster within and a layer of plaster braced against the
iron cap without. The cap c¢c carries an iron tube, dd, closed above
but open below, and occupying a central or axial position with respect
to the glass tube, into which it projects about two inches clear. The
top of the lamp-chimney is closed by a suitable cork, ee, doubly perfo-
rated, through the central hole of which is inserted a wide glass tube,
I, partially closed above by a loosely fitting stopper. Through the
other perforation passes a glass tube, fg,by aid of which some gas (N,
CO,) may be introduced. The glass aaaa is partially filled with the
substance whose boiling point is to be used (in the present instance
mercury), only enough being poured in to submerge the central tube dd
with the exception of about 0.5¢" of its head. To keep the metal in
" ebullition, use is made of Dr. Wolcott Gibbs’s ring-burner,! r», the flame
of which is properly regulated. Very thin copper or brass gauze, or
. copper-foil, m m, surrounding the part of the glass tube encircled by the
ring-barner, is sufficient to almost completely obviate the dangers of
breakage; and a circular screen of thick asbestos, nn, bent in the shape
of an inverted cone protects the top of the tube dd from direct radia-
" tion. Above nn it is well to surround the tube aaaa with a thick jacket
of asbestos, pppp, extending as far down as wmay be without shutting
the surface of boiling mercury entirely out from view. The mercury
which condenses on the sides of the tube falls back in small drops into
the mass &tk below. The process is therefore continuous.

The properly insulated thermo-couple is introduced into d d from be-
low, and the hot junction is pushed forward quite as far as the toprof
the tube d d and slightly above the surrounding surface of mercury. A
screen may be fastened a little below the cap ¢ ¢ to shutoff all radiation
from the cold junction, which is submerged in oil.

The apparatus for sulphur in Fig. 8 differs from that in Fig. 7 only
in that the wide central tube % k¢4 has within it a second glass tube,
¢t, partially closed above with a cork. This second tube whenever the
passage below is stopped up by the distillation of sulphur may be at
onceremoved and asimilar clear tubeinserted. A slow currentof dry car-
bonic acid gas enﬁering at g passes through the apparatus during ebul-
lition. Subsequent experiments showed that with suitable changes in
the apparatus the tube & ¢ ¢ as well as gas current could be dispensed
with. This will be referred to again below. The sulphur condenses on
the sides of the tubes and by far the greater part runs back into the
mass kk below. There is a line of demarkation encirciiilg the tube
where the temperature is the melting point of sulphur.

For liquids with a boiling point below that of mercury and sufficiently
low not to char a cork, the boiling tube may be considerably simplified
in the way shown in Fig. 9. Here both ends of the lamp-chimney are
closed with a cork centrally perforated to admit a long glass tube, d d,

1The Gibbs ring-burners were introduced into this laboratory by Drs, Gooceh and
Chatard, and have since become invaluable.
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extending quite through the tnbe @ ¢ a @ and open at both ends. The
tube d d is wide enough to admit a mercury thermometer at its upper
end, held in place by a cork, g, secured by an end of rubber tubing.’
The lateral tube of the upper cork ¢ e is here somewhat wide and long,
its object being to allow of the escape of vapor, should this be neces-
sary. By suitably regulating the flame of the ring-burner, however,
the heat applied may easily be made such that the vapor condenses
near the middle of the tube f¢ and returns to the liquid below. Thus
the process is again continuous. A sharp line of demarkation around
the tube fg shows the part of it where the temperature is just low
enough for the condensation of the liquid used.

Many experiments were made with each of these three forms of ap-
paratus, the results of which will be more appropriately given below in
connection with other similar experiments.

Perfected form of boiling tube.—The three forms of apparatus for low
temperature just described, each of which contains certain special de-
siderata, can be combined into a single form adapted to the divers cases
specified. This final form is given in Fig. 10, scale §. The glass parts were
made for me by Messrs. Whitall, Tatum & Co., in Philadelphia. Special
care is of course to be taken to have the tubes well annealed. As the
lettering of Fig. 10 is identical with that of Figs. 7 to 9, only a few addi-
tional words of explanation are necessary. The tube a a a ais completely
closed above by the cork ee, and communication with the atmosphere is
effected by the bent glass tube % i, ending in a little vessel, g, open below
and filled with asbestos wool. The tube ¢ is a filter, catching noxious
mercurial faumes should any such escape. It also impedes entrance of
air when the boiling tube is filled with some other gas. The central
tube d d is closed, of course, either with a perforated cork carrying a
mercury thermometer, or at higher temperatures with asbestos wicking
pushed downward into the tithe almost as far as the poin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>