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THE BELL.

AMONG the m any munifcent gifts of the W ills family to the
University of Bristol, not the least is the m agniscent block
of buildings erected by Sir George and the late M r. H . H .
W ills in memory of their lather, H enz.y Overton W ills, the
founder of the University. This :ne pile was designed by
Sir George Oatley, LL.D., R.W ,A., F.R.I.B.A., and was
opened by His Majesty the King in July, 1925.
Its outstanding feature is a handsome tower, 54 feet wide

by 2*  Ieet high, dominaiing, from the top of Park Street,
most of the ancient city and a considerable portion of the
modern one. In the belfry of this toper is placed '' Great
George, '' the fourth largest bell in this country. Like
< < Great Paul ' ' ol St. Paul's Cathedral, which is the largest
of all the British bells, its note is E flat, the deepest note
given by any of them . 1tB tone is a great sonorous boom ,
and is supposed to be exceptionally fme.
As a m atter of interest, the leading particulars of the other

large bells of Britain are given in Table 1, compiled from
information kindly supplied by the bellfounders, M essrs.
John Taylor & Co. , of Loughborough.
The belfry qoor is 132 feet above the level of the street,

which is itself near the top of a hill, lacing S.W . The ceiling
of the belfz.y is 61 feet, and the sills of the belfz-y windows
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17 feet above this floor level. By thus placing the bell
entirely below the level of the windows, the tone is supposed
to be heard at its best, but there is little doubt that the
volume of sound emitted is thereby reduced, and some authori-
ties object to the 1ow position for this reason.*

TABLE 1.

TIIE GREAT BELLS oF BRITAIN.

' Diamtter. WeightDate. st
. lns. Tons. cwïs.

1. Great Paul, St. Paul's - 1882 9 6.). 16 14
2. Big Ben, W estminster - 1858 9 0 13 11
3. Great Peter, York - - 1845 8 4 10 15
4. Great George, Bristol - 1925 8 4 9 11J ,
5. Manchester Town Hall - 1882 7 7.1. 8 3 j
6. Beverley Minnter - - 1901 7 3 7 1 ï
7. Birmingham University - 1909 7 0 1 6 2 1
8. Newcutle - - - - 1891 6 11J 5 18 !. r9
. Great Tom, Oxford - - 1680 7 0 5 15 ?

l0. Great Tom, Lhzcoln - - 1835 6 10 5 8
l 1. Downside Abbey - - 1903 6 10 5 7 E
12. St. Paul's (Old) - - - 1716 6 % 5 2 (

Glasgow University - - j 1888 5 8 2 171.
As fhe note is considerably below the pitch 1or which the

ear is most sensitive, the range of audibility is much less than
that of a shriller note of the same energy. Reports have been
received of its being heard, under favourable circumstances,
at places 10 or 12 miles distant, such as the hills over Bath.
On the other hand, at my house, only 1,000 yards away, it
cannot be heard on the ground floor with even a slight breeze
from anywhere between N. and E. , although on the top floor.
from which a clear view of the tower can be had, it can still
be heard.
The 1ow note blends with the street noises, and is easily

m asked by them . For instance, I have frequently missed the

* see reply to Discusaion.
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middle sirokes of 5 o'clock when listening for them at a point
in Park 'Street not more than two or three hundred yards
away, owing to a m otor-car passing at the tim e.

Fig'. l--Grea.t Bell of the Univeraity of Brlgtol. Mounted a.t tbe
Makers' W orkx.

Fig. 1 shows a photograph of the bell, with its mountings,
taken at the m akers' works, and Plate I a scale drawing
specially prepared by them for fhis paper. The alloy is
approxim ately 13 parts of copper to 4 of tin, and further par-
ticulars are given in Table II, taken partly from data supplied
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by the makers, and partly from tests m ade by my studcnts
after the bell was erected in Bristol.

TABLE 11.

PARTICULARS OF THE GREAT BELL OF THE UNIVERSITY
OF BRISTOL.

Cast by John Taylor & Co., of Loughborough, in 1924. Arrived in Bristol,
4th April, 1925, and erection completed in June. First oëcial tolling for
om ning ceremonp 9th July, 1925. Began to strike the hours in May, 1926.

Diameter, 8 feet 4 inches. Height, 6 feet 9 inches. Note, E flat.
Weights. Bell alone - - - 9 tons 11J cwts.

Headstock - - 2 ,, 9.à. ,,
Crown Staple - 4.1.
Internal Clapper - 5è.
Balance for same 11

Total weight on Trunnions - 13 tons 2 cwts.
External Plock Hammer - 4 cwts.

Length of Hammer Rod to Centre of Hammer, 3 feet.
Travel, from 15 down to 30 degrees from vertical.
Vertical lift of Hammer, 4 inches.

Angle of swing, 90 degrees on each side' .
Time of double swing, 6 seconds.
Centre of gravity, 3.53 inches below the centre line of trunnions.
Frictional moment cannot hold bell 0.05 degree out of plumb.

The hours are struck by the external hammer, but the bell
is also provided with an internal clapper, and is mounted on
trunnions so that it can be swung out 90 degrees on either
side. These trunnions have roller bearings whose lriction is
rem arkably sm all, so sm all, in fact, that it cannot hold the
bell out of the vertical by as m uch as 0.05 degree. Starting
with an am plitude of only 12 degrees, which is too little to
strike the bell, over 30 double swings are made before the bell
com es to rest.
The bell can be, and indeed has been, swung by one m an,

but as about 20 feet of rope laave to be drawn in, or paid out, '
during the three seconds taken for a single swing, the job is
not exactly f ' lijht work. ' '
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GENEaAL OUTLINE OF THE ATECHANISMB.

W hen I was asked, early in 1924, whether 1 could design
an electrieal m achine for striking the hours on this bell, I
thought that I had obtained a job after my own heart. I am
considerably wiser now with respect to the time required and
the diëculties to be overçome, but I had an entirely free
hand, both as to methods and cost, and found the task a most
agreeable and interesting one.
Since no clock face is provided on the tower, antl the belfry

is kept locked up and is exposed to the weather through the
open windows, I decided to place in the belfry only the m achine
requircd to raise and drop the hammer, and. to place the
timing and counting mechanisms in the m ain corridor of the
ground floor ol the tower. H ere they are always open to
inspection by anyone Buëciently interested to watch them .
The hammer is norm ally set and held by a latch, which is

released at the correct instant by an electro-m agnet by m eans
of an electrical impulse sent from the m aster clock. AB the
hamm er falls, it switches on power for the m otor, whieh drives
a crank disc throu' gh worm gearing.
The crank pin then makes one revolution and resets the

hammer, moving clear before the motor stops. The return
of the ham mer to the set position switches o: the power
and puts on the brake, This whole process takes about three
seconds.
If the Bupply of power be interrupted, the hammer will not

be reset. Consequently, only the first stroke of the hour will
be struck unless the power is restored within the 55 seconds
taken by the RA3 contacis to complete the series of 12
contacts.
The bell was used as a time signal on Armistice Day. Power

was switched o: after ten o'clock, and not put on again until
some time after 11, in order that only one stroke should be
given exactly at 11 o'clock.
The timing of the impulses is done by a time m échine,

consisting of two clockwork units which close the contacts

T1IS CIZOCK AND STRIXING MECHANISMS FOR
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at the required instants. One of ihcse units keeps Greenwich
mean time ; it m akes the snal contacts for the bell circuit,
and controls several other circuits in connection with the
automatic control of the pendulum .
The other unit keeps civil .time. It carries the stroke

counter which determines the number of strokes to be struck
at each hour, and controls the hours at which they are to be
struck, as well as several circuits for sm all bells used for
indicating the time for beginning and closing class lectures.
The time units are themselves driven eleetrically from the

pendulum , which is the real timekeeper, and lastly, there is
the time control apparatus by which the pendulum is regulated
in accordance with the Greenwich time signals received daily
over the Post OEce wires.
An interval of about seven seconds between the strokcs was

discussed, but at my suggestion a five-seconds interval was
adopted as fhe most convenient for timing purposes.
Every stroke is separately timed directly from the clock,

and consequently, the inetervals are exaet. Thus the frst
stroke gives the time, but the succeeding ones can be employed
lor a closer estimate of the fraction of a second! and it is
quite easy to compare the time given by the bell with another
clock within one-fdth of a second, using a watch with a central
seconds hand as an intermediary.
There is probably no other bell whose strokes, after the

ftrst, h>ve any pretence to accuracy. The arrangement
universally adopted ig to have a separate striking train, which,
after being released by the clock, takes entire charge of the
striking, counting the strokes, and timing them . The striking
train is driven by weights against a fan brake, and does not,
as a rule, get up full speed before the first stroke is struck,
with the result that the interval between them gets shorter
as the strokes proceed. This variation of speed throughout the
cycle can, to some extent, be compensated by having unequal
distances between the teeth of the cam which releases the
hammer, but the frictional resistance must always be variable,
cqusing variations in the rate at which the striking train goes
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after release. These variations will not only afect the intervals
between the strokes, but, as they will vary the lag between
release and the frst stroke, they will also cause irregularities
in the time given by the frst stroke.
For instance, T< Big Ben ' ' gives a fve-seconds interval

between the frst and second strokes, but the interval gradually
shortens down to about 45 seconds between the last strokes of
the big hours. In a series of tests I made last September,
the actual time between the ftrst and last strokes of 1.1 a.m .
varied from 46J to 48 seconds, instead of the 50 seconds it
should be with an exact interval. It is probable that these
times would be diserent during colder or hotter weather, but
this has not yet been checked. Incidentally, during this
autumn I have found <d Big Ben '' habitually 1J to 2 seconds
fast ; as the cloek is supposed to be kept m uch closer to time
than this, the inference is that the bell is fast by about thig
amount when compared with its own clock.*

THE STRIXING M AcHIxE.

