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| FROM THE UNITED STATES COAST SURVEY REPORT FOR THE YEAR 1576, ]

APPENDIX No. 15.

. h ‘!msnnmms OF GRAVITY AT INITIAL STATIONS IN AMERICA AND EUROPE.
P
9 : . UNITED STATES COAST AND GRODETIC SURVEY,
. ALEEGHENY, PA., December 13, 1578, "

' L. P. PATTERSON,
Superintendent United States Coast and Geodetic Survey, Washington, D. C.
DBAR Sir: I present herewith the ficst part of my report on the measurement of gravity at
initial stations of Burope and America. T here deseribe the methods employed and communicate
the main results of the research. The discussion of the amount and natnre of the errors, of fhe

4 comparison of the present results with those deducible from the experiments oft other men, and of
the resulting figure ot the earth, together with some other matters, ave postponed for a subsequent
report.

The acceleration of gravity is one of those quantities which it is the business of a geodetie sury (-y

to measure.  So it has always been considered ; and it is usage which fixes the meaning of the word

“survey” in its geodetical sense.  The geodesist is expected to do more than make a map of the

y country. He not only determines, for instance, the declination of the magnetic needle, which may be

Jaid down on the chart, but also the other magnetic constants which cannot he so laid down.  Were

3 “‘%.&c omit to determine the total foree of magnetisin, he would be held by all scientific men to have
‘neglected a part of his duty. Now, in the same relation in which this constant stands to magnet-
jeal declination and inelination, just so stands the acceleration of gravity to the latitude and longi-

; and by as much more as the latitade and longitude ave essential fo a survey relatively to the
ion of magnensm, by 50 much more is the m(-asmunutt of gray lt\ llllhhll(‘ll\llhlc in H)lllp.ll

(2

a map—ls tJ\e study of the figure of the e«rth 3 and an opcratlon of surveying in \\lmh
lem was left out of view would neither merit nor receive the name of geodetical work.
the variation of gravity with the latitude which first proved the earth’s ellipticity ; and

well tnm out that this method is the best way of determining it. At all events,
( - aﬁons of vertlml attra(,twu will find an application in the measurement of
1t is, also, quite certain tha.t tlm solution of some

i ‘interior.

» amount of the acceleration of gravity is, no donbt, a geodetical constant ;
ermined, a very precise knowledge of it can, in the present state of science, ‘
cal application. What is chiefly of importance is the relative gayity 1
- This is also a quantity far easier to measure.  To determine the accel-
mm'a.tely measure both an interval of time and a length; to determine
carry the same rigid piece of metal from pluoe to place <uul rletu'mme,
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1878. Baperiments in April and May. I Wustration No. 34.—Before heating up the room in
which the pendulum was swung the chronometers were moved outside, to a place which was not so
favorable in uniformity of temperature and in other respects. Their rates were therefore not so
good as they had previously been. Chronometer 1589 was taken as the standard, and supposed to
run uniformly until the 2d, and from the 2d to the 5th of May. Between the 5th dlld the 9th there
were evidently two changes of rate; the times when these ocenrred were determined from the com-
parisons with the other chronometers. The rate was uniform again from the 9th to the 13th.

Rate of 1580,
8.
April 1843 to 32.35 +1.036
May 235 to 6.18 +1.29
6.18 to 7.20 —2.52
7.20 to 13.50 +1.667

The rates of No. 380 during the nights of pendulum-work were then found to he—

Rate in seconds. In decimals of a day.

b ~ April 24 +0.07 +.0000008
L. 26 +0.07 + 008
| s ‘ 30 —0.08 — 009
B May 2 —0.39 - 045
4 —0.39 — 045
5 —0.39 — 045
6 +0.47 + 054
8 —0.51 — 059
10 +0.24 28
11 +0.24 + 028

CORRECTION FOR ARC.

f oscillation of the pendulum to an infinitesimal are is best
ave itself.  Such a development is far more convergent than

5 A% ete, n.o.u:i

A"u\ug&s T &
e ucmd"ﬁldmt.d 4 5“"

f the oscillation expressed in parts of the
ded with a metallic are for reading the amplitude of
0/ each. In the experiments on the Geneva support an
vas made use of.
inging the vertical wire of the telescope so as to bisect
oscillation, the wire having been turned in a direc-
e was noted and the position of the wire between
isure. At the other stations a far better method
ith a line of the graduated are and the time
by at the extrennty of its oscillation. The arc
¢ vertical, so as to permit the observation to
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Table showing the time of decrement of the are from 1° 10/—Continued.
HEAVY END DOWN—Continued.

BERLIN.
2 20 20 10", 12 50'. 1° 40/, 10 20, 0° 50% 00 407,
m. §. m. 8.
Apr. 19 epeiagy |... o
20 422 156 lp437 44
24 422 2% |36 51
25 1 |wt21 42 | 438 06
26 B a2l 38 [
= I e o] =25 02 | 2200150 | =7 w1 |gFo1 53 | 4380 40| %
20 | —35 55 |32 43 [*—24 57 |#=20 05 | — 7 49 | 22 35 | 37 52
30 | —35 56 | —32 44 |e—24 52 | —20 10 | —7 50 |u+21 56 |37 38
May 2 =35 30 | —82 50 |=—24 40 |#=20 06 | .o e sl | B et i )
Means.-.| —35 45 | —82 44 | —24 53 | =20 9 | —7 46 | 422 8 | 437 45
KEW.
20 20/, 29 10, 19 50" 10 40/, 19 20 0° 50 ‘ 0° 40’
8.
2 15
3 54
4 2
4 40
7 41
E 14X
8 s)
ER 53
10 30

— C,lfimej?qtﬂocmmentj of '&.’
ude.  Heavy end up. Heavy end down.

A 8.

