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\\'hilc I have wished to place on record 
t.hc mnttcr hcrt~in before dealt with, I am 
perft'l•tly awnre of it!! drawbacks-in point, · 
for l'Xamplc, of friction, tlexure, and the 
<1itlki1liv of pcrman<.·ntly securing- the 
hancls. · I noticed on my last visit that while 
the dock itself was " on time," the minute 
hands were vcrv erratic. This, I am told, 
is laq~l'ly due to the fact that in their re­
pairs to the Tower, long- sub.4'equcnt to my 
n·storation of the dock, the masons shaped 
tlwir stones, in the lantern, on carpet· above 
the hell frame and just over the tube leading 
to tht• South dial. This said carpet g-ot 
woun<I rouncl, or entang-led with the tube 
:ind hacl to he cut up to g-et it out, causing­
tlw wholl' g-l'ar to be much shaken up. 

I sec by my correspondence t hnt in-·* 
yenr 19z 1 l sugg~stcd new dial!'I, but ·*­
authorities did not sec .their way, at die 
time, to carry this out. I again urge tWi 
-of skeleton, and, if possible, of ,....._. 
110i<l!1l fonn, with new balanced. ha':!!;;;:! 
motwn-1rtorll. But, let the existing : 
work he mounted somewhere in the ~ 
l~oom \\:ith a suitahlc tablet undct a 
i l. . . . .ii'-~; 

That I found my friend will be man"· · 
from the forcg-oing. And " here's to -~ · 
next happy meeting." I look back to ti-. 
Colyton · days as amongst the happiest, of 
my long horological experiences. 

Tlw photograph is by kind permiss' 
the artist, Mr. :\. Hartley, of Co1yt 
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E \'ER since the pendulum was first 
applied to docks by Christian . 
Huyg-ens in 1h5h, it has been the 

suhjcct of much mathematical research. 
Y ct c\'l'n now, more than a century after 
:\iry's dassical paper,* there is a lack of 
t~x:tl'l knowll•dKc :ts to the rate errors pr~ 
~ltwt'cl hy the \'arious disturbing- causes and 
no accepted answl'r to such qul'stions as:-

(11) ;\t what amplitude should the pen-
dulum be run? · 

(/1) .\t what point of the Yibration should 
the sustaininJ,:" f orct's he applied? 

(1·) Shoulcl the pendulum be run in an 
atmosphere of air or of another g-as? 

(ti) ;\t what pn!ssure should this'~tmos-
phcrc be?" · 

(1·) Should the suspension sprinJ,:" be long­
or short, thick or thin? 

It is the aim of this paper to g-i\'c a full 
<liscussion of the essential causes of ,·aria-

. tions in tlw rate of a pendulum and to show 
the wav in which answers to the above 
<p1estirn;s should be ohtainecl; we shall sec . 

* G. B · .\in·. "On tlu~ l>is1urha111·1•s of 1'1·11-
dulunu; ;;ncl itnl11m-. ... , nntl 011 1111• Tlwory of 
1-:St:np•·nwnr"." C:1111l.ridg1! Phil. Sot'. Trnn.". 
\'ul. Ill., t>arl I, 1'1>- IOl>-121t (n.cl., hut 111•t>••r rrad 
on 27th Nnvrmhr.r, l!>'.M.) 

that some of I he answers ,·ary with 
desig-n of the pendulum and with the 
of· escapement l'mployed. 

;\ftt'r\\'ards \\'C shall apply the principles 
enunciated to certain typical escapements 
and consider the ultimate accuracy which 
it may be possible to attain. · 

For the most part, the discussion 
re-for dirl'ctly to the ordinary pendulum,: . .· 
the main principles apply equally -~ 
ha-lances, ancl to torsional fX!ndulums; Jft 

fact, hv a suitable chang-c in the mcaning­
of the. symbols, tlwy apply to sustainetl 
,·ibratioiis of a1w kind whate\·cr, dcctrical 
as well as m<.'chanical. 

The theorv will be studied with the aid 
of rotating- ·\"cctors, a method which was 
introduced bv Blakcslev in 1885 in conn~ 

· tion with alt~·rnating- ct1rrenls <;f electricity. 
It has pron•d of i mmensc sen· ice in that 
conneetion by bring-inJ,:" the theory within .the 
g-rasp of students whose mathemat1caf 
attainm<'nts . arc insufllcit•rH for a purel" 
analvtical method, ancl in helping one to 
'isu:1lise the phase relationships bctweqJ 
the \'arious actions. Hitherto, the methOd 
has recci\'C'cl scant atkntion from writers 
nn the pendulum, hut the author has found 
it of g-rcat ,·alue here, too. 

Before proecccling- with our subject pro­
per, it is necessary to g-ivc a fow definitions 
and a short explanation · of '\ the· ,·ector 
method. 
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2. b'lemcuts of a Vil1ration. 
A vibration may be defined as a change 

of some kind which takes place continuously 
on opposite sides of some mean state; with 
a . pendulum, or any other mechanical \·ibra­
tion, we ha,·e such changes in the displace­
ment from the mean position, in the 
,·elocity, and in the acceleration. With 
electrical oscillations the corresponding- cle­
ments arc the charge in a condenser, the 
current in the circuit, ahd the rate of change 
of that current. · 

\Ve shall restrict our attention to those 
· Yibrntions in which the changes on the 
negative side of the mean are an exact 
replica of those on the positi,·e side, and in 
which the same set of changes is repeated 
over and over again, alwavs i.n the same 
tin,e. The greatest \'aluc ·on either side 
of the mean is convcniC'ntlv rcf C'rrcd to as 
the "crest Yalue." It is commonh· termed 
the "amplitude," hut \\'e shall finci it desir- · . 
able to apply that name to simple harmonic 
\'!brations only, and to g-i,·e it a slig-htly 
different meaning in other cases. 

The complete set of changes (that is lwfh 
the positi,·e and negati\'e onesJ which is 
continually being repeated is the " cycle," 
the time taken to perform one c\'cle is the 
" 'od " d I I . pen , an t 1e num Jer nf cycles per-
formed per unit of time is the " frequency. " 
It should be noted that it is customarv 
to specify a pendulum bv its time ~f 
swing-, which is half the period. Thus a 
" seconds " pendulum has a period of two 
seconds. 

The particular point of its c\'cle at which 
the \'ibration happens to be at· some chosen 
instant of time is its " phase" at that 
instant. Two ,·ibrations arc in phase \\'ith 
one another when they are at corrcsponding­
points on their cycles (say the positive 
crest) at the same instant; otherwise thev 
are " out of phase " \vith one " ahead " o.r 
" leading " and the other.," behind " or 
" lagging." 

The case in which there is a quarter cycle 
phase difference is so verv important that 
it requires a special name; the two \'ihra­
tions :trc then " in quadrature." For the 
simplest types of vibration, at least, one 
passes through its crest at the same instant 
as the other passes through zero \\·hen thev 
are in quadrature. · 

~· Properties of Rotati11g Vrrlor.~. 

It is convenient_ to represent the flux of 
time by the rotation of a line about one 

end, and the changing \'alue of the displace. 
mcnt, or other quantity under considera­
tion, by the projection of that line on a fixed 
reference line, using some suitable scale. 

The re,·oh·ing line is termed a " rotating · 
n :ctor," o r simply a " ,·ector," and its 
direction, specified by the colT\plement of 
the angle between it and the reference line, 
gi,·es the phase of the ,·ibration at the 
instant for which the diagram is drawn. 
Ob,·iously, the ,·cc tor must go once round 
for one complete cycle; hence the time of 
rotation of the ,·ector is equal to the period 
of the Yihration, or the frequency of rota­
tion is the same as the frequency of the 
,·ibration n·prcsentecl . 

B 

p 

H' 0 

B' 
Ftr;. 1.-1' cc tor~ 11 nil l'rojcccio•. 

In Fig-. 1, OP is such a rotating vector 
and Op is its projection on the reference 
line BB'; q, is its phase at the instant con­
siderer!, and "' is its " phase velocity," that 
being- the ang-ular ,·clocity of the line OP. 
Tlw relations between the quantities are:-
1'=1'0 + .,,,l/=rt>n+<•it if w be constant (3.01} 

Op= OP x sin tp=OP x sin (~1t+t/'0 
if ,,, be constant (3.02) 

The mean phase ,·elocity for the whole 
C\'cle is:-

"' = 211 / T0 = 217f 
where Tn is the period and f 
of the ,·ibration. 

(3.03) 
the frequency 

Unless other\\'ise stated, it is to be 
assumed that the time is counted from the 
instant at which th'e displacement is zero, 
so that <f'n = o for the displacement vector. 

To a,·oicl continual ·repetition, we shall 
rt'fer to the " projection of a vector on the 
reference line " simply as its '' projection," 
and to all lines parallel to the reference lir:ie 
as " , ·ertical," although in fact BB' might 
be drawn in anv direction. Lines such as 
OH whieh are ·at right angles to BB' are 
" horizontal." The length of the vector at 
any instant is the " amplitude " at that 
instant. 
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Obscr\'e that the direction of the vector 
has nothing whatc\'er to do with -the direc­
tion of . the quantity represented if that 
quantity bt; a directi\'e one; the \'ector direc­
tion js used to represent phase, and changes 
continuously as time progresses. 

Am· other vector through 0, such as OP'. 
would · gfre the same projection as OP if 
its outer end be at the same Je,·el as p 
and P. Consequently, the Yector to repn:­

, sent a given quantity ma~• be drawn in any 
direction provided it has the correct length ; 
or of any length not Jess than the projec­
tion itself, if it be drawn in a suitable 
direction. There is, hmve,·er, onlv ont: 
position at each instant which wot.ild he 
consistent with some specified manner ot 
rotation, such as uniform rotation, as it 
i:' desirable to make the vector pass through 
the horizontal at the instant when the quan­
tity represented passes through zero so as 
to amid Yectors of infinite Ieng-th. Uniform 
rotation is generally the most conYenient. 
and is to be assumed if nothing- else is 
stipulated. 

Changes in Op can be brought about by 
the rotation of OP, and also by changes in 
the length of OP, or by both. Ry suitable 
d1ang-es in the amplitude or phase velocity, 
or both, p can be made to perform am· 
kind of vibration whateYer. 

4. V ccfnr Arl<lifirm. 
\\'hen a number of 

B 
vectors arc drawn so 

that each one beg-ins 
where the pre,·ious 
one ends (sec Fig. 2), 
we get an open poly­
gon with the arrows 
point;ng the samt= 
wav rounci it. Or 
the. closing side of 
the polygon, taken 
the other way round, 

~1:------...!.!.H is termed ... the " re-
2.-Vector Addition. suitant " of the g'i\'en 

themselves 
resultant. 

vectors, which are 
the '' components '' of the 

, Now, the projections of equal parallel 
hne~ a~e themselves equal ; consequently the 
pro1ections of our component Yectors are 
not altered in length by the fact that the 
vectors are drawn to f Orm a f)Olyg-on 
instead of radiating- from a point. Hence 
it is obvious from the diagram that:-

Projection or re9Ultant =algebraic sum or 
the projections of the components. 

In other words, if the individual ampli­
tudes be x 1' .\:• x3, etc .• and their projec­
tions :r,. x:• ;r3 , etc., :rncl if 
x =.\I+ X:: + .\'3 +I etc., be true vcctorially 

for the amplitudes . (4.01) 
then 
:r.=x, + x:: + .r3 +, etc., must also be true 

rilgr. lmt ically for the projections (4.02) 
This g-ivcs the first law upon which the 

Yector method of studying vibrations is 
based, namefy, that any equation which is 
true ,·ectorially (that is by the polygon of 
,·ectors) for the amplitudes must also be 
true algebraically for the instantaneous 
Yalues represented by the projections. This 
law holds true \\'hen the ,·ccton; rotate, even 
when the polygon chang"<!s its shape owing 
to differences in the pllase Yelocities of the 
sc,·eral n~ctors. 

The corwcrse state- B 
.xnent is comm~· p

2 true, hut not always. 
Thus, 1n Fig-. 3, 
where R is taken at 
the same lcYel as the p, 
encl of the last Yector 
of the polygon, equa-P! 
tion +02 is true but 
+or is not. 

\ Vhcn the Ycctors re- 0':....Jl~------.:.H_ 
\·oh·e at the same rate 

Fro. 3.--Raunffon not true 
and keep constant Vl'ctorillll 11• 

proportions between 
their lengths, if R and P 3 do not coincide 
the,· will onh- h<.> at the same level at two 
pni;lts on ea~h re,·olution ; consequ~ntly in 
such cases the ycctor equation must hold 
if the alg-ebraic one be true for the instan­
taneous ,·alues :it every instant. In oth~r 
cases it is necessary to scrutinise th~ condi­
tions before this statement can be made. 

5. DiRp/11cr111rnf, T'rlncity and Acceleration 
V rrtnr.~. 

In Fig. 4, let OX be the displacement 
vector, so that the displacement from the 
mean position at the instant to which the 
diagram refers is Ox. · . 

:\t this instant, the point X on the d1a­
g-ram is mm·ing- in a direction parallel to OV 
ar a rate represented by the length ~f that 
line. Qb,·iousl\' anv horizontal motion of 
X cannot affect the. pasition of x, and the · 
velocity of the latter point (which gives the 
rate of change of the quantity represented 
b\• Ox) must be the same as the vertical 
motion of x. Thus, the \'Cl~ty of the 
,·ibrating point is giYen by the projection 

• 
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1''1G. 4.-Di.•1il11cc1111·11t, l'elucit11 1111,/ . I rcdent1io11 
I' cc tor~. 

-of OV, because this is the sam.e thing as 
its ,·ertical component. 

Hence {)\' is the Yector whose projection 
g-in.·s the ,·elocity of the ,·ihrating- point at 
-each instant, and is therefore called the 
" ,·clocitv Yector." , 

OV is. made up of two componl'nts; one 
wX at rig-ht ang-les to OX is clue to the 
rotation of 0 X, and the other ".Y a Jong­
XO is caused bv its shrinkage, 'l being- the 
fractional rate ·of deca v of the a mplitudt• 
OX. Thus, the ,·cJoeit~· amplitude is:-

V =..; ,,,:! + "~x (.c;.01) 
~ind it lies ahead of OX bv the ang-le 
~<Jo0 +if;), where 

. tan ..;, = <l/<•• (5.02) 
\\'e thus han~ the second law:-

The rate of chang-e of a quantity which 
is represented by the projection of a 
\'CC tor whose phase Ye loci t y is ,,, and 
whose fractional rate of dcca\' is "• can 
he represented by another · , ·cctor of 
..; (II~+ ,l:i times the amplitude and (90° +\I,) 
ahead in phase, where tan if;=«/•·•· ... 

The rate of change of Yclocity is the 
accclcration, and can be represented by 
another ,·cctor in the same wa\'; but the n 

and the 111 arc then the rnlu~s applicable 
to the ,·e!ocit v ,·cctor, which would not 
always be the ~ame as for the displacement 
Yector. 

The simplest case is, of course, that in 
which the \·ectors rotate at constant ,·clocity 
.and retain con!'Otant lengths, in which case 
n and "' are both zero. This is the simpl<' 
. harmonic motion, or sine vibration. 

The next is . that in which 11 is constant, 
but not zero, as well .as •••· This is the 
" shrinking- sine function," which the 
author has pre,·iously treated rather fully 
with special reference to electrical oscina­
tions. * In ead1 of these cases, the three 
, ·cctors (displacement, \·clocity and accelera­
tion) han'. the same constant phase ,·cJocity, 
and .1 / 1' is the same as V/X. 

Ii. Si1111il1! Ht1r1111111i<: Vil1r11f.im1. 

\\.hen the n·ctor has a constant length 
ancl its phase n·locity has a· constant ,·aluc 
"'"• the projection of its encl performs a sim­
ple harmonic motion or sine ,·ihration, 

The Yelocit\' , ·ector for a sine ,-ibration 
has an amplitude h•n times that of the dis-· 
placement , ·ector ancl is a quarter cycle, Or·. 

<Jo0
, ahead of it. Similarly, the acceleration 

, ·ector has an amplitude Ct•n times that of the 
Ydocitv and is a further 90° ah!-!ad. The 
acccle~~ition \·ector . is thus exacth opposite 
to the clisplaccment n~ctor and has (110 

2 times 
the amplitude (sec Fig-. 5). 

Jn other words, 
Ct1,~.\+.·l=o is true vectoriallv 1 

the amplitudes · 
and consequently, 

; •• 0 ~J'. +.1·=. o is true alg-ebraic.:ally for the 
instantaneous Yalues (5.02) 

where :r is tht• acceleration at the instant 
considered. 

This is tlw characteristic differential equ...., 
tion for tlw simple harmonic ,·ihration. 

H 

B' 
1''111. 5.- l"•·l"tor 1Ji11(Jrtllll for Si1111,l11 1/11rmonic 

Sine VilJrntion, 

* " ,\ mode of studying Damped Oscillations ~ 
the aid of Shrinkin~ \'ectors." journ. Inst. Elt'C~ 
Engin1~ers. \'ol. 54, pp. 24-34. Decemher, 1915. 
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on\'crsely, when such an equation is ob-
· ncd from the conditions of the motion of 
J!'iven body, we know that the vibration 
a simple harmonic one. . 
The . following equations are of impor-

Since z = - "'o :z 
he phase velocity is:-

"'o: =..; -~/x= \('acceleration (reversed)· 
...;. displacement (5.04) 

The restoring force is:-
F = - M~= (M1o10 :) z=kx 

where k is the restoring constant, or 
k=.'11110

2 =Jl/x=restoring force per unit 
displacement (5.o6) 

he equation for the phase velocity may 
be written :-

t110 = ./ k/ M 
= ..; controlling constant...;. inertia (5.07) 

The period is :-
T0 = 211/1110= 211\f' M /k 

nncl the frequency, 
(5.o8) 

f = 1/T0 =1110 / 211= (..; 1'/ M)-;. 211 (s.<><J) 
It should be particularly noted that the 

amplitt;dc docs not appear in the cxprcss!on 
for the period; in other words, the period 
of a simple harmonic vibration is the same 
whether the amplitude be small or great. 

:\ certain anwunt of energy is associated 
·with the vibration and oscillates between 

he potential and kinetic forms. At the ends 
the swing where the \·elocity is zero, the 

energy is wholly potential, while at the 
.;cntre of the swing it is wholly kinetic. 

\Ve shall see later that it is important 
to remember that an action which increases 
the kinetic energy of the vibrating body 
docs not necessarilv increase the total 
cnerg-y of the vibration. 

:\t anv other instant, at which the phase 
the potential energy is :-

1V P = 1k:r.:: = ;tk X2 sin::lf> 
=tAf1.10 ::x: sin2~ 

kinetic enerJ,!'y is :-
l V 11=~Af11 2 = :tM1110 ::x:: cos2!fi 

(5. 10) 

=-&kX~cos:: _rfl (5.11) 
the total energy of the ,·ibration is:­

lV T=~kX2 (sin 2~+cos2~) 
=!kX1 =JrMV:: 

Mince sin 2 r(I + cos2~ = 1. -

Equation 5.05 shows us that the essential 
• ng for a true "ine ,·ibrntion is . that the 
. orin~ ferce should be exactly propor­

al to the displacement. or that the ratio 
(re~toring force ...;. displacement) be exactly 

Mg .f. 

y . '( __ , 
----ir---

x. 
- - - *- -·- - -

I 

~- ~ Mq 

'(I Mg 

Fro. 6.-JJotl·11 with lfor111onic l'iliratin. 

(i) . Spring free. 
(ii) Spring loaded and at rest. 

(iii) Spring stretched beyond . equili­
brium point. 

If a mass be suspended by a helical 
spring it will come to rest at that position 
in which the tension of the spring just 
balances the weight of the mass. 'When 
the mass is displaced from that pe»i&ion, 
the pull of the spring will increase for down-· 
ward movements or decrease for upward 
ones. The change will be proportional to · 
the displacement if the spring be an ideally 
perfect one, and it is a restoring . f<?rcc 
tending to return the mass to its or1gmal 
position. 

If let go, the mass will then per(~"'? a 
true sine vibration, at least if the fr1ct1on 
and the inertia and· weight of the spring 
can be neglected. . 

At this point it is desirable to emphasise 
the necessity · of having clear ideas as ~fl· 
mass and weight. The misss of a body is 
a property of its own ; it is a fundamental 
idea which cannot be defined anv more than 
time or distance, but must be learnt by 
experience like these ideas. It i.s some-­
times called " quantity of matter," but th~t 
is onlv an alternative name, not a defini­
tion; it does perhaps help one to grasp the 
idea. 

On the other hand, the weight of a ~y 
is the force with which the earth attracts 1t,. 
and causes it to fall towards the earth, when 

• . ~ .. 1.. 
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acceleration, known as g, of about 32 feet 
per second', or g81 centimt:1res per second: 
near the surface of the earth. Its amount 
depends not only on the body but also upon 
the earth and upon their relative positions. 
At the North Pole anv bodv would weigh 
:about half per cent .. more than at the 
equator, and at the centre of the ~arth its 
weight would be nothing .. ~ all ; its mass 
is the same all the time. 

The weight of a body is proportional to 
its mass, and masses are compared by com­
paring- their weights; this fact accounts for 
the prevalent confusion between the two 
ideas. 

(To be continued.) 

British Industries Fair. 

A SSOCIATIONS in the jewellery and 
watch and clockmaking trades have 
been asked by Mr. Douglas Hacking, 

M. P., Parliamentary Secretary to the De­
partment of o,·erseas Trade, to c~rate 
in connection with the British Industries 
Fair which is to be held simultaneously in 
London and Birmingham next year from 
February 18th to March 1st. . 

'' Thanks largely to the help which we 
received from trade Associations and from 
other representative bodies, the Fair held 
last February," writes Mr. Hacking, 
·' achieved a decisive success, the number 
of exhibitors, the exhibiting area occupied, 
and the attendance of buyers ·from over-
seas and home, surpassing all previous 
figures. .. 

·'I confidentlv expect that the attendance 
of buyers from overseas and home will 

The repairs to the clock in · -e-xceed the record figures of last year, and 
St. Gcor1&c'1 the tower of St. George's you will agree with me that it is of great 

Clook. Church, Grawsencl, are importance that these visitors should find 
apparently going to cost the display thoroughly representative of the 

more than anticipated, and there would best that Britain can produce. 
appear to he no immediate pros~cct of '' The growth in size, prestige ·and good­
matters being put rig-ht. The urig-inal St. will of this National Fair is contributing 
George's clock dates back nearly two hun- year by year to the gradual recovery by this 
<lred years, and there would therefore seem country of its former prosperity. It can, 
to be no reason to complain if repairs have however, continue to play its part in the 
become essential. The question will arise, country's welfare only so long as it enjoys 
we presume, whether in the end it will not the support of the -representative industrial 
he che:tper to place a new clock in the and commercial or£'anisations of the United 
tO\vcr. King-clom." 

FITTING A CONCEALED KEYLESS 
WINDER TO A KEY-WOUND WATCH. 

By a I.ciceste·r· Mcmbe1' of the B.H.I. 

T HERE ar~ probably_ hundreds ~f g?od not such a " crime " for a watch to be 
and serviceable high-class Engh sh- key-wound. It has, however, always been 
made watches, all capable . of good an excellent timekeeper, and has had such 

performances, which have fallen into disuse low position errors that I continued to wear 
solely because of the unfortunate circum- it after " keyless " became the vogue. 
stance that they have tu be wound by a Several years ago I devised . and made 
5eparate key. for it a key screwed on to the fusee stem 

I have heard of a batch of ke\·,.wound after the manner of an alarm clock key, 
but otherwise first-class watch mo\'ements but shallow enough to enable the case to 
which have never even been cased, and be shut. Like the alarm clock key, how­
never will be. ever, it needed re-grasping with finger and 

I have been the possessor bf such' an thumb after each half-turn, and while 
unfortunate key-wound watch. \ Vhen it winding (particularly in the dark) I often 
came into my possession years ago it was wished I could retain my grasp and wind 

1-
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.. 1 he watch that made the dollar famotis." 
In 1 «)08 the I ngersolls purchased th'e fac-
111r\' and business of the Trenton \Vatch 
I u;npany, of Trenton, New Jersey, and 
h• ·i.:-an watch manufacturing on their· own 
;wcount. In 1914 they purchased th~ plant 
of' tile ~ew England Watch Company, 

, formerly the vVaterbury · \Vatch Company, 
: of \Vatrrbury, Connecticut. . 

In its first. year 12,coo Ingersoll watches 
wne made. To-day the output is 25,000 a 
day. 

it is a matter for regret that Robert H. 
lngwsoll had for the last thirty years of 

his life suffered from bad health. At the time· 
of his death he was no longer connected. 
with the business, having sold out his in­
terest in 1922. 

A British Company was formed in 1916, 
. the ~lanaging Director of . which is Mr. 

E. S. Daniells, who started the Ingersoll 
busines.s in this country in 1905 and has 
been connected with the firm for forty 
years . . _ TJ1rough the courtesy of the Inger­
soll Company we are able to g-iYe an illus­
tration of a range of Ingersoll watches 
.showing the e\·olution of the watch from 
189r to the present time. 

THE TH.EORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID ' ROBERTSON, D.Sc., ~LI.E.E'. 

(Co11lim1ed from page 16). 

I 1.-Tm·: PE~1)cLt:M. 

-;. Tiu· Simple Pcnd1Llu11i: 
. \ simple pendulum consists . of a small 

linb, of ncgli~iblc · dimensions and mass M, 
'll"flendcd from a · fix'ed poirit 0 by a per­
i, ., t ly flexible string whose m·ass ·and ,\.eight 
• : • 11 he neglected: · 

\\'hen the bob is displaced from one side 
>"ti tlwn let go, ·fr oscillates to and fro along 
· ,. arc EE', about ·tire mean position C 
: : ' i~. ;). 

\\'ht'n the bob is at M, its displacement 
·111 <:, 1m:nsured along the arc is :r.. Jto; 
i;.!'ht, .\f 11, m.av be re.solved into com-
111·11ts ali'mg- th~ radius ' and the · tangent 
:ht" nrc at M. The radial component is 
;inn.:d bv the tension of the string, but 

tangl'ntial one constitutes a controlling 
• t· tt·1Hling to return the bob to its central 

· -it ion and thus causes an acceleration 
:mis C. The· amount of this res.tor.ing 

I'(! IS:--

SlllCC 

I 
I 

E'~ 

" I 

0 

FIG. 7.-Tho Simple Pendulum. 

F·~Mg sin 8=Mg MP /OM 
=(.'vfgx/L) (sin 8/B) . 

~IP: MC=L sin 8: LO=sin 8: 8 (7.02} 
; Now, if the displacement be ,·ery small 
'compated with the radius L, ·we·may neglect 
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the difference between the semi-chord MP 
and the arc MC, or between sin 8 and 8, 
and then we may write :-

F = M 9 z / L = ( M 9 / L) x 
. =constant'x displacement (7.03, 

Consequently, .110 long as tl1e maximum 
(liHplaccment ia amall enough to make the 
alJOVC appTo:timation Hujficicntly acc11 ratc 
for our purpose, the bob performs a simple 
harmonic vibration whose controlling con­
-stant is:-

. k.=F/z=Jfg / L (7.04) 
-and whose period is:-

T0= 2n v' (,\f jk)= 2n.j (l.,/!1) (7.05) 
At Greenwich, where y=981.18 centi­

metres per square second, the length of the 
seconds pendulum is 994.2 mm., or 39.14 
:inches. 

When dealing with small changes in 
1.J/g, etc., it slrould be remembered that 
.;(1+11) = (r+!n) when n is small. Now, 
there are 86,400 seconds in a ·mean solar 
'(lay, or a million seconds in 11.574 days. 
Hence, to change the rate by one second 
per day requires an alteration in the length 
·of a seconds pendulum of two parts in 
'86,400, or one in 43,200. That amounts to 
23 microns or 0.91 mils, one micron being 
<>ne thousandth of a millimetre and one mil 
the thousandth of an inch. 

Hence we have the approximate simple 
rule that each mil change in the length of 
a seconds pendulum alters the rate by one 

-~econd per day. 
vVe have already seen that the period docs 

not depend upon the amplitude when the 
· vibration is a true harmonic motion. Rut 
with a pendulum the ratio (restoring force 
-:-displacement) is not exactly constant 
because of the factor siri 6/H. Conse­
quently, the motion is not a true harmonic 
vibration and the period dor.!! alter some­
what when the amplitude is changed. 

For the period to remain independent of · 
the amplitude to the degree of 'accuracy . 
required in high grade clocks, the ampli­
tude would hav'c to be almost invisibly 
small, and certainly far too small to operat·e 
anv known. form of escapement. 

~\ny Yibration, such as that of a pen­
<lulum, which is very nearly, but not quite, 
a true harmonic one mav be termed a " dis­
turbed harmonic vibrati"on." 

When the conditions of a Yibration differ 
Crom some ideal on~, owing to the presence 
·of SOfl\e disturbing factor, the period will 
;Usually be different from that of the ideal 

\·ibrator. The fractional excess of rate due 
to that factor is its " deviation." 

Should the disturbing factor change 
erratically, so as to alter the rate, the in­
crease of deviation due to the accidental 
change is the corresponding- " error." 

Thus, if ~ be the deviation, and 8 the 
error, we have :-

~ = (To-T) / To 
>I=~~-~\ 

(7.o6} 
(7 .07) 

Neg-atiYe values of Do or ~ correspond 
to decreases of rate or increases of period. 

It is very important to distinguish clearly 
between the two quantities cleYiation and 
error, becaus.e the single term " error " 1:1 

commonly employed for both, and the result 
is much confused thinking and many 
erroneous conclusions. The deviations are. 
allowed for ·unconsciouslv when the pen­
dulum is adjusted by trial in the ordinary 
wa~~,- and they are of no importance what­
ever so long as they remain constant. The 
errors · are the erratic. alterations In the 
deviations due to accidental causes more 
or less bevond control, and cause irregu­
lari ties in' the time-keeping-. Too often, 
people have sought to get small or ze~ 
deviations, when the real thing that 1s 
wanted is a minimum value for the errors. 

The particular deviation due to the factor 
sin ()/() is the " circular deviation," and the 
corr~sponding error the " circular error." 
vVe shall see later that the former is:-

Doc= -A=/16= - 4.57 secs. per day 
x (H/100 arc-minutes):: (i.o8) 

\vherc 8 is the amplitude. 

8. The .·lcftial Pendulum. 
\\Tith a real pendulum, the motion js an 

angular one about an axis passing through 
the mid-point in the length of the suspen­
sion spring; ;ind the mass is not concen­
trated at a single point but is distributed 
throughout an appreciable volume. 

r\s a result of these facts, different por­
tions of the mass are moving at different 
Yelocities and the effective inertia is greatt1' 
than if the whole mass were ·collected at 
the centre of gravity. 

The angular inertia is what is called the 
" moment of inertia," which we may regard 
a:; the angular equivalent of ma.".s. To g•·t 
it, we must divide the whole yoJume into a 
\'ery large number of cxccc<ling-ly small 
parts, multiply the mass of each part ~y 
the square of its distance from the axts 
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Yibration, and add all these products 
l'ther. 

The sh~rthand way of expressing this is 
write:-
\foment of inertia=K=~ (M1L 1=) (8.oq 

.. · 1ich simply means what we have written 
· ... t in full abo,·e. 

\\'ith small amplitudes, the motion is still 
, 1·r_,. nearly a harmonic vibration; instead 
01 \\'riting out a fresh set of equations, we 
-.hall make the same ones do, but when we 
;1rl' dealing with angular vibrations instead 
111 linear ones, we must- interpret the sym­
liols in our pre,·ious equations as follows:­

. r, X =angular displacement and amplitude, 
expressed in radians. (I radiari 
=57.296°=3,437.7 arc-minutes.) 

,. , T' =angular Yelocity. 
/•'=angular force, or torque, '· 
1.- =restoring torque per unit angular dis­

placement. 
.\I= angular mass= moment of inertia 

=l(. 

If JI be the total mass of the pendulum 
and JJ the distance of its centre of gravtity 
from the axis of Yibration, we have:-

The restoring torque with an angular dis­
placement 0 is:-

. •=MqL sin() (8.02) 
=~ (Jf 1L 1) g. sin() if there are 

several parts (8.03) 
l ·11ntrolling constant, 

k=•/0= 1\lgJ_, (sin 0)/0 (8.04) 
· . Afg!J when fJ is very small (8.05) 

= ~ (.VI J_, 1) !I if there arc se\'cral 
parts (8.06) 

Inserting these Yalucs in the formt:la for 
t hi" period, we get :-
'/ -= :?11..; (inertia +controHing constant) 

(8.07) 
(8.08) 

-:-ig] t 
(8.09) 

('om paring this result with equatio11 
1), we see that the length of the simple 
'Hlulum with the same period is: 

Do=~ (M 1L 1
2)-:-S (M 1L 1) (8.101 

.\"lwn n\aking such calculations for a 
·,dulum whose drawings are given, the 
,-.:-; of each part can be estimated from, 

dimensions and the density of the 
.terial of which it is made. The position 
the centre of gravity can also be cal­

l:ttecl from the drawings, and the other 
~ wnsions scaled off. 

With parts of appreciable size, such a~ 
_the bob and the rod, the moment of inerti .. 
exceeds the product of the mass and the 
square of the distance of its centre oi 
gravity frorri the axis of Yibration (which, 
it should be remembered passes through the 
centre of the length of the suspension 
spring, .not the top) by an amount equal .t<> 
its moment of inertia about a parallel axis 
through its centre of gravity. 

Thus, for cylindrical bob of length l and 
diameter d, 

[(bob= M bob ( L\ob + Z2 /I 2 + dZ /I 6) (8. I I~ 
and for a rod whose lower end is distant z • 
and upper end 12 from the axis of vibration, 

Krod=Mrod (Z 1
2 +Z 1Z2 +l2

2)-:-3 (8.12> 
~Mrod Z1 (Z 1 + Z2 ) + 3 (8.13) 

The other parts in the usual design of 
pend4lum are of sufficiently small dimen­
sions for it to be· assumed that each is col­
lected at its centre of gravity, except per­
haps the crutch when there is one. 

The work should be done in tabular form, 
as in the example shown in Table I., which 
refers to a standard commercial pendulum 
made bv Messrs. Gent and Co., Ltd., . of 
Leiceste.r. With the setting of the bob 

1used in the calculation, the equivalent 
length is somewhat longer than that of a 
seconds pendulum, but when allowance is 
made for the suspension spring, etc., it will 
he found that the setting is not. far wrong. 

It will be observed that the equivalent 
simple pendulum is very little different from 
that which would be obtained by supposing 
the whole mass to be collected at the e.g. 
of the bob, and this statement will be found 
t0 ·apply to almost any common desig'!l of 
clock pendulum. It is therefore convenient 
to put the equation into a form which shows 
at once how the various items cause the 

· period to deviate from that of such a simple 
pendulum. 

Let the mass of the bob alone be M, the 
distance of its e.g. from the axis of vibra­
tion be l.J, and its radius of gyration ab~ut 
a parallel axis through its e.g. be '°· Let 
1'(1' !YI'!, etc., LP L,_, etc., Tl' T2 , etc., be 
the corresponding quantities for the other 
parts of the pendulum, including the crutch 
when there is one. Further, let MT, LT, 
TT, refer to the pendulum as a whole. Then, 
~ (M 1 L 1)= ML+ M1L 1 + M2L 2 +etc.=MorLT 

(8.14) 
=ML { 1 +M1Ll/.\fL+M'!L'!/ML.+etc.} 

(8. I 5) 

' ·' 
,., 
·~ 
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TABLE I. 

CALCCLATIO~ OF EQCIVALE~T SIMPLE J>EsDCLt:l\l POR PEXDULCM No. 61. 

Moment about 0. 2nd Moment about 0 . 
Mass 

Part. .)/Grams. I. mm. 
2 3 

Bob (Steel} 4590 1004 
1011 x 2f" diam. 
2.i4 mm. x .~7 mm. 

Rod (Invar) 340 56o 
42~" x !" x l"-'- head 
11 =111omm., l~=1omm. 

:Screw (Steel) 30 I IJO 

3 11 x 1~r" diam. 
Rntin~ Nut, etc. I IO I I 50 

Totals 5070 

Distance of e.g. below axis of \'ibration. 
(Radius of gyration)2 about do. 
Radius of gyration do. do. 
Leng-th of equivalent Simple Pendulum. 

Suspension Spring. 

~ (.'1J, 1 ~)=M (U+r~)+.\1 1 (L 1
2 +r 1

2 )+etc(_, 
(8. IC, 

=.\IU { 1+r~ / U+( ,\/ 1 / .\/) (l.1 1
2 +r/)/U 

+ etc. } (8. Ii) . 
Hence, 

Tn=211 (L / y)l 
1+r2 / T,2 +(M 1 / .'1)(/.1 1 ~+r 1 ~) / U+etc.} l 

{ 1 +.UJ, 1 /.\IL+M 2 L 2 / .\/L+ctc.) l 
(8. 18) 

.:..- 21i ( r, / u r [ , + ~ ,.2 
/ u 

llimcnsi-;:;;JS of boh. 