As no precedents could be lound for an electrical striking
machine on anything like the seale of this one, the design
had to be m ade without any guidance from the experience of
others. The flrst idea was to providè weights which would
m ake it to som e extent independent of interruptions in the
supply ol power, but when particulars of the hammer were
obtained this idea was at once abandoned.
To strike 12 o'clock alone would require a nett work of about

1,800 foot-lbs. ; allowing for the losses in the m achine, about
2 fooçtons would be necessary. The driving weight would
thus be of the order of one ton, and if the rope should break
and permit this weight to fall several feet, the risk of its
crashing right through the ioors is too great to be run.
A purely electrical machine was, therefore, adopted, and

in the end proved quite simple to design.
The general arrangement ig shown in Plate H , and a diagram

* see reply to Discussion.
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of the link mechauisms, etc., in Fig. 2. The relative positions
f the motor, worm gear, crank dise, links, switches, kndo
release m agnet can be quite easily followed from the form er.
The tail lever of the hammer is held down by two links

forming a toggle. Stop-plates attached to the hammer lever
engage with the bottom link, which is double, and prevent
the toggle from quite reaching the dead centre. Consequently,

@

Wi're 1or Majnet Plungc,
Sutrqinz uck. .

e poœtr suktch.Magnet Ltve'r
. -  --.

. tlppt' Link.suinging Lock
.

Bxakt Sudch,
- Lockinj Letlty.

Laîch. ------  **.z . - ..-k Lôckinç Ca.'m' Stop Pln. 'e-Rôckkn shaft
. ,t ,, qruasras

, xh Iln . ;:. .Latc
Lcutx Links. * /
Rtleeqt Ltvtx

'
. ()
è

* . .Baomt. Ltvtr
. .

Link Gtops . Cyan k Pfn
Hclt f0x Lock.tlp Bolt Cvank Disc .

Fil. z.-Mechaaism of the Striking Machine.

the weight of the hammer will throw the toggle out when it
is free (see Fig. 2). But a lateh holds a pin on the upper
link, and locks the toggle in. Throllgh the intermediary of
the m agnet- and release-levers, and of the rocking shaft con-
necting them , the m agnet plunger pulls the latch clear when
the m agnet is energised. The ham mer then falls, and forces
the links out to the position dotted in the elevation given
in the plate.
The switch spindles are coupled to the upper link spindle ;

consequently, the rotation of the upper link throws the three-
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pole power switch to the < T on '' position, antl the 'two-pole
brake switch to 4 < od. ''
The motor now starts to drivc the crank disc through a 20à

to 1 reduction. The crank pin engages with the end oi the
hammer lever, and depresses it to the set position ; the links
m eanwhile move inwards until they are stopped at the correct
position by the stop-plate already mentioned. This inward
motion of the links resets the switches to their former posi-
tion, cuttiùg os the power and applying the brake. The
inertia of the motor carries the crank pin round far enough
before the motor stops for it to be quite clear of the path of
the tail of the lever when released.
During the rotation of the crank disc, a cam cut behind

it resets the rocking shaft, with its attached levers and. the
m agnet plunger. In addition to restoring the plunger, this
cam has another function. It actl as a safety lock to prevent
the release lever being lifted unless the crank pin is in a clear
position. This lock has frequently been called into pla#.
The linkg have ball bearings throughout, and, in spite of

the great weight of the hammer (4 cwts.), the force needed
to release the latch is very small, being no more than 1) lb.
applied to the latch iiself , or 3.j lbs. at ihe magnet plunger.
A much smaller magnet would have been suëcient to release
the latch, but as that would have been a special design
instead of a standard article, it would probably have cost more.
Besides this, a smaller m agnet would take considerably more
power to do the job, and would probably require to be run
from the s* -volt m ains through relays, instead of being
operated directly by the small 24-volt storage battery installed
in the building 1or the private automatic telephone exchange.
For the crank pin and the cam Iollower, standard ball

bearings are employed, with the outer race acting as the
rubbing surlace.
Since the bell can be swung out as well as struck externally,

it is neceBsary to provide a lock to prevent release by the
m agnet when the bell is not there to receive the blow, 1or
otherwise the hammer would fall about 4 Ieet, tm d then strike
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the floor. This would certainly wreck the machine, and would
probably also do considerable damage to the building. This
contingeney is met by ihe swinging lock which is shown at
the top left-hand corner of Fig. 2, and which is controlled
by the mechanism shown in T'ig. 3.

Wtw t: tlnlpcking sring.
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Fig. J--Mecbanism for Swinginp Lock.

Provided the hollow in the cam attached to the bell trunniôn
is in the vertical position, a spring (not sllown) pulls up the
dashpot-lever and lifts the swinging lock out of engagem ent.
But as soon as the bell moves away from the vertical, the
cam lifts the cam -lever and permits the swinging lock to fall
down to flle locked position. To guard against the possibility
of the toggle being released by an impulse arriving when the
bell is passing tlle zero positioll w1t11st swinging (each impulse
lasts one second) , in which event; the bell would move
right away before the hammer could reach it, a dashpot is
provided to m ake the unloeking take place very slowly. Thus,
to free the swinging lock, the bell must not only be at zero
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but must have been there for at least hall-a-minute. As a
further safeguard, a stop (not shown on the drawings) llas
been added to the hammer, and catches on a steel structure
if the bell should fall below its normal position. This has
been tried and found esective.
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Fig. l--power Circuit for Strikinw Machine.

1

Fig. 4 gives the connections of the power circuit, and the
key diagrams show the circuits for the two positions of the
switches. From these, it will be seen that the braking is
accomplished by short-circuiting the motor through a portion
of the starting rheostat. The resistance between the two
tappings is suëciently high to prevent any damage occurring
if one switch should go on before tlle other goes oS.
Quite a number of trial calculations had to be made before

the right reduction ratio was lound, and that arrangement
was adopted in which the kinetic energy was about the same
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as the mechanical work done. W ith too high a reduciion, an
excessive amount of energy would have to be dissipated on
braking, leading to diëculties in stopping, whereas with a low
reduction the kinetic energy would be Bo 1ow that variations
in friction would cause too great variations in the time taken
to perform the cycle.

*
2

.1

q3

I.5
-  -  .-  -  -jb.4 vplts.

24.3 velto.
M tnt nuç tn- 
Mtnt F'1@I wi.I.0

-  -  '-mmt tlkf'p
I t: tleastAmvr,H

i I
Q.5

-  -  '-drïmt taktn
I by Bammtr

t e f alt =I 
0.7: stts.

j '

0 0.1 0.2 o.5 c.4 c.5 0't, Q.7 ().: Ampkus. 1.(h
Finat M-ccntt CuTxentl

qFrom tests by G. âlf&#t).# anii a,1 . E. O'N:ïlI.)
Fig. s.-Release Characteristics of Striklng M achine.

The motor reaches a maximum speed of about 900 r.p.m .,
and must be stopped in about four revolutions. W ith a
m echanical brake held off by a m agnet, it would have already
made these revolutions before the m agnet could release the
brake.
The release characferisfics are given in Fig. 5. The

hammer takes a constant time of 0.70 second to fall on the
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bell, but the time taken by the magnet to release it varies
according to the current and voltage employed.
In the tests shown in this diagram , the current was set to

a deflnite steady value by zneans of rheostats, using the
specised battery voltage. The same switch which closed the
release circuit started an electrical chronometer, which was
stopped by the hammer opening another contact when it
reached the bottom of its stroke.
The chronometer was made many years ago by adapting a

. meter of the shunted commutator type, known as the W esting-
house, type 0. The shunt was removed, and a series resistor
added suëeient to make the speed of the disc one revolution
per second. A scale of 100 divisions round the disc gives
hundredths of a second, and another on the next spindle gives
the whole seconds. The slarting and stopping errors of the
instrument itself m utually cancel, and the instrum ent has
proved of great Bervice in a number of investigations.
This meter is now obsolete, which is unfortunate from

my point of view? as I want more. If any reader should know
where one or two can be obtained, I sbould be very glad
indeed to hear from him .
The time taken by the hammer to 1all was measured in a

similar way, but in this case the chronometer circuit waB closed
by the release of a contact held os by the hammer when in
its set position. The m inimum releage current is a little
under 0'3 ampere. W ith the rheostats set for a larger current,
tlle plunger begins to move before the current has reached
ifs full value, and 5ts acceleration at each point is greater ;
consequenfly, the release is quicker.
W ith di:erent battery voltages, diferent amounts of resist-

ance are needed to give the same current. Consequently, the
fime congtant of the circuit (inductance divided by resistance)
is smaller, and the current grows more quickly with tbe higher
voltage, although the ftnal value of the current may be the
same for both. Tllus the release with a given 6nal eurrent ig
quicker the lligher the voltage employed.
Fig. 6 illustrates the machine whilst it was being tested
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' in the laboratory last February, when the bell was represented
by a large block of oak, which stood up well t;o the blows.

The floor at this part of the laboratory is on solid ground. It
has not been possible to get a useful photograph of the m achine

It
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in its permanent positlon, owing to the obstruction of the
housing for it and the other building structures.
The cost of the energy taken to drive the machine is

entirely negligible. It takes about 1,600 watts for % seconds
each Btroke, or about 50 kw.-hr. per year, costing, Bay, làd.
per week.
This machine has given very little trouble. The preliminary

tests showed the desirability ol adding a stop to limit the out-
ward travel of the plunger, as otherwise it was possible to get
the latch so 1ow that the latch pin came down above it instead
of below. Steel stops were, therefore, added outside the
magnet, but they had to be changed Ior brass, as the leakage
flux was suëcieût to make tke plunger hold to ille stop against
the pull ol the m agnet. It was also decided to increase the
diameter of the' rocking shaft because ol the heavy duty on i't
when the cam happens to be made to pull the plunger out
whilsi the m agnet is excited.
A lew frial sfrokcs were sfruck on tlle bell on 1st M ay, and

regular use Btarted a few days later. After running for some
time, saddle keys which had been put on the rocking shaft by
mistake, had to be changed for sunk keys, ag originally
intended.
About the end of June the bell started occasionally to strike

double, the hammer lalling again as soon as it was reset
instead of waiting for the impulse. This was caused by the
stop-plates for the links having m oved by the amount of the
clearance in the bolt holes, which had not been stted to the
bolts. The links then had some play between the stops and
the latch, and b0th links and latch rebounded, the rebound
of the link som etimes m issing the latch owing to the rebound
of ihe latter. Fortunately this only happened occasionally, or
the bell would have kept on striking tlntil the power was
switched o:. Dowelg Gtted into the link gtops cured the
trouble.
The qipper springg on the three-pole Bwitch broke consecu-

tively in July, August, and September, and had to be replaced.
This did not put the switch out of action, but it made the
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instant of opening uncertain, with the result that the motor
would now and again stop too soon, or run too far, according
to the particular blade a<ected. The result was t'hat the
machine was tied up by the safety cam , and would not strike .