5
7
8
1
13
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end down have heen added together; and the means have then been taken for all three stations
(Paris, Berlin, and Kew). We thus obtain

Half amplitude. Sum of times,

Y £

130 —2880

110 —2187

- 100 —1779

30 — 706

70 0

50 + 1927

40 +3304

The time for 140/ has been neglected as not having been generally observed with heavy end
down.

Po satisfy these values a form of equation has heen assumed which has been copied from
Professor Benjamin Peivee’s Analytic Mechanies, and which is Coulomb’s equation with a constant
term added. It is—

Db=—a—bo—cd.

The integral of this equation is

o=t —4heot {ofs—1Gu—m} -1

The values of @ for the diffevent values of 1, as given in the table above, ave sufficiently satisfied
by putting (for £ in seconds of time and @ in minutes of arc)

a=1547 x 10"
b=06418 x 10 -
c=1421 x 10 °

the following table:

Sum of times. Obs. &, Cale, . (0—C) &,
" I’ ‘ ’

ER
—3191 140 13882 4118
9880 130 13003 —0.03
—2187 110 11033  —033
100 10000 —0.00
80 1997 4003
0 7003 —0.03
50 4998 40.02
40 3999 4001

rvations in which the arc had only been noted on the
: ‘caleulate the inclination of the zero of

tables show the results so
16 estimated inclination from



The following tables give the observations of are in detail, followed by the ealculation of incli-
nation, made according to the methods before given.

UNITED STATES COAST SURVEY—HOBOKEN, JUNE, 1877, —~DECREMENT OF PENDULUM ARC.—FULL
PRESSURE.—SOLID SUPPORT,

TIMES OF REACHING DIFFERENT AMPLITUDES,

HEAYVY END U, HIEAVY END DOWN,
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", m " m mw. m m n. m
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< 110 80,0 15,39 282 ... H6.2 474 5RO 800 L5 ... 881 Lo e x
1124 1812 168 | 20.50 | 625 B85 .eeeo BB L.iiiins T BL2 364 G074
(188 52.6.27.0 | 0.8 | 673 ........ 536 006 KO 4R2 ... G184 600

195 30D 0.0 W69 562 6K 907 D07 ... 669 4B1 6150
Seel| BRIOL || T ... e e 70, 96

.42 o [Faecs K3 ook 4 T4
Gl e ek oSN S AR e A B 9. 80).
IR 84,30

B0l 0L 0 | 207 oo e ammo | smmeac i i Bules

seoveesenenee 00T MG ol el ol GRD RO
17,20 841 | 08,8 1218 ... ... 014 THE 0BG
104.7 1 00.1 1026 | 1282 05,4 ... 1044 ROD 10586
LB 062 10,2 168 1085 .. 1.2 &R0 11816

5,0 | 10629 1084 1004 U462 i 11000 L. 13142
2| A S L A EX SR CEP e i s

e e ---;'\l EEEE




55

The December observations were corrected for inclination by the proper additions to the time
of arcs observed on the right side only. For the observations at high temperatures, the observed
1

times on the right side were taken, and the aves corrected,

ey
In heavy-end-up observations, all days except the first, by —0.0004
. In heavy-end-down observations, May 4, 5, and 6, by —0.001
—0.00035

In heavy-end-down observations, May 8, by

d. Only three constants

The differential formula connecting the arc and the time was next foun
sufliciently numerous or |

were employed, as has been already stated, the observations not being
sufficiently exact to admit of four. The equation, then, is .

Djg = '-b.gv—(:qn’.
B’ence,y:%(@"-l).',
llﬁfwat= o f bt —Xat. log. <@~_1) = (@«-1)" t+o.
- =.1_g?{Nat. log.(l-}-%qo)—%-qv }-I-C,
andt=1l; Nat. log. (1-{- % : ;

caleulated from the observed times of decrement, but

The constants b and ¢, for heavy end up,
not corrected by least squares, are given in the subjoined table.
From the observations of decrement were deduced, first, an equation of the form

b4 Com=1
o denoting the mean value of ¢ ; and, second, a value of ¢. Ase¢ has been supposed proportional
to the density of the air, we find

v’

‘ RIS )
T
we obtain new values of b, called

By substituting these values in the equations b+ ¢ gu =1,
Dbeen obtained with the original

geeond reduction” in the table; the tfirst reduetion” having
values of ¢. These second values answer to the formula

b — 0.0013 7% 4 0.00435 p¥ =",

ations in which the bell-glasses were on the receiver, these alone being compar-

“the values of b, thus ealenlated, are given in the table, along with the values
t. Also in illustration No. 36, before alluded to.

i n dt_‘:,observations of decremen
y k4 e
a7 b cf

& 2,
B e L
"‘:"’ o) %"ﬂ HQ"-{(p)'} %?—‘;‘L

5™
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frammes per centimeter (second)®. This may be converted into the pressure of a height of mercury
by a calenlation like the following:

*
Names of quantities, - Numbers, Logarithms,
Density mercury at 0° C. compared with water at 45 .. 13.5959 1.133405
Absolute density of waterat4o... ... ... ... My 0.99999 (";‘: g 4
< Multiplying, Absolute density of mercury at 00 ... . . 13.5957 (c*‘;""')ﬁ 1.133401 °
Gravity at Paris (60" elevation) ..... ... ... 980.88 ' 2.991616
S
< Multiplying, Absolute specific gravity of mercury at Paris. ... ... R 13335'707};:(':;_)’ 4.125017
One absolute atmosphere ... ... ... . . .. . 1000000(:"i"’&)2 6.000000

< Dividing,  Oneabsolute atmosphere expressed in centimeters, pressure
of mercury at 0° at Paris at elevation of 60m . ... .o 74986 1.874933