+ -~ (.\[I I .\f 2) ( J, I';!. / {} + ,. I~ I [,:!. - I JI I L) 
Rrnl. 

+ e_t_~· ] (8. I <Jl 
Other parls. 

This equation is not quite complete, for 
we still ha\'e to allow for the stiffness of 
the suspension spring, for the buoya-t\cy and 
inertia of the air, and for the deviations 
caused by the amplitude and by the fric­
tional and dri\'ing forces, and perhaps also 
for some flexibility in the supports. 

Each of these items will add an extra 
term inside the laq.{e brackets of equation 

·8. 19, and will have to be discussed 
separately as we proceed. 

The following errors in the first article 
··should be corrected :-

p. 1 i, Footnote.-" 1926" should read 
" 1826 ... 

All. 103 L 2 c:tc. Ml. 2 etc. 10• 
gram.-mm. 103 mm2. ~ram-mmt. 

~ 5 6 7 · 
46o8 LZ 10o8 4627 

Z::/12 5.4 25 
tl~ I I 6 0.27 

l<)O l /!13 .po 140 

1112! 3 4 

34- 1280 38 

,,,_ 
-1 1320 J.t5 

4959 4-977 

DT= ~ (.\f L)-:- ~M =978 mm. 
(LT2 + rT2 ) =~ (.ML2

) ..;- ~M =981 x I03 mm. 2 

~ ·- . (l.1T2+rT2)l=990 mm. 
f.1 0 = '5. (Ml.J 2

)-:- ~ (M l.J) = 1003.5 mm. 
l =0.70 inch= 18 mm. 
li=o.51 inch=.13 mm. 
<:= 16 mils=o.41 mm. 

p. 13, 18th line from bottom.-" Or. the 
closing side " should read "Or, the 
closing- side.'' 

The equation numbers 
should begin with 6, 
following equations 
as Jwrc g-i\'en :-

111 section 6 
not 5, and the 
should appear 

"'. = 2 II / T n ~ 2 11( 
l = (111· + 1.-)I X 5.01 

6.02 ,,,,,2 + .r =o 

111,, = ..; ( - J' j x) = { acceleration (reversed) 
..;- displacement } 6.04 · 

111 0 = ../(k/M)= ../(controlling- constan't 
..;- inertia) 6.07 

T 0 = 2n/1J10 = 2H ../ (.\1 /k) 6.o8 
f = 1 /T., = ,,,0 / 2n = (h: / J,f)! ..;- ~m 6.o<J 

(To fir c011 fh111Nl.) 

" It is · m" earnest wish," 
Clock-windini ~fr. Th<)mas . Field, of 

in Will. Aylesbury, founder of the 
National Association of 

(~oldsmiths, directed in his will "that the 
Iirm of Field and Son, Ltd., shall continue 
the repairs, winclinJ.:' and regulating- C'f 
dockH at th~ Royal Bucks Hospital, Ayl~· · 
bury, and the !llupply of ~pectades ti) 
ophthalmic patient!' in the hospital who a1 ... 
holders of hospital orders, free of charge. · 
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THE THEORY OF PENDU·LUMS AND, 
ESCAPEMENTS. 

By Professor OJ\ VID ROBERTSON, D.Sc., i\LI. E. E. 

(Co11/i11ucd j1·om pa~e 48). 

9. Regulating lVciyhls. 
In the usual pattern of clock pendulum, 

the bob rests on a nut screwed on the encl 
of the rod, and the rate i~ adjusted by 
rotating the nut. If the screw has :?8 
threads per . inch, one complete revolution 
will correspond almost exactly to 40 seconds 
r)er clay with a seconds pendulum; hence 
a scale of 40 divisions, combined with a 
suitable index, enables the rate to be ad­
justed by an amount which is approximately 
known. This is a special screw, but OBA, 
whose pitch is 1 mm. is very nearly right; 
as near, in fact, as it is possible to make 
the adjustment. · 

vVith fine clocks, such a method is hardly 
admissible, because the nut cannot be ad­
justed without stopping the pendulum, 
which would be intolerable in an observa­
torv. A much better way is to add sn~all 
weights, either to the top of the bob itself, 

or on a shelf provided for the pur.pose about 
a quarter. way do.wn the rod. 

. Let a mass rn be · so .added at a distance­
l below the axis of vibration ; the moment 
of inertia is increased bv mi:z and the­
rcstoring constant by m·I. Hence, the· 
pC'riocl is altered in the ratio:-

T /To= [I +ml':!/MT (LT:!+rT:!)] 
t +ml/ MTL"r (9.01). 

.. I +~ml2/MT (J,,T':!+rT.Z-) 
- ~mL /;,\.!,.LT 

,;,:= 1 - ~ml (LT- l)/ MTLT'! 

if we neg-lcct rT, or 
- 6. = (To - 1') IT o 

=+tr (111 / .\fT) l (LT-1) / J.JT':! 

This increase in the rate is a maximum• 
when the added mass is placed at the mid­
point between the axis of Yibration and the-

dtl/dt = Ctlanqe. of Oe"tatlon ptr Unlt Ooumwcm1. Movtmtnt 

0 S \ fa.~tu 10•10-l pu mm •6-.. 

I I 

I T 

s 5lowe:r. 
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e.g .. of the pendulum as a whole; that is 
when l =!LT, -and il (DT-1)/ IJT

2 = 1/8. 

Hence, to get one second per day ac­
cclcrntion in the rate by adding a mass 111 

at the mid-point, we must have:-

m / MT=S (T.-T)/T0 =8/86,400 
= 1/10,Soo . (9.05) 

or npproximntcly one ten thousandth of the 
mass of the pendulum. A larger mass is 
of course reo.uired when some o!her position 
is selected for it. 

fhe pendulum of Table I. has a total mass 
of· 5,oio grnms and its e.g. is 978 mm. 
IH'lmv the axis of vibration. :\ mass oi 
o . .+7 g-ram added at the mid-point, 489 mm. 
h<'low the axis, would therefore produce 
one second per day increase in the rate. If 
plncccl one quarter way down, or 245 mm. 
h<'low the axis, the mass required would be 
4i3 times as great, or 0.63 gram. 

The top of the bob is sin. or I 27 mm. 
above the centre, which is 1 1004 mm. from 
the axis; hence: if the weights be placed 
on the top of the bob, l=877 mm., (LT-1) 
.= 101 mm., and the mass needed for 1 s/d 
IS 

489 x 48g 
-
8 

- ···-·- x 0.47 gram= 1 • .:?G g-rams. 
ii X JOI 

The hig-her the regulating \veights arc 
placed, the more slowly they move as the 
pendulum swings to and fro, and the easier 
it is to change them without disturbing- th~ 
pendulum. Further, those for o. 1 s/d 
hecome of more manageabie si7.l'. 

PrO\·ided the escapement mechanism. per­
mits the shelf to be placed so high, it is 
rather conYenient to select such a position 
that 1 gram corresponds to 1 s/d; ordinary 
g-ram and clecigram weights can then be 
1·mployed, which saves the expense of ad­
justing special weights. For our pendulum 
this requires l =I 33 mm. Or 5fin. 

\'ct anoti1cr method is employed in the 
final rating of an obsen·atory clock. As 
\\"e shall see, the air slows the pendulum . 
cons<·qucntly the rate can be adjus_ted 
throuJ.:"h a small range by pumping air into 
or out of the sealed tank in which the pen­
dulum is enclosed. · This method is, ab­
,·iously, not applicable unless the pendulum 
h(' hermetically enclosed. 

1I1.-Tm·: St'8Pt-:xsrnx SPnuw . 

G<·ometrically, the most !;atisfactory sup-_ 
rort for the pendulum would be a pivot, but 
the im~gularities of its friction make it in-

admissible for the accurate measurement of 
time. In the determination of g by pen­
dulum experiments, a knife-edge is · 
employed, but the fear of trouble due t<> 
wear of the edge and to the somewhat 
indefinite location of the pendulum with 
respect to the escapement has prevented the 
application of this method to clocks, in 
which the pendulum is universally sup­
ported by a flexible spring. 

The suspension· spring gives an equiva­
lent pivot nearly at the mid-point of its free 
length, but, in addition, it exercises a con­
trolling torque which modifies the rate. The 
upper e1id of the spring is held Yertical by 
the clamps, but the lower end must bend· 
round in line with the rod; the spring 
opposes this bending by the torque just 
mentioned. 

FIG. f!.-llen1/i11u uf 811rinu. A 1J lient 1111 pure torque •. 
.Ill' bent uu force ulono free end. 

In the first instance, suppose that the 
bending is caused entirely by this .tortju~, 
as in the spring AB of Fig. 9, which wall 
be nearlv true for a rather stiff spring. The 

·bending' is then uniform and the sprint> 
bends into a circular arc. 

Let A and B be the upper and lower ends 
of the free length of the spring, C its mid­
point, and D the centre of the circle i':'to· 
which it is bent. Also, let the ·centre bne 
of the pendulum cut the vertical through 
A a:t 0 ; the symmetry of the diagram_ 
shows that 0 lies on the radius DC 
produced. 

It follow~ from the diagram that:- . 
J\0=1-l (tan !8) ~i8=!l (r +fP~12) (10.01) 

\Vith 8 as big as 1/20 radian (172 arc­
rninutes); 82 /12 is only 1~4,Soo. Conse-
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qucntly, when the spring is uniformly bent, 
the movement of 0 as the pendulum swings 
to and fro is exceedingly small, and we may 
. regard 0 as a fixed point. 

Under this condition of uniform bending, 
when the pendulum is deflected through an 
angle () and the torque is r, the theory of 
beams tells us that :-

r/0=1JC·3R/r2l (ro.02) 
where l is the free length of the spring, /, 
its breadth, c: its thickness,_ and J~ the 
\' oung's modulus of the material of which 
it is made, which mav be taken as 
30 x 10" lbs. per square in-ch. 

This r/O constitutes an addition to the 
controlling constant, which increases the 
rate, and whose ratio to the main control 
JS:-

(7/fl)+,Uyf,=(r/12) (1·~ 1 1~) (lwl•:/My) (l / f_,) 
( 10.03) 

=(1/12) (r:~ / P) (/•; / p) (l / L) (ro.04) 
=·(1 / l,)7A~ ( 10.05) 

where 
f' = .\f y / lu~ =stress due to wcig-ht of 

pendulum ( 10.06) 
,\ = U: 1·) v ( 1 ::df y / lw /•.') = (/ .' 1· _) v ( 1 211 j /·.') 

( 10.0i) 

The rate deviation clue to the spring 
·would be + (1/J_,)7 2,\~ if the torque were 
the only thing to be considered. 

In addition to the stress /1, there is 
-another one due to the bending \\'hose yaJue 
at the outside lnyer is:-

p .. =}I·: (1•lf) 0 (10.08) 
Thc maximum total stn:ss is:-

flt= fl+ p .. = :\19 /lie+ -~/•,' (1: / I) fJ ( 10.09) 

Ohsen·c that the f liif'111·r the spring the 
}..!·rl'atcr is the clang-er of its breaking- under 
the bending stresses, other thing-s heing­
cnnstant. 

The maximum stress must he kept below 
the elastic limit of the material, for other­
wise each oscillation \\'ill . acid a little more 
permanent set- and the spring- will ultimate!\' 
break. · 

The elastic limit of g-oocl spring steel, 
aftt~r proper heat treatment, is \\'ell o\·er 
1 co,ooo lbs. per squnrc inch. In sl'lecting­
a suitable Yaluc for the maximum \\'Orking­
stress, we must allow for the fact that the 
actual bending- stress is grl'ater tlwn our 
estimate because the total ani~lc fl is not 
uniformly clistributecl along the Ieng-th of 
the spring, but is concentrated at the ends 
for tlw reasons discussed below. \\"e must 

also provide a good margin of safety, 
remembering that during handling for 
assembly, etc., the spring- may be bent con· 
siderably more than in actual use . 

\Ve may therefore take 35,000 lbs. per 
square inch as our limit; and set aside 5,000 
of that to carry the weight, lca\·ing 30,000 
for the bending stress as calculated abo,·e • 

These considerations set a definite limit 
to the thickness of the spring for a given 
length, or to its shortness with a given 
thickness, when the oscillations are to take 
p-lace through a gi\'cn angle. Taking the 
maximum denection on each side as I /20 

radian, or about 3°, we get:-
:\[inimum (1 / c)= ·ifl ( J•: / 11") 

=~ (1/20) (3ox 10"73ox 10=1)=25 (10.~o) 
In other words, the thickness of the sus­

pension spring of a p<:ndulum should not 
exceed about 1 /25 of its free length, or 
there may be clanger of its breaking- in 
use:- ··In this connection it is important to 
sec that the edges of the clamps arc slig-htly 
rounded off so that thcv cannot nick the 
sprmg-. 

Jn addition to the torque, the p<:nclulum 
exerts a force on the spring ·which is ap­
proximately equal to the weight and whiCll 
acts \'cry nearly along- the centre line and 
thus passes nearly through 0, as shown 
i11 Fig-. 10. These actions arc balanced by 

F 
Fv:::; Mg 

F11~ Mg6. 

)•'to. lO.-.lfrc/,,,11ir.11I .I rtit>11~ "" S11,.11cn.iio11 Spri11g1. 
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the opposite reactions at the support, the 
force being the same (neglecting the weig-ht 
,,f the spring} but the torque greater 
h~L"ausc the first force passes through 0 and 
not through :\. 

Since the force passes below .'\, it bends 
tht• spring in the same direction as the 
tnrqi1e with a bending moment at each point 
proportional to the distance of the spring­
:it that point from the line of action of the 
ro1-c1•. Thus the bending moment clue to 
the force, and thc ·curvature it produces, arc 
zero at the free end and reach a maximum 
:it 1 he fixed encl. 

Fig-. <) sho\\'s a second sp1·ing- :\ B' bent 
II\· a force in li1w with the free l'ncl. It is 
oi the same leng-th as the other and is bent 
t hroug-h the sam.e angle. It is clear from 
the diagram how the point 0 is raised by 
1111' 1·onn·ntration o[ the curvature at the 
li:-.:ed l'lld. 

The force has thus a two-fold effec•­
First of all, it produces part of the total 
hl·n<ling- fJ, lea\·ing- a part only to be l'ro­
ducl'<I hy the· torque ; conscquen tly the 
torque is smaller than if the force had been 
111·g-li;..:-ihlc, and the rate deviation is _fOrre­
sponcling-ly less. i\g-ain, the new distribu­
tion of cun·ature raises the point 0, thereby 
increasing- the effectin~ Ieng-th of the pcn­
cl11l11111, amt still further reducing the de,·ia­
lion. \\"hrn the spring- is :;o flexible that 
,\ 1·x1·1·<'cls 2.oi, these actions predominate 
ll\'l'r 1 he rurc torque effect. and t lw de\'ia-
1 ion lwc·onlC's ncg-atin', so that the pendulum 
~·1ws at a Jessl·r rate than tha1 calculatccl 
1111 th(' assumption that it is pi,·otecl at C. 

In tlw extrem(' case of an infinitely 
l11·xihl1· spring- (A='-), which corresponcls 
111 a string- or thread suspension as is somc-
1i11ws employed \\'ith small pt·ndulums, 
t lll'rt· is no torque and all the bending- t?.kes 
pl:tl'I' at the ends so that the string- takes 
1 ht· linl' of the force . 

Fig·. 1' sho\,·s such a suspension for t\\;O 
1w11dulums, one without and the ..... other wir,. 
•otational inrrtia about an axis throug-h its 
··c·ntn· of g-ra,·ity. Jn the former case, tht. 
:Iring- takes the line of the rod and 0 mo\'es 
" P to .\, which we :ilrl'aciy know to be 
"11rn·ct, for this is a " simple pendulum." 

. \ n y actual pendulum docs ha Ye some 
· 1>lalional inertia about an axis throug-h its 
· ·!-:'·· :111<1 rl'quir<•s a torque to pro<lun• the 
"11J..:"11lar acccll•ration in it. The angular 
.wn·l<'ration is alwavs towards the zero 
10-;ition, whether the -pendulum is swinging-

F F 

0 A. 

(O.) i = 0. <b) T -not zuo 
FIG. ll.-Stri11a Sux11('n><in11 • 

out or in. As the string suspension cannot 
exert a torque on the end of the rod, it 
must g-in~ the required torque by exerting 
a forcl' which passes below the e.g., as. 
shown in the diagram. Consequently, the 
line of the string must be more nearly 
n·rtical than the centre line of the pen­
dulum, with th<" result that 0 is shifted 
down from .\ b,· an amount which 
depends up<m the radius of gyration . of thc­
penclulum about an axis through its e.g. 

ERR.YI':\ IN P:\RT PUBLJSHEO JN 
OCTOBER ISSUE. 

The following- corr1•ctions should be. 
made in the pre,·ious article:~ 

In equations 8.07, H.08, 8.0<J, 8. 18, 8. HJ, 
and also in the corrections to equa­
tions J.OJ, 0.08 and n.O<J, "n " should 
read "r." (Greek r. (pi}}. 

.\ multiplication sig-n should be inserted 
at the encl of the first line of equation 
8.18. 

In the headings to Table I., '' 61 " 
should read " (; 1." 

In the correct ion for p. 1 J, " Or " should 
read "OR." 

The other " corrections " should be cor­
rl'ctccl as follows:-

<•1.,~J~ + :r.=o 
111.,=..; (-:r./x) 

(To _ l1c continued.) 

6.02 

6.0..J. 
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hcrcb\· elected members of the Committee 
c.~ ofjicio :-

Birmingham Jewellers' & Sih·ersmiths' 
. \ssociation, Jewellers' Trade Protection 
:\ssociation, London \Vholesnle Jewellers' 
& :\llicd Trades' Association, Federation 
of . ::\fnster Goldsmiths & Jewellers, 
~ational Association of Goldsmiths, 

Edinburgh & East of Scotland Associa-· 
tion of \Vatchrnakers, Jewellers and 
Sih·ersrniths, Scottish Association of 
\Vatchrnakers and Jewellers, British 
Horological Institute, Master Silver-· 
smiths ' Association." 
The motion was seconded bv Mr. A. F •. 

Klean and carried unanimous!~. 

THE THEORY OF PENDULUMS AND 
-ESCAPEMENTS. 

By Professor DAVID ROBERTSON, D.Sc., M.I.E.E. 

(Co11iill11ecl from page 73) . 

S .\::\ll'SON* has given the full theory Curve (4). Continuation of (2) to 10 times. 
of the suspension spring, but it is smaller scale. 

too long to repeat here. He does 
not put his equations into a form con­
n·nient for calculation, and omits to draw 
an,· conclusions as to the desirable dimen­
sions for the spring-. 

The values of this coefficient are plotted 
in Fig. 12, and also 1/2°11.= for comparison. 
It_ will be seen that the two graphs agree 
closely with stiff springs, but with very 
flexible springs the discrepancy is so great" 
that they have opposite signs. 

His final result can be reduced to the fol­
lowing simple form:-
D.=.1 (Z/L) (10.11) 
"·here I. is the distance 
hl'tween the mid-point 
of the suspension 
~rring- and the e.g. 
of the pendulum, and 
.l is the following 
numerical function :-
:l = -~,\- 1 coth ,\-f 

c·un e 
(I). 

(2). 
(3). 

( 10. 12) 

Coellicient .- 1 in 
equation 10. 11. 

I I :!A~. 
Continuation of 
( 1) to 10 times 
smaller scale. 

·:. R. .\. Sampson. 
·· S1mli1•,; in Clocks and 
l"inw-k1·t·ping. " Proc. 
Ru~-. :-;ol". Edin. \'ol. 38, 
1•. :·iii. januarv, l!H8. If 
f1·f1·n·nrc h'· n~:ul~ to this 
:•:11u ·r. it should he norr<l 
!h:ar in llw numrriral PX­

:1111pl1· .. a d1·ri111al point ha.; 
1·1 ·1·11 mi~placrd hrforr tak -
11 1~ till' ''luarr roor so that 
;,j , \"alu"" o f ,\ s hould h<' 
,110 1imrs J.:rratf'r 1hn11 
-ia11·1I, with COO!lf'<lllCllt 
lari:•· chnn~rs in 1hc othrr 
!lumhns df'riH·d . from 
1hrm. 

A 

o ·2 i---ir-.-rnI--r-....---r--r-,..........,r--T--.----r-----------

l 6. "" A (t/W 

A • iX'tothA - ::t 
;i.. "' Cl/c)fi2Pj'E. 

l\121 • (l/c)JeMg/bc.E 
0 ·I ~~--+l--+-ll~-+-4--+..--+--l--l--+-~-.---_;:..;.-.-.......--1 

~ 1 ~'h'A'" 

~lit-~_\ ~ 

o...D~~~A~-1~~,~·~t~=!~=t=t3=t=t4=f:ts::I:J:a:j::±1:±~8~;!9;t;!.10-
t-t-+--+--H~~H-A+-+-t-+-+--+-+-.L...JL.-1.-L---L~ A 

Umi!s, 

~ A 0 oo 2-07 
~ A +oo -0·25 O 

-0·11---+--+--+-_....-+--1~1--+--_._-'-~-+-~~-------..-------1 

~ 

Fm. 12.-C:o/lici•"t for Rflt• Deviotio" flue to Sut11e"8io" S11ri"O· 
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Ir. Dcsi91i of Suspension Spring. 
As the correction for the spring is zero 

when ,\ = 2.07, it might be thought that the 
spring should be designed to have this value 
as nearly as possible. This is quite wrong. 
The actual deviation is of no consequence 
whatever, for it is allowed for in the adjusr­
ment of the pendulum by trial. \.Vhat we 
require is not zero cleYiation, but a· mini­
mum c·lurngc of that deviation with acci­
dt•ntal changes of ,\, due to chang-es in the 
elasticity, and that is quite a different thing 
from ha\'ing no de\'iation in-itially. 

Curve (5). Slope of curve ( 1) of Fig. 1 2 

=<lA/d,\. 
(6). ,\ times this, or ,\ (<lA / d>..). 
(7). Proportional cbang-e of A per 

unit proportional change of ,\ 
or (<lA/.-1) ..;-(d,\/,\). 

(8). ~cgativc hrnnch of (7) to 10 

times smaller scale. 

Fig. 13 has been plotted to deal \\'ith this 
point by showing how the rate of chang-e 
of A, a~d also A. tim.es that rate of chanie, 
vary with the \'alue selected for ,\. Both 

d.A I 
d.;\ r--A~ymptote.., at}.=- 2m 

of these functions ge.t smaller as >.. is made 
bigger. 

Too Ion~ a spring is objectionable 
because "··ith it the driving forces cause un: 
ce~tainties. in the position of the pivotting 
po111t, which may affect the escapem,ant 
action. Further, if it be both long and 
narrow, the pendulum may oscillate too 
readily about the Yertical axis; as such 
?scillations \vould be variable, they would 
interfere \vith the time keeping. 

Consequently, we must not take too 
g-reat a length simply for the sake of a 
bigger ,\, o~ w_e may lose more in one way 
than \\'C g-a111 111 another. Any increase of 
Ieng-th affects the ratio (l / J, ) as well as ,\, 
and " ·hen the choice of length alone is 
under ~onsideration we may take (Z/ L) as 
proport1onal to ,\. 

Thus, when considering- the effect of the 
choice of length upon the rate error due to 
a gin~ n accidental change of A., we are con­
cc_rn_ecl with the product 'A (<lA/dA.), or 
17.-1 :7 (11,\ j 'A ). But for a gi,·en percentage 
acc~dental chan~e, which is more likely than 
a g'l\'cn actual chang-e, we have to deal with 

the product 
A.till-;- (d>../,\). 

I 
2t-T--r-.-.-r-r~-.~..,-,--~~~~~~~ 

This product has a 
limiting- ,·aluc of 0.5 
,,·hen A. is infinite, but 
nothing appreciable is 
gained by taking ,\ 
greater than 2.5 ·or 3. 

I\ 

~11 (d.A/A)~ (d~/ )..) 

Ill 
-I 

-2 

F10 . 13.-l'1urnucs o/ .I, etc .• ll'itlt. Chnnoa of A· 

The values of the pro­
duct arc 0.595, 0.541 
and 0.517 when ,\ is 
.::?, 2.5 and 3 respec­
tively. 

\Ve can thus state 
definitelv that the sus­
pension ' spring should 
be as thin as · is safe 
for handling by the 
type of person who 
will have to erect the 
clock, just wide 
enough to make the 
frequency of the tor­
sional oscilla t i o n s 
about the vertical axis 
about five per second 
and to keep the stress 
due to the weight 
below 5,000 lbs. per 
square inch, and just 
long enough to make 
its >.. about · 2.5, but 

-

-
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11 .: below 2 nor abo\·e 3. This will 
g••:t· a length about t\\·icc the minimum 

· f• •r the thicknes~. 
\\"ith \'Cry thin springs there is a diffi­

nilty in fixing them in the clamps without 
ht1t·kling the edges of the hole. For this 
n·ascm it is desirable to employ material 
w or 30 mils. thick and to grind the free 
portion down to the desired thickness, 
l1·aving the ends or run thickness. 

Sometimes trunnions are provided at 
both ends of the spring, but this is a mis­
take; the spring should be rigidly attached 
to the rod and only its upper end supported 
liy a trunnion. \Vi th the full leverage of 
the rod, the friction at the trunnion cannot 
hold the rod more than about f 0 out of the 
rertical, but with the much shorter leverage 
hdwccn two trunnions the error at the 
upper one might easily be as much as 5°, 
which is more than an\' reasonable error ot 
damping with ordina~y care. 

,\s we shall see later, the spring account!' 
for a large part of the temperature error 
of the pendulum when made of steel. For 
this reason, the suspension spring of the 
pL·nclulums of all high g-rade clocks should 
he made of the allov " Elinvar." This is 
a nickel-chromium s.teel with about' 36 per 
c1·nt. of the former metal and 12 per cent. 
11[ the latter. In addition to having- a very 
low coefficient of expansion, this allov has 
:in extremely small elasticity-temperature 
1'nl'fllcient, and has been developed 
especially for th<' spring-s of balance wllt'cls 
:incl· pcndulum.s. 

Elinvar has a modulus of elasticitv of 
about z7 x tor. lbs. per square inch (1S,ooo 
tn 19,000 kg-. per sq. · mm.) and an elastic · 
limit of about 140,000 lbs. per sq. inch 
( 100 kg. per sq. mm.). \Vith it, the maxi­
mum working stress shouid be under 
2 r ,oco lbs. per sq. inch (I 5 kg. per sq. 
mm.). 

1 :?. Calculatimrn for a Su1~71cnsion Spring. 

As a numerical example, we shall take 
1 he spring used on the pendulum G l of 
I' able I., which has the following par­
:ii:ulars :-

l=o.71 inch= 18 mm. 
li=o.51 inch=13 mm. 
c = 16 mils. =0.41 mm. 
Al= 5 1070 grams= l r .2 lbs. 
TJ=.978 mm. 
Z/c.= .18+0.41 = .44· 
l/L= 18+978=0.0184. 

p = r r.2-:- (o. ~ 1 x 0.016) = r ,JiO lbs.-wt .. 
per sq. in. 

p/E=r,370.:,.3ox lOr.=46x 10-6
, 

,\ = ·H v ( l 2 x 46 x ro-n) = 1.03. 
A =0.38 (from g-raph I of Fig. 12)'. 
.6. =0.38 x 0.0184 = 7.0 x 10-3 = 60<> 

seconds per day fast. 

This deYiation is equiYalent to a deduc­
tion of q mm. from the length or the pen­
dulum, and b more than enough to wipe 
out . the 9 ni.m .. which we previously found 
to be the excess of the effective length of 
the pendulum on~r that of a second~ 
pendulum. 

The spring- is, in fact, rather a stout one, 
and has been made deliberatelv so in order 
to a\·oid risk of damage in ere~tion, for the 
pendulum is for a commercial electric clock 
which will ha\"e to be fixed in place by the 
ordinar\' wireman, who is not usuallv skilled 
in handling delicate mechanisms. · 

\\"ith an 8-mil spring- of the same length 
_a.rid width, A. would be 2.9 and the devia- . 
ti on - l 22 seconds per clay. The spring of· 
pendulum R3 has a A. of l .62 and a devia­
tion of + 100 s/d. 

It must be understood that the deviation 
due to the spring- cannot be calculated with 

· Yery g-rea t accuracy. The uncertainties as . 
to the exact dimensions of the spring, and 
especially of its thickness, are too great. 
:\[oreover, we cannot depend upon the · 
length of the pendulum being made in 
exact accordance with the drawings withi;. 
10 or 20 mils. One must therefore expect 
differences of the order of one minut~ per 
dav between the rate as found on test and 
th3t intended, or between that of several 
pendulums constructed from the same 
drawings. 

IV. Ptnn:r:. REQt·m1-:o FOil :\L\IXTl~XAXCE. 

13. Air Resistance. 
During the oscillation, a free pendulum 

gradually loses its energy of vibration 
because of the frictional resistance of the 
air and of any rubbing parts attached to . 
it, and because of the elastic hysteresis of 
the spring. 

The elastic hvsteresis loss cannot be 
separated experi~entally and must . there­
fore be lumped with the air resistance; it · 
must be very small; for otherwise the 
spring would certainly break in the course. 
of time. 
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Solid friction is ap- !.!.'° J 

proximntcly indcpcn· -zoo ~ _J_ l"""'Ji 
<lt·nt of the speed, and ~ 

17
1.lll CL.~, ~ ~ Sucrnd> Psndy\ym-N~QI. .. the power it consumes I , 

• I h 0 ";I- C1Yc.uln C.~h"d" ic•I E>ob. is proporttona to t e :; .. 
· ·i: '" T ..... _ ... at·u.,• , •• ,.,•c.. P•Ae'+ae~ .amplitude if it be in "' · 1 If f _L .,. 

action throughout the 150 ' A, ... _nyy. .J. _I_ L 
\Vholc swing. :\s ci•&Y'•"' !ir .. 1 &ob u.-.,.;.,...,· ........ .-1---+---+---t--LTt-LL-r-;~,--, 
such friction apper- ""-.. - , ... • ._- ... _ I 1 
tains rather to the cs- ::~':!. ...,_ 1

.,. ...... ..:1 " 0 if L 7_ L -
capcmcnt and crutch, Tofa\ !»---- Wlilfftr "'00 

• .1. L [7 v· 
j f any, than to the •OO'li -=-n.tioc~--r--,.--,--r--1-+..--+-;--L7tk"_'T.L_/ll7"?ll 
pendulum itself, we ! --zzJL iZ L ...... 
shall defer the study ) 'L v 
of its effects 0n the ~ ~ y 
rate until we come to ~ V L .L. 
<.)cal with escapements. 50 .ff/ V y 

\Vhcn a body mo\·cs ~2 ~ 
through a fluid, there ~~ 
is a resistance to the .,.J'~ 

A~-1-""" 

FIG. 14.-l'ou•cr rn11~"1111•tl 11 !J l' c ntlul11 m 
Jlo11111l Cy/i111lric11l 11011. ( Jlir~t . ) 

Gl with 

tions, but is generally taken as the square, 
although it may be lower. . 

Taking- the resistance as proportional to 
the square of the Yelocity, the power con­
sumed \\'ill be proportional to its cube. 

In the case of a pendulum, matters are 
complicated by the fact that du~ing the 
swing- the , ·eloeity of each part vanes from 
zero to a maximum, ·and further, because 
at each instant the Yclocitv at different dis­
tances from the axis of yj);rntion covers the 
whole rang-c from zero to that at the tip, 
both maximum yalucs being proportional 
to the amplitude. 

Consequently both skin . friction and 
ccldv resistance come into play, except at · 
Ycry small amplitudes when the latter will 
be absent. It is thus to be expected that 
the equation for the power needed to main­
tain the motion of a pendulum will approxi­
mate to the type :-

p = Ae=i + JH~>3 = (.·1 + D8) e:i (13.01) 
where (-) is the amplitude and A and 13 
arc constants for the given pendulum run 
under given conditions. Both A and B 
\·ary to a larg-c extent with the nature and 
pressure of the surrounding- atmosphere, 
and thev are also affected bv the shape of 
the containing- case to a small extent and 
bv that of the bob to a large extent. 

· Stokes* has worked out the theory of 
the frictional forces acting on the pendulum 
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whose. results are 
given below. These 
tests were made by 
the running - d o w n 
method in which the 

••.ai .... t---+---+---+----+----+--.-t •t-SO 
pendulum i s s c t · 
swinging under the 
required conditiions, 
and readings of the 
amplitude are taken 
at regular intervals 
during the decay of 
the motion. The loss 
of energy between 
two reading-s is calcu­
lated from the drop of 
amplitude, and from 
that the loss per 
swing is easily de­
termined. 

.... ~- & ...... ~} ........... 
- . . . 
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100 1'10 

~P.ljtuds e. 
15.-Rntio I' tfi• for l'endulum Gl 

Culilldricnl Bob. (Hirst.r 

for the two cases of a spherical bob and 
a rod pendulum, on the assumption that 
the force is proportional to the ..,.eJocity, 
hut his results are of little use to us because 
of that assumption and because they do not 
apply to the forms of bob that arc actually 
1·111ploycd. Moreover, his equations are 
not put into a verv conYenient form . for 
numerical computation . . Nothing- but direct 
n:pcrimental data is of rcaJ Yaluc in this 
ronncction. 

14. Power Required 1i:ith Rouncl Cylindrical· 
Bob. 

:\ number of determinations of the power 
<'onsumed by free pendulums have been 
macle by the author 's students, more par- . 
ticularly by Mr. A. \V. Hirst, M.Sc., t 

* G. G. Stokes. " On the EfT<'ct or the Internal 
Friction of Fluids on the Motion or Pendulums." 
' ·:unb. Phil. Soc. Trans., ix. p. 8 (~aper read 9th 
I >• ·remher, 1850) and " :\fathematical and Phvsical 
l':ip••rs," Vol. II I., pp. 1-141. (Cambridge Press, 
I '. IOI.) 

· ~ :Mr. Hirst's experiments were carried out during 
1.i ~ tenure or the Proctor Baker Research Scholar· 
' ~ 1 ip at the ~[rrchant Venturers' Technical College 
11 ' niversity or Bristol), the tank and other apparatus 
L 0 · in~ purchased by means of grants to the author 
:mm the Colston Rese:irch Societv, ro whom he 
,: .. ~ire!I to expre!i!I hi!I thanks for ·their aid. The 
:1111hor i!I al!IO most grateful to Mes!m1. Gt-nt & Co~, 
I.rd., of 1..eice!!ter, and to Mr. A. F.. Hall of that 
lirm, for the loan of the pendulum!! Gl and G2, and 
111r a!lsistance in variou!I other ways. 

with RouncL 

The pendulum was 
hung inside a jacketed 
steel tank of I 7iin. 
internal diameter with 
a clearance of 6in. 

between the bottom of the bob and that 
of the tank. r\ steel scale for the ampli­
tude was fixed immediately behind a fine 
pointer attached to the bottom of the bob 
and was observed from some distance 
through a telescope. 

Fig. 14 gives a few of Hirst's graphs 
for the power consumed by the pendulum 
of Table I., and Fig. 15 the corresponding 
values of P /02 • It is evident that the law 
of equation (13.01) holds very closely 
indeed for this pendulum clown to ampli­
tudes somewhat below 100 arc-minutes. It 
i~ noteworthy that the lines for different 
pressures in Fig. 1 5 all intersect in one 
point. 

The arrangements did not permit of very 
accurate measurements further down, but 
such as were made indicate an approach to 
a constant value of P /82 with very small 
amplitudes. This is what one might expect 
from the considerations given in section 13 1 

for below a certain amplitude the velocity 
would never exceed the critical value. 

(To be continued) . 

Public street clocks in 
Ambul•ncc Ticrlin contain in their · 

Clocke. pedestals an ambulance 
compartment, w h e re a 

stretcher and first-aid appliances arc 
always available for emergencies. 
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Makers,'' this long list of names helped to 
swell the number otherwise collected. 

More than : one " grandfather " has 
gone from the Leyburn establishment into 
Royal households, and some astonishing 
stories of how the prices have soared from 
shillings in Mr. Horne's early days to scores 
of pounds in mo<lern times were related hy 
him. . 

Mr. Horne was elected a Fellow of the 
Geological Society for presenting collections 
of fossils of limestone to the British l\Iuseum 

and the Yorkshire Philosophical Society,. 
and his priYatc museum contained many 
articles associated historically with WensleY_ 
dale, together with curios from many Janel~. 

In addition to being the oldest inhabi­
tant of the Yillagc, Mr. Horne held thl .. 
reeord of not haYing missed a single meet­
ing- of the British Association held in the 
:\orth for a period of 50 years. 

The business of \V. Horne and Sons is. 
still carried on hY the two sons, Mr. R. 
D. Horne and :\Ir. \Vm. R. Horne. 

THE THEORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID ROBERTSON, D.Sc., i\'I.I.E.E. 

(Co11Ji1111ed from paJ;e 105). 