again until the crank had been set by hand to the correct
position. W hen the first spring broke, it was Bome time
before the cause of the stoppage was diagnosed, 1or by a
eurious coincidence it seemed to occur mostly at 8 a.m., just
when the factories are starting up their machinery, and when
the supply voltage mighi be expected to be a little irregular.
The new springs in this switch, and also tlie original springs

in the other switch, have so far stood up to their work, and
given no further troublej* but it m ay be necessary to replace
the switches by a special drum switch which does not depend
on springs, for the duty upon them is much more severe than

- that for which they are intended. The switches are operated
118 times per day, or 43,000 times per year, which is rather
trying for the springs.
During the summer the glands on the gear had been

tightened. W hen the cold weather came the friction increased,
until it got big enough recently to stop the motor too soon.
A snug is provided on the bedplate, fo which the hammer

lever can be bolted by a locking bolt kept handy lor the pur-
pose. The laammer can thus be locked up, and the machine
made safe to llandle when any cleaning or other work has to
be done on it. The whole machine 5s enclosed in a lock-up -
room built round it in tilze belfry, large windows being provided

' so that it can be watchod by visitors withollt their having access
to it. Tt is thug protected from the weather and from inter-
ference.
So far as it was possiblc to do so, st.andard apparatus has

been employed in the consfruction of the striking m achine ;
ihe m akers of these parts, which were a1l obtained before the
m achine had been drawn out, are as follows :- M otor,
Electrical Construction Co. , Ltd. , W olverhampton ; reduction
gaar, H enry W allwork tl Co. , Ltd., Birmingllam ; switches,

* See replx to Discussion.
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J. Crabtree & Co., Ltd., Walsall ; release magnet, deorge
Russell & Co., Ltd., M otherwell. The speeial parts were made
by M essrs. Olver & Fry, Bristol, who assembled everything
togelher and erected them at the M erchant Venturers'
Technical College for testing, and again in their Gnal position
in the tower.

THs RELBASE CIRCCIT.

From Fig. 7 it may be seen that there are lour timed
contacts in the release circuit of the striking machine. These

+
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(* And tlf 5 seconds fnfrrpflls .J to 12 tîmn-b
Fig. '7.-Release Circuit for Striking Mlchi ne.

contacts form parts of two clockwork mechanisms, of which
one keeps Greenwich m ean time antl the other civil tim e.
During the winter months these two units indicate the same

time, but only the civil time unit is advanced or retarded
with the advent or end ol summer time. This arrangem ent
is necessary because the time at which the daily time signal
from Greenwich, which is used for controlling the clock, is
received remains at 10.00 Greenwich mean time throughout
the year. The use of two separate units independent of one
another has also proved convenient in other ways, as each
forms a check on the other when any changes are being made,
and either may be put temporarily out of commission without
losing the time.
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Each unit has three m ain drums for controlling the contacts,
and two intermediate spindles for gearing them together. The
frst drum of the Greenwich mean time unit is driven by
the seconds contact of the pendulum m agnet, and m akes one
revolution in two minutes. This provides 1or the 55 seconds
required to strike 12 o'clock, with a suEcient margin on each
sfde to permit the slower contacts to come into play with
certainty during the dead part of the revolution. The other
drums on this unit revolve once in one hour and once in 24
hours.
The civil time unit is driven by the half-minute impulses

from the pendulum ; its drum s m ake one revolution in one
hour, 24 hours, and seven days. The last-mentioned drum
is not required for the bell, but is employed to cut od certain
other circuits at the week-ends.
Referring again to Fig. 7, the bottom two contacts are on

the Greenwich mean time unit, and the other pair on the
civil time unit. During each two minutes, and beginning at
the 58th second of the odd minute, contact RA3 is m ade 12
times, corresponding to the 12 strokes of noon, at intervals of
flve seconds. The contaets are advanced two seconds on the
instant at which the stroke is due, in order to allow for the
various delays which occur before the hammer strikes the bell.
There is the time taken for the magnet to release the latch,
and the further time for the hammer to fall as already
explained, but in addition to these there is a delay on the
clock itgelf . The coniact levers on the time m achine do not
begin to drop until the armature of the driving m agnet returns
alter the pendulum contact is broken, whereas the time com-
pared with the tim e signal is that piven by the m ake of that
contact, a diserence of aboui one-third of a second.*
In addition, there is, of course, the time taken by the

sound to travel from the bell to the point of observation,
amounting to one seeond for each 370 yards, or 4'8 seconds
per mile. W ith the two secondg advance of the contact, the
bell is heard at the boftom of the tower about 0'4 second

* See reply to Discussion.

24t
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ahead of the clock.* A growl, which is caused by the blow
given to the building when the hammer falls and is transmitted '

through the masonry, can be perceived just before the sound
of the bell arrives.
Contaet RB3 picks out the particular two mlnutes of eaèh

hour during which striking is to take place, being m ade about
half-a-minute before the hour, and opened before RA3 begins
a fresh series ol contacts.
LB3 is the contact used with the stroke counter ; it is closed

a few zninutes before the hour, and cuts oS, as will be
explained later, when the number of strokes struck corresponds
t(à the hour indicated by the civil time unit.
The remaining coptact, LB4, separates the hours which are

to be struck (6 a.m. to 10 p.m. inclusive) from those which
are to rem ain silent. It can be short-circuited by closing a
small tumbler switch if at any time it is desired to strike
throughout the night.
The arrangement of the spark-suppressing resistors and

condensers should be noted. The non-inductive discharge
resistor has approximately four times the resistance of the
magnet coils, and thus limits the rise of voltage across these
coils, when current is switched of, to lour tim es the worksng
voltage. The condenser llas to be charged before the voltage
across the contacts can rise when they open ; consequently,
some current is diverted away from the spark, whose intensity
is thereby reduced. Tbe energy stored in the m agnetic feld
is thus partly dissipated in the diBcharge resistor, and partly
stored in the condenser, only a small part being left to damage
the contacts. '
The damping resistor in series with the condenser prevents

sparking when the contact is closed. So long as the contact
is open, the condenser is kept charged to the full battery
voltage, and it is diseharged through the eontacts when fhey
come together, W ithout the resistor, fhe resistance of the
discharge eircuit is low, the current is momentarily very large,
and the energy storecl in the eondenser is m ainly spent in

* see reply to Disoussion.
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heating the contacts and in the spark which is formed just
before they quite touch. The resistor restricts the current and
absorbs most of the stored energy, thus protecting the contacts.
The magnet of the stroke counter is connected in parallel

with the release magnet, so that both receive cm rent together.
The stroke counter thus counts the number of times the bell
has been told to strike, not the number of strokes it actually
does make. The particular way in which the stroke counter
m agnet is connected to an intermediate point on the discharge
resistor of the release m agnet has no special significance ; it
was adopted simply because the former magnet did not need
such a large current as it would receive if connected straight
to the battery like the latter one.
Tumbler switches in the eircuit enable it to be broken

entirely, or the bell to be cut off while the stroke counter is
left running. There is also an ironclad switch in the bellry,
by which the circuit can be entirely disconnected lrom the
. releasp magnet if it is desired to prevent impulses arriving
whilst work is being done on tlie striking machine.

THE TIME M Acltlxl.

The time rnachine, and also the pendulum , were m ade in
Bristol by M essrs. Brecknell, M unro & Rogers, Ltd., their
mechanie, M r. E. 'C. H illiev, being responsible for the fine
work and the assembly. The flnal adjustments were
m ade by trial in my laboratory and after the machine
was in service. W herever admissible the parts were m ade
of gunmetal, and wherever possible they were polished and
finished in Florentine bronze. The result is a very hand-
some piece of m achinery.
Except that the civil time unit carries the stroke counter,

the two units of the time m achine are generally similar, but
reversed left for right ' in order to bring the terminal boards
next the outside of the case for 1:0th of them . Small side
doors in the case give easy access to the terminals, with
out any danger of disturbing the pendulum .



k

Tkk cLock Ako s'RlklxG kkclAxisks #ok

l l
CRECNWICH MEAN TIME CQNTROLS.

- .j. . - . - .4. . -4. .., *
I ,

. I .

4. cixtact umkt
! 1

%

' 

- - ' !
1 .. . . zlmlltt Ttvmknlls

. . l Mûgnet ''Itçpinqts*q, I a. '
l Ttrminœt Betptt:
. N . .

iLIJTIQN ./ ..#. 1 IN2 MlNtl-rts . . . . .RA DRtJM. . . . j qEy . .
. . z

. .-. 
' 

. * Ctq.! Raîi:.2ûll0Q.
. ' N

ze N
o ' 1 ' m .
d . ' 4.,! .
. I ;@ . N. :J 4* p

. I 9
' . N I. . . . . . qyj, jj jj ,. l 1 ' . ..m . . Geqz Rtdii. 1:114*$ rw = - =-% . .. . >' f- : e - ' 'b x -7 . .

$ ' -œ

' 

y

' 

'' X . z z .< #$

' 

e .. z .'.'x . I !6 . . xk . . . .z'' y .
p . .. .. X)t

. .e' AïN . .. t. . .-e ' % .' . . i
z N '
' 

. 1 'ISN (!hI( Bnuiy .# . . RB Dat)M. . . -#. 1 qEvntuzlcl .
N. ?'

' ' ...-. . : ctl. Rlvi: 24/9:
k .,.'' ' ' z '. ' 1 N / ' '. > ,ee . * '& .. . 4s ,Vx v I . g. , .. . . cintu,t ktvtv.V 

! ' cintltt spinjs.j. . * ; ' f'''l t d ' 5. V ae 1 .ï
t' k'o 'r' k - .12 ':.c. * C r > '

. .t r ::a r . r.:u...c.z r> . . 1 .
l f .-p. ':1 ' R B/C Hu8.
k - a a .- y' . Gelx Rette. I%lIQ:.