This is equal to 29.63 inches pressare at Hoboken ac 150 C. At London it is less by 0.03 inch,
a quantity which produces hardly a perceptible effect in the time of oscillation of the pendalum.
To find the density of the air under this pressure, we have, according to the experiments of
Regnanlt (Wiillner's Experimentalphysik, 3ter Band, 3te Autlage, S.133), the absolute density of
dry air free from CO, at 02 C. and pressure 76 em at Paris (6™ elevation), 0.0012932, This sup-
b poses a slightly different absolute density of water from that above assumed ; but that is a matter
of no cousequence. Then we haye

" Log.
Density dry pure air at Paris, standard atmosphere ... ........... .. 0012932 711167
Centimeters, pressure in Paris, standard ... ... .. 76 1.88081
Centimeters in absolute atmosphere . .. ... N e 74.986 1.87498
Densmynnredry air at 0° C. under one absolute atmosphere. . ....... .. 0012760 7.10584
Abeolute temperatume 0f:00 0. = 208 ..l i 9.97677
at 15° €. under one absolute atmosphere ... .. . 0012095 7.08261
20INE OO0, (1 4 529 X 43 10 .o oo oo ai i s 0.00009

_ dryaw at 159 C. under one absolute atmosphere. .. .. 0012097 7.08270

bserved during the pendulum-experiments but is believed to Liave been
ained in air at a little less than § saturation at 15°; or say that the density
dths. The density of the air taken may then be taken at 001206 at

en weighed in water, it is necessary to estimate its density.
ay be supposed to be of the same density as that of the Prus.
ich density i by Brulms as 8.5, But the pendulum contains a
-~ The knives as thenr dimensions 9.55 x 1.8 x L4, the prodnet heing
i ot thout the pendalum will make up nearly the amount.
(em)’.  We may take it at 45 (em).  Assigning to
be 352 gr.- The entire mass of the pendulum has
cting the mass of the steel, we have
mmed ty of the brass we have
} he metal in the pendulum.

- Vhansef loires Iy
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position of the center of mass of this air may be estimated as 3 em outside the knife-edges and its
radius of gyration about its center as 2 em. The hydrodynamic effect should be taken as equivalent
to carrying the displaced air, as a part of this air enlarges the eylindrical stem and the rest is so
shaped as to offer very great resistance. Hence the effects are

0000105 T, and .0000241 T,.

If we, now, add together the various parts of the effects of buoyancy, of inclosed air, and of air
carried outside, we have the total calculable effect proportional to the atmospheric density, as follows:

Heavy end down. Heavy end up.

Buoyancy ...... s o e e B T 682 X 10—-7 1565 x 10-7
ATEWITHhIN: STAMY sttt s o oo = mimrmters e 795 1826
AT W I T OIROR e eaa o et cotiaa s msc e o s 24 70
AT wAthOut-SEoM - oo~ s v e 946 2169
AT W OUG DODS == c ok srsisiecnsin s mpbon e camiayors amie 141 310
Air without knives, ete - .................... 105 - 241

T T e e e L R e 2693 6181 :iwf/g‘

b 12D O b

When the pendulum swings upon the Geneva support without the bell-glasses we have to increase
these effects by J ls

EOTETDI TN S L B R e st 2729 6252
When the bell-glasses are in place we have in addition 7;7;//1
Effect of bells on stem ... ... ... ...... » 22
Effect of bellsonbobs .................... ’ 21
Ui e R SO 2172 6351 /

: e i
caleulation is probably a little too small, owing to neglected terms, and can

effect of viscosity on the time of oscillation depends on the variation of
with the pressure. Experiments were made upon the Geneva support at

. The observations of arc made during these observations, as
rere reduced according to the formula

b=—bo—co,

nish the number of unknown quantities. The coefficient ¢
and one factor was taken for all the experiments, while b

in minutes; the pressure in inches pressure at 150 (.
tions satisfy sufficiently well the formula

e of decrement was noticeably increased; but this
A 'UPOB e Repsold support ﬂlel‘eis scarcely any sen-
: periments of the Geneva support with
ipare the observations of are at

S

B

o>

o o~
Effect of ¢ylinders. .. ........c.couieeeeeaanns 36 71 Z}Mﬁ'aﬁ"‘“ Mo 33
SRR R

. echsfbll iho 332

:
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recalenlated with only three constay,,

\
Pavis, Berlin, and Kew, with those at Hoboken, they were
These as corrected by least squares are :
b = .0001082 (units: one second of time and one minute of arc.)
¢ = 000001125 =3
t,, reckoning from 10 10/ = 80015, The agreement of these values with observation is shown beloy .

¢ (Obs) ¢ (Cale.) =0
1301 129/.96 — .04
110 109 .85 =t
100 100 .17 + 17
80 80.05 + .05
70 69 .89 - .11
50 = 49.91 - 09
40 40.12 + 12 _
Reduced to decimal parts of radius, minutes of time and heayy end up, these values become
: b = 0.0214, ¢ = 0.76.
Observations of June, 1877, at Hoboken, give
b = 0.0242, ¢ = 0.58.
Allowing the European observations a weight of 3 and combining the values of ¢, we have
c = 0.72.
Substituting this value, we find for b at Paris, Berlin, and Kew........ ... .. sy S 0.0224
And at Hoboken.... ........... S 5 wmeh 0.0212
b (weighted meam).....ooveeeeeni i = 0.0221

The curve drawn in illustration No. 36 is calculated from the European coefficients, and the
greement of the observations taken at Hoboken before the bell-glasses were put on is shown by
 near coincidence with it of the points distinguished by crosses. The points distinguished by
cles are obtained from a :eombipation of all the observations taken in 1877 with the bells on,

: inches. The f, taken in each case was the one that made the mean
The influence of the bell-glasses in arresting the motion of
The value of b, with the bells on, under a pressure
0 be 0.0251 for a minute of time. The mean of the
G 402213 50 that we may assume that the viscos-

» We take the coefficient .00435, we multiply
we divide it by 60 to bring it to seconds, and
eavy end up, 0001256 T,. To find the effect 511?’