I T will be obscn·ed that the power required 
for the ordinary amplitudes is only a 
few microwatts, or of about the same 

order as that associated \vith the reception 
of wireless sig-nals. I ts smallness may be 
appreciated from the following way ot 
putting it. A penny weighs about 10,000 

dyncs and about 25,coo ergs of work have 
to be done in lifting it one inch. To keep 
the. pendulum going with an amplitude of 
100 arc-minutes, the penny would have to 
fall about one f,oot per hour if the energy 

For · pcndulun1. R3 the intercepts on the 
,·ertical axes are 5. 1 5 and - 9. 50, on the 
scales of Fig. 16, instead of 3.83 and +6.o. 

Pendulum R3 has a bob of the same 
dimensions as that of Gr, but there is no 
rating nut, only a needle pointer below the 
bob. It has two rods, let into recesses on 
each side of the bob,* and its suspension 

of the fall could be imparted to the pen­
dulum without loss. The drop C'ach second 
would be about equal to the thickness of a 4 

rather thin sheet of paper. 
,\s may be seen from the graphs, th\! · ~ 

power required to maintain a g-iven ampli- <1 
tucle increases Ycry considerably with in- & 

crease of air pressure. Fig. 16 shows how 
the coefficients A and 13 in equation ( 13.01) 
vary with the pressure. The increase of 13 
agrees tolerably well with the law that the 0 

edclv resistance is proportional to the 
density. The drop of A is probably due to 

0 
- - - eoo \DOI) 

PT•MUT• lP) 

"•{>-.. -···~)·'°· ~ the reduction of the critical velocitv with in­
creased density, as that causes ;_ smaller 
portion of the oscillation to be free from 
eddies. 

Tests on another pendulum, No. R3, gaYc 
similar results; the A and H lines haYe 
practically identical slopC's, but the former 
is higher and the latter low(•r to an extent 
sufficient to make B negath·e with low 
pre!'lsures. The negath·e Yaluc of B was 
confirmed by further tests down to 25 mm. 

a ·<•.o ··-i..a.l••o .. ~ , __ ~ 
l~IG 16 - l'11ri11tion 11'ith ,fir l're~H11re of Coclfieient• 
. l ,;nil iJ for l'cr11Jul11111 Gl 1dth Rou1Hl /lob. (Hint.I 

* The rn:in rod arrang-cmcnt cnabh's the driving 
forc-c-s to he npplic<l cC'ntrally withOl~t a. crutch. 
Drawings of n similar pl'ndulum an• g-1ven in Plate 
VI I. (p. 278) of th~ author's paper on " ·n1e Clock 
and Strikinr;:- Mechanisms of the Great Bell .of t~1 • 
Unh·eNity of Bristol," Inst. of Eng. and Shapb. Ill 

Srotland. Trans. Vol. LXX., pp. 244-319. Pa(>f'r 
re:ul 7th DC<'c-mht•r, 1 !>26. 
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15. J>o~l'<:r Req11ired 'lt•itli. 
0 '2' u l Cylindrirnl, 
Ho/J • 

Pendulum Ci2 ust..-<l th<-· 
same rod, spring, etc.,. 
as (it, but a cast iron. 
bob forming- an O\"al 
cvlincler with rounded. 

I 
I 

z.is tZ>p and bottom was sub­
~ stitukd for the circular 
!: cylin<lrirnl bob, the m·cr-· 

i.•o "'"'"'•• 'ltOo ... ... c 

all Ieng-th being- the same 
and the masses not very 
different, 5,8oo grams as. 
comparl'<i with 4,590. 
The horizontal section is. 
an m··;d whost• axes arc 
4~ in. and 1 -1~;- in. 

Fm. 11.-llatio I' IA' for l'cr11!11lum G2 tl"itli Ovnl Fig. 17 gwcs the 

spring- is thinner than that of G 1, 

having the following constants :-l=o.5 in., 
11=0.5 in., c=10 ri1ils, A.=1.6. 

Other g-ases than air ha\"e different 
\ iscosities ancl different densities, hydrog-en 
having- the lowest Yalue of all gases for 
both of these properties. The Yiscosity of 
hydro~cn is about 1/2 and its density about 
r/14 of those or air. Consequently the 
power · required to maintain the motion of 
the f)(.'llclu lum <.·an he n·rv considerablv rc­
dm·ed by substituting- hy.drogen for :\ir in 
the pl'ndulum tank. . No measurements· 
have> yl't bcl'n mad<.· \\'ith pendulum Gr in 
any otlwr atmosphere' than air, but Schuler~ 
has published graphs show:ng the decay of 
the amplitude of his pendulum in air and 
h:·drog-en, beginninJ,!" with an amplitude of 
100 arc-minutes. From these graphs it 
111ay be inferred that with amplitudes below 
100 arc-minutes the resistance or t11e hvdro-. ... " 
;._:(•n atmosphl're 1s somewhere about 35 to 
• ~11 per ct'nt. of that with nir. Tht'\' also 
-..how that for his pendulum at these ·ampli­
tud1·s the H term is zero, so thnt the power 
nrnsumed is proportional to the square of 
the nmplituclt•. Hence, it is probable that 
the cliffrrence bt'tWel'n the two gases would 
he still grt"att"r at large amplitudes where 

t ~fa:" Srhu~r. " Ein OC!UC'!I rrnclel mit 
um·l'riinderli<'hrr Schwini:un.:ucil." 7..f!il1. filr 
l'hv,ik., \'ol. .f2, pp. 547-55-1. l'nfJf'r rr1ul 8th 
\l;;rrh . l!l2i. 

1' / I:>~ cun·es for this 
pendulum. This time they arc not quite· 
straig-ht and so the la,,· of equation (13.01)' 
docs not quite hold, althoug-h no serious. 
error would arise from assuming- that it did. 

Hirst finds that another law, 
l'=J(.:-)2.'JG (15.01) 

applies n~ry accura>t,ely to this bob, for, as.. 
mav be seen from Fig. 18, the graphs for 
log. I' and log 0 are straight lines. 

The slope of these lines is the same for 
all the pressures tried, showing that the 
index .:?.J6 (which is equal to the slope) does 
not yary with the pressure. The f>O\~·er 
required does not ,·ary very greatly \nth· 
the air pressure, which only affeds the con­
stant J, as shown in Fig-. 19. 

It should be noted that the index 2.3& 
corresponds to a frictional f orcc dlrying as. 
the 1 .36th power of the ,·clocity. 

16. Cfw11yc of 
Su pplicd . 

Am pl if 11 tit~ 11'; t It. I~ II c '!I!/' 

Undl'r steach- conditions, the pendulum 
must run at ~uch an amplitude that the· 
power dissipated by the friction is equal: 
to that recei,·ed from the escapement. Con­
sequently any alteration in the amount or 
power rccei,·cd must result in a change of 
the running amplitude. 

Suppose the power to be increased from­
[' to (P+tlP) and that the amplitude is. 
thereb~ .. raised from e to (9 + <19), then :-

t18 = t1 P + ( t11' / <1H) = qH 1_<1P/P) (16.01). 
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where dP / d8 is the rate of increase · of the 
power required · per unit increase of ampli­
tude, and 

q.= .P + (dP /de) e =.(de /e) + (cZP 1 P) 
(16.02) 

=fractional increase of e +that of p 
(16.03) 

TalCe the case of the linear law of equa­
tion ( 13.or ), namely :-

Then 

and 

1' = A03 + TH::P.= (A+ ne) e:i ( 16.04) 

<ZP / cZe = .2A0 + 3ne2 

=(zA+~Be)(:o) (16.05) 

q = (A+ BE>)-:- (211+3138) ( 16.06) 

•C1• ·-

l 
(I 

2 
·-

-

t-

-
I 

0 
0 

&Dlilll!l.m N° ~' Q!JSll flgl!, 
!nJhy AtT ot 1§:12·!:. 

1.-1 -
--H ~ 

H L-
i.-i.~ 

P. J ai·"' 
J • (1-13 + O·S9p/1o'mm.H61 Erpe~oer. 

c ATc.-""n )i'A 

500 1000 ........... 1500 

Alf Plf,WlTt. a 
1---if--+1~__.1-- FIG. 19.-V11ri<rtion with :I ir I'rcuure ol P_.r 

Corflicic11t J for 11 cndulu11l G'l with OHi · B•IJ. 

Te ... ,...,at:u,.. ,._,.,•c. This docs not depend upon the amplitude, 
2 ·1 A~1' OV"( i and for pendulum G2 (oval bob) we saw 

;• also that n was the same for all air pres-
r.• t--..---.,.---,---+---HY-c,.q.,.~:+-+-~ s11 ri!s. For that pcndulu m n = 2. 36 and 

Log P•LoitJ +~\.oee 

q =0.424. 

·~ _, .... 
Fig. 20 shows the ,·alues of q at different 

amplitudes for pendulum G 1 at two air pres~ 
surcs, and the constant Yalue for G2 ap­
plicable to all pressures. 

l.·Z 

'2 I ~· - yt,• -.- .. --- c.1*· ... -·, ,, •• 

l-0 

, . ., 
.... 

&·O It-I l ·& 1·3 l~ 

Lo1e 
F10. 18.-Loo P nn<I Lou A for Pendulum 02 11•ith 

Uvnl llolJ. (/J irs t .) 

The number q lies between the limits 1 /:! 
when IJ =.o, or there is no eddy resistance, 
and 1/J when A =o, or the skin friction is 
negligible. In other words, a cHange of 
1 per cent. in the power supplied will cause 
anything between r/2 and r/3 per cent. 
-change in the amplitude according to the 
-characteristic of the pendulum at the point 
where it is working. 

For the exponenr"ial law of equation 
·(1.:;.01), namely:-

[' =·TE>n . 
dP /d0=11Jen- 1 = nP ;e 
•· __ q =I /ti .. 

(16.07) 
( 16.o8) 
(16.09) 

17. Change nf .-l111plit11dc with Change of 
Air Prcs.rnrc. 

\ Vhen running in an unscaled case a 
pendulum loses amplitude when the baro­
meter rises, the change being such that the 
reduction of the power needed which is 
brought about by the fall of amplitude 
balances the increase due to the rise of 
pressure, or vice-versa. Thus, when the 
pressure rises from p to (p + dp), we have: 

rl8 (<lP /<10)= -dp (dP/dp) (17.01) 
where d P 1"<1 p is the increase, per u11it in-

5 [" .... 
l .. .. Cl cl 2S111• .E. 

-- .i 2 
.1 ""C --
~ jiot 7~"'"' - .. ~ 

liliill. 

O· 2 

0 I 

00 100 200 300 400 500 
,.TC:.•mi111&lu 

Amplitydg. a, 
F10. 20.-R•tio o/ Fr11ctioHI C1l1111ge1 ol A•pllttld• 

a1ul l'oK"er /or l'e11dulw"'1 Gl and Gt. 
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crease of pressure, of the power required 
to maintain· a given amplitude. Hence, 

d0= -dp ·{ (dP /dp) + (dP /cl9) } ( 17.02) 
Using the linear law of equation (16.04), 

\\'C get:-
dP /dp= (<lA/dp + 0dB Jdp) 8 2 (17.031 

Now, d.A/dp and dB /dp are the slopes of 
the lines for A and B given in Fig. 16; they 
are equal to the coefficients of. p in the 
equations to those lines which are given at 
the foot of the diagram. Thus, for pen­
dulum G1, 

dA I dp = - 2.0 x 10-11 
{ (ergs/sec.) per 

arc-min. 2
} per mm. (17.04) 

dB /dp=o.o67 x ro-6 {(ergs/sec.) per 
arc-min. 3

} per mm. (17.05) 
Fig. 21 shows the values of <18 / dp calcu­

lated from these figures. 
For the law of equation (16.07), which 

:tpplics to the oval bob :tncl in which the 
index n is independent of the pressure, 

dP /dp= (dJ / dp) E)n (17.06) 
<18= -dp { (d.J/dp) 8"+nJen- 1 } (17.07) 

= -dp { (d.Jjdp)/nJ} e (17.08) 
From the equation at the foot of Fig. I<) 

\\"e get:-
(dJ /dp)/n.J =0.59 x I0-3 per mm. 

+2.36{t.13-o.59p/ro3 mm.) 

= .0.59 x 10-3 per mm.+ 2.36 x 1.57 when 
p=750 mm. 

=0.159 x 10-a per mm. =4·03 x 10-s 
per inch. 

P" 1t.o"'~ 

00~""""'."'.!10~0__,,2+00~3~0~0,.._4~0~0__,,s+oo,,_ 
~TC.-llll'lllllH 

6mplttwU. 8. 
FJG. 21.-C1in11yc of A mplitudc trit1l Chnnoe of 

ll11romctric l'rcs~ure for J'cndulums Gl 11nd G2. 

The graph for this pendulum is also· 
shown in Fig. 2 r. The difference between 
the -t\\·o pendulums is somewhat less than 
might be expected from the relative magni­
tudes of the power required to maintain a 
giverr amplitude because of the smaller q· 
for the o\·al bob. 

(Tu be ccmtinttl'd.) 

The Lady Watch Repairer. 

T HE enterprising girl who wishes to 
stai:t out upon a new career will find 
plenty of scope, provided she has 

dainty hands, as a watch and clock repairer. 
The work is suited to a girl who \Vishes 

· to have a career in which she is quite 
" on her own." She could run her enter­
prise in her own home, and probably com­
bine a certain amount of visiting work, 
especially if she included ordinary je\vellery 
repairs in her training. 

The student would han~ to go as-an assis­
tant to a firm for two or three vears to 
learn the trade. During that pe~iocl she 
would receive quite a small salary, and for 
that reason the younger she is at the start 
the better. There is theorv to be learnt 
as well as the practical \~ork, and the 
future watch and clock repairer would find 
it an advantage to attend a course of eYen­
ing classes in · her subjects at one of the 
polytechnics, several of which hm·e such 
classes. 

Her aim should he to pass the examina­
tions of the Horological Institute. The 
fees are quite low, the highest being only 
one guinea. \ Vhen she was thus qualified 
she could assure clients that she was per­
f ectlv able to undertake their work. Nowa-· 
days' certificates count for much. 

Once the training was over and the ex­
aminations were passed, she would have to· 
consider her next step. 

It would be a good plan to go to a whole-· 
sale house for six months in order to gain. 
a further insight into the trade. After that 
she could start on . her own with very little 
capital, just sufficient to buy the necess:iry 
apparatus and to enable her to advertise. 

vVhile building up her connection she 
would find it helpful to work for some of 
the big shops. During the time she · was 
an assistant she would have learnt the 
" ropes " of the trade, and so would know 
how to set about getting thi~ work. 

Daily Tel~graf>h •. 
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fit into these spaces. It is best to do this 
in pairs, starting with the 'scape arbor first, 
fitting first the ·back and then the front 
jewel ; by so doing the encl shake of each 
.arbor can be properly adjusted. 

The plug is again cemented on the face 
pl:tte; ·and while the shellac is hot, run 
.true by holding a pegwood point in the 
hole; this must run perfectly true before 
the brass setting is turned or the whole will 
not be concentric, more especially as in 
htavy jewels the hole is not in the exact 
centre of the stone, i.e., the hole is not con­
centric with the periphery, but the setting­
must be made so. The setting- is now 

turned down till it fits the small hole in the 
plate as far as the ledge, i.e., 3/32in., and 
the large end is then turned down till it fits 
the large hole in the plate. It is 
then removed from the face plate 
and reversed, the end in which the jewel 
is set being cemented to the plate, 
run true, and the face turned clown sulli­
eientlv for it to stand above the plate · 
r I :pin., so that the heads of the screws 
,,:hich are to . hold it in place may press 
against it. The hole in the brass may he 
turned out cone-shaped to within t / t6in. 
of the edge, leaving a rim against ,\·hich 
the screw heads press. 

( 'l'n /11~ 1·n1il11dr.r/ .) 

THE THEORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID ROBERTSON, D.Sc., M.I.E.E. 

(Co11ti1111ed from page 131). 

18. Effcd of T1·111111·rat11rc 1111 lite l'ri11·cr 
.·l /1xorlH·d. 

:\o power-temperature tests were carried 
out with pendulums G1 or (.12, but Fig. 21 

gi,·es the results of four such tests made 
by ~Ir. Hirst on pendulum RJ, and Fig. 23 
gfres the corresponding- \·ariation with 
temperature or the coefficients A and 11. 
Dotted lines ha\"e also been drawn on the 
latter figure to show how the \·iscosity and 
density of air ,·ary with · the temperature, 
to such a scale as to make these lines lie 
n:ry dose to the others at o°C. 

It will be observed that both the A and 
lJ curves lie ,-cry nearly parallel to the 
density line; that is to say, that both these 
coefficients vary with the temperature in 
almost the same ratio as the density, whose 
temperature coefficient is - 3.665 x"'fo-J per 
°C. So far as JJ is concerned, that is 
.exactly what is to be expected from the 
g-cneral facts about turbulent motion gi,·en 
in section 13, but it is rather surprising that 
the A line should follow the same law 
instead of rising- with the \"i scosi tv. 

The q for this pendulum is ·not n:ry 
·different from that of (; 1 as Kivcn in Fig-. 
.ao. Hence we may conclude that for pcn­
'<lulum RJ. ~upplied with constant power, 
the temperature coefficient of the amplitude 

will lie between r .o and 1 .5 x 10-3 per °C., 
the amplitude rising when the temperature 
g-oes up. 

Until much more experimental evidence 
is available it must not, however, be sup­
posed that these . figures apply, even ap­
proximately, to pendulums in general. 
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same accumulator also operates a Morse base, because tlie ·movement of its armature 
recort'4r .. used. to ..rcceive··automatically the would-under conditions of adjustment-· 
six-dot time signal-along with clock time operate the microphonic relay and set up 
-for comparison. contin'uous chattering, due to interaction. · 

As the microphonic relay is from its The rod R mav be of non-oxidable metal 
nature susceptible to mechanical vibration, instead of hard plumbago. Such arrange­
it should be mounted on rubber feet or on mcnt, however, makes the relay rather more 
springs, and on no account must the electro- susceptible to mechanical vibration, but 
magnetic relay be mounted on the same slig-htly increases its electrical efficiency. 

(To be continued.) 

THE THEORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID ROBERTSON, D.Sc., l\l.l.E.E. 

(Co11/i1111cd from pa~e 163). 

I\·. BAH0:-.rn·rn1c Eni:ons. 

21. At111ospl1eric Deviation. 

TABLE II. 

BeoY'.'\SCY DEYIATIOX AT A'nrosPnERIC 

l>RES8t:'.RE. 

T HE atmosJ?here . surroun?ing- the pen­
dulum ntfects its rate 111 three ways, 

I " I <.: I Jn I Type- ll'I · nan1e ,. :- wcta . . .tee. rass. Metal .! at111urn 

(<t) A red~1ction of effectiYe weight by ----,---
the bouyancy of the air; this slows 'spccitic Gravity 7.X x.5 10.0 \ :?I.5 
the pendulum. Uuoyancy deviation{ 10-G -7<1 -j:! -(ll -2X 

(/J) :\n increase in the effecti,·e inertia at 760 mm. ... s/d .•. --ti.X -11.:? -5.3 : -2.5 
owin•r to some air mo\·ing to and Buoyancy ~.rror at 7fio I 

~ · I l · 1 · l 1111 { 10- ·• s/d. per mm. -q.o -X.2 -·7.0 -1.J 
fro \\·1th the penc u um; t us a so 1 1 

• s/d. per inch ... -0.2 .• -0.21 -o.1X1 -· o.ol4~ 
reduces the rate. 

(c) ,\ir friction reduces the rail', but to 
an entirely neglii..6ble extent. 

Tlw buoyancy is eqtrnl to the weig-ht of 
the air· displaced nncl is therefore quite 
('asilv calculated. J\t a ten1perature of 
1 5°C. (59°17.) and a barometric pressure of 
700 n1m., the density of air is 1.22;; grams 
per litre. ,\s that of type metal 1s about 
10 kilog-rams per litre, 1/8200 of the 
weil-!'ht of a bob of this metal is wiped out 
by the buoyancy of the air; the controlling, 
constnnt is thus reduced to that extent by 
the buo,·nncv, and the rate bv half as much, 
or 1/lli. 4co; which is 5.3 s~~on<ls per d~y. 

For bobs of other materials the dena­
t ion of the rate by the air buoyancy is in­
,·ersely proportional to their density. The 
barometric error is consequently reduced 
hv employing- a bob of high density, whrch 
has the further advantage of increasing- the 
ratio of the energy of the Yibration to that 
required to maintain it. A few examples 
an· g-i,·en in Table I I. 

The air friction not only opposes the 
motion of the pendulum, but it drags some 
air with it , ancl in this way adds to the 
inertia. The exact amount of this extra 
inertia cannot be calculated with any 
accuracy, because it varies with the form of 
the pendulum, with the size and sfiape of 
the enclosure, and possibly also with the . 
amplitude. The only certain method is by 
direct experiment. 

In the paper already mentioned (page 
105) Stokes has worked out its ,·alue in the 
cases of spherical pendulums and plain 
round rod pendulums, on the assumption 
that the frictional force is proportional to 
the ,·clocity. His results give values· of 
the rntio (inertia effect..;. buovancv effect) 
of 0.5 for large spheres to 1 :2 fo~ one of 
20 mm. diameter, nncl of 1 .o for cylinders 
of Yen· large diameter to r. 24 for one of 
4o mn;. In both cases the ratio becomes 
very large with vcn· small diameters. 
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~clying on Stokes' theory, it is com­
monly assumed that the inertia de,·iation is 
about equnl to the buoyancy dc,·iation, or 
the joint effect about twice the latter. 

Balance wheels and torsional pendulums 
are not controlled by gra,·ity but by the 
dasticity ·of the. spring or \\·ire. Conse­
quently they arc not affected by the 
huoyancy, but the air docs add to their 
dfecti\"c inertia, and consequently they 
arc not quite free from barometric error<\. 
\\'ith a torsional pendulum the amount 
must be cxtrcmclv small, ·but with a 
hal:tnce wheel the ·,·olume of air affected 
will probably be considerably g-reatcr than 
that displaced by the rim, and more nearly 
equal to that displaced by a solid \\'heel of 
the same diameter and thickness. 

22. 1111ri1111t'fric Ermr.~. 
The atmospheric de,·iation is allowed for 

unconsciously \\'hen the pendulum is ad­
justed to the correct rate by trial in the 
usual manner. Its amount is therefore ·of 
no consequence whate,·cr so long- as it is 
kept constant. \\'it}) obser\'atory clocks, 
1 his condition is secured by placing- the 
whole mechanism inside a hernwticallv 
-;ealed tank, and no othl'r arrang-em~·1{1 
would cn·r be pcrm.ittecl where accurate 
timekeeping- is the primary consideration. 

But a scaled clock is costl\', ancl it is not 
;1pplicablc to ordinary purpa"sl's for yarious 
otlH~r reasons. Consequently, the g-reat 
majority of clock pendulums han~ to nm 
in air whose dcnsit\' \'arics \\'tih each rise 
and fall of the bar=omctcr, and thus they 
ha,·c a barometric error. 

:\ rise of 1 in. in the ba rometcr would 
,·ause the atmospheric cle,·iation to increase 
J"· about 1/30 of its amount. \\'ith the 

~ 
ci! 

2 1---......---.--........... --...---.4 

~ 

Fm. 

300 400 500 
Arc·mtnlllt~ 

.funP.H t11de.. e. 
~5.-·Circ11lnr <:11n1 pwnc11t of Jlnromctric f:rror 

1dl/l J'cn<JulUllld lil llR(/ <J2. 

type metal bob, the buo.yancy error is thus 
-o. 18 s/d. per inch. The · corresponding 
tig-ures for the other bobs are ~iven in 
Table I I. The combined · buoyancy and -
inertia error wi II usuall v lie bet\\·een 1. 5 
and 2. 5 times the \'alue· for the buoyancy 
alone. 

But a rise of air dcnsitv docs moce than 
alter the atm.ospheric de\'.iation ; it reduces 
the amplitude and thereby causes a circular 
error, and also · timing and other indirect 
C'rrors by modifying the de,·iations clue to 
the escapement forces. 

The drop in amplitude .reduces the nega­
ti\'e circular de,·iation, and therefore g-i\"es 
a positi,·e barometric circular error, which 
is opposite in sig-n to the buoyancy and 
inertia errors. ,\s its amount is ( 1 /8) HclH, 
tlw circular error is casilv calculated when 
the data required for gc.tting Fig-. 21 arc 
known. Fig-. 25 shows the circular com­
ponent of the barometric error of the two 
pendulums G1 and G2 calculated from the 
, ·;tlues of dH i dp g-i\·en in Fig-. 21. 

Since the circular error rapidly increases 
with increase of amplitude, whereas the 
other two arc nearly, if not quite, indepen­
dcnt of amplitude, it is ob,·ious that there 
i-; one anwlitude at \\'hich the resultant of 
the three is zero. If we assume that the 
buo\·ancv a nd inertia errors together 
amount . to 0.-t s/d.' this amplitude would 
be 2-to arc-minutes for Gr and 330 for G2. 

Tlwre still n•main the amplitude and 
timing- errors due to the changes in the 
escapement de\'iations. :'\o general state­
ment can be made concerning- these errors, 
for both their amount and sign depend upon 
the arrang-ement of the escapement and 
upon its adjustn1ent. They may, or may 
not, be ·of the same sign as the buoyancy 
error, or they may e\'en be of negligible 
amount. They must be worked out 
separately for ~ach case. 

Tests were made to find the effect on the: 
rate of pendulum R3, of ,·arying t~e .air 
pressure \\'it h the pendulum runnmg 
!'tteadilv on its 0wn escapement with a con­
stant ~upply of power. The amplitude at 
1·ach pressure was also noted and the re­
sults arc shown in Fig-. 26, to which has 
been added the escapement and circular 
l'rrors corresponding- to the change of 
amplitude. 

The amplitude at each pressure was not 
Ycry steady, owing- to \"ariations of escape­
ment friction, but the greatest obscn·ed at 
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Fw. 2G,-OfJ,.nrt·tl llttromt•trir r:rror, 111111 it" Cam­
/l#nentl', for l'l'111/11lu111 R:i. ( Rou111I Steel 111111, 1'wi11 

Um/,, .l 

l'a<.:h pressure was taken as the rcprescnta­
ti,·e one. The 'ariations of amplitude 
agree with those calculated by the method 
used for Fig-. 21 much more closely than 
the conditions of the test would lead us · to 
expect. 

It will be noted that \\·ith the particular 
setting of the escapl'ment employed during­
t hc test, the circular and t•scapement crr()rs 
,·en· nea riv bala nee one :inot hl'r, and the 
obs.enecl ~rror is but littll' different from 
that due to the pl'ndulum alone. Tlw 
g-raphs for the errors are sho\\·n curYccl, 
but the accuracv of thl' tl'st is not sufficient 
to justify any ~tall·me1H about this cu1Ta­
turc other than that it ma,· he caused h\' 
t·rrors of expl'riment. . . 

The mean yafues for t hl' error coefficients 
;.:·1n·n by this tt·st an·:-

Total error 
Due to pendulum alone ... 
lluoyancy, from Tabll' I I. 
Inertia 

111s:t1 8!<1 per 
prr 111111 . inrh. 

- 1 (1 or -o .. .p 
- l _:; " -0.38 
- <) " -0.23 
- 6 " -o. 15 

~[any attempts han· hel'n made to get 
zero total barometric error b\' balancing- the 
other con1ponents by the 'circular .... error. 
Thev had not much chance of success, for 
t lie ·estimate of the correct amplitude was 
g-enerally based upon incomplete or 
t·rroneous data, and all th<' factors were not 
alwavs taken into account. \Ye now see 
how.to make the calculation, but we also 
lind that the amplitude ncccss=!ry is so lnrge 
thnt the circulnr errors due to other varia- . 
tion:;, such :\§ a change of the pallet fric­
tion, may produce much larg«~r errors than 

the barometric ones \Vhich have been 
l.'liminated. 

\\'ith the san\c total pressure, the density 
of the air is lower the greater its absolute 
humidity. The maximum range of 
humidity in this country would give about 
the same effect as a :tin. change of baro­
meter. Due to this cause, there mav there­
fore be a chang-e of rate of about o. I s/d. 
between drv fros tv weather in l\larch and a 
humid day ·in August, the rate being faster 
with the humid atmosphere. 

(To be continued). 

Practical Column .. 
By J. \V. PLAYER. 

" T11c10e little incitlent:Y 11'ill occur et•en ir11 
the best rcuulated. tl'Orkshops." 

This column is published with the idea of glvfng 
practic.al assistance to watch repairers and otllen 
who~seC:k a solution of any difficulty they have te 
contend with, whilst at the same time the ••••n 
to questions will be found of great interest and bclp 
to other readers. All questions should be a4draacd 
to The Editor, Practical Column, Horoleglcal 
Journal, Fulwood House, HIRh Holborn, Lo .... , 
W. C.1, by the 7th of the month for reply in tlle 
followinJ.t month's Journal. " L INCOLN " asks:-" l\fav I request 

that you will suppl<.:me11t your ad­
\'ice of a few months ago re 

selecting- a hairspring- for a watch with 
~ome instruction on trucing- thl' hairspring 
in thl' cyl'; that is a point which all books 
mention, hut none that I have seen give 
any practical help in the matter. \ ,Vhat I 
\\'ant to know is this :-Hmv can one make 
absoluteh- Cl'rtain that the Oat spring is 
:1ccuratel~· Cl'nfrecl at the pivot?" 

.-l11swer.-This is one of those cases 
where Ollt' finds prevention much better 
than cure, for if the spring is cut out cor­
rectly for the collet and is properly put on 
at the start, the business of trucing it at 
the eve is vcrv simple. 
Th~ spring ~houlcl not hug- the collet; it 

should come out quite clear of it; on the 
other hand, if too much spring is taken 
out, it becomes neccssarv to bend it inwards 
just cnou~h to make up. for this, and to do 
so is not alwavs as casv as it looks, and 
mav lead to a· certain ~mount of cxperi• 
ml';llal bending backwards and forwards, 
which is bad for the spring in any case. 
as it disturbs its elasticity at a vital part; _ 
besides, then- is always the risk of giving 
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humidity on the power required by pen­
dulums Gr and G2, but the results were not 
n·ry conclush·c, and it was suspected that 
they were vitiated by some time effect, such 

. a .~ condensation on the bob and subsequent 
n·-ernporation. \Vith the air saturated 
\\'ith moisture at about 18°C. and the same 
total pressure, the round bob took from o 
to 5 rx·r cent. more power than with drv 
air; with the oval bob the differences wer~ 
smaller and sometimes of the opposite•sign. 

· ''J· Rl'111lim1 l1clwrcn Powrr Clrnracteristic11 
and },'rror.~. 

In order to emphasise the importance of 
tlll' power characteristics of the pendulum, 
w•~ shall anticipate the results of the lat< 
chapters by giving a brief statement con­
n·rninJ.:' the escapement errors. 

,\ny accidental variation in the amount 
ol an cscapcrnent force, or any other dis-
111rbing-. one, or in the phase of its applica­
t•nn, will cause a whole series of erors in 
t l11: rate of the ocndulum . TlwsP. errors 
1: 1ay be group<>cl as follows :-

(11) Direct. error, becausr~ the quantity 
which has changed . is a factor in 
the deviation caused by.,. the force 
·affected. 

(/1) lndire<:t error, because the oriJ,:'inal 
accicl~ntal change alters the energy 
supplied and hence the running 
amplitude. The indirect errors 
may be sub-di\'ided into two sub­
groups:-

(i) Amplitude errors, because the de,·ia­
tion due to each di!iturbing force, 
including the one concerned with 
the original \·ariation, is propor-

tional to the amplitude and must 
therefore change when the ampli­
tude is altered. The most . impor­
tant error in this group is the 
·' circular error '' due to the change­
of the circular de,·iation. 

(ii) Timing· errors, bec~use of changes. 
in the de\'iations •due to every dis,;.. 
turbing force whose phase of ap­
plication is modified by change of 
ampli~ude. This applies to the· 
forces exerted by all ordinary· 
types of escapement. 

As we shall sec, the direct errors may be­
made ,·cry small, or zero, by a suitable 
choice of the phase of application of thc­
escapement forces, .whereas this does not" 
apply to the indirect ones. Consequently, 
the indirect errors, and particularly the cir­
cular error, caused by some accidental 
change, may be considerably greater thatL 
the ·direct error due to the same change. 

Further, the amount of the direct error· 
for any assumed variation is proportional 
to the ratio (energy required per swing) 
-:- (energy of vibration), which is itself pro­
portional to P /02 • The indirect errors 
take no account of this ratio but are propor-, 
tional to the one we ha\'e already called q, 
namely, (fractional change of amplitude} 
-:- (fractional change of power supplied). 

For the smallest possible direct errors, 
we require a minimum value of P /0s, but 
for · least indirect errors we want q to be 
as small as possible. Unfortunatt:ly, when 
we reduce the former by a change in the 

·shape of bob or in the conditions of running,. 
we· generally increase the value of q. · 

r n the absence of lengthy detailed cal­
culations for the escapement to be em­
ployed, and a reliable estimate as 'to the 
particular kind of accidental change which 
is likely to interfere most seriously with 
the time-keeping, it is impossible to say,. 
except in extreme cases, whether the gain 
on the one count is g-reater or smaller than 
the loss on the other. 

For example, by reducing the air pressure 
P /02 is made · smaller, but q · is made 
greater. Beginning with atmospheric pres­
sure, the total error is reduced by choosing 
a lower air pressure, but beyond a certain 
point, which \;aries with the characteristics. 
of both the pendulum and the escapement, 
it is increased by ·going to still lower 
pres~ures . 
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The circular error is proportional to q<::P. 
· Consequently the amplitude should be as 
small as other circumstances permit. But 
the timing error, due to wear, obliquity 
combined with end shake, etc., of the pal-
lets, makes it desirable . to have · a large 

·amplitude, and so some compromis~ is 
·necessarv. This fast mentioned error may 
be assu~ed to be the one which limits the 
'ultimate accuracy after allowance is made 
·for the_ secular change in the length of the 
rod, which is rather appreciabl~ in the case 

·of invar. 

20. Co1111wri1ton of Ro1111d and Ol)(1l Bnl1s. 

Fig-. .:24 ·shows how the power taken at 
several amplitudes varies with the pressure 
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01111l Ho/111, ( 11 ir11t.) 

for both the round and oval bobs. The two 
lines for one amplitude cross in points 
whose locus is !ihown by the dotted line. 
\Vith a given amplitude, the round bob re­
quires more power than the o\·at one when 
th~ pressure. is above that at the crossing 
po1ni1 but with lower pressures the oval bob 
takes more. 

Sim_ilar re&!l!ts can_ be obtained by super~ 
i'!'f'••9·J~as . and 17. \Vith a gh·en ~ 
••r .~ n. . ~ bobs take the same 
--~-•f.. 'JUticalar amplitude~ At 

higher amplitudes, the · circular bob takes 
the greater power, but with lower ampli­
tudes, the oval bob. :\t atmospheric pres­
sure, the amplitude at the crossing poim 
is about 100 arc-minutes. 

The O\'al bob has a greater surf ace than 
the round one, but. it mote nearly ap­
proaches the streamline form. Const:­
quently it has the bigger ~kin friction, but 
a smaller eddy resistance. · \\'ith high air 
pressures, or large amplitudes, where the 
cddv resistance forms the bulk of the total, 
the· reduction of that portion by employing 
the oval bob exceeds the increase in the 
skin friction and the total resistance is 
smaller. Bi.it with low pressures, or small · 
am.plitudcs, where the eddy resistanec is 
much less in proportion, the reverse is true. · 

Thus, the oval bob has no ad\'antage even· 
with respect to the direct errors, whilst with 
respect to the indirect errors its greater q 
i.; a serious disad,·antage as compared with 
the i"Ound bob. 

For unsealed pendulums, the smaller 
Yalue of df) / dp shown in Fig. 21 is also 
undesirable, because the circular error due 
to the change of amplitude when the bar<>:­
meter falls or rises, is of the opposite sign 
to the other errors due to that cause, and 
less than these other errors; it thus helps 
to wipe them out, and so to reduce the tota1 
barometric error. · 

There are other objections to the oval: 
bob. \Vhen mounted, its major axis is not 
likely to lie truly in the plane of the ,·ibra­
tion, and that position is unstable with 
respect to the air frictional forces. The 
air· resistance causes the pressure at the 
entering edge to exceed that at the leaving 
edge, and consequently tends to turn the 
bob Aatwise to the motion instead of edge­
wise. This gives a possible cause of oscilla­
tions about the \·ertical axis, which would 
interfere with the regularity of the rate. 

\Ve may therefore conclude that the oval 
bob should never be employed, but that tht> 
shape of the bob should always be a sur­
f ace of revolution about the ,·ertical axis. 

Certain authorities recommend that the 
bob should be a circular cvlinder ·whose 
length is equal to its diamete;, and it seem!" 
probable that this shape is ,·ery nearly the 
best possible. For a given , ·olume, it has 
the least surface of all proportions of cyli·n­
der, and has therefore the lowest skin 
friction. It is just a little worse in this 
respect than the sphere. 
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It is by no meanit certain that it is im-
1 · o\'ed by rounding oft' the edges ; by doing 
~ 11 the total resistance would be reduced, 
I: 1t the q would be raised. For the same 
r ason, it is doubtful whether the sphere 
j .• better than a ·cylinde.r of the proportions 
gin~n in. spite of its somewhat smaller 
!-'11rface. 