. < > '- x. ,j, ',. .: *4 . , . I.reJ $ a a
* ..:% %. %n %k .1 '' . x '. '
. ' < ' # . '. - I e X

. ' h' 1
' 1 '''' *' Q 'N

. . . Tp .t ' x . .''' A/, . .-. 1. . ....'' , Klqcktl f- C:ptad Qlqll
. . ! .

. 4. l IlEvottlnloN . + . IN 24'l!ûURS. .# . ' RC DRUM.
. , , . ---- cy,s, Aym

. c (mtact Disc..% tN * I 'h .' & . œ ê
l NN 1 '9' I+ . e x z 'h .

- ..#. - N . . 'F - ..+.' k. O % * ' 'x # * rze
' ' U ' l I %' % X'X 1

. : rQ<-- . ..
v w%

' 
j

Plate Ill.-Greenwicb M ean Time Unit. Front Elevation.

#ji



e

Yhk GRkAT BkLL oè Tnà cxtvkàslTk oè àalsèoE 16!

x DTiwtm Azm
sv Dzivipj spril,tp 2 * Mqgptt Coxe.'-' hhh ab. e 7 6 .'3 R 5 2 I AA.

r - '. - h . . citt. C4ntict : nit:- . R 'D *%g w % x - .j.-j. -
7 . .

h * 'e .4I ' I ' INtfdtt:. - % .fz . .N h u ' '+'m w .. nl , I '.. .- . .# . . . . . RA D etlsQ - ai- .! i .+.z . 'g' h x xvg-. I .. . . ' 2 mtns. pt'r xtv.% % ; . ,to x r I . . , . .
x h . , . . - . .-. . - . - . - . - , - . .. . '

r w x . . . , . . . .. Avmltuve v. oytvtnj &:.m
. . j 

' ' ' ' ' ) . a ' ' a r

'

: j k 4 :4 t

'

qé

'

j! jj j j Su

'

t1 
. .

' 
. '.  . .  l .... . .... . .... , ... . - . . . - ..j - . . j s ( yj : j ox . . . e . 'r .

x c7 . . . . . CTQ:*.b*1m xxx . .. x . . selupq fjjuj3 v x ..).e- j .* x Nx ; . % Q. . . ' . .' =' 
. x p n . ,. ' .s. xx e.l J j . . . s kpzu hm > h x p T . ' . p .... xx . . g +> ,... .. . sN m x h . .g ' PIKG..x . x g I é: ' . . ctamyiwj sltrtwy

>' 1 ' ' ' . ' 'VN . ' . '' $ . ' ' . ' ' '* * ' ' ' ' '
' . ' . 6 7 6 .5 4. ,3 2 1 R B.
.. ' 1(4,;

N L
zs . - v . . . . . +. t)
;k hN. r trw . . ..jm *x* '+,x x Co 

wjk uhx 7
x x . , j .x *v . . +. ,.,.. ...x I .

I f -
. , II ' .

> =. *xN ..#.. .+. :
Nx . .N œ .+ .+.

* a w .X ' hh h

# x .s h v ,+. .+.
h*. 1 . : 7 6 S 4 3 2 I R C.v 

. 
. . c qptart kr v ty s1 .= . - . . . .& . .' ' ' C '*- u. .- -. - - * - -' - -. - -' - L -I Ltve., Spinliltx x - - - - f jx:4 dw ptuûr- h .- 1 - .1 ... @ -1 - . .* . Bvacktt.

-xh - uvt! Rlux. - h. x . , R u s .
h . 24 hottfs 7Q$ Ttk.

. v - .'f-- . -- . -. . - qT- . . -- .

..
.. uls.r ()r caN-rAc-rs.

xh. qhl Ilalf Mtnutt Impuir,e.s
* - - Ptlttu. .'.sjtlr.tl'a BB'. BLV Spq'e '. satnv x Rx.s Rss creat Btu
wh RA.l e84 qc* t--tmmtslgpqt
x x -  . Rhs Fœs. flcs. G/unwtcilTilvdtsignot
x*w I$Ab Spa'e
v qBK RC& Rtqxtalt,t %tllttYg C>M#/:.% 
x qA: cluss Btllâ .

- - x x *h BeR.putt - cta' Whettx * Rnief's 4re*
- h-hx 

N h ''epltsentt4 b: tbeir Pttcà swpflcu.

Plate Iv - Greenwich M ean Time Unit. Sectional Side Elevation.



244 'ltâ ctock A#D j'1'àlklxG Màc/âxisMs àoà

The ratchet wheel has 120 ieeth in b0th units, and the
numbers in the reduction gears are as follows :-

Greenwich mean time unit - 20 : 100, 18 : 1œ , 24 : 96, 18 : 108.
Civil time unit - - - 24 :96, 18 : 1œ , 40 :80, 28 :98.

80th units have thus the same distances between the wheel
centres, and only two such distances are employed, namely,
3 inches from drum to intermediate spindle, and 3.15 inehes
from the intermediate Bpindle to the drum , going downwards
from the iop. ' '

Plates III and IV give elevations of the Greenwieh mean
time unit, and from the former the way in which the contact:
are made can b'e seen quite readilj. The drums comprise a
number ol contact discs, each notched at the place or places
where its contact has to be made.
Contact leverg, carried on side pillars, have pallets near

their ends which ride on the periphery of the discs and drop
into the notches as these arrive at the vertical position ; they
are afterwards lifted by the sloping sides of the notch. Tvory
pegs on the lever ends hold the platinum pieces on the ends
of the contaet springs against one another whilst the lever is
down. The bottom lever ih Plate III is shown in the down
position with the contact closed, and the others in the up
position with the contact open. '
Each pair of contact springs, together wfth its ebonite

insulating washers, is mounted on a small metal plate as a
complete unit, which can be detached from the supporting
bracket by removing the two little nuts below. Faeh set ()f
three, or as many of them as the particular circuit may
require, are connected in series (except those for the Post Omce
wires, which are in parallel) to the corresponding pair of
terminals on the terminal board at the right. A front view of
these terminalg can be segn in the illustration of the civil
tim e unit given in Fig. 9.
The principle of keeping the electrical circuits completely

insulated from the frame has been strietly adhered to, both
in these units and in the pendulum mechanisms. Electric



Thà GRXAT BéLt o: :Hà UNIYXRSITY 0: ERIBTOL l12

Lpltoto. .&r:<kAlfr;;. AfvAlen & Jlflg#r'G f.zJ.)
Fig. 8.-Clvl1 'rlme Unlt. Front Vlew,



!(8 :#à cLock A&D STRIKING MXCSANISMS #OX

Kg. Q.-C;v';l Time Unie. Left slde.



T=E GREAT BELL OF TSE UXIVERSITY OF PRJSTOL

Lphoto. .Brzvllvil, Munro & Rovrh Dff.l
Flg'. 10. Civil Time Unit. Right Side.

2sâ



270 'I'HE czuocK AND STRIKING MECHANISMS F0R

clockmakers are rather fond of employing the frame itself as
one pole of the circuit, which is rather apt to lead to unex-
pected freworks and consequent dam age when anything is
m oved, and m ay lead to other troubles by earthing the circuit,
for ordinary m asonry, and especially reinforced concrete con-
structions, are far from being insulators. ln fact, although
the wall upon which these machines are Gxed has bèen
perfectly dry for years, it is quite a fair conductor.
Details of the driving m agnet are given in' Plate V. Tàe

chief advantages of the diamond form of aimature there shown
are, that it gives a neat concentric arrangement, and thét it
is possible to make an approximate calcuhtion of the torque
it will give with a speci:ed excitation of the magnet. The
large end plates of the magnet have the disadvantage of
causing considerable magnetic leakage, wllich is rather diëcu' lt
to allow for in the calculation. The total gap in the iron
circuit when the armature is down must not be less than 5
to 10 mils per inch length of iron, or the residual m agnetism
may hold the armature down against tlle restoring spring.
The setting of the back stop provides Ior this gap.
Tn the driving magnets of these units, but not in the later

magnets of similar pattern used for the stroke coMnter and
pendulum , there are also thin pieces of brass attached to the
faces of the poles. W hen the Greenwich mean time unit was
flrst run for the preliminary tests, orie of these brass sbeets was
struck by the heel of the arm ature at a place where the motion
is nearly tangential, and caused a very curious sort of wear.
The iron and brass were marked as if they had been corroded
by acid, and there was formed a quantity ol very fine black
(111st, which found its way into all the placeg where it could
be most objectionable. There was a 1ot of trouble with the
drive of this unit, owing to the srst reduction being too tight.
Tt seemed quite lree at frst, but developed a tendency to stick
at one part of the revolution, which gradually got worse. The
dust mentioned above llad caked inlo the teeth, but even after
cleaning them out, and easing one t00th in the pinion, which
seemed to have got sprung a bit by ihe insertion of the set
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screw which fxes it to the spindle, the same trouble developed
again several times, and in the end the distance between the
centres had to be increased a few mils.
Shortly after this was done it began to miss again, but only

once in a few tens of thousands of impulses. W hen tested,
the gears seemed quite free, and everything appeared to work
quite correctly with a reasonable m argin. At last we were
lucky enough to see it actually happen when both M r. Roberts
and I were watching it, and found that the pawl failed to drop
in. On taking out the drum , we found that the t00th at the
place where it had missed had got slightly burred, probably
when inserting the drum on the previous occasion, and that
this burr somefiznes laeld up the pawl.*

+

-F' Drivinq DischtugeReslst:x.C' r
y I Maqntt 2:0:* j bzZ
D 'j Dlmpind.j*tisttt n' qA,l. jfjy kactg y(w% q'tv 1 utm m.' Gtqnal.

l Côn .-*2 f 4 . eçend.s zentatts m'B' ' 
F rscaptmtpt Malmt.Wat.

Fig. llm-Drivlng Circuit f or Greenwich Mean 'rime Unit.