30000548 T, ‘When the bells are STS:T

——— —— A é
ils, because the fun- @%

ity at } inch press- zﬁ‘é
PPOTt, in order to determine the !
ere made in September, 187754 5
vy end up.  The duration of eaclm
all th 1d be expected. [ ¢
e September experi-
0° C. They have/l OG
of these experi-
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ments are exhibited on illustrations Nos. 37a and 37h. It will be seen that the sidereal time of
oscillation, with heavy end down, satisfies the formula

5.
T, = 1.006072 + 00000985 p + 0000081 /p ; >(
\
and those with heavy end up, the formula

T, = 1005740 + 00002264 p + 0000234 +/p, >/
where p is the pressure in inches at 15° C. \

Taking one absolute atmosphere, or 29.63 inches, as the unit of pressure, and reducing the
coefficients to 15° C., we have the general formulze,

S
T, = 1006027 + .0002069 £ 4 0000442 V2,

T, = 1005785 + .0006598 2 4 0001271 ;;1:
The values which we have obtained a priori arve

e AT, = & + 0002789 P 4 0000551 1/13,
( T, =y + 0006388 P 4 0001263 ‘J_I:

The difference between observation and & priori caleulation is perhaps not greater than ought to
be expected. The values which have been used in the reductions are

L + 0002017 2 0000512 y:,
T, =y + 0006694 2 4 0001175 V2.

These values were used before the last calenlations of the & priori values were completed, and
it was not thought worth while to change them; but the @ priori values ave preferred.
COEFFICIENT OF EXPANSION.
The coeflicient of expansion of the pendulum has been determined, by comparing it directly
* with a meter obtained from the German Imperial Bichungsamt and there designated

[}

as Normal
49, and also by assuming it to have the same coefficient as the pendulum-meter, the
‘ -compared at different temperatures with No. 49, The coefficient
49 has been absolutely determined by comparison with meter made for the
U. 8. C. 8.—C. 8. P.—1878.—A.” The comparisons have been made
~ Between No. 49 at 13° and A at 30 -
1 No. 49 at 3° and A at 130
etween No. 49 at 4° and A at 40
0. 49 at 18° and A at 180
eans of the vertical comparator belonging to the reversible
rass tubes, 4} em. in diameter and 13 m. long, polished on
foot terminating in a conical point.  One of them rested
nd was held at the top in a stirrup, movable upon a
'om the microscope. The meter rested at the bottom
mpressed just sufficiently to hold it in place.” At
: its four sides, into a frame which was
01120 netrating the walls







= Thoin

These give as the coefficient of expansion— 4 =
From oscillations with A T G T S 18%5 / OD 4
= From oscillations with heavy end up.....oo ooe v oo -- 183 1%l
1%+ '
The value 18 .3 has been used in the reductions, % ._L;g\’i) =
CORRECTIONS FOR THE WEARING DOWN AN

D ROUNDING OFF OF THE KNIFE-EDGES.
It 5 kilogrammes’ weight be

put upon an absolutely sharp knife-edge of steel hardened in oil
and having a bearing length of 2

A centimeters, the steel edge will be crushed until the breadth of

3 ( the bearing surface is 1 micron. Accordingly, from the very beginning, a knife-edge will wear
down and round off. The wearing down and the bluntin g will have very different effects upon the

period of oscillation.

The removal of the point of su

pport of a pendulum from its center of mass, will h
which is readily caleulated, thus :

ave an effect

AP =B (24 4) (L7 )b

For a reversible pendulam,

d rﬂ — h,, h“. Q&
" . Hence, we have, . 3 cﬂ
QTP =1y b dh
= - ¢ d + hu i h’d

Gt hy—h, abh,
P Ty

If a pendulum rolls upon a ceylindrical surface of radjus p,
is the instantaneous line of contact; and a veloeity
same velocity of rotation about the line of contact
combined with such a translation velocity along the
the instantaneous axis; this is 2p 8in §¢. g%. It follows that the amount by which the vis viva
affected by a cylindricity of the knifo-
ected.  The moment of gravity is,

ere the axis of rotation, that is, it is n

the instantaneous axis of rotation
of rotation about this axis is equivalent to the
in the equilibrium position of the pendulum
length of the pendulum as is necessary to fix

edge is of the order of 42 ¢? and may con-
however, obviously the same as if the axis of

wiltiplied by (1 45 %’ ) Hence we have

'A': 7 e P.
. i I ERS I

ilar, then obviously some sort of a mean radius of curvature must replace

er than a circle, that is, if the lower parts in repose have the greater radii
the radius, and consequently the effect on the period of oscillation, will he
‘than for large ones; while

if the section is somewhat pointed downwards the

g to be able to calculate the radius of
ould probably depend on the hardness ot
directly with any accuracy. But it may obvi-
um is first bronght down to rest on the edge, why may not

Were 8o, the small oscillation through 4° or 50 could not

nat all small.  Under
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Temperature, Pl — 49

° © o
' 0 4 244 4 020
5 — 260 + 015
10 — 765 4+ 012
15 — 1269 4 013
o 20 — 1773 4+ 017
. 25 — 2278 L 093

t;yperta.i‘ning to these values may be much larger than the probable errors indicate
nueelftamty of the relative expansion and of the imperfect methods of determining
res, and because the observations are not sufficiently numerons.
ke the result of the comparison made in Paris between our platinum meter and the
; Archives, namely : Métre des A. — Pl — — 3 .01, we obtain the equation :
v M. d. A. — No. 49 = { + 21"4 — 10086 ¢ }- -

m, however, is subject to doubt on account of the imperfection of the comparisons

o mentioned, a doubt which can only be removed at some future time with the
nore accurate equation established between 1605 and 49, The direct comparison
‘m meter and the metre des Archives (A) appears much less complete than the
on through the medium of the métre du Conservatoire (C).  On the assumption
t the coefficient of expansioan of A, O, and Pl are nearly equal, the following

ed for the indirect comparisons. Direct observations between € and Pl gave:

C —Pl = — 16 .2
» subsequent determinations (Procds-Verbaux de la Section Francaise, 1870),
would follow that A — Pl = — 19*.2, and using this last equation, we get :

A — 49 — 4 552 — 10,086 ¢,

tigrade we take the expansion = 860, we obtain :

No. 49 = 999.9948 + 0.01869 ¢,

inty than is indicated by the probable errors ,givqn‘above
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CONCLUDED LENGTH OF THE PENDULUM.

ity e 15y
The indirect comparisons of the U. S. penidulum-meter With the German meter No. 49 give the
following result, when reduced to 150 C.:

7
U. S. meter — German pendulum-meter....... --- ¥ ﬂ(?;;ﬁ
German pendulum-meter — No. 1605 ... .- S o
Nﬁ-lw N0o49-.-‘--'~ A 3 s et M LR
% e — 122
U. S. meter — No.@v....-;:.,.a;u:...z:.?....'.“ —;0.0
Direct comparison, U. S. meter — No.49..-. ko o A RS

f the two methods being
The mean of these values, or —16+.1, is taken, the likelihood of error o
estimated as equal. The bad tempemture eondltiohs at New York have prevented a more accurate
determination of this quantity; but a new determination will be undertaken at the first oppor-
tunity.

But we have, for 15° C.:

No.49 — M = + 277,2 Hende
U. 8. pendulum-meter — M = + 261.1

The length of the pendulum at the different stations is, therefore, as follows :

o Ly
Gggeyﬁ-f-’.-:a- SR s s s R R R SRS S St s L 100.00624
= 3 cevaeees 100.00799

cesc-ao..o 100.00840
A, fse.n. oo 100.00871
= 100.00960

PLY Vmg, ete., have
3 Mm“ms show that
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PERIODS OF OSCILLATION AND VALUES OF GRAVITY.
|

The pendulum was Swung in Hoboken in various ways, to wit :

r 1. The regular set was made on the Geneva support with the bells off, This set cannot he

colepa}'ed with others on the Repsold support, if the reductions be made on the prineiple of the
reversible pendulum, owing to the different ways in which the knives rest on the two supports.
The comparison may, however,

) be made on the principle of the invariable pendulum, so as to
eliminate this effect.

2, §ebs of experiments were made at various pressures on the Geneva support with the bells on.
The knife-edges not having been interchanged, these are strictly only comparable among themselves.
3. Half a regular set was made on the Geneva support with the bells on at about 35° C.

There were a few additional experiments at this temperature with heavy end up at different
pressures.

4. The pendulum was Swung on the Repsold support and also on a very stiff support having
the head of the Repsold suppo

: Tt as a part of it (so as to have the same bearing on the knives).
The object of these experiments was to determine the effect of flexure of the support.
A conspectus of all these experiments is given in the following table:

!

Periods of oscillation of the pendulum at Hoboken ; reduced to one absolute atmosphere and to 15° (.,
and to values on rigid support without bells or eylinder.

Heayy end down, Heavy end up.

~

. No. . No.
9 : Ty Press- Temp. No. thousand Press- Temp, No. thonsand
;\,Lil.( [ ure. C. Ta days. oscillations, ure. C. Tu days. oscillations.
e :ﬁ ON GENEVA SUPPORT, £
With bells o —Regular set to determine gravity.—Knives interchanged.
| in. S in. O 8.
30 20 8 42 30 20 1. 8 18
With bells on.—At high temperatures.
. © in. o 8.
30 35 4 2 30 35 1.00@ 4 19f K‘;‘l‘l’:: o
' 30 3¢ 1000096 2 ¢ o
2t 38 L 1 5 ¢ Knife No. 1.
13 34 1.00652] b

With bells on.—At various presswres,—Enife No. 1 at heavy end,
in. ° 8

3 16 30 10 1006539
29 11 1.006560
27 10 1006537
220 11 1006549
15 10 2!

. 10

S S Y
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The reductions in the above table have been made with the & priori constants of atmospheric
effect, and with the coefficient of expansion, 18438 per degree Centigrade. A correction of
+ 73 X 10 for inequality of knives has been applied to the three last results with heavy end up at
high temperature;

The agreement of the seyeral experiments of the regular set is shown by the following table
of the observed periods (uncorrected for the effect of the cylinders and of flexure):

Hoboken.— Regular set.

Obs. Tg Obs. T,
) 8
1.006352 1.006559
352 560
361 546
360 558
358 544
350 539
363 5ol
356 534
Mean . .... 1.006357 1.006548
The agreement of the several experiments of the half set at high temperatures is shown in
the following table :
Hoboken.—Half set at high temperatures.
| A :)bs. Ta ;)b& T._. ~
1.006533 1.006709
- 541 713
536 708
4! 534 708
, 706
i 716
708
709

een that the mean results of the experiments of the regular set agree as well as

d with those made at high temperatures; which shows both that the coeflicient of

t, it the correction for bell-glasses is happily not in error. Further

: e may caleulate the mean T2 which is to be used when

the reversible pendnlum, and also the mean T2 which is

the principle of the invariable pendulum. Denoting the
we have algebraically

[ Iy = Tkt T8,

u j01242)
v ,'gtigh 161243
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they be expected to accorq with th j i

knife-edges, the observations in t}, iy 5 -Obt&ln*!d, ket it of g s o
tions very different ip € tWo positions were taken at intervals of months, under condi-

nany respects, and wer Tar L e
but onl < R 7 Al ¢ never intended to be used for obtaining gravity
Y to show the variation of the period and decrement of are with the pressure. ,