Fi~. 24 brings out another point by show­
ing- the futility of seeking to obtain the 
spring loss by producing the tines to zero 
nir pressure. These two pendu!ums had the 

same individual spring and so would have· 
identical spring losses with the same ampli-· 
tude. But the intercepts on the axis of 
zero pressure differ in the ratio of about 
3: 2 1 instead of being alike. The fact is; 
that the air friction does not diminish in· 
such a way as to becorne zero at zero pres-· 
sure; because the viscosity remains con­
stant until exceedingly low pressures are· 
reached, pressures of the order of a fraction. 
of a millimetre of mercury. 

(To be continued.) 

THE 

OF 

AUTOMATIC SYNCHRONISATION. 

CLOCKS BY WIRELESS WAVES. 
.~ 

By ALFRED E. BALL, F.B.H.I. 
- .. 

( Contirmed from prJge I 37). 

CLASS " n" SJGX.\LS-COntinued. 

St>11siti'l.re Relays. Moving Iron Type.­
. \,; the name implies mo\·ing iron relays are 
lilted with iron armatures which are 
mun•d bv the operating current in contn1-
di..;1 inction to a coil of wire being so moved 
: 1..; in the case of the moving coil type of 
n·la\· lasl described. In a moving iron 
n·la~· the moving armature itself has no 
rnil · or windings, such windings being on 
till' poles of a stationary electro-magnet, 
:rnd consistin~ of very many turns of fine 
1rin· . consequently resulting in a high 
n·..;istance, usually from 3,000 to. 5,000 
ohms or higher. Contrasted with the 
11111,·ing coil relay, such a hig-h resistance 
j, not required, 300 or 400 ohms being 
ll '-t1al. 

In order that a mo\'ing iron relay may 
,., ·me under the title ' ' Sensitive, ' ' it must 
h:11·c its armature and its magnet poles 
p larised bv having adjacent to it a strong 
1:- 1· rnanent · magnet. This polarised con­
, . n wtion hns the effect of making the 
r· l;i,· about four times as sensitive as a 
11 ,n:polarised relay of same size ancl with 
, inc windings. 

l"Jw reason of the increased sens1t1veness 
" in the fact that the '' weakened bv air 

~ ·p " effect of the non-polarised relay is 
:• '"ent, because the armature is already in 
. ..;trong field, which is by the incoming 

. ~ nals weakened at one pole and simul-
1 11{·ously strc-ngthened at the other. 

Frg. 12 shows a familiar form of Post 
Office polarised relay and Fig. 13 shows. 
diagrammatically its construction . 

This type of rt>lay is usually mounted in . 
a cylindrical brass ca~e and the upper part . 
of the case is hinged to give access to that 
part of the relay which requires setting and 
adjustment. The top of the case is glazed 
to make its action visible when dosed. The · 
polarising permanent magnet is curved to. 
conform ·to the shape of the case. The 
armature ean also he " biased " magneti­
cally on one side or the other by turning 
the milled nut seen on the right of Fig. 1 2. 

These relays are particularly well made 
and _ may be purchased fairly cheaply from 
di·sposal· firms ; but before they can be used 
with ach·antage for operating by wireless, 
the existing windings of comparatively 
coarse wire must be removed and •the 
cbonite bobbins rewound with fine wire, 
such as No. 43 's, so as to obtain a large 
number of turns. The . resistance should :. 
be about 5,000 ohms. · 

Fig. 13 shows diagrammatically its con- · 
struction. B,Br represents two poles of the 
electro-magnet and S S · two pole pieces of 
same. B2, Il3, show two ebonite bobbins 
which have to be wound with manv turns 
of fine wire , the resulting resistanc~ being 
about 5 ,000 ohms. C shows a contact arm 
which is mounted on an arbor and pi\'ottecl 
at Cr, .and on the same arbor is mounted 
a soft iron armature N.S., which is, of 
course, the · moving iron armature. 
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THE THEORY OF PENDULUMS AND 

. ESCAPEMENTS. 
By· Professor DAVID ROBERTSON, D.Sc., i\.LJ.E.E. 

(Co11ti1111ed ji-0111 pa;:.e 196). 

23. M crcurial Compcnsato1'. for Barometric 
l!Jrror. 

As long ago as 1831, Robinson, of 
Armagh, showed how the barometric error 
might be compensated by means of a mer­
curial barometer. attached to the pendulum. 
The arrangement is shown diagram­
matically in Fig. 27. 

The barometer should lie in the plane of 
the vibration, because, although it may not 
be obvious to the eye, any want of sym­
metry about that plane is apt to disturb the 
motion. On the other hand, a want of 
symmetry i11 ti1e plane of vibration d<>t!s not · 
inte1;,fere with t11e ,·ibration, although it 
may. offend the eye. 

Consider graph A of Fig·. 8. H the lower 
surface of the mercury be len:l with the 
e.g. of the pendulum, a small mo,·ement 
of that surface will scarcely affect the rate; 
the change of rate with rise or fall of the 
mercury is then due to the motion of the 
upper surface almost entirely, and that 

surface will he about 220 

mm. below the axis of motion 
of a seconds pendulum. 

The addition of a \Veight at · 
this level is about jO per 
cent. as effective as if added 
at tilt' mid-point, where I/ 10 

800 of tlH~ mass of the pendu­
lum is required for 1 second 
per day increase of rate. 
Consequently, a mass of mer-
cury equal to 1 /7,;,oo of that 
of the pendulum must he 
shifted from the bottom of the 
column to the top to raise the 
rate by 1 s/d. 

For pendulum G1, this 
mass is o.68 g-ram, which 
would be that of 1 in. of a 

.- -+ mercury column of I .6 mm. 
Pia. 27,-Rob- diameter. This . gives , the 
,-.011 'I (; 0 m-
1>•1t•ntor In r bort> of tube required to cor-
/Jarnmctrir. 1.;,. b · f 

ror !IK:lll. n·ct a arometnc error o 

0.5 s/d. per inch of barometer, which 
corresponds to 1.0 s/d. per inch rise of the 
upper level if the bore be the same at top 
and bottom, for then the rise or fall of 
either surface is only half the change of 
barometer. 

Ref erring again to Fi~. 8, we see that 
if the barometer tube be fixed lower down 
on the rod the eff ectiYeness of the motion 
of the upper surface is increased and at the 
same time the corresponding mO\·ement at 

· -the bottom also assists the compensation, 
making- the compensation obtained greater. 

On the other hand, if the tube be higher 
up, the effcctiYeness of the upper end is 
reduced and that of the 10\ver end is nega­
tiYe, so that the total compensating- effect 
is reduced, and becomes zero when the two 
surf aces arc at equal distances from the 
mid-point of the pendulum. 

Thus, if the bore of the tube lie within 
reasonable limits, it is possible to adjust 
the amount of compensation by sliding the 
whole thing up or down the rod, until it is 
found by trial to ~in~ tlw required re~mlt. 

2+ A11croiil Cn111pr,111111lor for Urtromcfric 
J•;,. /'() /'. 

The aneroid chambers used for baro­
~raphs ha\·c also been adapted by Riefler 
and others to form a compensator. ~or the 
Larometric error, as shown in Fig. 28. 
They carry a weight which they !if t when 
the barometer Roes down, and lower when 
it ~oes up. \Vith the twin rod pendulum, 
the arrang-cmcnt fits neatly between the 
rods, but with the usual pendulum it must 
be fixed to a bracket at one side, keeping 
it symmetrical about the plane of vibration. 

Graph C of Fig. 8 shows how the mo\·e­
mcnt of the mass affects the rate, and that 
it docs so to a ~reater extent the higher it 
is. Thus, · the higher the compensator can 
be fixed on the pendulum, the smaJlcr is the 
mass required for a gh·en degree of com­
pensation. 

. .. 
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Fm. 28.-,l neroid CompenBator for 
llarometric Error. 

A compensator of this kind has been made 
for pendulum RJ, whose mass is 5,8oo 
grams, with the weight about 83 mm. below 
the axis. Graph C of Fig-. 8 shows us that 
at this level a mass of 1/10 Boo of that of 
the pendulum will alter the rate by 3.4 
10-3 s/cl. by moving 1 mm. The chambers 
actually move the mass 0.4 mm. for each 
1 in. change of barometer ; thus the mass 
to be placed on the top to correct a baro­
metric error of 0.4 s/d. per inch is :­
(58oo grnms/10 Boo) x (1000/3.4) x (0.4/0.4) 

=154 gram.s=5.5 oz. 
. For the ordinary single rod pendulum, 
with which the compensator has to be placed 
to one side to an extent not negligibly small 
compa~ed with the distance below the axis, 
the equations of section 9 do not hold ac­
curately, for they assume that the mass is 
in the centre line of the pendulum. But 
thev will give an approximate result, and 
in any case the final adjustment would have 
to be made by trial. 

Such adjustment may be made either by 
altering the level at which the compensator 
is fixed, or bv adjusting the mass it carries. 

The results of some tests made with this 
compensator on pendulum RJ are shown 
in Fig. 2q, weights of o, 100 and 200 grams 
being tried. 

The tests wc:re not very satisfactory, for 
not only has the pendulum an appreciable 

temperature variation ·when run in a sealed 
tank (it was designed for running in the 
open), but the aneroid appears to add very 
considerably to that variation. 

With either weight on the aneroid top, 
but not with zero weight, the rate went up 
by a very large amount when the air pres­
sure was reduced below 725 mm . . The cause 
for this has not yet been definitely ascer­
tained, but it is suspected that it is due to 
the rocking of the weight with the spring 
of the aneroid, as the steady pin. shown on 
Fig. 28 was omitted.* It was not due to 
the pendulum striking a loose wire or other 
obstruction when the amplitude goes up 
with the fall of air pressure, and it is diffi­
cult to believe that so large an effect could 
be produced by any alteration of level 
brought about by a change of the inclina­
tion of the aneroid, which did not lie quite 
truly. 

vVith the 200 gram weight, the change ol 
rate from 750 mm. to 6oo mm. is 14.6 s/d •• 
which- is 16 per cent. of the 93 s/d~ by 
which the addition of he weight altered the 
rate at 750 mm. A downward movement 
of the weight of as much as 1 2 mm. would 
bt necessarv to increase the rate bv 14-6 
~d. - . 

It is intended to repeat this test under 
more favourable conditions. 

Another compensating device, due to yv. 
Ellis, has been employed at Greenwich 
Observatory. :\ magnet attached to the 
bottom of the pendulum is at~acted by 
another one held below it by means of a 
lever whose position is controlled by a ftoat 
in a mercurial barometer. + 

FIG. 29.-Tcgt reBulta of Aneroid Compensator 
attached to Pendulum R.3. 

.. Furthn 11•o;ts with a steady pin do not show 
this dfl'Ct. 

+ An illustration of this dc\·ke can be found. for 
example, in F. J. Britt~n's " \Vatch and Clock 
Makers' Handbook," !>. 53. (Spon, 1922). 
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When the ·barometer rises, the lower 
magnet is raised nearer to that on the pen­
dulum ; their attraction is increased and the 
rate is made greater. By suitable adjust­
ments, this increase of rate can be made 
.approximately the same as the decrease 
due to tJie barometric change. 

No barometric compensator can allow for 
changes of humidity. 

V. TBllPBRATURE ERRORS. 

.2 5. Lilt of Tsmperature Error~. . 
A change of temperatur:e produces a large 

faz:nily of disturbing factors; it alters the 
<limensions of every pan, modifies the 
-density of the atmosphere if that be kept 
.at constant pressure, varies the viscosity 
<>f the air and also the friction at the pal­
lets and pivots, changes the elasticity of 
the suspension spring and of the driving 
spring when there is such, and it may make 
an appreciable difference in the timing of 
the esc~pement forces because of differential 
-expansion. 

We thus have the following errors due 
to a rise of temperature :-

Decreasing ths Rate. 
(a) Expansion of the rod. 
(b) Expansion of the suspension spring. 
(c) Reduction of the elasticity of the sus-

pension spring. 

Increasing the Rate. 
(d) Decrease of the buoyancy of the air. 

Absent with sealed pendulums. 
(e) Decrease of the inertia of the air. 

Absent with sealed pendulu111s . 

Increasing or Decreasing the Rate according 
to Circumstances. 

(f) Expansion of bob. Increases the 
rate if bob be supported below a cer­
tain point slig-htly under its e.g. ; 
decreases the rate if supported above 
that point. 

(g) Increase of anwli tu de due to reduc­
tion of air resistance, causing circu­
lar and other indirect errors, de­
creasing the rate with unsealed 
pendulums. 

\Vith sealed pendulums, where 
there is no change of air density but 
onlv of its viscosi tv, the amplitude 
fall~ with rise of ten7iperature and the 

- · rate is increased. 
(h) Alteration of friction of pallets and 

pivots,. causing both direct and in­
direct errors. 

(i) Alteration in the driving forces due 
to change in the elasticity of the 
driving spring, or of friction in the 
driving train, causing direct and in­
direct errors. 

TABLE III. 

ESTIMATED TE'.\IPEIB.TUnE E1mons . 0F PE~DUL'l''.\t Gx. 

Drop. Ol'via•ion ~ 8/t. I r .oc:lt ion of Error11. 

Ca1111e. - ·· - ·· . ---
I lt>-11 10-r. 1/d. 

I0-\1 I 10-S •Id Top. Dlstrib. OoUOCD. 
mm./°C per°C. I per °C I -- ·--- ------. 

I 2 3 ' ii 6 1 I a 9 . 
Expansions-

4.6 . 4.6 Spring ... ... ... 108 - 5-l - -
He2d ... . .. ... 288 - q3 -12.4 -·- I 2.4 
Rod ... ·-· ... 1070 .. - 533 -45.q -45.9 
Bob (LHt) ... ... I ll)O + 593 +51.1 +51.1 

Dimensions -.?KIO -2.p - ()() - 5.7 - 5.7 ... ... 
---- ------- - ·-· ·- -

Total 0£ above ... ... 276 - :?OJ -17.5 - 17 -46 +45·4 
Spring weakening ... -t-7000 +6oo -:?000 -173 -liJ 
Air buoyancy and inertia 15 •+ 610 +53 • +53 - 174 -
Circular error 9= 100' ... - 5J - 4.6 - •.'3 -11.5 t -11.5 

... ·- -·-- -- -- --· - -· 

Total, excluding eSC:lf'C• - -1730 I -46 +87 ment errors ... ... -q<) -· IC}O 

• AbMft\ with eealed. pendulum. t Smalln and + ""with -led pHdulum. 
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(j) .\Iteration in the timing of the 
ciw:apemcni rorces due . to changes in 
the reJaliw positions or the driving 
and driven clements brought al!tout 
by differences in the expansions of 
the parts which locate them. 

Error~ (a) to (/), which belong to the 
pendulum, can be estimated more or less 
clost·lv when the neccssarv data is available ; 
the r~·maining errors depend mainly upon 
the el'capcrnent and can only be estimated 
with certain simple types of escapement. 

Table Ill. giYes the calculated errors for 
pcnclulum G i, an cl the following- sections 
explain how the fig-ures arc obtained. 

(Tn lie cnntinuccl.) 

The Editor, "Horological /ournal." 

Dear Sir, 
I am deeply indebted/or .11our lengthy 

and practical .mggeslion.s in the February 
number. · Plea.st: accept my be.st thanks. 

A Canadian Readet. 

Practical Column. 
Byj. \\'. l'LAYER. 

" 'fhcse little i11r.i1lcnt11 11·i/l occur e1•en in 
tli e l1ellt rrauluteci u·orl•shops." 

This column Is published with the Idea of giving 
practical aubtance to watch repairers and others 
who .eek a IOl•tlen of any dlllculty they have to 
contend wltlt, whilst at the nme time the answers 
to questlona will be foand of ~reat Interest and help 
to other readers. All questions should be addreued 
to The Editor, Practical Column, Horological 
Journal, Fulwood House, Hl~h Holborn, London, 

. W. C.1, by the 7th of the month for reply In the 
followlnft month's Jo11rnal. 

T HE absence of any specific queries 
enables ml' to continue mv remarks 
upQn the topics introcluccci' bv D. T., 

of County Derry, by dealing- brieily ~,·ith . 
sonw of the small tools in the outfit of a 
watch repairer. I ha,·e already touched . 
upon screwclrin.-rs and filt·s and think that 
drills s!louid ha\'e their turn. .., 

Tlwrc is quill· a \-:tricty of these inclis-
1wns:tblcs, but for the moment r will speak 
onh· of the orclinarv arrow-heaclccl drill as 
use"cl with the bm~', the other types for 
rntting" in one clin•ction only (as in a lathe) 
I will ~I with at a latl'r date, as tlw,· 
will require to l>l' illustrated with sketclw~. 

To he able to make a good drill is a mo!it 
U!i('ful accomplishment and i!i one Of the 
enrlil•!it les!ions the apprentice should 

learn. I ::.;ay should-too many never do. 
if what they call drills are to be taken as 
e,·idcnce. 

Tlw usual practice is to rnake a number 
or set from, say 'llffin. downwards, and it 
is a g-ood plan, as I haYe alrt?aqy · pointed 
out, to number your drills according to the 
holes in the screw plate; for example, No. 
7 drill should make a hole of the size to be 
follo\\'ed by 7 ta;>, and so on and so forth. 

The larger drills arc better made in one · 
piece with the · stock ; worn out round files 
are excellent for this purpose. A ferrule 
can be dri\'en on fo the shank and the other 
end softened ancl filed down to about halt 
the required size of the drill, . then, resting 
the t·ml of this reduced part on the edge 
of tlw square stake of the vice, beat it out 
with a tlat-facecl hammer to a fan !'hape. 
Tlw ohjec: of this is to g-et clearance, that 
is to say, to make the cutting head larbrer 
than I he shank, otherwise there is no room 
for the cuttings at the back of the head 
antt · ·the drill will stick; incidentally, also, 
it will toughen the cutting part. This 
beatin;..!· out requires some practice t<> 
become adept at shaping the head ·really 
well and without cracking the steel. What 
OIH' should aim at is to make the nattening 
tap<-r off as long as possible to a thin edge 
so th:it to shape it up to a point requires 
only a little niore than beYelling off the 
burrs, so to speak. 

Too long or too short a point should be 
:l\·oiclt·cl. the two cutting- edges should 
makl' an ang-le at the point of 45° to 50°, 
and tlw ang-le made by the whetting- bevels. 
should be about 30" to 35°. . 

.\ltl'r hardening-, temper clown to a deep 
~;traw for brass and give the edges a final 
whet up with an ,\rk:111sas slip, resting the 
stone on the bi.•nch and whetting each facet 
as you wc~uld a g-ra,·er. It requires •prac­
tic<· to acqum.• the skill to whet up these 
fact·!~ equally ancl keep the edges. p~rallel 
and the point true, but .of c.oursc 1t 1s not 
of much use to lrn\ c a drill whetted to look 
\\'I'll if the facets don't make true cutting 
cdg-t·s culn1inati11g- in a point. The purpose 
of tlw drill shoulcl not be Jost sight of in 
th<' l'ffort after s\'mmetrv. 

Th· main thin~ to ,,.;tch in these drills· 
is tlll' condition of the point, if that is 
worn dmn1 the drill is not likelv to start 
;wc·uratclv nor will it cut °efficientlv. 
Another . thing is, if the point is out of 
centre, the hole it makes wilt he a little­
laq!"..r than was originally. intended. 

.... -.. 
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hour hand nnd the coloured diAC, thi!I masking disc 
having an aperture adjacent the end of . the hand. 
In a further modification, Fig. 3, the dial f ill 
illuminnted by n lamp " at the renr, which lamp 
alito lil(hts up the coloured disc, the latter heinl( of 
smnllcr dinmeter thnn the dial so th:it the ends d 
the hnnds show al(ninst the dial f. Moving with 
the hour hnnd s: and having a hole f> is a masking 

disc situnted l>f'tW('('n th" hnnd and the coloured 
disc. In a furth<'r modification, Fig. 4, a disc 
rigid with the hour hancr q has one hnlf s' of one 
colour nnd thr. other hnlf .~ 2 of nr1othcr colour, !>o 
that ns tl11! disc movr.s behind the masking scmi­
!.li!<c I th1• proportion of the two colours c;hown is 
an inclication of the position of the hour hand. Still 
further modifications nre stated in which (l) the 
axes of the coloured nnd masking discs nre separate 
from, hut gear<'d to, the hour hand spindle, (2) 
four colours arf' shown in the same succrssion cnd1 
hour, :md (3) the colour may be changf.•d rapidly :ii 

the eml (If 1•ach 1wriml. 

305,327. Electric clocks. not. D. II.. :l!i!i, Liv,.r-
1""'' Stn·PI. SPl'dlc•y, n<"ar ~1anclws11·r. Dl'c. 
10, 1!!27, :-\o. :i:l421. [Class l:l!l. I 

In an c·f('('·tric clock in which n wrightPd driving 
arm, pi\·otPd on tlw minute whP•·I :irhor is rc•-f'nf'r­
gisecl Plc•c1rom:1J!nelic:illy, indicator mr:ms con-

nected to the weighted arm are pro\•ided to show· :~ , 
when the electromagnetic force is insufficient tc> . · 
raise the weight. The driving arm 11, weighted at · 
13, is pivoted at 7 on the minute wheel nrbor n 
carries a pawl 14 dri\'lng the ratchet wheel 8 ril · 
with th1? nrbor 7 and connrcted by gearing 1 •• , • :· 
with· an escapement which is controlled by n pen- ·.-.. 
dulum or by a balance. The weight is connect 

F'I C I. 

el<>ctrically in series by a wire 16 with the magnel 
windings 17 and contacts, to close the magnet cir­
cuit, with a surface 24 on a h<>ll-crank 20, 21 pivoted 
al 22 and ·carrying the armature 23. A stop 2'1 . · 
limits the downward movement of the arm 2'~,,.t­
\Vhen the wei~htf'cl lr\'rr sinks the w<•ight 13 con-:·,_, 
tarts with the surfac1• 24 and the magnet rocks the 
lwll-crank 20, 21 clockwise so thnt the weigh 
)p\·er is kicked upwnrcls hy the surface 24. A t 

~ armNI indicntor m<>mher 31, 35 pi\'oted at 32 
tlw lixetl fr:1m1• of the doC'k is connected by n pin .. 
and slot 33, 34 to the wright 13 so thnt when the 
arm 11 is in its lowPst position a rrd dot 37 on the 
inclicator memlwr shows through a hole 36 in the 
front platr of I lw dock :incl through :i holf' in 
th•· dial. In a mmlilication tlw hPll-crank C"arrvi 
thr arnmlurc is pivotf'cl at olll' f'ntl. • 

THE THEORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID ROBERTSON, D.Sc., M.I..E.E. 

(Co11/i11rted from pa~e 118). 

26. E:r.p1111.'fio11 of nod, SJ17i11r1. etc. 
The coefficient of expansion of ste~l is 

about 1 2 millionths per dcJ!ree Centigrade. 
\Vith the spring, rod and bob made of 
steel, the temperature coefficient of the rate 
errors (a) and (b) would thus be -6 x 10"'"• 

per °C., or - o. 52 s/d. per °C. 
\Vith a rod and spring of invar (alloy 

steel with 0.1 per cent. carbon, 36 per 
cent. nickel and o. s per cent. or less of 
manganese) these figures would be about 12 

times smaller. 

As a rule, the pendulum is made of 
se,·eral metals, some of the parts being so­
arranged that their expansion raises the 
bob and annuls the drop due to the others. 
Step by step calculations must then be' 
made. 

Thus the pendulum G 1 has a steel spring 
18 mm. long, of which only half counts as 
part of the length of the pendulum, but the 

. whole must be allowed for when estimatias.: . 
the rclati\'e displacement of parts ~~ · 
by the pendulum and those fixed on the 
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frame. The head by which the invar rod is 
attached to the spring adds another 24 mm. 
of steel, and then there are 1 ,<Y]O mm. of 
.invar ~own .to the point at which the rating 
~crew 1s supported. 

Since . tbe ·rating screw and, bob are in 
this case of the same metal,· steel, we need 
not worry about the expansion of the screw, 
but suppose the bob to be directly supported 
by the rod at the level at which the screw 
actually is hung. With a bob of another 
metal, however, it would be n,ecessary to 
work out the expansion of the screw 
~eparately, and of the bob from its actual 
point of support. 

Assuming the coefficient of expansion of 
the invar to be 1.0 x 10-• per °C., which is 
~n average value, we have:-

Increase of length 
of half spring ... 

per"C. 
10-" mm. 
pt>r ~c. 

9x 12 x 10-6 = 108 

Increase of length 
of head 

J ncrcase of length 
of rod . .. IOjO X I X 10-'• = 10'70 

Total 

Ratio to distance of c.g-. of 
bob from axis ( 1004 mm.) . .. 

Rate temperature coefficient 
due to this 

pr r -C. 

0.73 x 10-• 

=o.o63 s/d. 
It is obvious that if the correct figure for 

the particular in var rod be i. 1 or 0.9 
instead of 1 .o, or that for the steel be 1 r 
instead of r 2, our calculation will be very 
-considerably out. 

These coefficients do vary somewhat 
from specimen to specimen, and the result­
ing uncertainty make~ any calculation of 
the temperature variation of the rate only 
roughly approximate. 

As there are other uncertainties....,of at 
lt'ast equal magnitude, it would not be worth 
while determining the coefficient for each 
individual bar, a process-requiring- the re­
sources of a national laboratory for it to 
he carried out with the necessary accuracy; 
it is easier and much more satisfactorv to 
determine .the rate temperature coefficient 
·of the complete pendulum when running 
under exactly the required condition5, for 
this coefficient varies with these condition!l 
to quite a large extent. 

27. E:epansion of Bob. · 
Ir the bob be supported at its centre of 

gravity, then its own expansion docs- ·not . 
affect the position of that point, but it sJowa . 
the rate by the increase of the local inertia 
due to its finite dimensions. .: 
· If ~upported below the e.g., the bob.~ .... -

b«: raised by the expansion of the ~~· 
lymg between the e.g. and the ~ot­
support, whereas if the bob be attachetlf\b 
the rod at a higher level it will be JowWiil 
by its own expansion. . ., 

The bob can be made self-compensad­
by supporting it at such a level below its 
c. g. that the upward lift of the bob by the · 
expansion of the length between will . 
balance the effect on the rate of the i 
of inertia due to the sidewise and le 

i 
I 

t 

--d--11 

I 
L 
I 

expansion of the." 
bob. 

In Fig. 30, let h be 
the distance of the 
point of support below 
the e.g.; let the, co­
efficient of expalllllin 
of the bob be ~· apd 
suppose that thee.a... 
tance of the poiof, ot 

Fro. 30.--l'oint o/ S1111· support down from the · 
iiurt Jor Sclf-c•o1111Jc1<-

dlllin(J /Joi.I . axis of motion remains 
invariable, then :­

Local inertia 
.\! (Z'J/12+d2/r6) (27.01) 

Increase of same per unit temperature"'tiee 
2%M(l2 /12+d2 /r6) (27.02) 

Effect of this on the rate 
- a,, (12i1 2 + <P / r6) + L 2 

Lift• of e.g. per unit temperature 
<lt,h 

Effect of this on the rate 

. (27.03) 
rise 

(27.04) 

~a.bh / IJ . (27.05) 
If the total effect on the rate is to be 

zero, then:-
~a.bh /I,= ab (Z' / 12+d'/16) / 1.J2 (27.o6) 

or, 
,, = 2 (l2 I r2 7- d2 /16)/ L (27.07) 

For pendulum Gr (l2 /12+d2 /16)=5700 
mm. 2 and l.J= 1004 mm. (see Table I.). 
Hence h = r r .4 mm. or o.45in. 

For the cylinder of minimum surface, 
where l = d, h = (7/24) <l2 / I..J. 

\Vhen the bob is not supported at the 
self-compensating point, the upward lift of 
its e.g. by its own expansion must be 
deducted from the drop due to the expan­
sion of the rod, etc., and the effect of the 
local inertia allowed for separately. 

-
. -

-
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Let uL be the net coefficient of expansion 
of J,, after taking account of the spring, 
head, rod, bob, etc. Jn the expression for 
the deviation due to the local inertia of the 
bob, namely, 

~ .. = -:! (l2/r2+<Z2 / r6)/L2 (2i.o8) 
the numerator has the coefficient 24b and 
the denominator one of 2nL, giving a total 
coefficient of 2 (n,. - "rJ· 

The corresponding temperature error 
1s:-
~./dt= -(1&i.-"t) (l2/12+tP/16)/L2 (27.0CJ) 

After allowing for the expansion of the 
rating · screw, the \'irtual attachment of the 
hob of pendulum Gr to its rod is 99 mm. 
hclow the e.g. of the bob. The expansion 
of this 99 mm. is 1190 x ro-" mm. per °C., 
which must be rlcductcd from the 1 ,466 
already found for the rod, head and spring, 
lea\'ing a net amount of 2i(, x lo-6 mm. 
per °C. This corresponds to a value of 
27(1 x 10-"..;.. 1004, or 0.275 x 10-6 per °C. 
for n1,, or ll.7 for ("h-n1J. 

Putting this and the values we alrcadv 
know in equation (27.0CJ), we find that the 
temperature error due to the local inertia of 
the bob is -o.o6ox ro-ll per °C., or 
- 0.0057 s/d. per °C. 

It will be observed that the upward 1ift 
due to the expansion of the bob has wiped 
out about 8o per cent. of the drop due to 
that of the rod, etc. If the point of virtual 
nltachmcnt had been at the bottom, they 
would almost exactlv hm·e balanced one 
;mother. This is on~ common wav of ob­
taining compensation. 

:i8. ll'r.akrni11y of Spring. 
:\ rise of temperature weakens the spring 

i!l addition to increasing its dimensions. 
Jn the expression for ..\ (equation (ro.07) ), 
(l/c), M and (! are independent of the tem­
perature, but lJ and c increase with rise of 
temperature whilst B falls. For a steel 
spring, the corresponding coefficients are 
about 12 and - 240 millionths per degree 
Centigrade. •• 
. Since ,\ is propor~ional to l ..;.. v (IJcE), 
its temperature coefficient is :-

n r= -~ (n.1+20.,,)= -~ae1 -· aeir (28.or) 

= + 108 x IO-' per °C. for a steel 
spring . (28.02) 

This coefficient is the proportional in­
crease of ,\.per. unit rise of temperature ; 
that for ~. as different in the ratio (dA /A) 
+(ID.IA). Hence the temperature error of 

the rate caused by the . weakening of the 
spring 1s :-
t-./clt =a., x { (<lA ; A)+ (clA/ i\) } x ~. (28.03) 

= { a..\<lA..;.. (d>..j> .. )} x (Z / L) (28.04) 
since D..=.A (l/L). 

Use may be made of the graphs of Fig. 
13, but for greater convenience Fig. 31 has 
b~en. drawn to give the value of the quantity 
w1than the large brackets of equation 
(28.04), taking the value gh·en in equatic>n . 
(28.02) for a.

1
• The · temperature error due 

to the spring i~ then obtained by calculating 
,\ from equation ( 10.07), reading off the 
corresponding ordinate on Fig. 1 r, and 
m.ultiplying the result by the value c'>r (L/ L). 
The error is always negative whether the 
deviation be positive or negati\'e. 

Thus, in section 1 2 we found that for 
the spring of pendulum G l, >.. = 1 .03 and 
(l _/L)=o.0184. Fig. 31 gives -9.0 s/d. per 
°C. for this \'alue of ,\; multiplied by 
0.0184 this gives -0.17 s/d. per °C. as the 
tcmJ1erature error due to the weakening of 
the spring. 

This error is \'ery large> being more than 
1 2 times that caused by the expansions; 
thi~ is the result of employing such a stift 
spring for the reasons already gi\'en. The 
8-mil spring would give - 0.03 r. The 
spring of pendulum R3 gi\"es - 0.054. 

As we saw in section 11, no appreciable · 
reduction of this error is possible by 
making- the spring of greater length than 
corresponds to ,\ = 3. Beyond that point 
the decrease of the ordinate of Fig. 31 is 

2 3 4 5 
.1. 

Fro. 31.-fe111pt•r11hire Error Coel/fcieni tlue to Stttl 
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practically wiped out by the increase of 
(1 I IJ). 

For accurate clocks, the spring should b<:: 
made of the alloy Elinvar already mentioned 
in section 11. For this alloy, the elasticity 
temperature coefficient varies for different 
... amples between the limits ± 50 millionths 
per °C., and its coefficient of expansion rs 
:1bout 6 in the same units. Thus a._\ lies 
between + 20 and - 30 millionths per °C. 
The worst specimens give a temperature 
.c.·rror fh-e times smaller than \\'ith steel, and 
the best . ones give zero error, or a positive 
<>ne which is to be pref erred. 

2~)· 'l'cmpcraturc Error of Almosplicric 
Dc"iation. 

.-\t a temperature of 15°C., the density of 
air falls by 1/288 of its value for 1°C. rise 
of temperature. The temperature coefli­
~icnt of the air buoyancy and inertia de,·ia­
tions is thus 1/288, or 3.5 x 10-3 per °C., 
when the air is permitted to expand at 
.constant pressure. 

,\ssuming the sum of these two deviations 
10 be 1 5 s/d., the corresponding tempera-
1 urc error will be +0.053 s/d. pcP °C. 
This i!i more than sufficient to wipe out the 
·l'ffect of the expansions if the whole pc:.­
<htlun1, be made of invar, and it forms a 
u·ry important part of the compensation of 
the ordinary unscaled pendulum. It is 
·t·quivalent to an upward lift of 1.2 microns 
for a seconds pendulum, which is that 
which \vould be gfren by the expansion of 
100 mm. of steel or 6=- mm. of brass. 

\ Vhcn the pendulum i·s sealed up her­
metically, the density of the gas surround­
ing- it is not affected by rise of temperature, 
hut only its pressure. The 1:onsequence is 
that this compensating effect is absent, and 
1 he compensator must be made about 
115 mm. longer (if of brass) than would be 
lll'cessary for the same pendulum run in 
~•n unsealed case. The exact'-. amount 
d1·pcnds, of course, upon the magnitude of 
the air inertia deviation for the pendulum 
concerned. 

JO. Oflu· r 'I'r m pc rat 11 re Errors. 
\\'hen the change of amplitude is known, 

it is easv to calculate the error due to the 
chnnge Ol the circular deviation with any 

. -· ~ _ ~tud.e,. but it. is only ·in excep­
af·cae tflat 1t is possible to make·cven 

rough estimate of the other effects of 

change of amplitude, or of those which 
arise from the alteration in the escapement 
setting due to differential expansions. 

All these effects depend upon the design 
and adjustment of the escapement, and it 
is only with certain simple types of escape­
ment that there is any possibility of getting 
all the data needed for such an estimate. 

The author's link escapement is one such 
type. The doc!< of the Unh·ersity of Bris­
tol has this escapement and a pendulum 
identical with R3. For the sake of appear­
ance, the baseplate is of bronze, but · the 
pendulum rod and the link are of im·ar. th 
a result of the excess of the lowl"ring of 
the lever bearing over the expansion of the 
rod and link, there is a temperature error 
as large as -o. 16 s/cl. per °C. \.Vith a 
cast iron base this figure would have been 
-0.092. 

Jn this particular case, the pendulum is 
rut) .at such an amplitude that the escape­
ment errors and the circular error produced 
by a change of amplitude almost exactl~ 
neutralise one another, but in the general 
case the escapement errors may l•ither be 
of the same or opposite sig-n as the circular 
error, and they may be laq~cr or smaller. 

Fig. 32 shows the estimated amounts o. 
the circular error due to rise of temperature 
when running- in an unseaicd case, on the 
assumption that the amplitude rises by 
3.4 x 10-3 of its own ,·alue for 1°C. rise of 
temperature. This is about the \'alue founu 
for pendulum RJ from Fig. 23. If the pen­
dulum were run in a sealed tank, the change 
of amplitude would be much Jess and would 
be of opposite sig-n, for a rise of tempera-

~~ 

FIG. 
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lure would not then affect the eddy resist­
ance, but onh- th(! skin friction which would 
l>c only a part of the to.tal. 

3 r. Temperature Comf>t•11.rntim1. 

Temperature compensation . is obtained by 
supporting- the bob in such a manner that 
it is raised by the expansion of certain 
parts when the temperature rises, to an 
extent suflicicnt to annul the other temper­
ature errors. Such an arrang-ement is 
shown in Fig. 33. 

Fw . :n .-<'0•1111c11· 
~11t11r ,for T1•11111crt1· 

turn J.:rror. 

that of the rod. 