Figs. 8, 9, and 10 illustratc the civil time unit, for which
no separate assembled drawings have been m ade. The extra
m agnet, etc., in front are for the stroke counter, which is
described in the next section. The photographs were taken
in the m akers' works when the m achine was frst assembled
in the rough, and diser in som e details of the stroke counter
from the final design.
The driving circuit for the Greenwich m ean time unit is

shown in Fig. 11. The contact is part of the escapement
magnet of the pendulum to be described later, and the spark
suppressors are gimilar to those already discussed.
The civil time unif is driven by a similar circuit, which also

contains the master dial in the clock case, but here the contact,
operatcd by the same magnet as the other, is m ade once
every half-minute only.

* See reply to Discussion.
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THE STROKE COUNTER.

M uch thought was given to the method of counting the
strokes. The rack and locking-plate methods employed with
mechanical clocks did not seem to fkt in neatly with the
electrical scheme, ahtl I had a feeling that some sort of con-
centric arrangement m ust be possible. In the end I succeeded
in flnding it.
The principle of the new stroke counter can be described

with the aid of Fig. 12. The front disc on the 24-hour drum
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Fip. ll.-Action of Stroke Counter.

of the civil time unit is notched at the hours to be struck,
with deeper notches than usual. In front of it a cut-o: arm is
mounted loose on the same spindle, but attached to the drum
by a long spiral spring which holds it against a stop on the
drum , so that normally they both revolve as one piece. The
pallet of the confact lever for thig disc projects in front so as
to overlap the cut-o: arm , and Ialls into the notch, making
the contact in the usual way at a few minutes before the hour,
as the notch comes round to the top position.
As we have already seen, the m agnet ol the stroke counter

is excited when the release circuit for the striking machine is
closed. This magnet operates a ratchet, which drives the cut-o;
arm backwards, one t00th at eaeh stroke, by means of a ratchet
wheel fxed to the cut-o; amn, but not shown in Fig. 12. As

t

1
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tlle wheel has 24 teeth, one for each hour of the 24 taken by
the drum to revolve, the number of strokes required to bring
the cut-o; arm to the vertical, where it opens the release
circuit and prevents further impulseg bcing sent, will be the
same ag the number of hour spaces between the initial posi-
tion of the cut-o: arm and the vertical, and this will agree
with the hour indicated by the scale on the drum if the sfop
is properly set. The arm is made double, so that one end
com es into play during the a.m . hours and the other during the
p.m . hours ; in this way the series of strokes begins again at
1 at 13 o'clock insiead of proceeding right up to 24 at mid-
night, as it would do with a single radial arm .
Actually the zero position of the arm must be at 24J, not

at 24, in order to leave the notches clear 1or 1:0th 12 and 1
o'clock. But this is allowed for by setting the driving pawl
so that the Erst stroke only drives the wheel through one-half

' 

fl itch which brings the cut-os arm directly oppositethe toot p ,
the notch for 1 o'clock. Subsequent strokes drive a whole place
at a tim e.
A detent on tlae ratchet wheel holds t,lze cut-o: arm in the

vertical position while the drum revolves to mark the flight of
time. After a little the sloping sidc of the notch lifts the
pallet, and ihe cut-o: arm is no longer needed to do so. A
further rotation raises the pallel higher, and liftg the pawl and
detent by meftns of a slotted link from the contact lever to
the detent, until they clear the teeth. The cut-os arm then
qies back to its zero position llnder the action of the spring,
and it is ready for the next hour. This takes place just bcfove
the quarter-past.
The left-hand diagram of Fig. 12 shows the condition just

before 4 o'clock begins to strike. The middle diagram Bhows
the change of one laalf-place brought about by tlae flrst impulse,
and the right-hand diagram how the cut-of arm opens the
circuit when it gets to the vertical poaition after thc fourtll
lm pulse.
Fl'll detalls of flze strolçe eountpr are given sn Plate VT ; the

clefails of the pawls and lifter cnn be easily followed in the
g
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' elevation given in Fig. A of this plate with the aid of the detail
drawings C, D, and E .
The stroke counter gave more trouble than any other part of

the mechanigm . First of all, several trials had to be made to
get the right spring for restoring the cut-of arm to zero. This
spring has to permit over half-a-turn of movement to the cut-
os arm without being so Black at the beginning that it lails
to return the arm against lriction, or so tight at the end that
the arm ature spring cannot drive against it. W e' cannot avoid
the latter by znaking the armature spring too strong, or dië-
culties are encountered with the amn overghooting at the early
impulses. The hrst spring was of round wire, but the turns
wedged together and jammed the arm. The hnal spring was
of strip, and worked better, but still jammed a bit when tight.
A retaining disc fxed fo the drum in front of the spring
improved m atters congiderably, and when it was coned out
Blightly to give more room for the outer turns ihan for the
inner ones, that diëculty was solved, but only to leave us
free to attend to others.
The mechanism then seem ed to work quite well when the

armature was depressed and released by hand. But when
operated by current the release was sharper, and the blow
on the pallei at the cut-of position caused the lever to bounce
far enough to lift the pawls and allow the wheel to slip back
a t00th or two. The lever wag then altered to the arrange-
ment Bhown in detail in Fig. C, Plate VI. The pallet was
' divided into two parts, ol which the one whicb engaged with
the cut-os arm was rigidly sxed to the lever, and the other,
which rides on the disc, was merely located relatively to the

' lever by a very light spring. The pawl lifter is attached to the
latter portion of the pallet, and now the lever can bounce as
rnuch as it likes without lifting the pawls.
The armature is returned by a spring against a dead stop,

but I have not been able to devise any such stop for the cut-of
arm which would not inierfere with the release of the pawlB
afterwards. The inertia of the cut-og arm must, therefore.
be kept so low that the arm will not ovemmn far enough for
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the detent to gather one more t00th than it otlght. This is
particularly liable to occur at the flrst stroke, bccause . then
the restoring spring is at its slackest, and the amount of move-
ment of the arm before engaging an extra t00th is at a
minimum , and the armature has a free movement of half-a-
place before engaging with the arm , and consequently gives '
the latter a blow.
The Arst cut-o; arm was, therefore, m ade with a boss reaeh-

ing out only to the bottoms of the teeth of the ratchet wheel
,

and with the arms themselves perforated by large holes. Tbis
one is shown in place in Fig. 8. But the side play of the
pawls allowed them to get mixed up with the arm ; this did
not happen during the preliminary trials, which were rather
short, but caused the bell to strike anyhow

, up to 12 strokes' 

at eaeh hour, duying the lrst week-end it was put into service.
A new arm was, therefore, m ade with the circular bosg

. 
' 

carried out beyond the tips ol the pawls, so that the actual
arms are quite short. This got over the one trouble, only to
land uB in a new one. The inertia was too great, and over-

' shooting, leading to counting the flrst stroke as two
, frequently

took place. W orse still, if the armature spring wag rather
iight, the overshooting at 1 o'eloek would earry the arm right
past the pallet, allowing it to drop again, when 12 would be
siruck and the machine get a bit mixed up.

Eowever, by grooving out the ratchet wheel, which is fairly
thick, and cutting some unnecegsary material og the arms

,

it was found possible to atljust the arma-ture Bpring so that the
operation became pedectly certain. But the adjustment was
like steering beiween Scylla and Charybdis ; to go too lar in
one direction meant lailure through overrunning

, whereas to
get beyond the line on the other side meant failure to drive
ihe cui-os arm home st the big houl's.
A very curioug and unexpected thing was discovered whilst

making these adju' stments. The bell was eut oC, but the
stroke counter left on. By depregsing ihe other contacts by
hand, the hnal contact RA3 would operate the stroke counter
12 tirneg every two minutes, so that many trials could be made
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between the hours. It would then work perfectly, and we
would switch on the bell just before the hour. But when
the bell was working, the stroke counter would start over-
running again. This was repeated over and over again with

the same result.
lt seemed rather diKcult to see how a mechanical trouble

in one machine at the bottom of the tower could be a:ected
bjr electrical connection to another at the top, but the explana-
tion is really quite simple. The release magnet is much bigger
than the stroke counter magnet in parallel with it, anê is able
to reverse the eurrent in the latter momentarily, with the result
that the residual magnetism is wiped out more efectually than
it otherwise would be. Consequently, that part of the energy
given to the arm ature by the spring which is otherwise spent
in overcoming the pull of the residual magnetism is, partly
at least, spent in giving a greater velocity to the arm ature
and cut-of arm , thus increasing the tendency to overshoot.
A second stop screw was added to the disc so as fo resfrict

the movement of the arm fo about 13 .places, in order to
prevenf tEe spring being broken by overwinding if the arm
should get past the pallets for any reason, quch as the lifter
failing to release the pawls. Such failure did actually fake
plaee once or twice owing to fouling between the stop-plate
at the back of the cut-ol arm and the second Btop. This
carried the arm round with fhe drum after' striking IQ o'clock,
plltting so mueh pressure on tbe detent that the friction was
too much for the slftnder pin carrying the lifter.
The reduction raf if> (24 : 1) from the driving magnet 'of the

eivil time llnit to ll.t: zzl-hour spindle was sumcient to enable
the main driving sp Y, g to break oR the end of fhe pallef and
to break the cuf -oq nrzn (t11e original one with slotfed arms)
at one Bide.
Tlze flrst pawls (of whlch the breakage of the driving one

has jumi been recorded) were of brass, with steel pallets
soldered in. New ones of innproved shape and entirely of steel
were then substituted, but it was found fhftf f'he attracfion
betwnen the pawl tmd detqnt was suëcient to prevent, ' the
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armature going down. The iifting horn was then m ade of
b t' en then the face of the pawl had to be hollowedbrass, u ev

out very considerably belore we eould with certainty eliminate
the tendency to jump up to the detent and Btick there as soon
as the m agnet was excited.
laigs. D and E of Plate V1 give details 'of the final design

of pawls and lifter. The latter is attached to the detent
througlz a slotted hole, whieh gives the freedom necessary for
the detent to ride over the teeth as the wheel is m oved. The
horn on the pawl rides on the top ol the detent, so that both
rise together when the lifter com es into action.
Originally the stroke counter disc was Blotted for the hours

from 6 a.m . to 10 p.m . only, but belore it was put into service
the notches were cut for the remaining hours. At a later date
the next disc on the sam e spindle, which was a spare, was
cut Ior the former hours, and was utilised to give the option
of either ringing at night or not, without altering the m achine,
as already explained.
The stroke counter is fxed on the zniddle bar of the civil

time unit, as may be seen from the photographic illusfrations,
two discs being omitted to give room for the cut-off arm and
the armature, which is hollowed out to utilise the space sur-
rounding the bearing plug.