' . ; ;
From experfments at 30 inches down and 30 inches up.. ... 15512?;%28)2 l-t(;[;?f;‘;ki)’
From experiments at 15 inches down ang 15 inches up. . . .. 1.012842 1.012376
From experiments at 5 inches down and 7% inches up. .. .. 1.012832 1.012389
From experiments at 14 inches down and 1 inch up. ... ... 1.012836 1.012424
From mean of experiments at § and 1 inch down and experi-

LR s R R e 1.012841 1.012415

The agreement is sufficient to show that the coefficient of

We pass now to the experiments on the Repsold support and on the stiffest support. These
were not very carefully made, being only intended to show that the effect of flexure was really
what caleulation had predicted. Upon these supports the knife-edge rested on steel instead of
glass, and consequently the reductions on the principle of the reversible pendulum are not com-
parable with results of experiments on the Geneva support until the slip shall have been measured
on both stands. The reductions on the principle of the invariable pendulum are, however, com-

atmospheric pressure is well determined.

parable.
[T Inv.] [T? Rev.] é
From experiments on stiffest support ... ... ... LO128TI(s)  1.012512(s)? 36y
From experiments on Repsold support ........ ... 1.012855 1.012514 3 4
BPOMEPOCDAAL BOb : - - - et ia v inin s e bieenne s 1.012846.@
4 Repsold and stiffest support, in seconds, per day. 150 0s.1
4 Repsold support and regular set ................ 056

We may now proceed to compare the results at the European stations. First, the results of the
sriments at each station will be compared, with only such corrections as vary from day
t, the values of [1* Inv.| and [T* Rev.] will be given for each station after correcting
ear of the edges so as to reduce them to what they would have been for Paris, just
been ground. Lastly, we shall use the determinations by the prineiple of the
ulum of the absolute length of the seconds’ pendulum (still uncorrected for slip) at =
quhmatlon with the determinations of relative gravity on the principle of the /g\
T rder to find four independent values of the length of the seconds’ pendu-
BN hese, being corrected for elevation, will be comparable with the results of
Hoboken experiments on the Geneva support canuot be used to deter-
slip has been ascertained; those made at Hoboken, on the Repsold sup-
s used in place of them for the present.

Paris—Periods of oscillation.
Hmy end down.  Heavy end up.

'8, 8.

1.006051 1.006192

048 210
5B 047 190

048 195
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Berlin.—Periods of oscillation.
Heavy end down. Heavy end up.
8. 8.

1.005899 1.006052

901 037

396 026

890 036

901 037

. 896 034

899 046

895 034

/ ) Mean.......... 1.005898 1.006038
'.. Kew.—Periods of oscillation.
¥ Heavy end down.  Heavy end up.

A 8. 8.

1.005935 % 1.006077

30 63

3 29 X 73

27 64

. 25 %, 70

31 71

28 64

31 66

29 % 70

30 66

59

63

72

73

66

74

K

67

1.005930 1.006069
results of Paris, Berlin, and Kew in eomparison :

: [T* Iny.] [T* Rev.] Dift. X
a LOIZI0S2(s)  LOLIGISG(s) 4086 ok kb—ﬁ,
W 0117925 10113034 3991

1er ’ ent.. The exper
3 dm‘eronce, owmg to the use of the Geneva
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deduced from the [T* Rev.| at any other station. So that at each station we shall have not only a
value of the seconds’ pendulum dedueed from the [T? Rev.] of that station but also two other values
deduced from the [T* Rev.| of the two other stations. These three values will have nearly equal
weight, They are as follows: -

For Paris. m.
From PAris ODSOCVAtIONS - -+ v-o-yosadsminosmanessozes st 9939390
From Berlin obServations. - - ...ccosseeosmasocmmnmmarenmonists 13
lirgm W ODSELVALIONS . . - wieisasoveiomnmmasmsmeny o sncs sr e 1( 5
R e s SRR T S ooa0sar 5 33
o s O L e 2 163 %
Seconds’ pendulum at Paris reduced to seadevel. . ........ceo-onn 0939500 ) o
For Berlin. n. 7

From Paris ODSEIVAIONS . . - < << o v cnmamemmenes s cmnmnsrriss 0942362
From Berlin obServations - -« couieeaisrmeonaonor soromnamamos 9042452
From Kew obServations ... ... cotseececenmnasensanssrsoosss .‘.)942‘§Z

e e e A A R SR 9942390 [363‘
Reduotion 10 86a-JOVel. . . ... . cosaasssans covmamtacarnnznsnatnes + 83 5. ?j
Seconds’ pendulum at Berlin reduced to sea-devel. .. oo-.caanaan 9942482 Y\?. ~

For Kew. m.

From Paris obServations .........cocemeeansrememnnrsiesroots 0941757
Torom BOrlin ODSEIVAMONS - <« - v e xacmssrsrmmsiasamssamaoasasns 9941830
Trom Kew observations: ..................................... 9941740 e

S s N . .994177% %2’ &
Reduetion to e Fin e B s R O R e e s + 1 7 2
Seconds’ pendulum at Kew reduced to A NS e e P 0041790 §

No comparison can be attempted between these results and those of previous experimenters
antil the former haye been corrected for the slip of the knives and the latter have been reduced
anew aceording to modern methods. These matters will be treated in the second part of this report
with results which will be found satisfactory.

- The pendulum at Geneva was virtually a different pendulum from that used at the other stations,
because of the accident that befel it after the Geneva experiments.  These experiments can, there-
De reduced on the principle of the reversible pendulum. The concordance of the single

- fore,only be reduced o
experiments is shown in the following table:

. . =3 ~ L
GENEVA.
T2 T
1.012599 © 1012814
581 775
589 797
-~ 607 793
. 593 789
' 580 767
582 763

) TR
the seconds’ pendulum after correcting for flexure in the
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UNITED STATES GEODETIC SURVEY,—PENDULUM AT HOBOKEN, 1577 —SWINGS AT LOW PRESSURES.