The compensator 1s 
made of some material 
of hig-h expansihility, 
such as brass or zinc, 
and the compensation is 
due 1o the excess OV<'r 
that of tlw extra Ieng-th 
of rod which it entails . 
The net coefficient for 
the compensator is uh­
viouslv the difference 
hetwc~n its own nnl' and 

Cin•n tlwse c1H'llicients of expansion, and 
knowing- that a lift of _, microns ~is 
n·quired for an incrl'as1· of ,;,w s1·1·01HI pl'r 
d:1y "·ith a seconds pendulum, it is easy 
to calculate the length of compensator 
ll<'l'ded to cm-rl•1·t any spe1·ifi1·cl t:·mperaturl' 
error. Table I\.'. gin·s the lllTL'ssan· data 
for the more usual matl'rials. · 

T:\nLE I\'. 

CO:'\ST.\:'\TS FOR TE~11'EH .\ 'ITHE 
Co~tPE~s .\Ton~. 

I ~lillio111 l1~ )'l'r ·C. 111111. fnr 
~latl'riah<. I s,cf 1-::-T :. ·1 

per c. a, fl~ 

-- ------ ·._ 
l\J ercu n· - · IX:? ' 

Invar ... I :?XI IXO 128 
Steel ... 

I 

;?XI.:? 1:;x 145 
Zinc- 26 .._ 

lnvar ... I ,. 
\)20 -." 

Steel... ···1 
I 

12 q 1tqo 
r·usecl Silica ... o .. p 1:;.f1 <JOO 
Beech .I ,. 1000 ••• i -.l 

Brass- ll) 

lnvar ... ···i I 1X 12xa9 

Steel ... I.? i 3300 
Fused Silica::: 1 O .• p I X.h I :qo 

Type-metal- ll) 

Invar •.. Iii l:?Xo 
Steel- 12 

Jnvar ••• 11 :?O<)O 
Fused Silica ••. o .. p I 1.(1 11)30 . 

The right length of compensator is not . 
that which will keep the c.g-. of the bob 
at a constant leYel, but that which will 
cause an error equal and opposite to the 
sum of all the other errors, including the 
expansion of the rod clown to the top of 
the compensator. 

,\n estimate must therefore be made of 
these errors in the manner just explained. 
For example, in Table III. we estimated 
the temperature errors of pendulum G1 
without compensator at -0.149 s/d. per 
°C. To correct this by a brass-inYar com­
pensator would take n length of o. 149' 
x r 180, or 191 mm. Csing- a zinc compen-

sator \\·c shou lcl need r 37mm. 
But the uncertainties of such calculations. 

nrc Ycry considerable hecnuse of the doubt 
as to the correct Y:tlues of the coefficients. 
of t•xpansion of the ,·arious pieces, and as 
to that of the tl'mperaturc coefficient of 
the cln.sticity of the spring. \Vhen a really 
accttrate compensator is wanted, its correct 
length must be found by trial. 

.\fll'r fitting a compensator somewhat 
g-rl'att·r than is expeetccl to he necessary, 
tests must hC' macll' to determine the tcm­
perat url' coellicient of the rate of the pen­
dulum undl'r l'Onclitions i<lcntical ·in all 
r('spl'l'ts, including- amplitude and settipg-­
of tht· csc:1Jwnwnt, \\'ith those under whid• 
tlw Jll'ndulum is to he run in use, for' 
sen·ral of the errors ,·ar\' \\'ith these con-
ditions. · 

(To llf• co11li1111ctl). 

.\Tessrs. f. B. f<H'Cl' & Co. Ltd., \Vhit­
c hurch, s:;lop, h;I\. ~' recei\'ed instructions 
to supply a larg-e Tower Clock striking the 
hours, with four dials, for The Lawrence 
.\lemorial Royal . Military School, Nilgirio,. 
Indi:1, and another similar one for Bath­
hurst, \.ambia. The\' have reccnth· added 
tlw \Yestminster Chime Quarters. to the 
elo-:.:k at ~antwich Parish Church, and 
t horm1g-hly restored ancl aclclecl nn nclclitional 
dial 8ft. diameter to the clock at St. John's. 
Church, Coventr\'. 

The latest datC's for rcce1v-
Kew Watch mg watches at the British 

Trials. Horological Institute (35,. 
Northampton Square, Lon-· 

don, E.C. 1 ), for the next National Phvsical · 
Laboratory Trials are \Vednesday, · 15tR 
and Thursday, 30th :\fay, 1929. 

)I a 
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THE THEORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID . ROBERTSON, D.Sc., r-.LI.E.E. 

(Co11ti1111etl from page 240). 

SUPPOSE that we arc using a brass 
compensator, and that these tests show 
that the pendulum is over· compensated 

leaving- a positive temperature error ('f>/clt). 
If we cut a length off the compensator equal 
to 3,3ournm. x ('f../tlt), and replace it by an 
equal length of steel, we should reduce the 
temperature compensation by the right 
amount. \Vi th a zinc compensator, the 
amount to be remo\·ed would be exactly 
half the abo,·e. Fig. 34 shows such a two­
picce compensator. 

As the workshop process of adjusting the 
lengths can be carried out quite easily to 
a fraction of a mm., there is no difliculty, 
so far as that part of the business is con­
cerned, in reducing the temperature coetli­
cient of the rate below 1/10,000 s / d. per 
°C. The limit of accuracy with which the 
compensator can be adjusted is .thus tbe 
limit with which the above test can be 
carried out, and that in turn will he that 
at which other irregularities predominate 
over the temperature effects. Ob\'iously 
nothing is to be gained by getting the com­
pensator more accurate than that if we 
could do so, for the same irreg-ularitics 
which affect our test will also affect the 
time-keeping of the clock in use. 

Since it is always possible to employ a 
greater range of temperature for the test 
than will occur in use, there should be no 
great difficulty in making the temperature 
errors too small to be detected in compari­
son with other uncontrollable irregularities. 

As already poin~ed out in section 2;, 
when the bob is more expansible than the 
rod, a consiclerablc amou11t of compen­

1''ro . 34 .-Tirn-;>iue 
Te 111 pua titre c; om.· 

l•tnwntor. 

sation can be oh­
t:iinl'd hy supportin~ 
it below its e.g. 

1\Tam· of the old 
compensators make 
use of this fact. The 
oldest of all , and the 
most effceti,·c, is the 
mcreur\' bob im·entecl 
in 17i2 by (ieorg-c 
Graham (1673-1751), 

in which the mercury is carried hy a glas~ 
or iron container attached to the rod. 

\.Vith bob compensation, it is more con­
\'enicnt to estimate the expansion of the 
rod (when the top of the container is 
attached to the rod, as is usual with an 
iron container, the expansion of the con­
tainer down to the bottom of the mercury 
is to be reckoned in with that of the rod) 
to the bottom of the bob, when estimating 
the temperature errors, and then the cor­
rection is calculated from the expansion of 
the lower half of the bob. 

In millionths per deg-rec centigrade, the 
coefficient of cubir 'l l expansion of mercury 
is 182, but the s iewise expansion of the 
cdntainer causes an apparent reduction of 
2 x 12, leaving an effective \'alue of 158. 

Zinc bobs with wooden or iron rods have 
often been employed in this way. The 
wooden rod has a , ·crv small thermal ex­
pansibility, hut it al\\;ays shows changes 
in length with chang-es in the humidity of 
the surrounding atmosphere. In some old 
records of the author's for a pendulum 
with a wooden rod, there is a very marked 
difference between the winter season when 
the air has a low relative humidity because 
of the artificial heating of the college build­
ing, and the summer season when the 
relative humidity in Bristol is very high. 
\Vhen the fires were started towards the 
encl of September, the rate gradually rose 
for some weeks as the rod dried out, and 
it gradually fell again after the fires ceased 
in the spring. 

1:he first solid compensator was the grid­
iron pendulum invented in 1726 by John 
Harrison (1693-1776), who got over the 
difficulty of dealing with the great length 
of compensator required with the materials 
at his disposal (iron and brass) by dividing 
the Ieng-th into several parts, alternately 
iron and brass, placed sde by side. 

The same principle was applied later by 
Dent in a simpler form, by using concentric 
tubes of iron and zinc. Dent's arrange­
ment is to be found on the pendulum of 
''Big Ben.'' 
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The . invention of the nickel steel alloy · 
" invar," has made all these old methods 
-0f compensation obsolete, and as they are 
fully described in hundreds of textbooks 
there is no need to do so in detail here. 

An inter~sting example of the slowness 
with · which exact information travelled 
through a trade a century or so ago may 
be quoted. The author has a clock made 
n.early 100 rears ago ?Y a mak~r of con­
~tderable repute (Dobbte of Falkirk). But 
although over a hundred years had elapsed 
-since Harrison's invention, the brass in the 
" compensator " expands dmvnwards, and 
the iron upwards! 

32. Location of Tcmpcrat1tre Compensator. 

Chiefly because · it is more easily fixed 
there than elsewhere, the tcmpernture 
compensator is generally placed at the foot 
of the pendulum as in Fig-s. 33 and 34. 
But sometimes it takes the form of a ring 
flush with the outside of the bob inst.cad 
. of a tube at its centre, so as to enable it 
more quickly to follow the changes of air 
temperature. 

In the last three columns of Table III., 
the errors are collected into g-roups io 
accordance with the loeation of their causes. 
Of the total estimated error, -o. 190 s / cl. 
per °C. occurs at the top of the pendulum 
and + 0.087 at the bottom ; a compensator 
addecl to the bottom to make the total 
err'or zero would in<:rease the latter figure 
to +0.236. 

But a positivl' error at the bottom will 
only annul a negati,·c error at the top 
when the temperatures arc alike at these 
l\vo places, and there is a probability, 
rather than a mere possibility, that such 
will not be the cas•.:. 

Suppose the top to he 1 °C. a hove the 
mean temperature and the bottom to be the 
same amount belcw. \Vith this particular 
pendulum, plus a l·ompcnsator added bdow, 
the former would cause an error of -o. 190 
!'\/d., an<I the latter one of -0. 2~6, rnttkin~ 
a total of - o.4z6 s / cl. This is much bi~ger 
than any single item in the table, and 
indeed g-reatcr than the sum of all the 
items of one sign. Thus \·cry serious 
errors may be caused by quite sm:ill difft•r­
enccs of temperature hetwecn the top and 
bottom levels even when the compensator 
is quite accur:1te for uniform temperature. 

It is true that things arc somewhat 
exaggerated in this pendulum hy the stiff 
suspension spring, hut similar results not 

i;o \•ery much t11mallcr in 'amount will hold 
for any pendulum with a steel spring. 
Sealing the case does not affect this 
question, for although the air buoyancy and 
inertia errors are thereby wiped out, the 
error ·is only transferred to the compcn• 
sator at the same level. 

The ideal arrang'C.'ment would be to make 
the bottom and . top parts each have a 
positive error just sufficient to annul half 
that due to the expansion of the rod; a 
gradual change of temperature from the 
bottom to the top would then affect the rate 
very slightly if at all. 

Ll'aving- out the lift due to the bob, the 
sum of the items in 1·olumn 9 of Table 
III. is +36; adding · half the rod error, 
namely, ~ of -461 we get + 13. If the 
bob he supported 25mm., or 1 .oin. ab011e 
its e.g., the temperature error clue to the 
drop caused by its expansion will be - 13, 
and we haYc attained our desire at this 
encl o~ ·the pendulum . 

If the pendulum be run in a se:iled case 
we would have - 23 - 6 + a small positive 
allowance for the circular error, \\'hich we 
shall guess at + 41 giving a total of - 25; 
the bob should now be supported 48mm., 
or r .C)Oin., l1elow its c.,::. 

In either case, \\'e arc left with - 190 
-:?J, or -213 ms/cl. per °C. to be com­
pensated at the top of the pendulum, which 
will require ZiJmm. (10.8in.) of a ·brass­
invar compensator, or 196 mm. (7.7in.) of a 
zinc-invnr one. These amounts arc incon­
veniently . large, but with a suspension 
spring of elinvar, or even with a thin spring 
of steel, they will be reduced to lengths 
which can be quite readily dealt with. 

This desirability of getting the compen­
sator at the top of the pendulum emphasises 
the \'aluc of clinvar for the suspension 
spring, for that alloy not only reduces the 
total amount of compensation ncecled, but 
it brings it within the range which is easily 
dealt with at the top. 

Fig. 35 shows a simple way of arrang­
ing- a compcnsntor at the top encl of a flat 
rod. The head for taking the suspension 
spring is of invar and has two in,·ar cheeks 
projecting clown some way on each side of 
the invar rod. The checks and rod are 
slotted to take a slip of brass, or zinc, 
whose bottom end is supported in the 
bottom of the check slots, and ,,·hose top 
cnrrics the rod. 

The slot!'! should be a little lonr;:-er than 
the slip, which should fit sufficiently well 
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at the sides to make the whole thing oscil­
late as one piece, but not so tightly as to 
prevent the weig-ht of the pendulum from 
pulling everything- home lengthwise. 

J\s it is easier to make a new slip than 
to 1111 up one end of the slot in the rod, 
the first trial com1wnsator should be made 
shorter than is expected to he nccclecl, or 
the first test for the temp~raturc compen­
sation can be made without any compen­
sator. \Vhen tlw temperature error has 
been found hv trial, the correct length of 
compensator ·can he calculated from the 
data given, a new slip cut, and the slots 
lengthened to take it. 

ERR:\T:\. 
P. :qo, along-side Fig-. JJ, insert the words 

" of its expansion '· hel ween " excess " 
and " over." 

i\ new Booklet of the British Horo­
logical Institute has just been issued giving 
particulars of l\Icmhership, list of J\frmhcrs, 
etc. i\nv :'\'lcmhers or others interested 
may hav~ a copy on application to the 
Secretary at the Institute, 35, Northampton 
Sc1uare, London, E.C. r. 

• 
Practical . Column. 

By J. W. PLAYER. 

" T11e1t1 little incidents 1l'ill occur lfl'en in 
th• lH11e regulated work1ho111." 

Thia column 11 publlabed with tbe Idea of gt.tag: 
practical auiatance to watch repairers and odlen. 
who seek a solution of any dUlcalty they baw t• 
contend with. whilst at the same time the answers. 
to questions will be found of great Interest and· llelp 
to other readen. All questions aboald be addreaed 
to The Editor. Practical Column. Horologlcat 
Journal. Fulwood House, High Holborn, Lo ..... , 
W. C.1, by the 7th of the month for reply In tbe­
following month•• Journal. 

R E. G. NE\V:O.IACHER writes :-1 
• ha,·e an 8-day grandfather clock 

under repair which has so far 
beaten me to get in proper order. During 
the first four days it g-ocs all right, but 
when the \\'Cig-hts arc little more than half 
down it stops; this was the fa11lt when 1 
got it to repair. \\.hen I took it down I 
found_ the centre pi,·ot nt the back very. 
much cut and the pallets cut and other 
holes wide. I ha\·e now reduced ccntre­
pi,·ot and polished it, re-faced pallets and 
polished them brig-ht with reel stuff, bushed 
nil holt•s that were wide and cleaned all the 
clock, but still it stops when hnlf do\\'n. It 
is strang(' it goes when wound up. I 
thought there " ·oulcl he no difference as. 
regards the pull of the weight whether it 
was up or half up. \Vhat \\'oulcl you sug­
gest I can do? It has a recoil escapement. 

:111~/l'rr .-R. E. c;. is quite right in. 
thinking that the pull of the weight docs 
not Yary whate\·er its position may be, 
hut inlluences mav come between and 
interfere with the f~11l exercise of the pull. 
For instance, the g-ut may rub somewhere 
or it may hind in the barrel grooves, either 
h('causc it is not the right size or from 
,·ariation in thickness or because the 
grom·es themsclns arc in bad condition; 
hcsiclcs, manv of these clocks hm·c a date 
mechanism and show the phases of the 
moon, if this apparatus is not in free work~ 
ing order it may bind at some point and· 
so diminish the effectiveness of the power. 

I am inclined to think, howen~r, that the 
true cause is the proximity of the weight 
to the pendulum. The \\·eight and its cord 
in thcmseh·es constitute a pl'ndulum of 
sorts, and as the weight falls this unofficial 
pendulum begins to approximate in length 
to that of the real pendulum. If and when 
this happens, and if also the weight is sus-
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THE THEORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID ROBERTSON, D.Sc., i\Ll.E.E. 

(Co11ti1111ed from page 256). 

VI I. U1sTU1tU1m HA1tMox1c \'rnJL\'floxs. 

33. })jgf urliecl Harmonic Vibratio11s. 
Very often, as with a pendulum, a vibra­

tion is almost a true harmonic one, but not 
quite so, because of some force which does 
not follow the required law of being exactly 
proportional to the displacement. Such a 
dbration mav be termed a '' disturbed har­
monic vibration," and is most easily treated 
by looking upon it as a true harmonic 
\"ibration upon which are superimposed cer­
tain disturbing forces. 

Such disturbing forces mav be di,·ided 
into three g-roups :-

(<t) Discrepancy forces, being the differ­
ences between the actual controlling 
force and one strictly proportional to 
the displacement. Over a whole 
cycle, these forces neither impart 
eneq.,:·y to the vibration, nor abstract 
energy from it. 

(11) Frictional forces, absorbing- energy 
from the vibration. 

(c) Escapement forces, which on the 
whole g-i,·e cncrg-y to the ,-ibration. 

With a pendulum, we get forces in the 
first g'rDUp because the restoring- force is 
proportional to sin () instead of to 8. The 

· corresponding deviation is kno\\'n as a 
"circular" deviation, because it arises 
from the shape of th':! path of the C.g'. of 
the pl·nclulurn. If the e.g. be made to mm·e 
in a cvdoidal arc, instead of in a circular 
one, there would be no discrepancy forces. 

The circular de\'iation lies between 1 and 
40 seconds per day, accoraing to the ampli­
tude, but the forces causinf.,!' it are..not sub­
ject to erratic variations and consequently 
arc not a primary source of rate error. But 
as a result of changes of amplitude brought 
about b,· accidental changes in other forces, 
they a~e responsible for indirect errors 
which mav amount to 1 s.d., and which 
may be fa·r more important than the direct 
effects of such accidental changes. 

With a balance wheel, or a torsional pen­
dulum, as the factor sin 8/9 does not come 

in there is no true " circular " deviation. 
and it is commonly ·supposed that they are 
therc:fore free from errors due to change in 
amplitude. This supposition is entirely 
erroneous, for not only does it forget that 
the escapement de,·iations are modified by 
chang'c of amplit11de, both directly because 
the amplitude is a factor in their amount. 
and also indirect!~· because the timing of the 
escapement action varit's with the ampli­
tude, but it assumes that the material fol­
lows Hooke's law with absolute accuracy. 

Now, with a pendulum swinf.,!'ing- throug-h 
100 arc-minutes on each side of the centre. 
the~ maxin1um discrepancy force is only 
1/7100 of the restoring force. It is doubt­
ful whether there is am· material whose 
stress-strain ctir\·c agree~ with a straight 
line to this degree of accuracy, and it is 
certain that for most materials the dis­
crepancy is much greater. 

Consequently, elastically controlled vibra­
tions do ha,·e discrepancy deYiations and 
errors in their rate, which are almost cer­
tain!\· not less than the circular ones of the 
ordi.;ary pendulum, and which ha"~ the 
additional disad,·antages that there 1s no 
data available from which they might be 
calculated, and that there is . no certainty 
that they are not subject to erratic changes. 

The effects of air friction on the rate have 
alreadv been discussed in section 2 r, and 
the effects of solid friction and of the 
escapement forces will appear as we 
proceed. 

34. Constant Force. 
If a .constant force, F', act in the positi\'c 

direction, the equation to the motion 
becomes:-

or, 

where, 

"'o zx - F' _/ .'1+1J'!:r. / df.2 = 0 (34.01) 

,,,
0
z (x-F' / Jfrn0z)+d~x /dfZ=o 

t11 0
2 (x-!])+dZx f rlt 2 =o 

(34.02) 
(34.03) 

1J = F' / ;\f IJl0 
2 = fi' / k (34.04} 

· - This is a simple harmonic ,·ibration of 
the original frequency, but with its centre 
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displaced by an amount y in the direction 
of the force F. Thus, the application of a 
constant force ancl a change of zero are 
synonymous terms.* 

B 

H 

PIG. 3G.-:t1111lic11tio11 of 11 ConHtant Force, or Ch1111uc 
of Zero . 

The new \"ibration may thus be repre­
sented, as in Fig-. 361 by a vector O'X, of 
constant length X1, revolving with the ori­
ginal phase velocity (1) 0 about a point 0' 
in the reference line distant y from O~ The 
vector OX, drawn from 0, must conse­
quently \"ary its length and phase \'elocity 
in such a manner that the end X moves 
uniformly round the circle having 0' as its 
centre, instead of in one concentric with 0. 

The period is thus exactly the same whether 
the force is on or off, and its presence docs 
not affect the energy of the vibration. But 
as O'X is not, in g-cneral, either equal or 
parallel to OX, the appliciition (or remo\"ai) 
-0f the force will cause a change of energy 
and a loss or g"ain of phase referred to the 
uniformly rotating- vector. It causes no 
loss of phase at the ends of the swing-, and 
110 change of amplitude if it take place at 
the mid-point between 0 and 0'. 

\Ve thus see that it is only by changing 
the force acting- on the pendulum that 
energy can be given to, or taken from, the 
vibration, and that, except when it occurs 
at the end of the swing-, each such change 
will cause a loss or gain of phase. 

* II. R. A. ~!allock <lraws ::i.ttention to this fact 
on pai::e 509 of his p::i.pcr on " Pendulum Clocks 
and their Errors." (Rov. Soc, Proc. Ser. J\., Vol. 
85, pp. 505-528, 1911), but fails to deduce the im­
portant connection between it and the energy given, 
or absorbed, which is stated below. 

If the application of the force be instan• 
taneous, the change of the energy of the 
vibration, referred to the new centre, is also 
instantaneous, and does not wait until work 
can be done by the force acting through 
some distance. ~\t first sight, this state· 
ment appears to contradict the law that 
energy cannot be instantaneously trans­
ferred from one place to another, or trans­
formed from one kind to another, without 
the use of an infinite force or . its equivalent. 

But the stipulation that the force is to 
remain constant after it is once applied in­
volves the postulate that the agent which 
exerts the force must itself possess a store 
of potential energy which can increase 1md 
decrease as the pendulum swings to and fro. 

All that has been done by the application 
of the force is to label a portion of the 
original energy of the external agent as 
now belonging to the \"ibration, or vicr.­
ncrsa. There has been no physical transfer 
of energ-.:., but only a book-keeping entry 

. Gy-which so much energy is credited to one 
account and debited to another. 

This idea of adding to the total energy 
of the vibration is of the utmost value in 
~implifying- the calculations of escapement 
errors, and is enormously superior to the 
older methods, which in the past haYe often 
led to erroneous conclusions. 

Let the f orcc be applied at the instant 
for which the diagram is clra\vn, when the 
amplitude is OX= X, and the phase is 
IIOX =tf>. Immediately afterwards, the 
amplitude is <YX =X', and the phase rp', 
both referred to the new centre 0'. 

From the tri:rngle OXO' we have:-
"'~ ,... ~ ,. . ( ) .\. - = .\. - + y- - 2y.\. sm <f> 34.05 

Hencf! the incrc-ase of the energy of the 
\'ibration is:-
ll'. = 11.-X'!? - ~.kX!? (34.o6) · 

= ~tl• (y!?--::zyX sin <t>)=k!J Oy-x) (34.07) 
~ -1.·yX sin rp if y be small . (34.o8) 
= - FX sin '/I= .... pz (34.09) 

If the force be applied at the instant at 
which the displacement is x=!y, there 
would be no change of energy. Before that 
point there would be a gain and after it a 
loss. If the force be applied before that 
point and remO\·ed after it, there would be 
a gain of energy at both operations. 

Observe that the application of a force 
towards the centre increases the total 
energy of the vibration whether the motion 
:lt that instant be inwards_ or outwards, in 

-
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spite of the fact that in the latter case the 
force begins to abstract kinetic energy from 
the pendulum. Similarly, the application 
-0f a force away from the centre always 
diminishes the total energy. 

Now, any action whatever which disturbs 
the moti.on of the pendulum may be regarded 
as a series of applications of small forces, 
of which any one ell•' will add energy to the 
vibration of an amount:-

<HV.,= -dFX sin ip • (34.10) 
and the total energy gi\'en by them all is 
.obtained by adding all the little bits of 
·energy together. Expressed in the usual 
way, that is:-

W.= f <llV.= - f dFX sin ip (34. 11) 

35. LostJ of Phase u-ith tlie .·lpplicaiion of 
a Force. 

Except at the very ends of the swing, the 
application of a force in the same \\'av as 
the movernent will always cause a loss of 
phase, and the applicati.on of one against 
the motion a gain of phase. 

From the trigonometry of triangle OXO', 
we get:- · 

y /sin A.= X' /cos <f> (3~·01) 
\\lith the forces concerned in escapement 

:action, y / X1 is of the order of 10-3 or Jess. 
Consequently A. is a \'ery small angle, X 
.and X' are practically alike, as are also ip 
.and tfJ'· We may therefore write:-

A_ ,~ sin A.= (y / X) cos 1> (35.02) 
= (F/lcX) cos</> (35.03) 
= - (l-V.,/ kX 2

) cot'/> (35.04) 
= --!! (W.,/W.) cot 1> (J5.05) 

. \Vhere, 
WT= !kX2 =total energy of \·ibration (35.o(i) 
'U'e= --.-FX sin if>= energy added to vibra­
tion by the applicaticn of the force (35.oi). 

Equation (3.li·O~) applies when we ha\'c 
to deal with a definite force, but with 
·escapement . action the force has to be 
chosen to suit the selected phase of applica­
tion because a definite amount 0£ energy 
must be supplied to maintain the desired 
amplitude. One of the two next equations 
should then be employed. 

Note especiaUy that the loss of phase 
when a definite arnount of energy has to be 
given is proportional to the ratio of that 
energy to the total energy of the vibration. 
The same applies to the direct rate errors 
caused by accidental changes in the 
•escapement. 

Jn the general case, where we have a 
series of applications of small forces, dF, 
the equation for the loss of phase becomes: 

A.= f d>.=. J (dF /kX) cos <P (35.oS) 

= . - i J (clWe/W.) cot'/> (35.09) 

For a complete cycle, we ha\'e to take 
all values of I{' from o to 271', and the frac­
tional loss of phase is then A./271'. The rate 
deviation, when the same action is repeated 
c\'ery cycle is thus :-

.6. = -A./271' 

= - ( 1 /2rr) J:{tlF / lcX)cos <f> (35. 'lo) 

=(t/47r) J:{tZlV.,/lV.) cot tp (35.11) 

36. Cou.~ta11t Frictional Poree. 
Let there be a frictional force opposi-ng 

the motion of constant amount F. It wiU 
revei':c;e at the same instant as the motion 
docs at the end of · each swing; that is 
exactly when cp=90°, cos <P=.o, and x=X. 

But we ha\·e seen that a change of the 
force at the end of the swing cannot cause 
any deviation of the rate. Consequently, 
a constant. frictional force will produce no 
rate deviation \\'hatc,·er its amount, and its 
accidental \'ariations will cause no direct 
rate errors so Jong as it does not \'ary from 
point to point in a single swing. 

But accidental changes in the friction do 
cause \'ariations of amplitude, with the 

B 

Fro. 37.-Coiutaftt Frictionnl J.'orce. 
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result that they gfre rise to quite large in.; 
direct rate errors, by modifying the circuta·r 
deviation and the deviation caused by the 
escapement forces, and by altering the 
timing or the escapement actions. 

Fig. 37 shows an oscillation whose decay 
is brought about by a constant frictional 
force. The amplitude, measured from the 
true zero, gets continually less; the path of 
the end of the ,·ector is a series of semi­
circles whose centres are alternatelv at 0 1 

for the positive swing and 0" for th.e neg-a­
tive one. For. each semi-circle, the angular 
velocitv of its own radius is constant and 
equal to that of · an u11disturbed vibration ; 
consequently the phase ,·clocity of OX is 
not uniform. 

This vibration stops suddenlv the first 
time ·the full extent of the swing- is equal 
to or less than y, for then the friction is 
able to hold the pendulum at rest against 
the restoring force. 

Since the re,·crsal of the force is equi\·a­
lent to the application of a force 2F in the 
opposite direction, the energy removed at 
each reversal, that is during each swing, 
1s:-

3i· Circular Dnnialion and Circ11l111" Error. 
\Ve have already seen that with a pen­

dulum displaced through an angle (), the 
restoring torque is k. sin() instead of le(). 
Since the sine is always smaller than the 
angle, the restoring torque is thus smaller 
than one strictly proportional to the dis­
placement, and the deficiency increases as 
lhe angle is made g-reater. Consequently 
the rate must go down as the amplitude 
goes up, giving rise to " circular" devia­
tion, and if the running amplitude should 
c-liang-e from any cause we ha,·c a circular 
error of the rate. 

Since 
sin 8=8-83 /6 + ()·'/120-, etc. (3j.OI) 

and the angles employed with pendulums 
are small enough to permit us to neglect 
the last and higher terms, we rrtay write:-

F = l, sin 8= lc8- k83 /6 +,etc. (3j.02) 
=k8(1-8Z/6+, etc.) (37.03) 

These two equations express two different 
ways of dealing with the matter. \Ve can 
regard the vibration as a true harmonic 
one, whose restoring force (or torque) is 
lrfl, upon which is superimposed the dis­
turbing force kB3 /6. Or we may regard it 
as a harmonic vipration at each instant, 

but that its controlling " constant " varies 
from instant to instant according to the 
value of the expression inside the brackets 
in the last equation, the fractional deficiency 
below the Yalue at zero displacement being · 
()Z/6. 

(To l1r cm1ti1111r<l.) 

Practical Column. 
By J. \V. PLAYER. 

" These little incident• will occur ne1t in 
th• beat reoulatea workahopa." 

This column is published with the Idea of giving 
practlcsl assistance to watch rcpalren .... others 
who seek a solution of any dlllculty tbcy laavc to 
contend with, . whl11t at the same time tlle utwera 
to questlon1 will be found of great In.._. ... ltelp 
to otbcr readers. All questions sboa.. • ... reaed 
to The Editor, Practical Column, B ...... glcal 
Journal, Fulwood House, Hliih Holborn, London, 
W. C.1, by the 7th of the month for reply In the 
following month's Journal. 

Before continuing my remarks upon drills 
a_l!ow me to correct a slip I made in copying 

· -out the rough notes for my last article. In 
the r;arag-raph on P.218 beginning "Too 
long, etc.," the angl~ made by the two 
cutting edges should be 90° to 100° and not 
45° to 50° as I said. \Vhen the head of 
a drill is too long and :icute it tends to 
break through too suddenly and .stick fast 
and so runs the risk to be snapped off 
short. 

Last month I made th~ remark that the 
ordinary drill used by watchmakers with 
a bow is not a true cutter but a scraper, 
and could not be otherwise since it was 
used in both directions; this, 1 think, re­
quires some explanation. 

In the last resort all true cutters whether 
planing, boring or turning, are in essence 
wedges, and as such act by splitting off 
the material upon which they are operating. 
In planing, the angle which the front or 
cutting surface makes with the direction 
in which the tool is being forced depends 
upon the nature of the material being 
operated upon. As a general rule the softer 
the material the more acute the angle mav 
be ; in other words, the more rak~ or se't 
back from the right angle ·you can give 
the tool, the less force it requires · to 
split away the shavings. Compare now 
the different angles of the carpenter's plane 
and the cutter of a planing. machine shav­
ing off metal. In the case of the latter 
the acting f•ce of the cutter. is almost at 
right angles with the direction of the force, 
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body of such a person with a compass by So far as I know, though of course I may 
moving it up and <lown the arm and round be mistaken, these super-susceptible watches 
the wrist; it there is even a trace of mag- are wristlet watches; one does not hear of 
netism in the. bOdy it will deflect the needie pocket watches being similarly affected, 
either by attraction or repulsion . Another then get the wearer to carry it in his pocket 
test would be to sprinkle iron filings on for a time and observe the effect. 
some smooth paper and let the supposed My own opinion, for what it is worth, is 
humnn dynamo move his hands about under that the source of the trouble may be looked 
the paper; the filings would undoubtedly for in the unconscious nervous or rhythmic 
reveal the presence of magnetism by fol- movements of trye hand and arm of the 
lowing the movement of the hand. I need wearer; everyone knows how easy it is to 
hardly say that steel things like knives, modify the motion of the balance by certain 
keys, ring-s, etc., should be laid aside, lik·~ - movements of the watch, it might be that 
wise also the offending watch. when worn on the right instead of the left 

If the owner is still unconvinced why not wrist a different result would be obtained. 
Jct him carry a watch that is really non- i\s to the whistle heard from the speaker 
magnetic, that · is to say, one with no steel of a sensitive radio set on the approach of 
or nickel in the escapement or oalance arid certain persons, I have heard of the 
having a palladium balance spring, not a phenomenon, but not being a radio technical 

. ferro-nickel spring nor one of any other expert I do not feel qualified to discuss the 
steel alloy, very few or the watches so question. Doubtless, some of my readers · 
lightly termed non-magnetic are entirely have a much better acquaintance with the 
immune; they are nearly all liable to become subject and could say what it is that takes. 
magnetised, temporarily at anv rate. place within the set on these occasions. 

(To l>e continued.) 

THE THEORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID ROBERTSON, D.Sc., l\1.I.E.E. 

(Co11ti1111ed from pa~e 27+). 
The effect on the rate may be calculated 

hv either method; the former one is some­
~hat si1npler and fallows on the work we 
have just done, but the latter permits an 
approximate elementary· proof which we 
shall give first. 

The fractional diminution of control 
varies from zero at the centre to 0 2/6 at 
the end of the swing; the value at the mid­
time point is the same as the mean of these 
two values, namely, 0 2 /12. Now, a con­
stant decrease of cor.trol would gi,·e a nega­
ti,·e rate de,·iation whose amoupt is half 
the fractional reduction of control. 

But, in much the same way as the applica­
tion of a force does so, the mere act of 
decreasing the control on the outward 
swing, and also of again increasing it on 
the inward swing, causes a Joss of phase 
beyond that due to the fact that the phase 
velocity is afterwards less. Consequently, 
the circular dc,·iation must be greater than 
8'/24, as estimated from the mean reduc­
tion of control, but on the other hand it 

must be less that H~ / t 2 as gfren by the 
maximum reduction of control. The cor­
rect ,·aluc cannot, therefore, be very 
different from the mean of · these two, 
namely, f:F/16. As we shall see, that is its. 
actual value. 

From the other point of view, kfJ3/6, 
together with the smaller term.s which we· 
~hall neglect, is a disturbing force which is 
~uperimposed u~on what would otherwise 
be a true harmonic motion. Leaving out 
the higher terms, we may write for this 
disturbing force:-

I"d = Jdf'/6= J,; (8 sin 'f>) 3
..;... 6 (37.04) 

Since it is the change of the force which 
affects the rate, we must differentiate thus: 

d F d = ~J,;f)l sin:? ip cos tpdtp (37.05) 
Hence, from equation (35.08), the corre­

sponding portion of the loss of phase is:-

tlA. =(ti Fd / 1.-8) cos'/' (37.o6) 
= i8' sin2 t/J cos2 4'<llfl (37.07) 
= ( J /8) e~ sin2 2'fltl'fl (37.o8} 
= ( t / r(i)8 2 (I -COS 4tp) dlfi (37.09) 
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Hence, . . f ,,, ]2" A.= /A.=(1/16) e:: ['P-·t sin 4~ (') (37. IO) 

(3i· 11 ) = (2r./16) e:: 
But the cle,·iation 1s :­

Ac= - 1\f2r.= -fjZ/16 (37.12) 
arc-minutes )2 = - 52.&J x JO-" x (8/100 

(3i· 1 3) 
= -+56<J s.d. x (8/100 arc-minutesf 

(37.q) 
ThP. error clue to an accidental change, 

d0, in the amplitude is:-
60 = d b.c = - ( l /8} 8tl(~) = - (I /8) f) 2 (tlH / H} 

(37.i:;) 
= - 1 .o~8 x 10-" x (H/rno arc-minutes) 

x (d8/1 arc-minute) (37.16) 
= -0.0914 s.d. x (8/100 arc-minutes) 

x (d8/1 arc-minute) (37. 1 i) 
= - 105.8 x 10-" x (A/ 100 arc-minutes):! 

x (d0/8) (Ji· 18) 
= - 'J· q s.d. x (El/100 arc-minutes):! 

x (<18/<-!J) (37. 19) 

Fig-. 38 shows the amount of the circular 
dc,·iation for different amplitudes, and also 

~/d 

<J IOOt--....-..-..-..-...-..-........ ..-..-....-------.1~0 
§ rr 1 6, = 0' /16 .g ~ '° 
~ '30 i--+--+--+--+--+--+--+--+--.--i O. /dEl =eta ~ ~ ...: 
- ~~ 0 

·~ ISi 141 8Jkf9/S): 9'/e ~ ;! . :: 
0 80 ...,._...._.__.___~...,1-----.----- ~ .. 
~ 10&,/"1~1 ~~~ S.,/<d~71 {~: 
3 10 l---+--+-+--H-I-+--Jt--+-+-+--t--1f--l---Hz'-+---i <D ~ c3 

1 ~31 ~~ E>O 1 z 1-<5~ 
50 ---1-lL ____ lZ_.l._---.t 0·5 

I 1 _L 
40 t--t--tf--+1+-+...,I~+-+--+--t--+v-++-+--+-1-11 +-v"" o -4 

20 

'If IL ~ O·~ 
.1 .1 l.L v 12\ i..--
1 j_ L y~ ~Ida 0·2 
'If 't L » 

100 
0 

200 ATC.·minutt:..300 

AmP.hlude. e 
FIG. 38 .-·CircuZ,,r Dcd11tion 11111l Cirrnl11r Error. 