THE PINDIJLUM.

W e now cozne to the actual time-keeper, the pendulum ,
whose constrtlction is shown in Plate V1I. W ith the possible
exception of the method of attaching the rods to the bob ancl
headgtock, it is probable that none of the features of the
pendulllm itself is new, although it is likely ihal they have
never been al1 combined together before. The use of two rods
is certainly unusual, and waB adopted to enable the driving
forces to be applied centrally withouf the llse of a crutch, but
it alsô has some advantages with regard to the method of
fxing the bob to it, and in exposing lhe whole length of the
rod to the air.
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'l'.he rods are of nickel steel having a coeëcient ol expansion
of the order of one part in a million per degree C. They are
not bound to the other parts at either end, but simply rest
on the round surfaces of the necks of the screws, as m ay be
seen from Figs. E and G of this plate. The screws are of the
sam e m aterial as thc pieces into which they are screwed, so
that the eiective length of each material may be known.
The lenglh of steel whieh afects the equivalent length ol

the pendulum is measured from the centre of the free portion
of the suspension spring to the highest point on the neck of
the screw, upon which the rods rest, and that of the nickel
steel is to be takcn from the lattcr point down to the bottom
of the slot which carries the bob.
A series of holes for the upper screw is provided, in order that

-the temperature compensation may be adjusted by the method
proposed by King. The rods are always kept at the same level
'

with respect to the mild-steel headstock, but by varying the
position of the screws, keeping the two on the same level, we
can, without altering the length of the pendulum, adjust the
division of this length between the two metals, and thuB regu-
late the am ount of temperature com pensation given. Each
step corresponds to a change in the tem perature compensation
of about 0.005 second per day per degree C. The second screw
through each rod is merely required to keep the rod and head-
stock in line when the pendulum is handled ; normally it is
just clear of the holes.

of

2)û

The sidewise expansion of the bob increases itB moment
inertia. This is compensated by suspending the bob a little
below its centre of gravity, the amount being calculated so
that the esect on the rate of the upward expansion of this
little piece exactly balances that of the increased moment of
inertia, provided the wllole bob is at one temperature. The
bob is thus self-compensating, which is much better than using
the expangion o! the heavy bob, wbose temperature will only
change slowly, to balance that of the rods, which could be
done by suspending thé bol; from a still lower point.
The expanBion of the rods, headstoek, ancl Bpring m ake the
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pendulum go slower, as the temperature riBes, by an amount
varying with the position of the headstock Berews, as explsined
above. Changes in the elasticity of the spring produce a
similar efect.
0n the other hand, however, the expansion of the air

reduces the buoyancy, thereby increasing the e:ective weight
of the pendulum , and at the same time reduces the small
addition to the efective mass eaused by the rnovement of the
air to and fro with the bob. The expansion of the air thue
accelerates the pendul.um wifh a rise of temperature, and com-
pensates, in part, 1or the expansion of the rod.
Owing to the uncertainty as to the exact values of the

coelheients of expansion of the particular rods, etc., which go
to make up the pendulum , and to the doubt as to the magni-
tude of the inertia esect of the air, it is not possible to
calculate accurately what the efect of temperature change
will be. Such calculations as could be made indicate fhat the
pendulum is probably slightly overcompensated with the screws
in the top position, but this can only be verifed, or dis-
proved, by a long series of observations.
Should experiment prove that it is really undercompensated,

the two slots at the bottom of the rods will be lengthened,
and a brasB piece, expanding upwards, inserted in each, as
shown in Fig. G of Plate VH . W hen once the actual tem -
perature coeëcient is known by experiment, it will be quite
easy to calculate the length of brass needed to annul it. By
the way, the temperature cqe/cient varies slightly with the
amplitude and with the barometric preskure.
Change of barometric pressure also afects the rate of a

pendulum . W hen the air pressure falls, the density of ihe
air falls wifh if, and so reduces tlae buoyancy, increasing fhe
esective weight of the pendulum , and it also reduces the mass
of the air which moves to and fro with the bob. Both e:ects
raise the rate of the pendulum . The amount of this change
is about one-third of a second per day for each one-inch ehange
of barom etric height, but it varies with the design of the
pendulum . The gcanty data so far obtained seem to indicate
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that with this particular pendulum the efect is greater than
this amount.W An increase in humidity produces a similar, but
som ewhat sm aller, wchange in the rate to that produced by a
fall of barometer. .
The suspension spring is carried between the two m ild-steel

ehops with a free length of 0'5 inch. 1ts section is 0'5 inch
by 8 znils. The frst spring tried was thinner, but it gave a
period of oscillation about a vertical axis alm ost identical with
that of the applied forces, tlle resonant eondition, and was
liable to set up quite big oscillations about that axis, due io
sm all errors in the symm etry of the driving forces. This was
a mere coincidence ; many trials would probably have been
needed before resonance could be obtained if it was wanted.
Each chop has a trunnion parallel to the plane of vibration.

The upper one rests on the cocks, and the lower one carries
the headstock. The idea of this arrangement, which is not
uncommon, is to perm it the spring to take up its own line
without danger of the weight of the bob tending to bend it .

edgewise, and so crumple if . This claim is a somewhat dubious
one, for the friction at the trunnions can hold it out of line by
an amount which is probably not less fhan what might be
expected with caref ul workm anship and rigid connections.
A handle is attached to the upper chop for convenienee in

dealing with the pendulum when it ias to be taken down. Its
lower end embraces two pins flxed to the lower chop in line
with the virtual axis of oscillation, which passes through the
centre of the spring. The pins do not actually touch the sides
of the hole, but they prevent the spring being twisted when

- the pendulum is handled, and aet as safety eatches in the event
of thc spring breaking.
Fig. 13 shows the power consumed by the pendulum when

running free in its own case before the two units of the tim e
m achine, or the therm om eter and barom eter, were pui into it.
Both in this test and in several others m ade in the laboratory,
the powcr was m easured by the running-down m ethod by
two students, M essrs. G. Bishop and A. E. O'Neil1. The

* See reply to Discussion.
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power taken in its own case was practicslly identical with
that required when fxed on a wall without any case, care '
being taken to avoid draughts. ' A smaller cardboard case
made the power very much geater.
The second graph shows the ratio of the power to the Bquare

of the amplitude ; it follows a linear law with the nmplitude,
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showing that the power has a term proportional to the square
of the amplitude and another proportional to its cube. The
latter is by far the more important, except at quite sm all
amplitudes. To avoid confusion, the experimental points
have been marked only on the linear graph. The equation to
the power is m arked on the diagram , and need not be repeated
here.
It was expected that the second rod would increase the air
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friction, which I believe to be no disadvantage. But a com-
parison with another pendulum having an alm ost identical
bob with a single rod of the same size, but with the addition
of a regulating nut of large diameter and a screw below the

. rod, showed very little diierence between them . The extra
friction of the nut and serew more or less made up for
that of the second rod. At small amplitudes the single rod
pendulum took leagt power, but at larger amplitudes the posi-
tion was reversed, showing a di:erence in the relative values
of the quadratic and cubic terms in the expression lor tlze

power.

THE ESCAPEMINT.

The escapement is entirely novel, and is shown diagram-
znatieally in Fig. 14. A counterpoised impulse lever is pivoted
at one side of the pendulum , and connected to the latter by
a short link. W hen the pendulum is vertical, the centre line
ol the link should coincide with that of the pendulum . As the
pendulum Bwings to and fro, the impulse lever will move up
and down with double frequency, the highest point being
reached wheh the pendulum is at zero. The end of the
impulse lever carries one element of a contact whose other
element is attached to a cradle carrying the driving weight.
80th contacts are insulated, and connected to outside ter-
minals by Pexible wires.
The cradle rests in a hook attached to the end of a lever

fixed to the armature of an electro-magnet, which is counter-
poised so as to hold the lever up to a micrometer stop against
the pull ol the weights. A second micrometer stop limits the
downward movement of the hook, and the upper stop is set
so that contact is made at a level slightly below the lzighest
point reached. The ratio of the levers is chosen so that the
movement measured at ihe micrometers is the same as the
corresponding travel at the top of the link.
As the pendulum swings inwards, and just before it reaehes

the central position, the lever lifts the cradle os the hook,
and takes the weight of the cradle and weight, which together
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form the driving weight. As soon as the contact is made, the
magnet is energised and pulls the armature down, leaving the
weights on the contact.
During the outward swing to the other side, the lever and

cradle fsll together until the latter is again caught on the
hook. This takes place at a lower level, depending on thè
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play between the stops, than that at which the cradle was
picked up, and the diierence of level multiplied by the driving
weight gives the amount of energy supplied at each impulse.
W hen the cradle is replaced on the hook, the contact is broken
and the armature is released ; the counterpoise then restores
the weights to their original position ready for the next swing.*
The driving force used in this case is 15 grams weight, or

about half-an-ounce, and the micrometers are set for a nett
drop of 0'2 mm ., the lift being 0'2 mm . and the total drop