HEAVY END DOWN. & m
~ [AJltemperatures in low-pressure and high-temperature experiments are to be corrected by 40°.3 €. 4 9
~ e e e T 1 0110
Dato. | Pressmre. TemPer % Time of transit. | Tntorvals, | OO | Corr time. | sl | i | gate. | Feriod
[ H tions.
). In. o b w8 2
Sept. 25 | 30.25 6.0 | A | 10 48 26194
A | 11 7 45028 1159, 431 04 1160, 387 1152 | 10064123 4 13 | L 0064136
A | 121 250% 179,531 022 1179, 509 172 4258 | +13 71
A | 1157 .85 1820, 670 L014 1520, 665 1818 4164 | 413 177
(4142) (1. 0084173)
Sept. 26 | 1519 661 | A 48 22.000
A | 11 44 26903 963. 904 L0492 963, 052 938 | 10062120 4+ 13 | 10062142
- A 1 32780 2225, 877 053 2225, 824 2212 2495 + 13 508
A 12 23 24.403 2511. 623 L019 2511. 604 2496 2516 + 13 520
(5666) (1..0062457)
Sepl. 27 | 30.25 685 | A | 8 50 47.365
A 9 1 15420 628, 055 N 628, 023 624 | L00BMTI | 412 | L oossass
A | 0019 348 | 1000.028 | 030 [ 1008098 | 1002 408 | 18 07 |
' A | 058 14881 2390.438 | 026 | 2200407 | 26 s | 18 158 I
(3962) (1. 0064194)
D g3 {
B 481 1808, 398 146 1857 | 1.0060592 | 4128 | 1.0060720 )
A 8 | 1794. 468 a2 17834 0785 | 4128 0913
B a7 s |2 vy | o8 | 413 | oo )
B 5 1638008 | 008 | 1628 0842 | 4128 0670 -
D 95 B 1842214 | 001 1831 08 | 4128 0876
D 7 1808 0705 | +128 0833 |
B 42 2 2007 0706 | 4128 0834
D 12 1811 0922 +128 1050 !
D &7 2650 067 | 128 0815
' 2 1600 0656 | 128 o8t |
B ; 1845 oe77 | 128 0805
2600 0081 | 4128 0800
1165 0302 | 4128 0720
o | oo | s | am
AL e | ] (e
| cesa (1. 0060579)
18974 | 10061410 |+ 9 | 10061419
cem | b 40|
1802 16t |+ 9 o7
ot || 40| e
1M | 4 9 403
Y 5« )
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UNITED STATES GEODETIC SURVEY.—PENDULUM AT HOBOKEN.—SWINGS AT HIGH TEMPERATURE.
HEAVY EXND UP.

. =T
Date. | Pressure. *S0%" g Time of transit. | Tntervals. |, O | Corr. time.
a 2 for are. |
" 3 |
1878, In. o h. m. & 8.

Apr. 24 | 124 |...io D | 11 52 17.358
925 |B | 12 5 25088 T8T.730 | 042 THT. 688
02,6 | D | 12 18 20.75 775667 | .035 775. 632
92.0 | D | 12 30 31.137 730382 | 028 730. 354

r Apr. 26| 225 |..... B | 11 3 13.343
4 00.3 | B | 11 24 0.806 | 1247.553 | .088 | 1247.515
L 1008 | D | 11 58 54.768 | 1793872 | .034 | 1793.838
A w15 | B | 12 24 6767 | 181999 | 022 | 1SILOTT

3 Apr. 24 | 20.888 L...... B| 10 8 11.240
8.0 [D | 10 10 46.835 695,505 | .030 695. 563
00.5 | B | 12 32 16.80 740.995 | .012 749. 083
oo |D| 10 5 8987 | 1072207 | .006 | 1072.101

b Apr. 26 | 20.880 |........ D | 8 49 46.929
) 9.5 | B § 57 4.88° | 437.059 | .020 437. 939
B 97.0 |D| 9 5 381.263 506.375 | .01 506, 314
o8 | D| 9 25 41.3%0 | 12100067 | .00 | 1210.057

ADE. 26 | 20890 |-..enens D| o 28 27844
D 9 33 9.253 281909 | .018 981, 891
D! 9 42 12885 | H43.032 | (016 | 543.016
B | 10 5 5L382 | 14184907 | 015 | 1418.482

D 9 4 59.95
B| 912 LIS 421,859 | 010 | 421.840
B 9 21 49.060 587.045 | 014 587.931
D | 9 44 53.336 | 1384.276 | .010 | 1384.260

B 9 47 45.072
D| 9 55 33220 468,448 | .027 468,121
D| 100 5 -27.224 594.004 | 016 593. 988
B | 10 26 40.780 | 1278.556 | .01 | 1273545

D1 05 33,347
y | 11 13 58720 | 505382 | .02 | 505.357
1 28 44082 | 85953 | (016 | 85.957
11 46 26,759 | 1062077 | 006 | 1062.071

11 49 35.047
155 81417 356,370 | .019 356, 351
12 03 26.619 475,202 | .013 475,189
23 53.420 | 1106.810 | .012 | 1166.708
: 378520 | .017 | B7R.512
573.844 | 013 | 573.881
1487.925 | 011 | LST.OM
022 | 454012
014 | 610,071
010 | 1208.083

' Number
oseilla-
tions.