(1 I Circular de\'iation. 
(2) Cirl'nlar error for one nrc-minute chanire of 

"mplitude. 
(3) Circular error for 1 per cent. chan~e of nmplitude. 
<4) Same a11 HJ. to 10 times 111ricer 11cnle. 
~51 Sume UM (3), to HJ times luri:er aculc. 

t!lP. circular errors due to one arc-minute 
and one per cent. change of amplitude • 

In the absence of any exact theory as to 
the influence of the suspension spring upon 
the circular de\'iation and error, it is the 

·custom to assume that the above formulre 
can be applied to the ordinary pendulum ; 
strictly speaking, they should only be used 
when the path is a circular arc. 

The suspension spring certainly does 
modify 1 he path to some extent, . and it is 
supposed to do so in such a manner as to 
reduce the circular cle\'iation. But such 
1·xp<:rimental c\·iclcnce as is available seems 
to show that any such correcting influence 
is too small to be separated from the errors 
of experiment. 

The position of the balance wheel and of 
the torsional pendulum with regard to cir­
cular error has alreadv been discussed in 
section 33. 

38 . • OM11pe1w1fion of Circular Error. 
\\·e shall see later that the circular error 

caused by :in accidental \'ariation of escape­
ment action is usually considerably greater 
than the direct errors due to the same cause, 
:incl that circular error will consequently set 
the ultimate limit to the accuracy possible 
with pendulum clocks unless some satisfac- . 
tory de\'icc can be obtained for eliminating 
it. 

The in1portance of circular error has been 
rcco~hised from the very birth of the pen­
dulum clock, Huyg-ens himself having in­
vented a corrector for it. 

Huygens' pendulum was suspended by 
two cords, eqtii,·alent to a suspension spring­
of \'Cry g-reat flexibility. Cheeks of 
cvcloidal form were fixed on each side of 
the cords, so as to constrain them, when 
the pendulum is displaced, to take the cun•e 
of the cheek instead of lying along a 
straight line from the top to the bottom. 
Huygens showed that this would make the 
path of the e.g. take the desired cycloidal 
form, and also that with the cycloidal path 
the period would not yary with the 
amplitude. 

But the difference between the circular 
path and the ideal cycloidal one is invisibly 
!'mall with the amplitudes customary for 
dock pendulums. \Vith the simple pen­
dulum, the lift with a displacement .z along 
the arc is IJ(r-cos0)=~L82 (r-82/12+, 
1·tc.)=t(x:?/T.,)(1-8:i/12+, etc.). \\"ith the 
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same displacement, z, the cycloidal nrc 
gives a lift of iz2/L when the cycloid agrees 
with the circle at the lowest point. The 
former is less than the latter bv the fraction 
(PI 12, which 1s 1 / q 18o for 100 arc­
minutes. 

Now, with this displacement, the lift ol 
a seconds pendulum is 0.420 mm., and the 
<liff ercnce between the two arcs will only 
bt~ 0.420 mm.~ 14 18o. or 30 x 10-11 mm., 
but in spite of its. smallness it alters the 
rate by 4.57 seconds per day. 

Obviously, a small error in shaping the 
cycloidal checks, or in fixing them in posi­
tion, may very easily make much g-reater 
-differences in the Jc,·el of the e.g. of the 
bob, and so put Huygens' compensator 
quite out of action, and moreo\'cr, the f ric­
tion of the cords on the cheeks may cause 
greater irregularities of rate than thos1~ 
which the de\'ice is intended to remove. ..\s 
a result, the cycloidal checks ha,·e not sur­
vived the test of practical use. 

Verv manv people have tried to eliminate 
~ircul~r error bv son1e special shaping of 
the suspcn!iion ~pring, such as tapering its 
wi.dth or its thickness, or both, presumably 
with the idea of getting a better approach 
to the cvcloidal path. But the theories 
which guided them were extremely vague, 
and they mostly forgot the escapeme~t 
errors consequent upon a change of amplt­
tuflie. Nooe of these ha,·e been successful, 
3*l there docs not seem to be any g-oocl 
reason for any expectation of their success. 

.t\bout 1850, or slightly earlier, E. T. 
Loseby* tri~d another way with a t:erta~n 
amount of success. He fixed a spr111g 111 
such a position that it pushed the pendulum 
towards the centre whc:n the displacement 
to one side exceeded a definite amount. 
This spring- increases the rate of the pen­
dulum to an extent which gets greater as 
the amplitude is increased, because the 
spring is then in action durin.g a grea~er 
fraction of the tim.e. By a sut~ble cho1,ce 
of spring, and a suitable adjustn:ient of. its 
position by trial, he succC'ecled 111 getting 
a very small difference of rate when the 

~· S<·c " .\n .\ccnunt of th,-. l111rro\'f'llH'nts in 
Chronometns, \\'atclws an«I Clocks, hy E. T. 
I..o~hy." Hv J. J. Farmrr, Co\·1•ntry. (Printed 
hv lliffo & Sons, Ltd., Co\'l'ntry, n.d., hut after 
1969). The author is indl'htl'd to '.\fr. F .. Hopc­
Joncs for drawin~ his altf'ntion lo this dcv1cc and 
for tht~ loan of till' hook . 

clri\'ing weight was ·increased from 8 lbs. 
to 32 lbs., the amplitude being thereby 
raised from 82 arc-minutes to 162. 

He thus balanced one error by another, 
hut the two errors do not \'arv with the 
amplitude according to the ~ame law; 
ha,·ing- g-ot a balance for two different con­
ditions, as abO\·c, it would not remain right 
for intermediate conditions, nor if the ampli­
tude were ,·aried in some other way, such 
:as a change of friction. 
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Frc , 3!J.-Co11q1cns11tor for Circulnr Derintion. 

Fig-. 39 shows a form of coni.~ensator 
which has the· right law, and which has 
not \'et been tried so far as the author has 
been" able to ascertain. The bottom of the 
bob is tied to the frame by an extensible 
spring arranged to be in line with tl~e pen­
dulum at zero, and to exert no · pull m that 
position of the pendulum. 

As shown below, such a spring gives a 
positi\'c torque towards the centre whose 
rnriation with the displacement follows very 
closelv the same law as the deficiency. in the 
contr~lling torque which cau~es. the circular 
clc\'iation. The circular denat1on and th~ 
circular error can thercf ore be eliminated 
if a spring of the correct stiffness be 
employed. 

(To be co11tim1ed). 
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THE THEORY OF PENDULUMS AND 
ESCAPEMENTS. 

By Professor DAVID ROBERTSON, D.Sc., ~1.I.E.E. 

(Continued from page 295, fJol. lxxi.) 

38. Compensation of Circi1lar Err0r (con­
tinueci). 

duce errors of its own. But it seems not 
unreasonable to expect that the resultant 
error will be very appreciably less than the 

The correct spring gives a pull of the uncompensated circular error. · 
order of 5 millionths of the weight of the 
pendulum when stretched r mm. It is thus The following is the theory of this com-
a very light spring and should not introduce pensator. 
very Jarge errors of its own. The chief Let the point P on the bottom of the 
difficulty will be to prevent changes in the pendulum be anchored to the point Q ·on the · 
locat~on of the bott~m of the spring by frame, which is vertically under P when the 
warpmg or flexure of its supports. pendulum is at zero, by means of a spring 

The ends of the spring must not be pivoted, of such a length that it exerts no pull on 
as the friction of the pivots would introduce_ . the pendulum in the zero position. 
irrcgula~ities in. the rate, .but there would Let the radius to P be r, and the pendulum 
be ~o diffi~ulty m ~upportmg these e~ds by make an angle 6 with the vertical in the 
torsion wires which . woul~ pcrm1~ .the position shown. If the original and stretched 
necessary angular motion without friction. lengths of the spring be l and z, then from 

The diagram shows a helical spcing, but the triangle OPQ we have :-
some other form may be found better when z2=,.2+ (r+l)2-2r (r+l) cos e 
the device is more fully studied. =f?+ 2 r (r+l) (r -cos O) 

(38.01) 
(38.02) 
(38.03) 
(38.04) 
(38.05) 
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F10. 3'.>.-Compensalor for Circular Dtvlallon. 

There would be errors in the adjustment 
of the spring to the correct stiffness and in 
getting its zero set exactly right, and it is 
certain that the new attachment will intro-

·. l2+2r (r+l) (!62 -6•/24) 
(z-l) =(z2-z2H-(z+l) . . . 

=r { (r+l)/ (z+l) } 62 (r-62 /I2) • 

The torque exerted by the compensator 
IS:-

Tc=k. (z-l) (r+l) sin 0, 
=k. (z- l) (r+l) (r /z) sin 6 . 
=k, (r+l)2 { r / (z+l) } (r /z) X 

6~ (r-02 /r2) sin 6 
~k. (r+l)2 { r / (z+l) } (r /z) X 

02 (r-02 /r2) (6-6 3 /6) 
·. k, (r+l)2 { r / (z+l) } (r /z) X 

03 (r-!62) 

The gravitational torque is:-

(38.06) 
(38.07) 

(38.08) 

(38.09) 

(38.ro) 

-r,=iVlgL sin 6=MgLO (r-02 /6+6•/120) •• 
· · (38.II) 

and the discrepancy torque, 
-ri1= -AfgL (6•/6) (r-62 /20) . (38.r2) 

Negle<:ting higher powers than 61, the 
compensator torque will balance the dis­
crepancy torque if, 

J\.fgL6• /6=k. (r.f-l? { r / (z+l) } (r /z) 63 

(38.13) 
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Or, 

k.=(MgL /6) -H: (r+l) 2 { r / (z+l) } (r /z)] 
(38.r4) 

=:: (MgL /3)-H (r+l)2 (r /l) 2] (38.r5) 
taking z · .l. 

L may be taken as· r,ooo mm., r as r,200 
mm., and l as 200 mm., in which case k1 

is 4·7 X ro_. x Mg per mm. The pendulur:n 
Gr has a total mass of 5,100 grams; 1t 
would therefore require a ~ompensating 
spring whose c<mstant is about 24 milli­
grams weight per mm., or which would 
stretch 42 mm. with a weight of one gram. 

Since the above was written, the author 
has found that a similar device is employed 
in the Bulle clocks. The point P is above 
the bob, and the spring pulls upwards 
instead of downwards, but the same theory 
applies if (r - I) be substituted for (r + l). 
VIII. ESSENTIALS OF ESCAPEMENT ACTION. 

39. Essentials of Escapement Action. 
The horologist's ideal is a pendulum 

running absolutely free from disturbing 
forces of any kind ; because of the impo~si­
bility of eliminating friction, that idea can 
never be attained, and we must be content 
with the nearest practical approach to it. 

If the amplitude of the vibration is to 
remain . steady, the pendulum must receive 
energy from some outside agent at the same 
average rate as it is wasted by friction. 
Moreover, the pendulum must also give 
some sort of timing signal at regular intervals 
by which the flow of that energy is con­
trolled and the oscillations counted. 

There are thus two e5sential elements in 
the action of any kind of escapenH!nt, 
namcly:-

(a) The supply of energy to the pendulum. 
(b) A timing signal to time the impulses 

and to operate the counting mechanism. 

Both the frictional and driving forces 
cause deviations of the rate, as will also anv 
additional forces applied · by the timing 
device. Irregularities in the amount of any 
of these forces or in their timing will cause 
rate errors. 

With the pendulum in a scaled tank kept 
at reasonably constant ·temperature, air 
friction is not subject to change, but solid 
friction is very erratic and may easily rise 
to over twice its minimum value. If oil 

be used, it thickens ; if the surfaces be run 
dry they roughen. 

For an accurate clock, it is therefore 
absolutely essential that the solid friction 
be kept down !_o_a very small fraction of the 
total ; if the time-keeping is to compete 
with that of the best existing clocks, that 
fraction must be well under r per cent. 

This fact must be borne in mind when 
deciding upon the ·choice of the gas in the 
tank and upon its pressure. A reduction 
of the total resistance by employing a low 
air pressurr., or having an atmosphere of 
hydrogen, will make the performance worse, 
not better, if the result be to raise the 
proportion of the solid friction above a 
definite limit. This is often forgotten. 

\Vhen a clock is driven through gearing, 
changes in the friction of the train of wheels 
may cause large variations in the effective 
driving force, and thus bring about compara­
tively- large errors in the rate. Purely 
mechanical clocks which aim at a fair degree 
of accuracy must therefore employ some sort 
of gravity lever, or its equivalent, to prevent 
the variations in the driving train from being 
passed on to the escapement. 

40. l1f etlzods of Supplying the Energy. 
The f' nergy required to make up for that 

lost by friction can be supplied to the pendu­
lum in a number of different ways, such as 
the following :-

(a} Mechanically through sliding pallets. 
(b} Mechanically through rolkr pallets. 
(c) Mechanically through link action. 
(d} Mechanically through striking pallets. 
(e) Elri.stically through a spring. 
(f) By shifting the suspension point to and 

fro. 
(g) By direct electromagnetic action. 
Other methods are possible, such as by 

puffs of air or other fluid, by electrostatic 
forces, or by radiometer action, but none of 
these give any promise of being really useful. 

Most escapements repeat their cycle every 
swing, a few every second swing, and others 
every thirty, or other number of swings. 
So far as the pendulum is concerned, it is 
immaterial how ·frequent the impulses are, 
for ' the same energy has to be given over a 
stated time whether it be given second by 
second, or in a smaller number of larger 
chunks. 

The · rate errors remain exactly the same 
if we assume, as is reasonable, that the 
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· nount of the probable erratic changes in 
1e driving force is proportional to that 
.rec. 
For the subdivision of time, it is desirable . 

) have an impulse every beat, so that a 
; . umber of comparisons between different 
, locks can be made in a short time. But on 
1 he other hand a particular escapement 
may be capable of doling out the energy 
::10re accurately in large amounts than in 
~ mall amounts, or vice versa; or again, 
~tray effects due to wear, shake, springiness, 
de., might be less in proportion in one case 
than the other. 

·. In sP.ction 34 wc saw that energy was only 
given to the vibration when the driving 
force is changed. It is therefore convenient 
to clas.~ily escapements according to the 
nature of the change of the driving force 
during one swing. 

Some types of escapement give inter­
mittent action with sudden changes of force; 
others give a continuous change during a 
part, or the whole, of the swing. 

Those which change the force at onlv 
one point of phase in each swing are thus 
single-phase escapements. Exampfes of 
these will be given later. Others, such as 
the Graham and the cylinder escapements, 
;lpply and remove a force during each swing; 
these are two-phase escapements. 

Those with a greater number of sudden 
changes, or with continuous change, may be 
grouped together as polyphase escapements. 

4r. Sliding Pallets. 
In most mechanical clocks, the escapement 

operates through sliding pallets, of which 
<me Plcment is connected, either d~rectly 

Fro. 40.-Adton of Slldina Pallda.. 

. 1r through gearing, to the driving weight · 
· •r spring, and the other is attached to the 

pendulum or balance wheel, or connected 
to it by means of a crutch or lever. 

In Fig. 40, AB is the driven element and 
CD the driving one ; at the instant to which 
the diagram applies, the point E on the 
former is in contact with the point D oil the 
latter. 

We shall suppose that AB is a plane 
surface, and that it moves parallel to itself 
in the direction ££1, while the path of the 
driver is DD1.' Thus, when AB moves to 
A1Bl, E goes to E 1 and D to D1 • EN is the 
normal to AB through E. 

Let AB make an angle (3 with its own 
motion, and y with that of the driver, and 
the coefficient of friction be µ. 

F, the total force exerted by the dnver, 
is made up of the useful component Fn, 
normal to the surface, and the tangential 
co_mponent Ft=µ.F0 , which is required to 
balance the friction. 

During the movement from AB to A1B1, 

the useful work done by the driver is :-

Wu =F0 xEN =F0 XEE1 sin~ (4r.r) 
and that absorbed by friction is :-

W1=Ft x E1D1 
=µ. F n,X EE1 sin ('3+r) I sin y (41.2) 

Hence, 

W1/Wu=µsin ('3+r) /sin (3 sin y 
=µ(cot '3+cot y) 

The Efficiency of transmission is:- · 
-r,=\Vu/ (W0 + Wr) 

=l-:- { l+µ. (cot f3+cot y) } 

It is obvious that the more nearly the 
angles (3 and y approach 90°, the smaller 
will be the proportion of the work done 
against pallet friction. This amounts to 
the same thing as saying that there should 
be no more sliding than is absolutely 
needful. 

When the angles become 90°, the two 
motions are in line and there is no sliding. 
The pallets have now become striking 
pallets. As many mechanical escapements 
require to be timed by one pallet slipping 
over an edge on the other, it is obvious that 
some sliding is essential to the action of such 
escapements, and that striking pallets could 
not be used with this particular type . 

Striking pallets can, however, be employed 
with electrical methods of controlling the 
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impulse, and also with mechanical clocks 
employing some form of latch release. 

We may assume that the minimum co­
efficient of friction is o·r ; if then ~=60°, 
and y=30°, which are typical values, cot 
~=0·577, cot y=r732, and their sum is 
2·3r. Thus, in this case, the energy absorbed 
by friction during the impulse is 23 per cent. 
of the useful work done by the driver, and 
"J== 813. In addition, there is generally a 
considerable amount of friction loss at the 
pallets during the dead, or locking, period, 
and in the pivots of the escapement. 

As a rule, the total solid friction loss of 
such escapements exceeds the net energy 
given to the pendulum, and consequently 
they are quite · unfitted for accurate time­
keeping. 

The geometry of any particular escapement 
mechanism will involve a particular angle 
between the direction of the .two motions, 
ElED in the diagram. Since this angle is 
equal to r8o 0 

- (~+Y), it follows that 
(~+Y) is fixed for that particular design, 
and consequently any increase in ~ requires 
an equal decrease in y. 

To find the condition for least friction 
loss during the impulse, we must equate to 
zero the differential coefficient of equation 
4r4, thus:-

0=cosec2 ~d~+coscc2 ydy . (4I6). 
Or, since d~= -dy, cosec ~=cosec y (4r.7) 
Hence ~=y. (4r.8) 
We thus sec that the inclination of the 

impulse plane should be such that it makes 
equal angles with the direction of its own 
.motion and that of the driving point, but 
a moderate departure from this condition 
makes very little difference. 

\Vith escapements having an anchor, it 
is usual to have the two motions at right 
angles, which makes (~+Y) =90°. This 
would give 45° as the .best value for these 
two angles, giving 2·00 for the sum of the 
cotangents, as compared with 2·3r obtained 
above for the customary angles. The use 
of 60° and 30°, instead of 45°, thus causes 
an increase of the friction loss during the 
impulse of 15 per cent. of its own amount. 
As the friction loss . during the impulse is 
only a portion of the total caused by sliding, 
the above percentage would be two or three 
times smaller if reckoned on the total solid 
friction. Consequently it is · of no great 
importance. 

If the pallet drives the whee], as happens 

during recoil, the same equations apply, but 
w a is then the total work done by the 
pallet, and the energy received by the wheel · 
is Wa-W,. 

The efficiency is now :­
'IJ = (W'Q- W,) I wa 

= I-S& (cot ~+cot y) · . (41.9) 

(To be continued.) 

A new observatory, erected 
Mill Hill by the London University at 

Observatory. Mill Hill, was opened on the 
8th ult. by Sir Frank Dyson, 

the Astronomer-Royal. . 
Some time ago a 24in. reflecting telescope 

was placed at the disposal of the University · 
by Mr. J. G. \Vilson. It had been constructed 
for his father, Mr. W. E. Wilson, F.R.S., at 
his home in Ireland. It was the generosity 
of Mr. \Vilson that ma<le the observatory 
pos~ibJe. . 

The new observatory is completely up to 
date. Professor G. N. L. Filan, the director, 
and the observer, Mr. C. C. L. Gregory, have · 
acted as advisers to the architect throughout. 

The Wilson telescope has been adapted so 
that its clockwork can be re-wound by 
elcctricitv and the dome will also be rotated 
by clectri~ity. 

On certain days the public is to be admitted 
to the observatory, in parties of not more 
than r2. 

~ 

The ancient striking clock of 
Glastonbuey's Glastonburv, in St. John's 

Clock. Church tower, has recently 
broken down completely, 

after over 300 years of service. 
The clock is unusual, being without a face 

and hands extemallv, owing to the con­
struction of the handsome tower not per­
mitting of the customary features of a public 
clock. 

For some years the works of the time and 
striking apparatus, a ting-tang arrangement, 
have been kept going with wire and string 
ties . . 

Repair proving to be impossible, the 
churchwardens issued a public appeal for 
subscriptions to provide new works. . 

The appeal has now been withdrawn, Miss 
Rocke, the Lady of the Manor and Hundred 
of Glaston Twelve Hides, having generously 
come forward and offered to provide a new 
apparatus with Westminster chimes, at her 
ownoost. 
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THE TH.EORY OF PENDULUMS 
ESCA·PEMENTS. 

l\ND 

By Professor DAVID ROBERTSON, D.Sc., M.I.E.E. 

(continued from page 54.) 
-!2. Pallet and Ruller. 

By replacing the sliding plane by a roller, 
the friction is shifted to the pivot of the roller, 
where the sliding is much less and the friction 
loss is correspondingly reduced. 

Let us suppose that the driving point is 
constrained to move in a vertical line, and 
that the component, in that direction, of the 
force it exerts is constant. The constant 
vertical force is commonly derived from a 
weighted lever. Further, let the pivot of 
the roller move in a horizontal line, ~ind let 
the effects of the inertia and weight of the 
wheel be negligible. 

Mahon or 
i pH1ot · 
' c.@ntn. 

Monon ct 
dri.uing 
POL'Tlt. 

Fie .. p .-A ct ion of Pallt( and Roller. 

In Fig. 41, the driving point is at P, where 
the radius OP makes an angle 6 with the 
vertical. If there were no friction, the 
force F would act along the radius. But the 
friction resists the rotation of the roller with 
the torque :-

-r = µ F X r = F X (µr) - (42.1) 

where r is the radius of the pivot and µ the 
effective coefficient of friction for the bearing. 

Since the driving force must balance this 
torque, it will not pass through the centre 
of the roller, but at a distance µr below it. 
Thus the direction of F will touch the dotted 
circle whose radius is µr, and it will make· 
an angle «with the radius OP, where :-

« = tan-1 µr /R (42.2) 

Since R, the radius of the roller, is made 
much greater than r, the angle ix is always a 
very small one. 

The vertical and horizontal components of 
F, are F., and F1a; the former is supposed 
to be constant, and the latter must therefore 
vary with the position of P so as to keep F 
tangetial to the dotted circle. From the 
diagram we see that :-

F = F., sec (0 - «) (42.3) 
If the action begin at P 1 and end at Pb 

whose angular positions arc 01 and 62, the 
total work done is :-

Wt = F.,R (cos~01 - cos 62) (42.4) 
and 1J1e energy absorbed by friction is :- ·. 

J
01 JO: 

TV,= ~~-LO = µrF sec (0-ct) do. (42.5} 

= µ.rFv logt [tan 

(45° + !01-~ct)J 
Hence, 

(42.6) 

W, /Wt= µ(r JR) log( [ditto J ..;- (cos01 

cos 01) (42·7) 
In the particular case where the action 

begins at the top and ceases at the horizontal 
radius, this becomes :--

lVrf lVt = µ (r/R) logE [cot ! ct cot (45° -

~ct) J (42.8) 

= µ(r JR) logt (2R Jµr) (42.9) 
because cc is small enough to permit us to 
write cot (45°--"!ix) =cot 45°=1, and cot !at 
=2 cot ex = 2R fµ.r. 

Let us take µ=o.r, as before, and r JR = 
l /50. Then 2 R Jµr=r,ooo, =whose natural 
logarithm is 6.91. This gives 

W, JWt=6.91 Jsoo=r.4% (42.ro) 
A pivot, or other means of constraining it; 

will be required to guide the driver along th~ 
desired path. This will add a little more 
to the friction loss and bring it up to say 
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1.5%. This is not quite up to the standard 
set in section 39, but is not far from it. 

The pallet and roller have thus very little 
friction, but sufficient to set a definite limit 
to the accuracy of time-keeping attainable, 
and they_ have a slight handicap in another 
direction. 

Since the force applied to the pendulum 
acts outwards, its gradual increase during 
the impulse abstracts energy from the vibra­
tion in spite of the fact that the kinetic 
energy is being increased. The removal of the 
force when the pallet falls clear imparts 
energy to the vibration, and the amount so · 
given must exceed that required to maintain 
the vibration by the amount previously 
taken away. Thus, the gross energy handled 
by the escapement is much greater than the 
net energy given to the pendulum. 

Now we shall see later that the magnitude 
of the probable rate errors due to erratic 
changes in the forces or their timing, is 
proportional to the gross amount of energy 
handled, irrespective of sign. On this score, 
the pallet and roller escapement is not so 
good as one which always gives energy and 
never takes any back. 

Nevertheless the pallet and roller arc 
employed in the Shortt free pendulums, as 
constructed by The Synchronome Coy. Ltd., 
and these are far and away the most accurate 
time-keepers yet made. They have a ratio 
of nearly 50 for the radii of the roller and 
pivot, and so the numerical results given 
above will apply approximately to them. 

The link of the link escapement may be 
regarded as a roller which never goes out of 
action and which can transmit pull as well as 

- push. Because of the coritinuous action, it 
has a much bigger friction loss (about ro 
times) than the roller, and is therefore less 
suited for primary clocks. 

But it lends itself to partictilarly effective 
methods of automatic control by the Post 
Office Time Signals from Greenwich.• 

43. 1lf aintenance by Direct Spring-Action. 
Clocks in which the driving force is given 

by a spring through the agency of pallets do 
not fall into this class, but into that which 
includes the type of pallets they employ. 

But a few escapements supply the energy 
through a spring without the intervention of 
pallets, and so avoid most of the friction 
associated with them. In such escapements, 

•See paper already cited on page 128, vol. LXXI. 

the energy to be given is first stored as strain 
energy in the spring and its amount is defin­
itely determined by the strain imparted to 
the spring. 

The simplest escapement of this type is 
· the one due to Mallock which will be described 
in the next chapter. In it, two light springs 
connect the ends of a horizontal ann attached 
to · the pendulum to those of a rocking hori­
zontal bar pivotted on the frame and rocked 
up, or down, by electromagnetic means at a 
definite point on each swing. 

Riefler employs the suspension spring itself 
as a means of conveying the energy to the 
pendulum. The chops carrying the suspen­
sion spring are not fixed but are carried on a 
vertical rocking lever resting on knife edges 
in line with the pivotting point of the 
pendulum. 

As the pendulum swings out from zero, 
this lever goes with it owing to the reversal 
of the torque on the spring, which formerly 
held __ it against a stop. After a certain 
amount of movement in this way, an escape­
ment connected to the lever is released and 
forces the lever quickly back to its normal 
position, where it is held until the next 
operation. · 

In this way, a definite amount of energy is 
stored in the spring at each operation and 
serves to keep the pendulum going until the 
next. 

With direct spring action, no friction 
losses are necessarily involved in the act of 
transferring the energy, but with Riefler's 
device there is some friction loss at the knife 
edges and in the escapement which are essen­
tial parts of his arrangement. Nevertheless, 
his clock is the best purely mechanical clock 
which has yet been devised and held the 
record for accurate time-keeping until the 
advent of the free pendulum. 

44. .'1 aintenance by .~fovement of Suspension 
Point. 

It is quite a common experiment to get 
up a vibration of a simple pendulum by 
moving the top of the string to and fro, 
but so far as the author can ascertain, this 
principle has never been applied to a clock 
pendulum. 

Yet there is little doubt that it is the 
best of all methods for supplying the energy, 
for it is inherently devoid of friction so far 
as the pendulum is concerned. There must, 
of course, be some friction in the apparatus 
for moving the suspension point to and fro, 
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but the energy so absorbed is not taken 
from the pendulum either directly or in­
directly by ab~traction from the !;tore which 
would otherwise be passed on to the pendu­
lum; it simply increases the work to be 
done by the agent which causes the to and 
fro motion without affecting the amount of 
energy which reaches the pendulum. 

The only way in which that friction can 
possibly affect the rate of the pendulum is 
by altering the time which elapses between 
the arrival of the timing signal which controls 
the movement and the completion of that 
movement. 

This elimination of solid friction removes 
entirely one of the main sources of erratic 
variations in the rate of the pendulum. 

The driving force is derived from the 
forces controlling the vibration, which in 
the case of a pendulum depend mainly 
upon its weight, and to a small extent upon 
the suspension spring. As we shall see later, 
the amount of the force depends upon the 
ai:nount of the movement of the suspension 
point, and the energy given depends also 
upon the position of t he pendulum at the 
instant at which the movement occurs. 

In the next chapter details are given of a 
simple escapement working on this principle, 
which the author has devised and is now 
constructing, with the aid of a grant from t he 
Colston Research Society. It is believed 
that with this device the number of possible 
sources of erratic variation has been reduced 
to the absolute minimum, and that the two 
which arc left can be so controlled as to give 
a performance appreciably b;tter than even 
the wonderful results now being obtained 
with .the Shortt free pendulum. · 

What is essentially the same principle 
has been applied to " free balances " for 
chronometers by Robert Leslie (1793), Gow­
land (1849), Benoit (1853), Hillgrcn (1882), 
and Riefler (r889), but as these are mechani­
cal c~·capements, rnme fr:ction is unavoidable 
in the locking device.* ... 
45. Direct Electromagnetic Action. 

In this class are included all methods of 
driving the pendulum electromagnetically 
without the intervention of pallets. Such 
have an electromagnet, or ~olcnoid, acting 

• For descriptions and illustrations of the:1c 
escapement!!, see pages 144-148 of R. T. Gould's 
delightful book, Tlte Marine Chronometer (Potter, 
London, i923). 

on an iron core, a pe~manent magnet, another 
solenoid or electromagnet, one member being 
attached to the frame and the other to the 
pendulum. 

The electric current is made and broken, 
or reversed, at the proper instants by con­
tacts controlled by the pendulum. 

There are a great many devices of this 
kind, but it docs not seem probable that 
any such driving mechanism will ever pro­
duce a clock of the .highest accuracy ; the 
variation of the driving force with the state 
of the battery is far too great. 

To be appreciably better than the best 
existing clocks, the irregularities of the rate 
must be kept down to one or two milli­
seconds per day. Under the most favourable 
conditions, this would entail a constancy of 
the driving force within a few parts in ten 
thousand, and there is no means of keeping 
the battery comtant, dav after dav, to 
anything like this degree.· A constan-cy of 
S per cent., more than lOO times rougher, 
would . need continual attention and be 
costly in maintenance. 

Recently Max Schuler* has described a . 
" free " pendulum employing a very neat 
form of direct electromagnetic drive, and 

~ he proposes to get over this difficulty by 
keeping a continuous photographic record 
of the amplitude and applying a correction 
accordingly. For the accuracy mentioned 
above, he will have to estimate his mean 
amplitude correct to within one second of arc. 

46. The Impulse-Timing Signal. 
By some means or other, the pendulum 

must control the timing of the escapement 
action ; this impulse-timing may be done · 
by purely mechanical action, or some 
electrical device may be employed for the 
purpose. 

In most cases, the escapement action is 
directly controlled by the pendulum, but 
in some, such as the Shortt free· pendulum, 
it is done indirectly through the agency of a 
second pendulum which is itself controlled 
by signals from the main pendulum. 

The following methods are available for 
getting the impulse-timing signal :-
JV itli mechanical release. 

(a) Pallet slipping over an edge. 
(b) Pallet lifting a <letent. 

• " Eines neues Pendel mit unverandlicher 
Schwingungszeit." (Zeits. fur Physik., vol. 42, 
part 7. pages 547-554. April, 1927.) 
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1 Vith . electromagnetic release. 
(c) Solid electric contacts. 
(d) Mercury contacts. 
(e) Sparking across a gap. 
(j) E.M.F. induced in a coil. 
(g) Electrostatic induction. 
(h) Beam of light and a photo-electric cell. 
(i) Beam of heat and a thermopile. 
With purely mechanical methods, rnme 

slipping is an essential feature of their 
action and there mmt const:quently be 
more or less solid friction. The objections 
to this friction have already been discussed 
in section 39. 

In addition, further irregularities arc 
caused by wear of the pallet surfaces, and 
hy end shake when these surfaces are oblique 
to the spindles. These cause a change in 
the position of the pendulum at the instant 
of release, and therE by cause errors in the 
rate . 

The mechanical clock has been developed 
hy skilled craftsmen and students of the 
theory for well nigh three centuries, and 
has now reached a stage of perfection at 
which further important improvement seems 
unlikely. The best mechanical clocks give 
an accuracy amply sufficient for ordinocv 
purposes, but arc far behind the best electric 
clocks and are likely to remain so. 

47. Solid Electric Contacts. 
To make a good electric connection with 

solid contacts, the pressure should not be 
less than IO grams weight, and more is to 
he preferred.• From the electrical point 
of view, it is also desirable to make the two 
1·lements of the contact rub over one another, 
hut where accurate time-keeping is required 
this would be absolutely inadmissible when 
the energy so wasted is derived from the 
pendulum, or from the ~. tore which would 
otherwise be passed on to the pendulum in a 
definite number of impulse~. 

For a reliable make and break, the move­
ment whilst the pressure is on could~hardly 
he less than 0.1 mm. ; the very lea~t amount 
'1 r energy which would suffice to make a 
1 · <~rtain electric connection with solid con-. 
tacts is thus of the order of mo ergs, which 
i-; more than what the pendulum would 
1·rquirc to keep it swinging with an ampli-
1 ude of 100 arc-minut~~. 

•But Mr. E. C. Atkinson tell!! me that he has 
.ucceS!lfully run a contact for two years with :i 

>ressure of about 0.2 gram weight, the current 
.icing just over 1 milliampere. 

If this energy be taken from the pendulum, 
and is wasted, that supplied by the escape­
ment must be correspondingly increasal, 
and would thus be several times that used 
by the pendulum itself. The probable 
escapement errors would be magnified to 
the same extent. . 

But in addition to this, the contact forces 
would themselves be subject to t:rratic 
variations, both of amount and of timing, 
and would give rise to an entirelv fre~h series 
of errors greater than those ·due to the 
escapement itself. 

Such an arrangement is thus quite unsuit­
able for a clock where great accuracy is 
required. 

If the enugy be rt turned to the pendulum 
on the backward stroke, the escapement 
errors would not be magnified, but the 
additional errors would remain. 

Matters are very much better when the 
contacts serve also as driving pallets, because 
then_the driving forces are also the contact 
forces. As no additional forces are needed 
for the contacts, the additional errors due 
to contact forces arc eliminated. Difficulties 

. arise from the fact that the forces which are 
sufficient to maintain the vibration are too 
small for a reliable contact when an impulse 
is given evuy second. . 

(To be continued.) 

ERRATA. 
. In equation 41.1 on page 53, the work done 

whilst the plane moves through the distance 
E'N parallel to itself was omitted. This and 
the subsequent equations should read :-

W11 = F" X EN - Ft X E1N = F 11 X EN 
(r - µcot f3) (41.r) 

W 1 =Ft X E 1D 1 =Ft X (E 1N + ND1
} 

= µ F 11 X EN (cot ~ + cot 'Y) (41.2) 
(W11 + W1) = F 11 X EN (1 +µcot y) (4r.3) 
Wrfll'11 = µ (cot ~ + cot y) -:- (r - µ 

cot f3) . (41.4) 
Tl = W 11/(W11 + W1) = (r - µcot ~)/(r + 

µcot y) (41.5) 
During the recoil, the efficiency is:-
TJ 1 = (r - µ cot y)/ (1 + µ cot f3). (41.9) 
The percentages quoted in the top para-

graph of page 54 should be corrected to 25 % 
and 80%. Equations 4r.6 to 41.8 also 
require alteration, but the final numerical 
result is only slightly affected. 
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THE THEORY OF PENDULUMS 
ESCAPEMENTS. 

AND 

By Profes5or DAVID ROBERTSON, D.Sc., M.I.E.E. 

(Continued from page rr9.) 

But there arc errors due to alterations 
in the phase of the contact due to wear. 
Owing to the action of the current, even 
when that is very small and the contact 
faces arc of platinum, and there is no visible 
sparking, the surfaces roughen and wear 
more rapiclly than they would if the current 
W<'fe absent. 

To reduce the wear of the contacts to a. 
minimum, all magnets should be shunted 
by non-inductive resistors, and the contacts 
should have in parallel with them a con­
densor in series with a damping resistor. 
The shunts should have a resistance of 
about four to five times that of the coil 
they shunt, which would limit the momentary 
voltage rise across the · coil to four or five 
times the normal. 