* See reply to Dlscussion.
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0'4 mm ., measured at the micrometers. The energy given at
each impulse is thus alm ost 400 ergs.
This escapement has a low solid friction, with a consequent

low variation of amplitude, but its chiel advantage for 'the
present purpose iB the way in which ii permits of automatic
regulation by accurafely calculated amounts, as will be
explained later.
Tests show that the friction is considerably greater than was

expected, but fhe cause of this ig sugpected, and it is hope'd
that it will be possible to improve it considerably in this
respect.
Plate VH I shows the pondulum head wilh f-he escapement

mechanismg and micrometerg, ns well as tha automatic regu-
lator, to be described later, while details of the escapement
magnet and its accessories are given in Plate TX.
There are three separat.e arm attlres for the escapem eni

m agnef, running loose on a common spindle, which is itself
mèunted in bearings, and connectg fhe count wheel at the
back with the seconds hand in front.
The front armature, shown in Fig. Y' of Plate IX, is the

one for lifting the Jriving weight as just described. The back
one, which is shown in the section given in Fig. A, drives
fhe 60-t00th ratchot wheel on the seconds spindle, and algo
relays tlle seconds r'ontacts, so as to relieve the pendulum
confactg of the eoznparatîvely large current required for the

tlnit.Greenwich fim e
Thc middle arm atllre, Bhown at E, oparates thrae separate

corftacts once each half-m înufe in the following m anner.
Nôrmally ' this arm atllre is held down by a latch ixed to a
side gpindle at tlae right, but fhe sam e spindle carries a release
pallat, Mrhleh engages with two pins flxed diametrically oppo-
slte to one anotlaer on the ratchet wheel. The position of tha
wheel sllown in Fiz. A is that for fhe 58th (or 28th) second .
At the end of t'he 59th impulse, fhe pin will pllsh the release
pnllet to the ricllt and llold the latch clear. Congequently,
fhe 60th irfipulso 5vill flnd tha arm atura' free. and will operato
if nlong wlth the other fwo! making the hftlf. -rrlinllte cnntpflt'q,
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On the return of the armature after the conclusion of the Cfhth
impulse, the pin moves clear of the pallet, and the latter drops
back to itB normal position, relockin: the armature.
The lever carrying the releage pallet is extended upwards

to form a handle by which the latch may be freed by hand
when it ig deBired to advance the dials at the advent of summer
time, or for any other reason. Impulses are then sent to the
dials every Becond lnBtead ol every half-minute, so that they
ean be advancéd one hour in about iwo minutes.
A considerable smount ol diëculfy was experienced in

adjugting thia mechanism so that it would operaie with eer-
tainty. The restoring forces on the release pallet m ugi not
be so great that the collnterpoise of the seconds armature
cannot drive against it when the pin is in engagement. On
the other hand, it must be sumcienf to restore the latch with
eertainty. . These dimculties are increased by the residual
magnetigm acting on the seconds armature. Tlle restoring
foree on the seconds arm ature can be altered by changing the
get of iis contact spring, for tllis spring assisfB the return. But
if the force be increased too much in this way, the yrmature
failg to go right home, and fhe pawl does not get inio the
next 100th.
After running quite well îor some monfhs, fhe armature

suddenly started to stick down llndef - the residual magnetism ,
and the gap had to be inereased. But thig reduced the work-
ing forc'eg ag well, and made the otber adjusfments more
delicale.

.Tugt belore fhis fhe geconds hand took a 6t ol gaining
a few seconds per day on the G'eenwich mean time unit.
Naturally fbe latter was blarned for dropping behind, as it had
been previously eonvictad of thst ofence, and it Beemed
impossible tbat the couni wheel could gain on the pendulum .
T')llf it was found that the wheel did actually gain a t00th
now and agasn jllBt. as t13e pîn was movirik clear of the releas'e
pallof. The bottom corner of the pallet, which had been ratller
bsflly treated during the various trials, wag slightly rounded.
an4 one of ihe pins got. jllst under this rounding at the 51h
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second. Tlle pallet then puBhed the wheel foiward instead ol
backwards, and did move it forward a bit when the wheel
was unlocked by the withdrawal of the pawl at the O th
im pulse.
As a rule, the only consequence was that the motion ol the

seconds hand from 59 to 60 took place in two steps, one on
the withdrawal of the pawl and the other on its return, but
once in a while the Grst movement would be sumciently great
to enable the pawl to gather an extrs toôth. W hen ènce the
true cause was diagnosed, which was very diëcult indeed with
a fault which only happened once in a few thousand times

,
it was a simple enough matter to correet the shape of the end
of tbe release pallet.
The back half-minute contact is used for the civil time unit

in series with the m aster dial, ancl tho other two for Beveral
circuits for ordinary impulse electric clocks. A bigger travel
for this armature would have been better, Ior at present there
is some diëculty in adjusting fhe contacts so that their sction
is perlectly certain.

DxvlAlqoxs oF 1'lE RATE wI'I'H AMPLITUDE.

The motion of a pendulum is a vibration about an axis
passing through the centre ol fhe lree portion ol the spring

.

If the restoring couple 
.be proportional to the angular displace-

m ent from the vertical, or zero, position, the vibration will be
a simple hamnonic one, ancl the rate will be the same lor a11
amplitudes so long as the motion ss not disturbed by frictional
and driving forces. But in an actual pendulum the restoring
torque is not proportional to the angle, but io its sine, with
the result that a free pendulum goes slower the bigger the
amplitude. The diierence between itg rate and that with an
infmitely small amplitude is known as the f f eircular exror

, 
''

or 'f circular deviation, '' as T prefer to call it.
The amount of this deviation is shown in Graph A of Fig

.

15, from which it will be seen that it increaseg more antl more
rapidly as the amplitude is increased. If this were the whole
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story, we ought to rlln with as small an amplitude as

posBible.
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Fiw. ls.-Amplitade Dagiatipns of Rzte of Pendulum with Driving Force
+123 Seconds per Day.

As we shall see later in conneetion with the m ethod of apply-
ing autom atic regulation, a constant force on the link of the
link escapement has practically the sam e esect on the m otion
(ts an increase or decrease of weight of the pendulum without



change of inertia, and it will, therefore, produee a change ol
ihe /ate which is nearly independent of ihe amplitude. It is
thus convenient to specify the amount of the driving force in
terms of the change of rate which it would jroduce if lelt on
all the iime instead of only lor a portion of eaèh cycle.
Tlke driving foree ol ihe pendulum We are considering woul;

slow it by 123 seconds per day if . applied continuously. But
it does not sct continuously, but only during the lift and drop
of the wekhts, and consequently the efect on the rate is only
a fraction of this, the fraction depending on the durationB of
the lift and drop. W e tllus have snother deviation of the rate
due to the driving forces.
W ith a given force and given values of the lift and drop

,
the duration of 170th lhe last m entioned gets less as tlle ampli- '

. tude increases. Consequently, the variation of the eBcapement
deviation is opposite to that of the circular deviation

, and at
one . particular amplitude for the given conditions the one
variation will balancc the ofher. and the rate will not change
with a small change of amplitude. This is obviously tEe right' 

' point at which tha. pendulum slaould be run.

A feature of the link escapement which is believed to be 
. .

unique is the accuracy wit'h whieh the escapement devîations
can be calculated without any assumptiong as to the palletg

' 
. having gom e exact shape, and the ease with whieh they can
be varied in order to obtain the begt conditionB.

' The group of curves marked B on Fig. f5 shows how the
deviationg, for dilerent amountg of lift or drop

, vary with .
' the amplitude with the flxed driving force which will slow 

.

' the pendulum by 123 secondg per day if sllowed to act
eontinùously.
The other family, C, g'ives the total amplitude deviation with

a con'stant nett drop of 0'2 mm 
. (measured at the micrometers

or at the link top), and with various amounts of lift. Tt is
obfained by adding the ordinates of the curves for the circular
(1 iation, for t,l% seleeted amount of lift and for lhe cor-PV ,

responding nmount of total drop. Tlae points at 'which the
rate ig conqtalht nrp olwiollg from the curves.

: . 
'
.e .
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As all the curves in the group
energy, they will correspond to the same running amplitude.
This amplitude can be found by running the pendulum with
that nett drop and any amount of lift. The lift should then
be altered to that which has the running amplitude at the
lowest point of the corresponding graph. This. atijustmén: is
quite pasily m ade by turning both micrometers up or down to
the same extent. W ith no other escspem' enf known to m e
is anything like this possible.
The amount of the

C refer to the' same impulse

the

THE CLOCK AND STRIEING MECHANISMS FOR

energy given ai each impulse with
nett drop cd 0'2 mm . iB 392 ergs. A reference tû Fig. 13 shows
that this would give an amplitude of 198 minute: il it were
all given to the pendulum and none loat by ' escapement
friction. . Tn the Bame way the amplitude for any aBsumed
amount ol lriction can be found, and the scale obtained whieh
is' m arked at .the top of Fig. 15.
The pendulum actually runs at a little over 180 minutes

of amplitude with this nett tbop, showing that the friction is
nearly Q0 per cent. A comparison of the gra'phs Bhows thal
the one with a' lift of 0.2 mm . is thB Hght one for this ampli-
tude, and so the micrometers likve been sei to give 0'2 mm .
lift and 0'4 mm . total drop.
It 'must, however, be remembered that these culwes assume

thal the vargation of amplltude IB cauBed by forees whlch do
not fhemselves produce sny direci change ol rate. This con-
dition i: alrnost exactly fulilled by variationg of ihe a1r friction,
and by variations in the link frlction Bo long as that' is the
same af any point of ihe swing, whelher the petldulum is
moving. lnwaêds ot oufwards.
W ear of fhe contactg will cause .a slow change ol the rale,

for it will alter the amount of the lift, and thereby change
both components of the escapement 'devgatlon ln fhe 'sam e
dlrection. ' The weai- causdd by the electrical acfions af fhe
eontaets wlll probably be m ore important than tlle purely
mechahlcâl wear. But the current througE fhem 1: small,
about 60 milliampereB, and the spark :uppressorg efectually
prevent any visiblq sgarking. Aftqr stlmq mcfnths' running?

r -
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a very slighi pimple was visible on one contact and a faint
m arking on the other.
Such slow variations are of no importance whatever in a

controlled clock, but they would have to be taken into account
in one which has to go on its own rate. Nothing but
lengthened experience can show the extent of the eCeet, which
is inherent in all escapem ent actions.
As tlle baseplate expands with rige of temperature, it lowers

the support for the impulse lever. The top of the link is
lowered to a smaller extent by the expsnsion of the upper
part of the rods, etc. Consequently, the lever contact is
raised and the amount ol lift increased, making the pendulum
go slower. There is thus a temperature error eaused by the
egcapement of the same sign as that (lue to the l'otls, which
will, of course, be included in tbat to be found experimentally.

From this point of view, the bronze base used with this
pendulum for appearance sake is not so good as a cast-iron one
would ba. The lift must not be so small that fhe contraction
of the bnseplate down to the lowest temperature to which 5t
will be subjected in use, will reduce the lift to zero ; if it did,
ihc contact wollld lail and tlle pendulum stop.