(2140)

280
540
1409
(2229)

419
584
1375
(2378)

590
1265
(2320)

1055
(2437)

472
1159
1(1983)

476

1478

A

! 5 |
= D

Time, one fe g ":;:‘"'::” Period,
- P | eorrected.

uscillmion.l L& f-:. e

\

|

| 1. 0059980
60177
60108
|(1. COBO0SS)
1. 0060369
HO4TT
G605
(1. 006O497)
10066068 | + 8| =50 | 4178 | 10066191
66886 | + 8 | —59 | +157 66992
66606 | + 8 | —59 | 4135 66750
| (1. 0066670)
10067563 | + B | =60 | — 78 | 10067459
66885 | 4 8 | —60 | —100 66735
67030 | 4 & | —60 | =135 GORI3
) (1. D066936)
1.0067536 | 4- 8 | —60 | —135 | 1.0067349
66903 | 8 | 60| —135 66776
67206 | + 8 | —60 | —164 47080
(1. 0067039)
1.0067780 | — 9 | —85 | —328 | 1.0067358
6312 | — 90| —85 | —828 66590
67380 | — 9 | —85 | —328 66967
(1. 0067017)
10067263 | — 0 | —87 | —328 | 1.0066839
67503 | — 9 | —87 | =820 67177
61540 | — 9 | —87 | =313 67140
(1. 0067060)
1. 0066573 | —45 | —61 | — 28 | 1. 0066739
67466 | —45 | —61 | — 36 67424
67024 | —45 | —61 | — 43 66575
(1. 0067007)
10066412 | —45 | —60 | — 64 | L 0066243
67563 | —45 | =60 | — 71 G987
67282 | —45 | —60 | — 85 67092
(1. 0067011)
1.0066809 | 28 | —62 | 135 | 1.0066910
67211 | 428 | —62 | 4114 67291
67077 | 428 | —62 | + 85 67128
(1. 0067132)
1.0006785 | +28 | —60 | 4 78 | 1.0066551
67178 | 28 | —60 | + 78 67224
67358 | +28 | —60 | + 64 67390
ll.ooa'%)
10066701 | +28 | —T8 | 4 28 | 10066679
67570 | 28 | =78 | + 21 67341
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PENDULUM AT HOBOKEN.—SWINGS AT HIGH TEMPERATURE—Continued.
HEAVY END DOWN.
| =
o ‘ Number 2 E|confor| p
5 3; Time of transit. TIntervals. ro(r:::& Corr. time.|  oscilla- gg’;ﬁ":: Rate.| g Hesinp. £0 mrm.
g tions. 3 & 35° C.
8.
741861 | 081 T41. 820 737 | 1.0065400 | —45 | =16 | — 75 | 1.0065264
1471955 | .080 | 1371.016 1363 63414 | —45 | —16 | —108 65245
3005460 | .031 | 3905.438 3880 65563 | —45 | —16 | —138 63369
(5980) (1. 0065327)
766,013 | 038 | 765.975 761 | 1.0063375 | —45 | —24 | 425 | 1.0065320
1300054 | .036 | 1390.018 1881 65301 | —45 | —24 [+ 8 65210
3888.358 | .028 | B8S8.330 3863 65571 | —45 | —24 | — 17 65485
(6005) (1. 0063409)
587,683 | .026 | 587.807 584 | 1.0065188 | 454 [ —40 | — 83 | 10065169
1071.096 | L028 | 1071968 1065 5427 | 454 | 40| — 38 | 65408
(5045) (1. 0065356)
G 735,702 701 | 10005554 | —59 | —21 | — 01 | 1.0066383
5 | migise | a2k | G5 | %8| 31|75 | e
287 | 3191728 | 371 | 6807 | —50 | -1 | 425 6312
1 2
. B
= F - i
1/ :_ - .
e " 1 =1
| ]




(s,
143

Reduction of the regular set at Hoboken.

HEAVY END DOWN.

; 8.
Mean T, corrected for rate, temperature, and pressure =  1.0063565
’ ~ Uorrection foricylinder ... ........c..... = — 36
Correction for flexure ...... . ... ... . — _ 89
1.0063440
Correction for improved constants. . ... .. .. - 2

HEAVY END UP.

3

Mean T, corrected for rate, temperature, and pressure = 10065487
Corrected for cylinder....... .. .. ..  — _ 71
Corrected for flexure. ... ... ... ... . . — _ 39
1.0065377

Correction for improved constants. ... — _ 3

Ta = 1.0065374

Reduction of experiments at high temperatures.
HEAVY END DOWN,
The half set,

8.
rate and pressure and reduced to 35° ¢, = L.006G5357
59 G Correction for expansion. . .. = — 1850
for atmospheric effect—First part ....... = 4 181
‘o m Second part..-.... = 8
ure, bells, and cylinder........ .| =~ 168
- Ta = 1.0063525
I erroneous temperatare. .. . .. I O 65
e e ——
10063460

8
0352 C. = 1.0067097
e eeaa = — 1850

AT S - 414
b S 10
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‘ oo Reduction of experiments at high temperatures—Continued. L
_.'4; - HEAVY END UP—Continuci. .
At 30 inches (not included in half set). 3 o
B . (not inc in half set) - i
- Mean T, corrected for rate and pressure, and reduced to 35° C. = 1.0066882
Correction for inequality of knives................. =+ 74
Reduction to 15° C.  Correction for expansion . ... .. — 1350
. Correction for atmospheric effect—Flirst part. ... ... = 4+ 414
’ Second part . .. ... =+ 10
o Correction for flexure, bells, and cylinder........... =—_. 168 QO
T, = 1.0065362
Correction for erroncous temperature. ............ e = 66
4 ' 1.0065296~
- §§
3 At 2.25 inches.
5 _ 8.
A 1878, April 26. T, corrected for rate and brought to 35° C ... = 10060497
Ky Correction for inequality of knives....... = 4 74 Y
Correction for expansion from 152 C... ... =— 1850
Correction for atmosp. effect—First part.. = + 5935
» Second part. = + 919 s
Correction for flexure, bells, and cylinder. = — T8, 2O s
' = 10065407 ;
= — 78
& 10065329 - |
' a5 .
s : 1
2 = 1 DOOOSD
..... ot il 74 s
e = — 1850 .
t. =+ 6138 ! ;
+ 1007

=— —38_200,