The condensor may have a capacitance 
of one or two microfarads, and its damping 
resistor a resistance about the same as the 
remainder of the circuit. When the con­
tacts arc open, the condensor is charged to 
the supply voltage, and it is discharged 
through the contacts when they close. 
Without a damping resistor, this discharge 
current may momentarily be very large, 
and practically all the energy stored in the 
candensor is spent in heating and burning 
the contacts. With a damping resistor of 
the value given, the discharge current is 
restricted to the normal current carried by 
the contacts, and the energy is spent in it. 
At the same time, when the contacts first 
open, the main current can continue to 
flow via. the condensor . without the voltage 
across the contacts exceeding that ..pf the 
supply. . 

That the condensor discharge can do a. 
surprising amount of damage is shown by a 
recent experience of the author's. An 
experimental pendulum makes contact every 
second for its own maintenance, and takes a 
current of o.r ampere from a 40 volt storage 
batkrv. The magnets arc shunted by a 
non-in.<luctive resistor of about five times 
the coil resistance, and the contacts by a 
condensor of 2 microfarads in Sl'ries with 
'.1hm1t TT ohms. Nevcrthf'lcss, in the course 

of 16 days, new platinum contacts were 
badly damaged, the positive one having 
grown a pip about t mm. high, and the 
negative one a pit of about the same depth. 
On raising the damping resistor to 500 
ohms. the trouble disappeared, and no 
appreciable wear occurred in a month. 

The effect of a given amount of wear on 
the impulse-timing depends upon the 
velocity with which one contact face is 
moving relatively to the other just before 
they strike, but even with the best designs a 
very small amount of wear will result in 
an appreciable change of rate. 

To give an example, with the author's 
link escapement a wear of only one mil will 
cause a rate error of about I s/d ; although 
the contacts arc of platinum, the current 
through them only 6o mA~ and the circuit 
is provided with discharge resistors for the 
magnets and a condensor in series with a 
damping resistor across the contacts, these 
arrangements being so effective that even 
in the dark there is very little visible sparking, 
yet erratic changes of rate of several tenths 
of a second per day occur from time to time 
because of changes in the contact surfaces; 

This fact, and the friction in the pivots, 
constitute the defects of this particular 
escapement. 

Most electric pendulums combine the 
contact and driving forces. There are very 
many such devices, beginning three quarters 
of a century ago, but only a few names need 
be mentioned :-Lias (1854), Tiede and 
Knoblich (1867), Gill and Cottingham (1880), 
Hope-Jones (1895). 

Hope-Jones impulsed the pendulum every 
half-minute only, and to him must be given 
the credit of making the electric clock a 
sound commercial article instead of a 
laboratory instrument. · 

In the Shortt free pendulum (1921) the · 
arrangement is slightly different. The 
release of the gravity 1ever which maintains 
the motion is timed by a contact on a second 
pendulum, which is itself controlled by the 
main pendulum through an electric contact 
which is actuated by the gravity lever after 
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it has fallen clear of the roller on the pendu­
lum. 

When released by the slave pendulum, 
the lever pallet falls on the top of the roller 
when the main pendulum is at the centre of 
its swing; and the subsequent changes in. the 
driving force are controlled by the motion 
of the roller away from the pallet, being 
timed by the changing inclination of the 
radius to the point of contact. 

Since the driving force with the pallet 
near the top of the roller is very small, and 
in any casP. the application of a force· when 
the pendulum is close to its central position 
produces but little deviation of the rate, 
the effects of slight variations of phase 
difference between the two pendulums arc 
not appreciable. 

48. Mercury Contacts. 
Mercury contacts have the great advantage 

that the forces which they require arc 
several hundred times smaller than is 
necessary with solid contacts, and these 
forces are less subject to erratic variations. 
But mercury contacts have difficulties of 
their own. 

~ 

They may take the form of flying contacts, 
dipping contacts, or tilting contacts. 

The flying contact (sec Fig. 42) consists 
of a globule of mercury projecting above the 
rim. of the containihg vessel so that a ncccllc 

Fig.42.Flying 
MeTCll.Ty Con ta.ct. 

Needle.. 

point moving horizontally can touch the 
mercury without fouling the container. 
Such contacts cannot permanently give a 
very high · degree of accuracy of timing, 
because the surface struck by the point makes 
but a small angle with the direction of 
motion. 

A smaJl change in the relative levels of 
the mercury and point, which might be 
caused hy loss or oxidation of the mercury, 

by wear of the point, or by change in the 
frame which locates the container, would 
cause a much larger change in the position 
of the pendulum when contact is established. 

This is discounted to some extent by the 
fact that such contacts can be placed at the 
bottom of the pendulum where the velocity 
is a maximum, which is not possible with 
other forms of mercury contact. 

But the flying ·contact is liable to throw 
off small droplets, with the result that the 
m(tal g£:ts into all the places where it is 

Ftg. 43,0iP,ptnqz 
Me.rcury Contact. 

Dippu. ~ 
i 

most objectionable, and the level untimately 
falls so low that the contact fails. It is 
quite possible to arrange a simple pump, 
operated electrically one stroke at each 
impulse to the pendulum, so as to refill the 
container at each stroke, but this compli­
cates matters. 

A modification of the flying contact 
consists of a horizontal jct of mercury 
directed across the path of the needle. The 
contact surface is now perpendicular to the 
motion of the needle and the accuracv of 
timing improved. But it seems very doubt­
ful whether the gain would be sufficient to 
warrant the extra complication and expense, 
to say nothing about the scattering of the 
mercury. 

The dipping contact (Fig. 43) 'is much 
better than the flying one, for the motion 
of the dipper can be made normal to the 
mercury surface by having the latter level 
with the pivotting point of the pendulum, 
and the walls of the containrr can be mndc 
high enough to prevent any loss of mercury. 

But even this arrangement does not give 
absolute constancy of the position at which 
<•lectrical connection is made because . of 
dust on the surface of the mercurv and 
oxidation and wear of both mcrcucy and 
dipper. 

(To be contt'nrted.) 
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TI-IE THEORY OF PENDULUMS 
ESCAPEMENTS. 

AND 

• By Professor D:\ VID ROBERTSON, D.Sc., M.I.E .E. 

(Co11tinuecl from page 140.) 

Tests show an \lllCl'rtainty in the position 
of contact of the order of o. i mm. chw to the 
tilm on the surface of the liquid. In fact, 
it is pos~iblc for the dipper to drpress the 
surface suffici<'ntly to produce a visible 
1limpll' without getting electrical connection, 
and to get electrical connection without 
any visible signs of contact. · 

:\n amalgamated dipper is much superior 
to a dry one, and it is expected that with a 

impossibk 11nlcss both dectrodl's can be 
fixed together. This giws a contact which 
is made by tilting in one direction and broken 
by tilting in the opposite way. 

With such l'ndos('<l contacts it is always 
advisable to fill the tube with hydrogen, or 
some inert gas, in order to prevent oxidation 
of the mrrcury and of the dippers, if such 
be used. 

In the tilting contacts available com-

Ftg.44 Robe:rt$on TiltLng Me:rcl.lry Contact. 

Lei~__Dippu Termi.na.l. Right Di.ppe.r Tum\.n~l. 

ilUng TlAbe. Sea.le.d when comple.te.. 
Eq_u..Q\l~tnq Tu.be.. conta.\.ni:ng H~d.rogen. 

Piuott(ng P~of P~ndulum. 

_common Te:tmt n G.l . 
Pre. 44.-Robertson Tilting Mercury Contact. 

well amalgamated platinum point, protected 
from oxidation, and kept free from dust, a 
wry high degree of permanence of the mean 
position of contact can be obtained, although 
there may be minor var~ations between 
individual dips. 

With a " dry " point, the surface tension 
makes the particles of dust collect round the 
point of the dipper, but witfr. an amalga­
mated (" wet ") surface they are driven 
away from the dipper. 

For a permanent contact, the dippers 
must be of platinµm or iridium, as no metal 
which can dissolve in the mercury may be 
employed. Iron and steel satisfy that 
condition, but they do not amalgamate 
and give a much more erratic connection 
than platinum. 

Troubles due to <lust can only be elimin­
ated if the mercury be sealed up, which is 

merciallv, which are used for certain time 
switches and other devices, one electrode 
is in a little pool of mercury near one end 
of the tube and the other connects to the 
main mass of mercury. When · the tilt of 
the tube is sufficient, the two pools of 
mercury come together and complete the 
circuit. It is quite fascinating to watch the 
way in which they immediately coalesce the 
instant contact begins. 

Unfortunately with this type of contact, 
the amount of reverse tilt needed to separate 
the mercury again is greater than the angular 
motion of the pendulum, and so it cannot 
be applied to our particular purpose. The 
author has, therefore, constructed one to suit·. 
our needs. · 

A diagram of this contact is given in Fig. 
44 ; two dippers are scaled into glass bulbs 
connected by two glass tubes, and have a 

.. ·. 
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common pool of 1111 rrun· in till' lowl'r t11hc 
a11tl hotto111s of th1· ·lllllhs. Thi· whoh· 
glass construction is attaclu cl to tl11· 1wnd­
ul11111 h1 tWl'l'n twin rods, with 0111· h11lh on 
l'llt'h sidl' of th1· cl'ntrl'. 

Aj>proximatdy, thL· kwl of th1· llll'rcury 
in the two bulbs rl'mains constant as the 
1wndulum swings to and f n~ ; thC' <lippl'rs 
thus act Vl'ry 1warly as if the mercury had 
bl'l'll supported from the frame inskad of 
from the pL·ndulum. 

The contacts arc of platinum, the gas 
hydrogen, and the circuits arranged so that 
the current is never broken at the pendulum 
contact; it is therefore believed that a 
Vl'ry high clegrl'e (1f permanence ·will be 
obtained. 

The minor variations from contact to 
contact which have been alreadv mentioned 
may possibly cause irregulariti~s of two or 
three milliseconds between the times givc:n 
bv the individual members of a series of 
s(gnals , hut will not affect the mean nor the 
rate of the j)(•ndulum. \Vhen making com­
pari~ons of th<' time given by the clock and 
some other 1:vent, these irregularities can 
be eliminated by taking sufficient observa­
tions. 

Suppose that the dippers arc placed at a 
radius of 200 mm., which is reallv rather 
more than is quite convenient ; - then a 
movement of r arc-minute of the pendulum 
will raise one dippc:r by 0 .06 mm. With .an 
amplitude of 100 arc-minutes and contact 
made at about 7r arc-minutes from the 
centre (that is at phase 45°), a. change in 
the rdative effective levels of the dipper 
and mercury of the amount just mentioned 
(o.6 mm.) would alter the time at which 
the contact is made by 4.5 ms. The effect 
of this on the rate will, of course, depend 
upon the escapement. 

49. . Otiz er Electrical M etlzods. 
With the spark-gap method the - gas 

pressure must be sufficiently low to permit 
sparking between a needle and'•a knife edge 
when these pass sufficiently close together. 
The needle would he fixed at the foot of the 
pendulum and the knife-edge at the place 
where it is required to make connection. 

The method would be use<l in conjunction 
with a glow rl'lay.* That relay has three 

•Richter nn<l Gdfckcn . " Das Glimmrelais." 
Zeits. Jo' Tcclr11ische Physilt. No. 12, 1926, pagcg 
6o1-6o6. 

1'!1·ctrod1·s in 111 on ~as. Tiu· two nufrr dcc­
lrmh•s an~ in circuit with a n·lay of tht! 
orclinary typ1· ancl a supply of about 200 volts, 
thl'ir clt:-.tanc1· apart is s11ftici1·11t to pn•vcnt 
any clischar~1· f rotti pa-.sin~ whl'n thl• intl•r-
1m·diak l'kdrocl1· 1s at, say, the mean 
potential. The dischari;l' can he started by 
a sullicient alteration of the potential o( the 
third l'!ectrode, and is afterwards l'Xtinguished 
by th1• upl'ration . of the orclinary rday. 

As the release. current can ht~ kept down to 
one microampere. and the main current may 
be as large as 50 milliamperes, the glow 
rday forms a very attract;ve type of trigger 
release. Such a very small release current 
would not cause much wear of the needle 
point, hut the voltage required to cns.ure 
sparking with a reasonable tolerance in the 
setting of the minimum gap is probably a 
sufficient objection to prevent the method 
being tried. 

The spark gap method also suffers from a: 
" fringing " effect. As the two elements 
appr<>ach one another the field bttween them 
increases more or less gradually until the 
breakdown point is reached. Because of. 
this gradual increase of field, the exact 
position at which break-down does take 
place will vary with the voltage across the 
gap. 

1\lcthod (f) contemplates the operation of 
the release through relays by means of the 
E.M.F. induced in a coil of wire by a perma­
nent magntt when one moves with the 
pendulum and the other is fixed to the frame. 

Since the energy of the induced current 
comes from the pendulum, it must be kept 
down to an absolute minimum for the reasons · 
already discussed ; since the permissible 
energy is too small to operate the most sensi­
tive telegraph relay, and th~ maximum 
voltage which can be conveniently generated 
in the coil is far too small for the glow relay, 
magnification by means of wireless valves 
would be required, which would lead to 
serious expense in upkeep and to frequent 
stoppages . from broken filaments. 

In this case also there is a fringe effect, 
which when combined with variations in the 
sensibilities of the valve and other relays will 
cause irregularities in the timing. 

The electrostatic mdhod would vary the 
potential of the intermediate electrode of 
a glow relay, or of the grid of a wireless valve, · 
hy the changes of electrostatic capacity of 
two plates when one moves with the pcndu-
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111111 rl'lativt• to tlu• othn which is lixt·d to 
t Ill' rr;lllll'. This llll'I hml !'l't'lllS t'\'1'11 It-~s 
practical than t h1· pr1·vio11s two. 

)O .. Optical Jfrtlwcls. 
Optical nwthmls ha Vt' bt·t·n t'tnployl'<l · by 

'''Vl'ral 1woplt'. for ins tan~ Sil'gl, * Ft"rric ancl 
Jonaust,t and Sclmkr.11 ·l · 

This m(·thod, in which a beam of light is 
rl'fkctc<l by a mirror on the pendulum into a 
photot•kctric cl'll, giws the greatest accuracy 
of timing, combined with the abst•nc(• of all 
forces which would disturb till' pendulum. 

The current obtained from the photol'kc­
tric cl'll when light is admittl'd to it is vcrv 
small, (of the order of one microampere) and 
must be magnified many thousand times 
before it can be employed for operating the 
t•scapem(.'n~. 

The great drawback to the method is 
the expense of running the lamp and valves 
continuously and the liability to stoppage 
through broken filaments. There are, more­
over, possibilities of irregularities in the 
relays which are employed in the final stage 
.of amplification. 

It would seem probable that the best way 
of all is to employ the enclosed mercury 
contact for the maintenance of the motion, 
but to use the optical method for getting 
the signals required for comparison of the 
clock time with the event to be timed. The 
running of the clock would then be indepen­
dent of the optical devices, which would 
he switched on only when observations arc 
to be made . 

The thermal method is similar in principle, 
hut would employ a thermo-junction in 
place of a photoelectric cell. But even the 
.\loll vacuum type of thermo-junction is far 
too sluggish to be of use. 

:\ very old attempt to get the impulse­
t iming signal by means of "radiation was 

-
~----

-- -- - -·-----
• K. Sieg!, " New Principle for Electric Clock~." 

(Zeits. Instr11mente11k. Deib. 9. pp. 81-85. May 
J~t. 1904.) 

t G. Ferrie and R. Jouaust, "The ·Use of Photo­
l· lcctric Cells in the observation and maintenance 
., f Astronomical Pendulums." (Comptcs Rend11s. 
1So pages 1,145-1 , 148. April 14th, 1925.) Also 
ltoy. Soc. Edin • .Proc., XLV., pages 261-268. 
J unc Sth, 1925. 

'I Paper referred to on page 8 I of MS. 

madt~ by (;imin~ham in con111•ction with 
<;ill's t·s::a1wnwnt an<l is tit-scribed by the 
lattc·r in his l~t'Jlllrt to the: B.A. in 188o.• 

Solid contacts ,,c carbon were employed, 
0111: mcm))('r lwing attac:lwcl to a light arm 
carrying a radic)nwfrr vane and controlled by 
a tiny magnet or by a li~ht gl3.ss spring which 
holds . the contacts togethl'r. The whole 
thing is enclosed in a glass tube which is 
l'Xhaustecl to a Crooke's vacuum. 

:\ strong beam of light is thrown on the 
vane across the path of a screen carried by 
the pendulum. When the light falls on the 
vane, the arm swings round and opens the 
contact. When the beam is cut off, the 
contact is remade by the control. 

As might be expected from the extreme 
minuteness of the forces which can be 
obtained by radiometer action, the contact 
proved unreliable. The clock as actually 
made hy Cottingham used the driving 
pallets, which are of the striking type, as 
electric contacts also, and in this form it 
gave really good results. 

5r. Escapement Errors. 

In sections 34 and 35 we saw that the 
mere application of a force F at an instant 
when the amplitude is X, the phase cp0 , and 
the displacement x0 , gives energy to the 
vibration of the amount :-

W~ ... -FX sincp0 • -Fx0 (Eqn. 34.09) 
(51.1) 

a!Td that it causes a loss of phase 

A = (F / kX) cos q> 0 (Eqn. 35.03) (51.2) 

If this force be removed at the correspond­
ing point on the return swing, and the whole 
operation be repeated every cycle, the rate 
deviation caused thereby is :-

!l. = :- i./1t = -{I/7t)(F/kX) cos cp0 • (55.3) 

Now, we are not concerned . with the 
amount of this deviation, for it is allowed for 
in the calibration of the pendulum, but any 
variations in it do concern us for thev become 
rate errors. -

With respect to each application of force 

-- _ ·.:..· -:::._-__ -__ - _·========== 
• David Gill. D.A. Report, l 88o, pages 56-6 l. 
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(that is to t•arh di:rngt• 11f th1· t11tal fnrn· 
actinf;) that· an· thus . tltn t' ~1111rc1·~ 11f 
nrat11· variatit•n, 11a1111·ly :- · 

(11) th1· f1•rn· it~1·1f may vary in am111111t. 
(b) tlH· timing of its applicatio·n m:1y alt1 ·r. 

('1 th1· amplit111l1· may rhanst· . 

Any \'ariation in th1· forcl', or in thl' phast· 
11f ib application, will affl'ct tlw (le\'lation 
produn·d hy that force bl·cause of the chang1· 
in thl' corn·sponding factor of >.. This is 
tht· Primary J)ircct Erwr. 

But, in addition, the original \·ariation 
will modify the amplitudl' lwcause it will 
ch:rng1• tht• 1·nai;y supplic.:<l hy that forcl'. 
The ch;ingc of :unplitud(· further mo<lilit·s 
the deviation due to the forCl• we an• consider­
ing bt'CUUSl' X is a factor of )., (the Ampli­
tude Error) and abo because it affects the 
phase corn•spon<ling to the position at which 
the impulse-timing signal is given. (Tl1e 
Timing Error.) These two arc the Secondary 
Direct Errors. 

But in addition to these changes in the 
deviation caused by the force concerned 
in the irn•gularity, the change of amplitude 
al::;o produces changes in the d(viations due 
to every other distt1rbing force ; such forces 
may be other escapement forces, frictional 
forces, or the discrepancy forces which 
produce circular deviation. These arc the 
Indirect Errors, and their amount depends 
upon the other disturbing forces. 

Since the amplitude c:mnot alter erratic­
ally of itself, but only as the result of some 
variation in one or more of the energy-giving 
or absorbing forces, the error due to anv 
variation of X in equation 5r.2, when tl1c 
other factors remain constant, is best regarded 
as an indirect error of the particular acciden­
tal change which caused the change of 
amplitude. 

We shall therefore chassify the rate errors 
due to some accidental variatioo in connec­
tion with any particular force-application as 
follows:-* 

(a) Primary Direct Error, becauS<' of the 

• This classification is to be substituted for that 
previously given on page 161. Owing to an omis­
sion by the printer to make the changes marked 
on tbe JWoofS. the matter did not appear there as 
intended. . -· ~ 

original cliani-;1 ·· in tli1 · factor which has 
\';11 it d. 

(b) St 1·1111t\:1ry I >ir1 d Errors, lll'ca11s1'. that 
d1a11g1· 111rnlili1·_s th1· a111plit11dt· ;1111! thc~rt·hy 
;ilf11 ts tl11· dt v1at1'/ll d111· to this forn'. in two 
ways:-

'i) Ampl_itucl1· Error, h1 cau~ .. tl11· ampli­
t \llll' 1s a far tor of tlw dt viation. 

(ii) Timing Error, bl'causc the change oC' 
amplitude alh-rs the phase corres­
ponding to the point on the swing at 
which the impulse-timing signal is 
given. 

(c) Indirect Errors due to similar effects 
of the change of amplitude on the deviation 
produced by evuy other force-application 
<luringthecyck. i · 

As a rull', the cyclic changes in the driving 
force arc much more complicated than a 
simple application and removal. Each such 
change of force is to be regarded as the applica­
tion of an a<lditional forcc, and each must be 
reckoned as a possible source of erratic 
variation. . 

It is only with certain simple types of · 
escapement that it is possible to estimate 
the rate errors produced by any assumed 
erratic variation, and this we shall do in the 
remaining chapters. 

\To be contin11ed.) 

This year "Summer 
"Summer Time,, Time " begins at 2 a.m_ 

Reminder. · on Sunday, April r3th, S() 

that Easter comes after 
the change and not before, as was the case 
last year. 

·The Trade 
Charity. 

The National Benevolent 
Society of Watch and 
Clock Makers is badly in 
need of funds. An oppor­

tunity for special contributions is provided 
in connection with the Church Service which 
will be held at the City Temple, Holborn 
Viaduct, London, on Wednesday, June 18th. 
at 5.30, when the preacher will be the famous 
Rev. Dr. Horton. Please send contribu­
tions to the Secretary, l\lr. James Savidge,,. · 
F.C.I.S., 35, Northampton Square, London .. · 
KC. I. . . 
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(Rcp11hliq11c Franc;ai~P) and le Dircctcnr 
des Publications Onicidks (Imprimerie 
~ationalc), Pari~. and the proprietors of the 

FIG. G. 

Revue A siatique (Societe Asiatique), I am 
now authorised to reproduce them. The 
drawings are extracts from an article 

entitled: " Les J\lech:111iq11cs 011 l' clcvateur 
de IIcron<l'Alexandric" (~Icch :mical Devices, 
or the Elevator of Hero of Alexandria), 
puh lishc<l for the first time in the Quostc\ ibn 
Luga an<l translatecl (from Arabic) into 
French by I3aron Cara de Vaux. I am very 

FIG . 7. 

~ lad that this matter, after much research 
and correspondence, has been at last settled, 
and my best thanks have been forwarded to 
the parties concerned. This has appeared, 
as will be seen by lettering in Greek. .My 
purpose, however, is only to illustrate Hero's 
Screws.-]. J. H. 

- -- - ---· -- ---- -- -- - . -- - - -· -------- - --- - ---='----

THE THEORY OF PENDULUMS 
ESCAPEMENTS. 

AND 

By Prcfessor DAVID ROBERTSON, D.Sc., M.I.E.E. 

(Continued from page r56.) ... 
IX. SINGLE-PHASE ESCAPEMENT ACTION. 

52. Single-Phase Escapement Action. 
:\ single-phase escapement is one in which 

a single constant force is applied at a fixed 
point on each leftward swing and removed 
at a fixed point on the return swing. If the -
application and removal take place at equal 
distances on opposite sides of the central 
position, that is at corresponding phases in 
the two swings, we have a symmetrical 
single-phase action. If the removal occur 

at some other point, the action is unsym­
metrical. 

If it is to supply energy to the vibration, 
the force must act towards the centre at the 
instant of its application (see section 34) ; 
in other words, it must be opposite to the 
displacement at that instant. 

Another way of looking at the action is 
sometimes useful ; a single-phase escape­
ment exerts a constant force on the pendu­
lum, which force is reversed at a particular 
point in each swing. This idea is illustrated 

... 
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in till' w:l\'t! cliaf,!ram of Fi~. 45 aml tltc 
wctor cliagram of Fig. 4h. 

Fi~. 45 applit•s to an actual clock pl'n<l11-
l11m with which the <lecav of the vibration 
clnri~1g a single swin~ is too~..;mal! to be visible', 
but in the wctor diagram the force is very 
gn•atly cxaggl•rated in order to make the 
displllcenwnt of the zero visiblf'. 

:'\Ton.•over, damping hlls h<'en left out of 
account in the latter diagram, with the 
result that the path of the vector-end is 
a ..;cries of semicircles, each larger than the 
pre,·ious ones, having their centn•s alter­
nately at O' and O", at equal distanc<>s y on 
opposite sides of the true cC'ntrP 0. 

In the actual case, the frictional n·..;istance 
rC'dUCC'S the amplitude <luring till' swing, . 
and com·crts tllC' semicircle's into spirals ; 
with steady running, the amplitu<lt' at each 
rC'versal is the same as at the previous one 
the same side. 

0 

. Di ~plo.ce.me. nt 

'U.. I ·- · I 

, Fone.. 
I o 

I U. ' 
_I ~NI 

FIG. 45.-Wnvr Din~rm11 for n Sy11m1drirnl Si 11glt·­
Pltase· Escnpcment . 

The symmetrical single-phase action is 
t:1e simplest of all possible ways of supplying' 
the energy needed to keep the pendulum 
going against friction. 

\Vith such an escapement we arc free to · 
make our own selection of the following 
items: 

(a) the shape of the pendulum, its size and 
material. 

(b) the nature and densitv of the surround­
ing atmosphere. · 

(c) the running amplitude. -. 
(d) the phase at which the force 1s re­

versed. 
When these arc fixed, the force to be 

employed is also fi,,"'Ced ; for when reversed 
at the selected phase, it must supply energy 
equal to that absorbed by the resistance 
during one swing with the desired amplitude. 

It is our task to so utilise our liberty of 
choice that the rate errors caused by un­
avoidable irregularities in the escapement 
action shall be a minimum. 

Thl'rc arc thn·t· in<lPJWnd1·11t sources of 
such irrl'gularit il's, namely : 

(i) the cl riving force may vary in amount. 
(ii) the pha~e of its application may vary. 

(iii) the amplitude may change hec.i.usc 
of a variation in the frictional 
rl'sista nee to t f 11· motion of the 
·pendulum. 

With a giwn pendulum, our choice is 
restricte<l to the items (/>), (c) and (d) ; it is 
not an unreasonably heavy task to make 
a fnll stu<lv of the effect of the selection 
made for each item on the probable rate 
errors due to each of the three prime causes. 

\Vit h an unsymmetrical single-phase 
escap1'ment , and aim with a symmetri~l 

B 

H H 

/" 
B' 

l:IG. 4(,_- V re/or Dingrnm for a Sy11m1ctri<·nl Single· 
Phas.z Esrnpemenl . 

two-phase one, there are two phases to be 
selected ; the number of possible _choices is 
thus doubled, and. also the labour of investi­
gating all pcssibilities . . 

With two-phase escapements having 
different actions on the . two swings, the 
number is doubled again, and with polyphase 
escapements the freedom of choice may be 
so great that it is quite hopeless to attempt 
to analyse the re~ults of all possible selections. 

But any escapement action whatever may 
be duplicated by superimposing two or more 
single-phase escapements, each giving a 
definite fraction (some possibly negative) of · 
the total energy required. A full analysis 
of th~ symmetrical single-phase escapement 
is consequently helpful in estimating the 
behaviour of any form of escapement. 
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Hut 0111' point . must not lw ovcrlookP<L 
The :<t•condarv :rnd indirect <'rrors con!"e· 
qnl'nt upon so.me erratic chan~e do not come 
into play at once, but only grow slowly as 
the amplitude builds up, or down, to its rww 
value. This takes many cycles, arid the 
change of amplitude during a single cycle is 
ncgligiblt•. For these reasons, the resultant 
st•conclary and indirect errors arc not always 
the same as the sum of those of the individual 
single-pha~c actions by which the givell 
l'Scapcment action has been replaced. 

The net change of amplitude must first be: 
calculated. and then the various errors due 
to that change of amplitude may be added 
together. 

53. Driving Force Required with Sym­
metrical Single-Phase Escapement. 

Let the force which is applied and removed 
by a symmetrical single-phase escapement 
be F (or that which is reversed be ~F), and 
the amplitude, displacement and pha~e 
at the instant of application be X, x~ and 
cp , ., TV. is the energy given by the escape­
ment at each reversal, W, that absorbed hy 
the frictional resistance during each swing, 
and lV. the total energy of the vibration. 
With steady running, W . =W,. 

(To be continued.) 

Notes from i\.11 Quarters. 
The latest dates for receh·­

Kew Watch ing watches at the British 
Trials. Horological Institute (35, 

Northampton Square, 
London, E .C. r) for the next National 
Physical Laboratory Trials are Monday , 
16th, and ~londay, 3oth, June, r930. 

0 

In Canada and the U.S.A. 
Guarantees. we notice that the question 

of guaraJ)tees for watches 
and their repair is exercising the minds of 
the jewellers, as apparently such guarantees 
are becoming more extended and extensive 
and so more difficult to stand by. We 
quote the following from a Canadian paper, 
Trader:-

" We want to say right here that with all 
his ingenuity, man has never yet been able 
to construct a machine that he can safelv 
guarantee to run for any certain length of 
time. The thing is absurd; Machinery is, 
like those who made it, fallible, and at 

tinws the gl•nius of man cannot find the 
dl'fccts in the machine he has created. 
This has happt•m•<l with watches and clocks. 
So whv guarantee them? Don't he foolish. 
True, -there · arc times when the machines 
do run the guaranteed time. But it is 
those that <lo not fulfil the guarantee that 
c :ni~c the trouble. This goes for manu­
facturer, wholesaler and retailer. 

"There is only one guarantee that any 
machine should carry. To protect the 
Yendor and to be fair to the buyer, guarantee 
that your machine is as near perfect as · 
possible when it is delivered. Then give 
~ l' rvicc for a stated period of time." 

It is urged that " service " has enabled 
the motor industry to develop its wonderful 
and effective selling system. Makers of 
cars and other kinds of machinery claim to 
turn out goods as nearly perfect as possible 
and back up their claims by giving a certain 
length of service. To quote- again :-

.. We believe that watches and clocks 
are some of the most intricate and delicate 
pieces of machinery to be placed on . the 
market. We are also of the opinion that 
jewellers are the only class of merchants 
that arc brazen enough to guarantee their 
machines. This goes for manufacturers, 
wholesalers and retailers. It is the duty 
of the vendor to see that the machine · is 
in as perfect running order as he can make 
it at time of delivery." 

The advice given by one retailer was :­
"Do not guarantee your watches. Notify 
the purchaser to keep the watch regulated 
every few days." In other words give the 
purchaser service, say, for three months, 
and copy the motor car salesman. Of course 
absurd and impossible guarantees tend to 
commercial immorality, as some excuse has 
to .be found for a charge after the watch 
has been in use· some time. 'vVe should be 
glad to have the views of our readers on 
this important question. 

The British 
Watch and 

Clockmakers' 
Gull d. 

· 0 

'vVe have received the 
23rd Annual Report of 
this Society, the Annual 
Meeting of which is to 
be held on June 5th, at 
268, St. John Street. The 

Guild .has made a plac.! for itself in· the 
Horvlogical w.Jrld and is doing good work. 

Its finances are sound, as are its aims', and 
it h'.ls been able to assist the Trade Charity 
and a 'so to offer prizes for practical work. 
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TI-IE THEORY OF PENDULUMS 
ESCAPEMENTS. 

AND 

By Professor. DAVID ROBERTSON, D.Sc., M.I.E.E . 

(Continued from page r93.) 

From equation 34.09 we get :-
F = -W0 /x0= -W0 /X sin <i>o. (53.or) 

With direct timing, the impulses occur at 
fixed values of x0 ; the corresponding values 
of <i>n will depend upon the amplitude. 

If, as in Fig. 46, the total displacement of 
the zero by the force F be 2y, and we put 
this, instead of y, in equation 34.04, we 
get :-
2y =F fk=-(W./kx0 ) • (53.02) 

From Fig. IS we find that the pendulum 
Gr, running in air at a pressure of 750 mm. 
with an amplitude of roo arc-minutes, 

2.~ = W.,/1<0. 

Hehce the force to he applied at this 
· phase is 79 ergs-;-2.or cm., or 39.4 d}rncs. 
This is the weight of 40 milligrams, or about 
8 parts in a million of the weight of the 
pendulum. 

Treating the vibration as a linear one, and 
omitting the suspension spring stiffness for 
the moment, the controlling constant is:-
k=Mg /L=5,070 grams x 98r (dynes/gram) 

=5 .085 dynes per mm. 
-;-978·mm. 

In Section r2 we estimated that the 
suspension spring would increase the rate 
by 600 s /d, or 0.7% . We may, therefore, 

= (W,/W.)(f>'/26.\ 

Air Press1.m 

750mm--
25mm ----

3 

.so 2 

,,... . - .......... -. 
-- - -- 1.•IOO ---

ISO 200ATC·m1m..'ZSO 

.. ~Htu.dt . e. 
FIG. 47.-Cyclic Displacement of Zero Rcq11ired for 

Maintenance of PendulHm Gz. 
The three curves of each set refer to reversals 
at displacements of 25, 50 and 100 arc-minutes. 

absorbs 79 ergs each swing. Table I gives 
the mass of this pendulum as 5,070 grams, 
and the distance down to its e.g. as 978 mm. 

The linear amplitude with an angular 
amplitude of roo arc-minutes is thus 28.4 
mm., and the reversal should occur at a dis­
placement of 70.7% of this, or 20.r mm. if 
the phase of operation is to be 45°. 

suppose that it increases the controlling 
constant by twice this amount, raising k to 
5,r60 dynes per mm., and making the re­
storin5 force when the displacement is 20.I 
mm. equal to ro4 kilodyncs. 

The total displacement of zero required is · 
thus 39.4 dynes-:-5,16o (dynes per mm.), 
or 7.6 microns, which is 0.30 mils. 
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It will be observed that the force to he 
applied is a very small one, and that the 
displacement of the zero is invisible. 

the two air pressures of 25 and 750 mm. 
These have been calculated in the manner 
just explained, from the data of Figs. I5 and 

TABLE V.-ENERGY CONSTANTS OF PENDULUM Gr. 
_ _ J]!~antity Unit. 

-
Air Press. mm. 7so 25 

--; 1001 ISO~ 250 300 
--------· 

0 Arc-rnins. · SO 100 150 200 250 300 

w, Ergs. 13 79 241 S40 1020 r720 II 46 II2 214 3s8 550 

WV ro3 ergs. 52 209 470 83s r300 r88o 52 209 470 835 1300 1800 
I 

zor j W./Wv 10-8 245 378 514 6481 782 916 219 238 256 275 293 

io- 3 369 360 
I 

478 462 436 428 q 392 3S4 350 347 449 42X 

q (W,/Wv) io-8 96 r39 r85 229 274 3r8 96 IOI ro7 1I2 II8 I23 
I I 

Fig. 47 shows how the required displace­
ment of the zero of pendulum Gr varies 
with the amplitude for three different 
settings of the position of reversal and for 

16, or of Table V, which gives the valves of 
the energy taken by the pendulum GI, at 
several amplitudes, together with other 
constants n:quired for the calculation of 

.• Sf, 

c 501--..--..--..-------........ ..----..---.....--........ -.---..--..-....---....... --~ 
o Rt\Jtn.o.\ 

.:::; bdoTtZtlO 
g ~ 

~ 40 ~i.+-1-.µ.,._4---4.-~.loor-+-~~~ ·S 

d 
(.) 

l.l.J 

~ 
x •. ~-.6. 
all n~qcihvt. 

30J--~~--HIL--+-~-+-~~~+--~~-+~~~~ 
R"ltl\O.l 
C1ftu 2uo 

·~~~ 
x •. <l ... O.. 
all pO\l(illt 

2 4 5 
Ratio X/'x.,. 

FIG. 48 .-Escapement Deviation of Sy mmetrica'l Single-Phase 
Escapement. · 

The dotted lines show the running points for pendulum Gx . 
at two air pressures, with reversal at a displacement of 50 
arc-minutes. · 

The scale of degrees shows the pha.ce at which reversal 
occurs. 
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the deviation and the errors due to assumed 
accickntal v.1riat :ons. 

54. Det1iation with Symmetrical Single-
Phase Escapement. 

If the loss of phase at each reversal be A, 
then since this loss takes place each lzalf 

It should be noted that -kx0 is the·con· 
trolling force ar,ting at the point at which 
the escapement action takes place, and that 
(-F /.kx0 ) is always positive. When ·the 
escapement forces arc expressed as fractions 
of kx0 and the amplitudes as multiples of x

0
, 

the results will apply to any pendulum, but 

,;... - . e.- _ _.,, ~P.ltlu.d.t . 0. 
0 · 50 100 ISO 2001':n:.-m1n~. 2:50 

or---o.-:~,_.~,.....~r-~.,.-~~~.,.....~~--.,.-..-.-y.-

-~e-rtr I ·y I i>. 

FIG. 49.-Escapement + Circular Deviation for Symmetrical 
Single-Phase Escapeme11t with Pendulum Gl. Reversal 50' 
before Zero. 

The dotted lines show the running points at two air 
pressures. 

/::, 0 is the circular deviation. 

cycle, we get for the escapement deviation 
from equations 35.03-35.05 :-
A.= -A /1'= -{I/.,.) .(F /kX) cos cp 0 • 

=(I /1') (W. /kXZ) cot cp0 • 

=(I /21') (W. /W.) cot cp 0 • 

(54.or) 
(54.02) 
(54.03) 

Since sin q>0 = x0 /X, and .<;OS q>0 = {X2 -

x~)t /X, equation 54.01 can be put into the 
form:-
A.= -(I /1') (F /kX) (Xz-x~) 1 /X • (54.04) 

=(I/1') (-F/kx0 ) (x0 /X2
) {(X/x0 )

2 -r}l 
(54.05) 

=27.5xro~s/d X (-F/kx0 ) (x0 /X) 2 . 

{ (X /x0)
2 -r ft (54.06) 

and equation 54.03 can be written thus :-
4.=(I /2w) (W./W.) (X1 -.x~) /x0 • (54.07) 

of course the actual running amplitude with 
a given force and a given value of x0 will 
depend upon the resistance characteristic . 
of the particular pendulum. · . 

Fig. 48 shows how the escapement' devia­
tion va!ies with the amplitude for several 
values of !F (the force which is reversed). 
All these curves are repetitions of the lowest 
one to different scales of ordinates. 
• The dotted lines show the running points 
with pendulum Gr at two air pressures if 
the escapement be set to operate at a dis­
placement of 50 arc-minutes. These dotted 
lines would be higher if the escapement act 
further out, ·and lower if set to reverse 
nearer the centre. 

The escapement deviation . is negative 
when the reversal takes place before zero 
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(i.e. during the inward movement) and 
positive when the action oc;curs after zero. 
The amount is the same in either case when 
the force an<l amplitude are the same. One 
set of graphs may, therefore, be employed 
for both. 

With any other form of escapement, the 

Sf --6,,- __ 

an axis, 0, e and 'l' have been used instc;ad 
of x, X and F. 

Two points of considerable importance ~re 
'illustrated by these figures. The ftrst is 
that the error due to a. variation of amplitude 
depends upon the ea.use of that variation. 
The running point moves a.long one of the 

. Runnonq Ampllludt ot 150 mm 
20 ..... ~--~ ...... ~~~~~~~~~--~~~_...~~~ 

0 0 

RtutrMl 
ottu 2no 

0 
<D 
..,.; 

-206~~ 
e •. ~.,. c., 
all PO"lhvt. 

~1<1'tff; 1°· I 31cr I '
2f I I I I I i5" I <ii. 

FIG. 50.-Escapement + Circular Deviation for Symmetrical 
Single-Phase Escapement with Pendultlm Gr. Reversal 50" 
after Zero. 

The dotted lines show the running points at two air 
pressures. 

6c is the circular deviation. 

escapement deviation graphs can be obtained 
as the sum of a number of curves such as 
those of Fig. 48. But as the component 
curves will have their peaks at different 
amplitudes, have probably different values 
for these peaks, and have possibly positive 
deviations in some cases and negative ones 
in others, the resultant graph may have no 
resemblance whatever to that of'*the single­
phase escapement. 

The circular deviation is always negative ; 
the sum of the escapement and circular 
deviations is consequently different with 
action before and after zero. Figs. 49 and 
50 give this sum for these two cases for 
pendulum Gr operated by a symmetrical · 
single-phase escapement reversed at a dis­
placement of 50 . arc-minutes. As these 
graphs definitely refer to a vibration about 

dotted lines when the driving force is varied 
without change of the pendulum resistance 
characteristic, but along one of the full liries 
when the resistance alters whilst ~he driving 
force remains constant. 

Thus, starting with the point A in either 
figure, a so% increase of driving force alone. 
will send the running point to B, but a re­
duction of air pressure from 750 to 25 mm. 
with the driving force constant would trans­
fer the running point from A to C. 

In either case the difference in level 
between the final and initial points gives the 
escapement plus circular error due to the 
change ; with change of air pressure, there 
is also the air buoyancy and inertia error to 
be allowed for. 

(To be continued.) 

A 
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TI-IE THEORY OF PENDULUMS 
ESCAPEMENTS. 

By Professor DAVII;> ROBERTSON, D.Sc., l\LI.E.E. 

(Continued from page 222.) 

The other point is that a condition which 
gives zero deviation is not necessarily a. 
desirable one to select for running. With 
the reversals occurring at the end of the 
swing (when cp 0 =90° and X =.x0 ) there is no 
escapement deviation. But a small drop _of 
amplitude would put the escapement out of 
action altogether, and a small increase would 
give a very large escapement error because 
of the great steepnt:ss of the deviation curve 
at the place selected. 

What is required is to select a running 
point at a place where the curve is as nearly 
horizontal as possible. Thus, points A and 
Bon Fig. 49 arc both good running points so 
far as variation of resistance is concerned ; 
in fact, the 750 mm. dotted line cuts the full 

c 
0 
,_, 
0 

;:.. 
uJ 

O · 

beginning of the curve where it is a little, but 
not much, less . steep. But with reversal 
after zero (Fig. 50) the low-pressure curve 
has a flat part and a place can be found where 
neither the full nor the dotted curve is a very 
steep. 

A similar result holds at atmospheric 
pressure provided that 00 exceeds a critical 
value of abcut 90'. But the horizontal 
parts of the full and dotted lines occur. Zt 
different amplitudes, and so we cannot 
simultaneously have the best conditions for 
both kinds of variation. 

This difficulty, that the best conditions for 
one sort of variation are not also the best for 
another sort, always crops up, and it is 
necessary to make some sort of compromise. 

At r PrP5 Sll fP. 

750mm --
25mm ----

-C ~Ot---+--t-·t---+-~--+-~--+~......-t--~-+-~~~~~~~---1 
.,_, 
E 
"' a: 

11 
6. = (rr;?nHWe(w..\ coT ~. 
~ (r/2nHW,/W.HO'·e:r /0, 

2oi-....~-+-~-+-~--+-~-+~~,__~+->..,_-.-~-.-~---.~----1 

100 1~0 200 ATc. - n-.1n~ 250 

Di SP.IOC'ement at RP\.'H5Cll ee 
Fie. 5 T .-Escaprmwt Drvi11tio11 of Symmetrical Si11gle-I'liasc 

J:. sc11pc111cnl 11.-; ing Pc11d11/1m1 G 1. 

Variation with Position sclcctctl for P..cvC'rsa\; Amplitmlc fixed. 

Jines all clo!'"c to their best parts. This is · 
a mere accident. 

For variations of driving force, the con­
ditions -.iU. this setting of the escapement 
'ate not to good : the best point is near the 

To make that compromise wisely it is 
necessary to take into account the probable 
magnitude of the different sorts of errors. 
. Fig. _sr shows, for pendulum Gr, the varia· 

hon ot the escapement deviation with tl:e 

sition !" · 
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:ition st•lcctetl for the fl'Vl'rsal of the forcP. 
(tort• again all the curves arc similar, tlw 
hsciss:l! being proportional to the amplitude 
0 which each refers, and the or<linatcs to 
he value of (lV./TV.) for that amplitud('. 
hain dotted lines have been ridded through 
w points corresponding to pha~e 45°. 
The curves apply to reversal after zero; 

·ith the sign reversed, they would apply to 
pc.•ration before. zc~o. Th~y ~o not i1'.clu~c 
he.• circular clev1ahon, wluch 1s negative m 

th cases, and shifts the curves downwards 
v a definite amount for each amplitude , 
amelv r.r4, ro.28 and 4r.4 s /d for ampli­
udes of 50, r50 and 300 arc-minutes. 

Rate Errors due to Variation of Drivi11~ 
ore e. 
Any accidental increase of driving force 
ill increase the magnitude of the deviation 
roduced bv that force, and will increase 
he energy" supplied by the escapement, 
hcrcbv raising the running amplitude, and 
hus causing secondary and indirect errors. 

The primary and secondary direct rate 
rrors * have opposite signs with phases up 
o 45° (see equation 55.08), but the former 
redominates and determines the sign cf 
he total-direct error ; with phases over 
5° they have the same sign. 

Before zero the displacement is negative ; 
on~equmtly a force is applied before zero 
mst act in the positive direction if it is to 
ive energy to the vibration, and it will 
hcrefore give a negative deviation (see 

nation 54.or). Thus an increase of this 
orce will increase the negative deviation 
nd cause a negative direct rate error. 
With operation after zero the signs arc 

eversed, and an increase of the force will 
ause a positive direct rate error. 
In both ca!'.es, an increa~e of the driving 

orce will produce an incremc~nt of amplitude, 
n<l therefore a greater negative circular 
cviation ; in other words, it will cause 
negative circular error. 
Thus, with a single-phase.,.escapement, 

he direct and indirect errors cau!:ed by a 
·hange in the driving force have the same 
ign when the reversal occurs before zero, 
mt opposite signs with reversal after zero. 

* In this paper, a positive rate error means that 
he dock is going fast, and a. negative one that it 
•K.·s slow. This agrees with the N.P.L. practice, 
ncl the standard definition of "error" generally 
t·n·ptt·<l by engineers and physicists, but is opposite 
• the convention commonly employed by a!ltrono-
M•rs, WhO!IC " rate " increases as the dock goes 
owcr. 

A n'fcrencc to Fig-s. )J-:i:i will show that in 
the latter case it is possthle to so choose the 
con<litions that the direct and inclirect errors 
balance one another, with the excellent 
result that a small change of driving force 
docs not alter the rate at all. 

Let us suppose that the driving force F is 
· increased by the small amount dF, increasing 
lV", the energy supplied by the escapement, 
by the amount dlV., and the amplitude by 
the amount dX: Since x 0 is not affected by 
a change in the force, it follows from equation 
34.09 that the energy and force are propor­
tional to one another. Hence we may write 
equation r6.02 in the form :-

dX /X=q (dH'c / IVJ=q (dF /F) . (55 .. 01) 

Also, since x0 =X sin <;> 0 , we have:-
O=dX sin <;> 0 +X cos <;> 0 drp 0 (55.02) 

or, dr;i 0 =-tan rp 0 (dX / X) 
= -q tan rp0 (dF /F) (55.03) 

The direct rate error caused by this in­
crease of force is found by differentiating 
equation 54.oI ; it is :-

~c =-(I /r-:) l (dF /kX) cos 9o 

--(F /kX) (dX /X)cos 9 0 

-(F /k.X) sin <p0 d <;> 0 } (55.04) 

= - (r /rt) (F /k.X) I (dF /F) COS <;> 0 

-q(dF /F) cos rp 0 

+q(dF /F) sin 90 tan rpu} (55.05) 

=-(I / rt) (F /k.X){ cos <;> 0 -q cos 9 0 

primary amp' itude 

+q sin <p0 tan <;> 0 } (dF /F) (55.06) 
ti111ini:: 

=(I /2rt) (TV./W.) ! cot <p 0 -q(cot <;> 0 

-tan rp.,) } (dF /F) (55.07) 

=(r /2r:) (We /W.) {cot <;> 0 

pr;mary 

-'2q cot 2?0 } (dF /F) . (55.08) 
secondary 

I /2r.=IJ750 S jd (55.09) 

For a given amplitude, We and q arc fixed, 
but F must be varied to suit the phase 
selected for reversal. Consequently, the 
least direct rate error with that amplitude 
will occur with that phase which gives a 
minimum value for the expression within 
the large brackets of equation 55.08. By 
equating to zero the differential coefficient 
of that expression, we find that the minimum 
is obtained with 9 0 =±45° when q=!, and · 
±55° when q= 1 /3. The shape of the 
curves of Fig. 53 shows that the phase may 
depart considerably from these values without 
making any important difference to the error. 

,·. 
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When <;>,, lies betwe ~'n the . limits ± 45°, 
cot 2 4? .. is smaller than cot q>., ; since z.q 
never cxcec<ls unity (!We section 16), the 
secondary error is always smaller than the 
primary within these limits of<;>,,. Outside 
these limits, up to 90°, which is the greatest 
value qi., can have, the two cotangents have 
opposite signs and the primary and second­
ary errors have the same sign. Tlrns, in 
either case, the total direct error dne to 
variation of the driving force has the same 
sign as its primary component. 

We obtain the circular error from equation 
37.15 (where 0 is use<l instead of X for the 
amplitnrie because circular deviation docs 
not occur with linear vibrations). thus :-
~ .. = - (r JS) ez (d 0 /0) 

= - (q /8) 0 2 (dF /F) 
= - 9. r4 s /cl q(0 /roo arc-min­

utes)~ (dF /F) 

(55.10) 

(55 ·II} 
Observe that each component (Jf the direct 

error depends upon the phases ~elected for 
the reversal of the force, and is propor­
tional to the ratio (W. /W,.) of the energy 
supplied each swing to the total energy of 
the vibration. The secondary component is 
also proportional to the ratio q =proportional 
increase of the amplitude -7- proportional 
increase of the energy required. The direct 
error depends upon the amplitude only in so 
far as that affects these two ratios, which 
mav be obtained from Table V. 

On the other hand, the circular error docs 
not depend upon the selected phase in this 

case, nor upon the ratio TV,, /TV.. hut it 
is proportional to the ratio q and to tl 
::.<JUarc of the amplitrnlc. 

Fig. 52 shows the values of these thret 
ratios for penclnlnm Gr at two air prcssur~. 

(To be c:mtimwl.) 

The Comptroller-Gene 
Department of oft he Department of OvC?r 

Overseas Trade. ~ c>as Tra<le sends the f 
lowing information: 

A memorandum on the Department Sto~ 
Trade in the Pacific North-West of the Unit 
States of America has been received from t 
Acting British Consul-General at San Fra 
Cl!'CO. 

United Kingdom firms desirous of receivi 
a copy of the memorandum should apply 
the Department of Overseas Trade, 35, 0 
Queen Street, London, S.W. r, quoti 
reference No. C.X. 3300. 

CANADA-OVEN THERMOMETERS. 

His Majesty 's Trade Commissioner at 
Toronto reports that an Ontario firm man 
facturing electric stoves is desirous of i 
porting oven thermometers. 

United Kingdom manufacturers of th 
instruments can obtain the names of t 
enquirers on application to the Departm 
of Over~eas Trade, 35, Old Queen Street, 
London, S.\V. r. Reference number B.X 
6700 should be quoted. 

MARKET FOR FINE AND !MIT A TI ON JEWELLER 
IN ARGENTINA. 

081---.....--......---------...---..,.....-......---,..,.....-/..., 
l/)I Atr Pressure .L__ 

A confidential report on t 
market for fine and imitati 
jewellery in Argentina has 
prepared by the Department 
Overseas Trade from info 
tion furnished by the Commer 
cial Counsellor, His Majesty'. 
Embassy, Buenos Aires, a 
issued to firms whose names 
entered on its Special Register 
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· United Kingdom manufa 
turers of jewellery desirous 
receiving a copy of this re 
together with particulars oft. 
Special Register service of 
formation and form of applica 
tion for registration sho• 
communicate with the Depart 
ment of Overseas Trade, 35, 
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THE THEORY OF PENDULUMS 
ESCAPEMENTS. 

l3y Professor DAVID ROBERTSON. D.Sc .. :\l.I.E.E 

(Continued from page r8 .) 

It will be observed that above a certain 
amplitude the two ratios which affect the 
direct errors arc reduced by adopting the 
lower air pressure, but that the third ratio 
q, to which the circular errors are propor­
tional, is increased. Whether the total 
error is reduced or increased will thus 
depend upon the relative values of the 
direct and indirect errors. 

ms/d. i 
50'l a 

similar figures for any other pendulum run 
under stated conditions. The difference 
between one pendulum and another of 
about th~ same weight and run under the 
same conditions would probably be less than · 
that between the two conditions given for 
this pendulum. Lighter pendulums would 
have a greater (We/Wv), which would 
magnify the direct errors, leaving the 

circular error much about the 
same. This would· raise the 
curves for positive phases and 
lower those for negative phases. 

Air Pressure.. 
750mm --

25 "'m - ---

~. = i?;~lc~t~.-2q,co~~} ~f 
PTO mat~. Secondc.1 !f. 

Fig. 53 shows the variation· 
with the selected phase when 
the amplitude is fixed, values 
for two air pressures being 

r.oo1 
S< =- Cq/el0'1dr/FHndi>~ct . 
8 = 8,+tc 

given. Since the circular error 
is constant for a given ampli­

-9 o· -6 o' 
m 

50' 

1 

100 ,, 

S\o\u. 

tude, the shape of the curves is 
determined by the direct errors 
only. \Vith operation at equal 
distances on opposite sides of 
zero, the direct errors are equal 
and opposite ; consequently, 
they arc given by the ordinate 
measured from the liorizontal 
line drawn midway between 
the two branches of the curve 
considered. 

Opnal1on btlort zno . -500 
Opuat1on attn •no. 

13ut the circular error des­
troys the symmetry by shifting 
all the curves downward to an · 
extent which increases with 
the amplitude, and with dim­
inished air pressure. The shift 
is sufficient to make the curves 
on the positive side cross one 
another instead of standing 
clear. 

FIG. 53.-Total Rate Errors of Symmetrical Single·Phase 
Escapement, using Ptn<lulmn G1, due to a 1% Increase 

of the Driving Fo"e. 
Note that for any amplitude 

above a certain limit, the 
Variation with Selected Phase of Reversal ; Selected 

Amplitude fixed, 
positive branch of each twice 

crosses the line of zero error. If the running 1 

conditions agree with any of these crossing 
points, no rate error will be caused by a small 
change of the driving force. 

The magnitude of the total rate errors 
due to a r% increase of the driving force, 
when using pendulum Gr, is shown in Figs. 
53-55. The unit employed is :i milli­
second per. <lay = o .001 s /d. Of course, 
the numerical values apply only to this 
particular pendulum, but it is easy to obtain 

Fig. 54 shows the variation with the 
selected amplitude when the phase · of 
operation is constant, and Fig. 55 the same 
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,.a .ttion (at 750 mm .. only) ~ ms/d. 
wi ' : a fixed · position of rever- ·•- ] ] 
~: 1 1 . The latter is the more ~ F•µ-i..~4-+--1---4-+-+-+-+-HH-+--+-+-+-HH-+-+-+-t 
u~, nl, for different points on w IOOH-+-t-t-t::l:::l:=l=~H-t-t"-rt-rlrJ"t:H-t==t=:;::t:1 
01 ,. graph correspond to differ- ~ _..l.-l-+"" +1S"+:TS" r-
t ·ii 1 <lriving forces with the o:: _ _ I~ 

~:1 : • 1 1 ~ setting of the escape- 0 :o: 1-- ~~1- 1 oo· ... f.. ~ ... 1- 1 ~ 2 oo· -.... l'-'I 50 
Jiii !It. 

in Fig. 55 the graphs for 
nil po:>itive settings beyond a 
cri '. ical one cut the axis of zero 
crrnr ; also, the nearer the 
~et ting is to the critical point, 
tl w. more horizontal the line at 
the crossing point. This latter 
is an advantage, for it means 
that the effect of inaccurate 
adjustment to the crossing 
point is small. 

The crossing point for any 
setting can be found by direct 
experiment ; it is only necess­
ary to observe the rate with 
different driving forces. The 

ms/d.. 

~i... ..,.., .. I- : \. t-t.-...... 
-100 ~-J..-+..:-1-=:;::...i.......,,.:i:t--..::::J;t---.~ ....... !-=lt-~~~~::-k~-l~-4-+~--!-.:-.::,J:. .. -+ .. ~f.J# ... -+--A 

~ ~~.... t-."· -2001-J......L....l-J.....J-L.-1-..L..-L-4-+~~t--..-,...._+-+::::::;..~t---~,....__~ .. ~~~ .. 1':~ .. ~1-~-~~::l-4 
S.=*-~1~tt-2«t~2*· ,....... 1',.... ~-. 

-300 PTllMTy. 5tcond4TJi .~l--+-+-+-+-+-.P...,~-+-+:=~~~ 
~-Cq/al0'CdF/FI ~ -tf hi-i 
8 • ~ + ~ .. "-1ndlnc.t "'R: -~ 

-'400I- AiT { 150mm-- f..-, 
Prtwa~ . 25nnn-- - - L-J~~--l-4-4--~>--4-4-4--+-+-"""""' 

FIG. 54-Total Rate Errors of Symmetrica! Singk-P'litua 
Escapement, using Pendulum G1, due to a 1% Increase 

of the Driving Force. 
Variation with Selected Amplitude ; Selected Phase of 

Reversal fixed. 

FIG. 55.-Total Rale Errors of Sy mmetrical Single-Phase 
Escapement. 11sing Pendulum G1. due to a i% Increase of 

. the Driving Force. 
Variation with Selected Amplitude ; Selected rosition of 

Reversal fixed. 
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crossing point is obtained by that force the axis that it would not show distinctly. 
which gives the maximum, or minimum, rate At an amplitude of r50' it gives an error of 
as the case may be.. + 6 ms /d, and at 250' -4 ms ,Id. It is prac. 

If this test be repeated with different tically straight between these two limits and 
settings, the one which gives the flattest crosses the axis at 210'. If variations of driv. 
rate curve is nearest to the critical point. ing force were the only thing to be considered, 

With this particular pendulum (Gr) run in the most favourable setting for this pendu. 
air at 750 mm., the critical setting is not far lum, run in air at atmospheric pressure, would 
from+go'. The graph for this setting has not thus be+ go', with an amplitude of 210'. 
been drawn, because most of it lies so close to The corresponding phase is + 25°. 

TABLE VI.-SUMMARY OF RATE ERRORS OF SYMMETRICAL SINGLE-PHASE 
ESCAPEMENT. 

Direct. Indirect. 

Cause. Range of <t>. 
I ' 
I Secondarv. I T' . \Amp.+ ;Primary. - Ampl. iming. Timing. Circular 
I Amp. jTiming. Total. 

rcasc of driving I I 
force ... ... +cot -cot +tan I-cot 

Inc 

9o q>o C?o i 2q>o 

I Does 
crease of resist- I not 
ance ... . .. I -cot +tan -cot vary I 

I 9o 9o 290 with q>0 I 

De 

-cot '-cot 
C?o X I 2c;>0 X 

versa! late ... -sec ccscc 
1
+sec 'cosec -co 

9o 9o! 9-o 9o sec q>0 

Re 

In 

I I 
' 

crease of driving I I 
I 

force ... ... 0 to +45o + - + i - -
I 

+45o to +900 + - + + -
0 to -450 - + - + -

! 
-450 to -900 + ' - - I - -

I 

crease of resist- I 
ance ... 0 to +45o I - + - -

De 

I 

+45o to +900 I - + + -
0 to -450 + - + -

•• 
-450 to -900 + - - ---

versa) late ... 0 to +4So - - + I - -
! 

Re 

+45° to +90° 
I 

- - + I 
_j_ -I 

I 

o to -450 - - + - + I 
-45° to -90° - -

I + I + + 
(To be continued.) 
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the members of the trade to support their 
;1ction in announcing five vacancies for 
out pensions (three male and two female). 

The Society finds it a constant struggle 
to make both ends meet. .New subscribers 
arc urgently requirecl. The deprcssecl state 
,>f trade should spur the charitably disposed 
in the trade, and there must be many, to 
rnake a point of supporting their own trade 
charity. There are many reasons for this. 

It is one of the oldest craft charities in 
l'Xistence. 

Its works and benefits arc national and 
comprehensive. 

The Society is managecl by horologists 
for horologists . 

Since the amalgamation it is the only 
charity for watch and clockmakers. 

The Society needs new subscribers badly. 

THE ELECTION FOR FIVE OUT PE!-lSIONS. 

The election for five out pensioners will 
take place in May. 

Intending candidates can obtain form of 
application from the Secretary at the Office, 
35, Northampton Square, London, E.C. i:. 

Candidates are asked to attend before the 
Committee on Tuesclay, March 31st, at 
5.30 p.m. 

For further information apply to the 
Secretary. 

THANKSGIVING SERVICE AT ST. PAUL'S 
CATHEDRAL. 

The r931 Thanksgiving Service will take 
place at St. Paul's Cathedral on Tuesday, 
June 23rd, at 5.30 p.m. · 

The Committee have pleasure in announc­
ing that the Right Rev. the Lord Bishop 
of London will preach the sermon and make 
an appeal on behalf of the funds. . 

Members of the watch and clock trade 
should feel proud to think that the authorities 
of the great Metropolitan Cathedral have 
honoured them by granting the use of the 
building for this service . 

THE THEORY OF PENDULUMS 
ESCAPEMENTS. 

AND 

BY PROFESSOR DAVID ROBERTSON, D.Sc., M.I.E.E. 

(Continued from page 54.) 

Fig. 56 shows, to a larger seal(.' , the various 
components of the errors when the selected 
phase is+ 45°.~. At this phase, cot q>0 =tan q>0 , 

and the two components of the secondary 
error balance one another. With operation 
nearer to the centre (q>0 smaller), the 
negative amplitude-component of the second­
ary error will exceed the positive timing­
component, but with reversal further out 
the reverse will be true. 

The crossing point with phase+ 45° occurs 
at an amplitude of r48 arc-minutes at the 
higher air pressure, and at 82 arc-minutes 
with the lower pressure. 

The figures of Table V refCr to the pen­
dulum only. The addition of a crutch, or 
0ther cause of friction, will increase W, by the 
amount of the energy absorbed by that 
friction, and make q very slightly greater. 
The primary errors will be increased in the 
same ratio as W,, the secondary errors in a 
somewhat greater ratio, and the circular 
errors by a small amount. The graphs 
would thus be altered in shape, and the 
crossing points come considerably different. 

56. Rate Errors due to Variation of Positio11 
of Reversal. 
The phase of the escapement action. is 

determined by the pendulum reaching a 
particular point on its swing at which the 
escape wheel is unlocked, the electric contact 
made, or in some other way the release of the 
energy is controlled. 

Variations of the phase of the action may 
be brought about by wear of the pallets and 
teeth , or of the electric contacts, by end-play 
combined with obliquity of the faces, by 
slackness and wear of the bearings, and by 
differential expansion of the parts which 
locate the two elements whose contact 
controls the action. With electric control, 
a · further cause of variation of the phase of 
action arises from the variable time taken by 
the armature to make its stroke . 

The wear of sliding pallets causes the action 
to take place sooner, but that of electric 
contacts makes it later. 

Let the displacement at which the action 
should occur be x

0
, and suppose . that one of 

the causes mentioned delays it until (s.+ dxo). 
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The change of x.. varies ~.. and therefore 
causes a primary direct error in the rate. 
But it also alters the energy supplied to the 
pendulum ancl thereby affects the running 
amplitude, which in its turn causes' a 
secondarv direct error due to a further change 
of phase; and indirect errors by varying the 
deviations due to any other forces, such as 
those causing circular deviation. 

"° 
ms 'd. 

..... 100 0 
Fas t tE ..., 

d a: 1-1 

50 

- -
I-::" 
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LO: 
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'10 o· 
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. 8,.::;::: (r /r.) (F /kX) l sin~ .. d~ .. +cos«;>., 

(dX/X) f 
- (r /;:) (F //(X) 1 (r - q) tan i;>.., 

primary tin•in~ secondary timin1 

+ q cot<;> .. )· (dx .. /.\) 
arnplituclc 

= (r /rr) (F /k.Y) {tan <j>,;- q (tan c;>., 

-- cot<;>,,); (dx,, /X) . 

-fT 

20 O' 

f\mplitwie. 
[T 

r---

-IOOl-'_.._.__.._..._...._.._..__.__._C_i_lc_u_l_aT_. '-+~...;....+-1-~~\j:.......4-4-l--+--+--+--4 
Primary. + (l/2n\(W./W.\ cott(df/f) .---.~--+-~,._\.._...--+--+--+--+--< 
Ttm1nq. +(Q/2nllW.IW...ltan<Q(df/f) \ "l\ 
Amplitude. - (q/zn)(W./W.\ cot~ (df/F l 1--1--f-,+-+.."'\'-l"--f--+-+--+--t 
Circucto.r. - <qfele• (cff/Fl ~ 

AlrPre.:.!!>uie.7S01111T1.--251T1111:--- \ LX 
-150.--~~~~~~~~~~~~.....__._....._...__.~"--"_..~ ........ _._ ........ ~ 
st04ll ~P.li.tu.de.e. 

FIG. 5(1.-Rnte Errors nf Symmetriccrl Si11gfr·Phnse Escapement, 
using Penrlulmn G I, due to a i% 11!creas~ of tilt! Driv:ng Force 

reverst'd at l'hase + 45°. 

Equation 34.09 gives us:-
W0 = - FX sin ~0 = - Fx0 

. ·. dW. = -Fdx., 
(56.or) 
(56.02) 

Also, from equation 16.02 we have :-

= (r /r.} (F /l?X) {tan cp0 + 2q cot 

2<;>0 } (dx0 /X) 

- - (r /2rr) (We /W,.) .; tan Cj>., 

+ 2q cot 2cp.,} (dxo /."Co) • 

- - {r /2rr) (W. /Wv {sec c;>., +zq 
primary 

(56.08) 

(56.10) 

(56.II) 
(dX /X) = q(dW.,/WJ = q(dx,,/x0 ) • (56.03) 

Again, since sin <?o = x,, f X, we have :­
cos ip0 d~0= dx,,/X - (x0 /X) (dX /X) (56.04) cosec <;>.,cot 2q:i0 } (d.x.,/X)(56'.r2) 

= (r - q) (dx0 /X) . (56.05) 
• . d~0 = (r - q) sec tp 0 (dx,, /X) . (56.06) 

The direct escapement error due to a 
variation of ip0 is obtained by differentiating 
equation 54.or, treating Fas constant, but 
X variable as well as cp0 , thus :-

secondary 

As before, we can find the phase of 
operation which will give the least direct 
error by equating to zero the differential of 
the expression inside the large brackets. 
Doing so, we obtain 541° when q = ! and 
48!0 when q =I /3. · 

(To te ccn!inued.) 
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THE THEORY OF PENDULUMS 
ESCAPEMENTS. 

AND 

Bv PROFESSOR DAVID ROBERTSON, D.Sc .. M.l.E .E 

(Contintted from Paf!.e r30 ) 

The circular error is:-
80 = - (r /8) e• (d e /0) 

= - (q /8) 0 2 {d60 /00 ) 

= - (q /8 cosec cp0 0 1 (d00 /0) 

(56.r3) 
(56.q) 
(56.r5) 

With a given amplitude, the circular error 
rlue to a given change in the position of the 
pendulum at the instant of reversal of the 

Air Pressure. 
750mm.---

2Smm.-- --

:1-4oo 
I 
I 

,' 13oo 

, 
, 200 

- ~"' _Yh_100 

, .. - ~-- - -, 

The magnitude of the total ·errors caused 
by the pendulum being I arc-minute further 
on than the correct posjtion is shown in Figs. 
57-6o for pendulum Gr at two air pressures. 
With a pallet or contact leverage of I inch. 
I arc-minute corresponds to o.29r mils. 

For this variation, the direct rate errors 
at equal phases on opposite sides of zero are 

~= -ffi~{i.ect,+2a.~<ct%~~ 
Prim11~ Stconda.Tll 

~ ... = - C<t/&\eosttt, e' !d0./Gl 
5• ~t+~ '\ln~lnct . 

,' , , V JIE' o Phase. 
-90• tL1::60· -~o'"'\. a 30• 60" <JP°~ 

I ir -- -~ ~ T• 

,'rzid ~ ~ 

I\ -200 7~~ ~ 

-300 7 

J &1.!i.1 
Opuatton btfc•t 7.tTO. 

1-500 
Opt•a.tlon a.ittT 'IUO 

FIG. 57.-Tctal Rate Errors of Symmetrical Single·Phase 
Escapement, ~in.t: Pendulum G1, due to Reversal being 

I A Yc-l\1im1te late. 
Variation with Sclccte<l Phase of Reversal : Selected 

Amplitude fixed. 

fnrce does vary with the phase selected for 
t liat reversal, because the energy given is 
;l ltercd in the same ratio as 0

0
• But if the 

·~rror in the position be a fixed fraction of O ; 
ins~cad of a fixed amount, it would not d~ 
i;o. The former is the more probable sort of 
variation and has been chosen for the graphs. 

again equal in magnitude, but now they are 
both negative. On the other hand, the 
circular error is positive with operation 
before zero, and negative after zero, because 
d00 reduces the distance from the centre in 
the former case and increases it in the latter. 

Thus the two errors have the same sign 

·,., 
'l ... 
. .. 
'· . " 
" 
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with operation after zero 
and opposite signs before 
zero, which is just the re­
verse of what applies to 
variations of the driving 
force. 

A full discussion of these 
four sets of graphs is hardly 
necessary, for, after allowing 
for the fact that it is now 
the negative branches of 
the curves which cut the 
line of zeM error, it would 
be a mere repetition of that 
of the previous set of four. 

0 0 

IOO 

200 

AmP.litu.de.e. 

But the following points 
may be noted. The critical 
setting is now about -45'. 
The crossing points of Fig. 
Go occur with amplitudes 
of r44 and 85 arc-minutes 
for the two air pressures. 
These are almost identical 
with those of Fig. 56, but 

FIG. 58.-Totai Rate Errors of Symmetrical Si11glc-Phasc Escapement, 
11sing Pendulum G I, due to Reversal being I A rc-l\1inute late. 

Variation with Selected Amplitude; Selected Phase of Reversal fixed. 

unfortunately one refers to a phase of - 45° 
and the other to+ 45°, and we cannot have 
them both at once. 

To determine directly the crossing point of 

Fig. 59 for a given driving force, the rate 
should be measured with a number of 
different settings. That setting which 
corresponds to the maximum or minimum 

· msld. 
~ IOO·i----------------------------------------.. .................... -.--.-..,.......-...-~ 
~ fa-1 ... 
w 

°'-= ·ll/2n)(WcM~\1-q_12-e'~l\d0Jre·-a:)\) v 
Sc= - Cqf&IEf (d.6.16.) vV~ 
& • &t. + ~- AiT Pre.ssiue. 150mm.~ · -%etitqde.9. 

·25' j_ -5'1 I-1ocr 1-150• 

Fm. 59.-Total Rate Errors cf Symmetriral Single-Plum: Escapement, 11si11g 
PeNdNlll#I Gi, dN11 to Reversal bei"g 1 Arc-lWinute late. 

Variation with Selected Amplitude; Sclceted Position of Revc~.l fixed. 

rate gives the crossing 
point. The test may be 
repeated with other driv­
ing forces to find the one 
which gives the flattest 
rate curve. 

It is quite impossible 
to build any escapement 
which is not subject to 
some variation both of 
the driving force and of 
the position of the pen­
dulum at which it is 

-reversed, but the prob­
able extent of each of 
these variations will be 
greatly affected by the 
design and by the work­
manship. 

If, with a given mech­
anism, the probable 
erratic variations of driv­
ing force are much more 
serious than those of the 
position at revers~. we 
should employ a positive 
setting and select con­
ditions agreeing with one 
of the crossing points of 
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Fig. 55. But if the p.robable importance of point of Fig. 59. A negative setting is not 
the two variations be . reversed, we should possible with all types of escapement. 
prefer a negative setting and a crossing . (To be continued.) 
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FIG. 60.-Rate Errors of Symmetrical Single-Phase Escapement, 
11sing Pend11lum Gi, due to Reversal being 1 Arc-Minute late, 

when the Sected Phase is -45°. 

PENDULUM CLOCKS AND 
VARIATION 

GRAVITY 

Bv \V. BOWYER. 

At the last meeting of the Royal Astro­
nomical Society two papers were communi­
cated, giving the resul~s of an investigation 
on the above subject. The experiments 
were conducted at the Laboratory of Mr. 
A. L. Loomis, at Tuxedo Park,.New York, 
U.S.A., the object being to test whether 
<>bservatory precision clocks were of sufficient 
accuracy in their time-keeping, to be sus­
ceptible to the slight change in the force of 
gravity produced by the motion of the moon 
in its apparent circuit round the earth in 
about 25 hows. 

An explanation of the phenomenon and 
the method adopted for its detection is as 
follows :-A pendulum is dependent for its 
swing upon the force of gravity always 

tending to pull it to its centre, or zero position .. 
In a pendulum clock small impulses are 
frequently given to overcome the tendency 
to stop at zero, and so the pendulum is 
maintained in vibration. · If the force of 
gravity were to increase, the pendulum 
would swing faster, but for the present 
it may be considered that at a given place 
gravity is constant. It varies at different 
places on the earth, due to distance from the 
earth's centre ; for instance, if a pendulum 
clock was set to keep accurate time in 
London and was transferred to a place on 
the Equator, it would be found to be about 
two minutes a day out of time, owing to 
change in the force of gravity between 
London and the Equator. Consequently, if 
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