THz ArToMAvlc REGrLATOR.

The clock is arranged to be controlled by the Greenwich
fime signals received daily over the Post Omce wires af 10.00
Greenwich m ean tim e. Before the new escapement was
invented. full consideration was givtm to ihe varioug means

M
already employed for this purpose. The method most
commonly adopted is to force the clock to time at eacb signal.
The possibility of a signal atmiving at the wrong tîme m ust be
taken account of when reckoning up the merits ol thls sysfem .

Another way is to keep the clock going slightly fast, and to
stop when it reaches 10.00 until the signal arrivas. Unfor-
tunately the signal fails to com e every now and again, and
with this arrangement the elock would then be stopped alto-
gether. Yet another method is to utilise the signal to increase,
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or decrease, the rate of the clock by a small fxed amount at
each signal, according as the clock is found to be slow or Iast.
But Mr. F. Hope-lones long ago* showed that this would not
give the desired result, and that both the rate and the error
mùst be adjusted. This last method has been adopted.
If the signal fmds the clock slow, the time is advanced by

0'2 second and the rate increasel by 0'1 second per day. If
the clock be fast, it is retarded and slowed by similar amounts.
The amount of the correction is always the same, no m atter
how much the elock m ay be found to be oui. The efect of

l mputse teMty. tm pu.lle. ttvt'r.
:;

Link. unk.
niul'nuIau  fout lu,shu tlpwlTi fovt pulu
ptm#wlwm eidix frem ztro. ptm4ultm tqwlrd: 'lt'e.
thus ôppvxt&d: GgavitN thhâ Mliqttngfsfl.vit!l
û,nd.Ted,ttttnq Tatt GMd, int'easimg mtt .

ng. 14.-Elfect of Link Forces on t'lle Rat'e-

tllea lalBe signal, if it doeg succeed in getting through to
regulator, is thus restricted to these small amounts. .
Suëcient experience has not yet been obtained to admit

of any defmite statement being rnade as to the closeness with
which the cloek can be m ade to keep to time, for the regulator
has not had a free run until recently, snd that has been 'inter-
fered with by a failure of the tim e signal for several days,
and also by the extraordinary behaviour of the barometer. The
indications are that, if the barometric p'henomena of November,
1926, are to be a common occurrence, it will be necessary to
increase fhe error correcfion fo, ssy, 0-4 second. Thls change
can be easily enough arranged for by altering the RB6 noteh,

* Journ. Tne. of ilectrical Engineeu, vol. * , p. 112. 1919.
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whose f unetion is explained below, so that the battery is kept
on the regulator for ten minutes instead of for fve.
Fig. 16 shows how a thrust on the link acts against the

weight of the pendulum , and consequently slows the rate,
while a pull assists gravity and raises the rate. This property
of the link escapement is applied to the regulation ol the
pendulum as follows :-
As will be seen from Fig. 17, a light spiral spring is attached

at one end to the impulse-lever near the pivot, and at tlle other
end to a rating disc carried in a friction bearing suëciently
tight t,o hold against the spring, but not a g'reat deal tighter.

l f l # l I
1 d

' 

l f f

A4vantin: Majmet. Armettat.
Plulls.rtdinç Gm Mask Rettnd.tmâ Ma4n2V
itxtd Mask (1: .
œt.11 es on . 'qlttmg ntst, frittfon-tiqAt .nth stt,pqxt
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, but mqt
l h asainst oymatstu..l 1

@ * .

î t j mp ulqe utvty.
N. l R eq ullting %prtMg

..N /
% ..% -

Fig. l7.-prineiple of the Rate Adiu.ter'.

An arrnature, placed behind the disc with its spindle con-
eccentric with that of tLe impulse-lever and with the rating dist,,
carries two pawls which engage, in opposite directions, with
teeth cut on the rating disc. A m ask, fixed to the framework,
lies between tlle pawls, and throws one of them out of action
whan the armature is defleefed to either side. The arm ature
is eom m on to two separate m agnets, one for advaneing the
elock and one for retarding it.
Suppose the right-hand magnet to be energised. The arm a-

ture is plllled to the righf, causing the right-hand pawl to push
the rating disc round one t00th to the right. This applies a
downward torque to the lever tllrough the spring, and con-
seqltently slows the pendlllum . 'W hen the armaftlre ig
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released, the mask prevents the other pawl from bringing the
disc baek again, and so it is left one place further to the right
until the next time the regulator is - operated, thus making
ihe rate permanently slower until that time. The spring is
designed to give a change of rate of about 0'1 second per day
for each step. If the other magnet be excited, the same thing
takes place in the opposite direction, and the rate is 'increased
by the same amount.
The Bame armature advances, or retards, the clock a little

bit each time the regulator is operated by means of the arrange-
ment shown in Fig. 18. A rocking arm , attached to the arm a-

. l l t z

' 

l
l I d l l l

Advlncinl Mqgntt. Atmettlït.
Reckt'nq A&m. RitaTd.imq Magmtt.

('n s im suttea hott: t''n ttts of! ( 
ht*e g .

* œI * '

lmpuat ttvev.R
eslmingEpftmqâ.

Ad.vlmil! a4ql'nlt bazkstps Rttlrd.tmg Wttqht.
Wttqht. a.t zt're

Figk l8.-principlê of the Time Adfuster.

ture, carries two weights on pins passing through slotted holes
in the lugs ol the wqights. Another hole in each 1ug surrounds
a pin fxed to the impulse-lever, but' normally these pins move

N
up and down without touching the weighis.
W hen the armature is pulled over to either magnet, one of

these weights iB deposited on the lever pin, and adds to the
esect of the change of position of the spring, slowing, or
accelerating, the pendulum by a considerable arnount so long
ss the armature is held down. Each weight is calculated to
alter the rate by one part in 1,500, which will give an advance,
or retardation, of 0'2 second in five minutes, the interval for
which the time m achine at present keeps the current on to
tbe m agnets.
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Plate X shows the construction of the regulator, and should
be easily understood after the above explanation.
During the first trials it was founfl that the arm ature would

oscillate when it was released, and that this would move the
disc by several teeth instead of only one. A damping brake
was added, consisting of a piece of thick c10th pressed on the
t:p of the armature by a sirip of copper loil flxyd .io both
znagnets, and this proved perlectly satislactory. It was also
found necessary to add cheeks to the pins on the rocking arm
to prevent the weights being thrown off when the armature
is suddenly brought to rest by striking the stop.
Fig. D of this pl.ate gives the details of the restoring springs

for the regulator armature. A flat spring under it presses the
rocking arm  up at each side, but in the norm al position these
springs bear agalnst stops. Thus one spring has not to push
against the other when returling the armature, and a con-
siderable regforing' force is available right up to the zero
Osition. 'P

TIMB CONTROL CIRCUITS.

The problem of eontrolling thc rcgulating m agnets by meaps
of a momentary time signal was not altogether an easy one,
' but an' earlier study of automatic telephone exchanges led to
fhe solution illustrated in Fig. 19.
Three relays, of the standard pattern used by the Relay

Automatic Telephone Co., Ltda, are employed, one each for
the Greenwich and lonal time signal circuits, and the third for
closing t'he flnal contacts which send current to one of the
regulatil!g magnets. Each of the former pair has four m ake
contacls and two transfer 

.contacts, a1l being shown in the
diagram in the same vertical line as the relays themselvps.
The otlzer relay has two rnake contacts and one break coniact.
Contacts RB6 and RC6 on the Greenwich time unit connect

thè battery ready for these 'relays at 9.59 Greenwich m ean time
each morning, and switch it ofl again at 10.05.

Another set of contacts o'n the same' unit, RA4, RB4, RC4,
puts the local time signal circuit tlarough to the seconds contact
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of tLe escapement magnet at the end of the impulse 9-59-59
by the clock. The beginning of the impulse 10.00 then com-
pletes the local circuit at the seconds contacts.
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The Post Ofllce wires are normally short-circuited b'y the
1%5 contacts, but this short-circuit is open for 10 Beconds on
each Bide of 10.* .
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. 
'

1f the clock be last, the local signal comes frst, and passes
to the L.TJS. relay, and ènergises it. The relay is locked in .

'by one of its contacts closing the cirquit of a separate holding
coil. Another contact connects the retarding magnet to the
msin contact of the operating relay, but no current flows
through the magnet until that contact is. closed by the seeond
signal. Yet another make contact on the L.T.S. relay con- .
nectB the right-hand side of the central zero galvanometer to

' 

the battery through the resistor Ra, and permits suëcient
current to éow from left to right to give a deflection half-way
to the rkbt. At the same time, the transfer contacts change
over the Greenwich circuït from its own relay to the operating
relay. .
W hen the Grèenwich' signal srrives, it thus passes to the

operating relay, energising it and closing the fnal contacts.
l . - ..

' The m ain contact of O.R. is put to the battery, which locks
the relay in and admits eurrent to the retarding magnet already
selected by the first signal. The other m ake contact of O.R.
short-circuitB Ra, and sends the pointer to the end of the scale.
'

Both the galv.anometer and retarding m agnet continue to
roceive current until the battery is cut o: by the RB6 contact. '
Wllen ihe clock is slow, tbe Greenwich sknal arrives flrst

and excites its own relay, which transfers the local circuit to
the operating relay, seleets the advancing m agnet ready to
receive current at the second signal, and sends current from
right to left through the galvanom eter, giving half-deflection
ta the left. This tim e it is the local signal which operates O.R.,
and causes the final contacts to be closed.
Note that the flrst signal, whichever it m ay happen to be, 

'

selects the magnet which is to receivs current, but that current .
is not supplied until the second signal has been received.

Thus, the regulator is not operated unless both signals com'e
within the limits get by the fime machine côntacfs, but the
galvanometer shows each signal separately, and is deflected .
in opposite directions according Ms the clock is fast or slow .

Also thaf the time given by the local elock for comparison .
with the Greenwich signal is the instant at which the seconds
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contact of the escapement magnet is made st the beginning
of the impulse. . '
During the Gve minutes Ior which the current is held on,

the inBication of the galvanometer shows whether the clock
was found Iast or slow, but by noting the positions of the
regulator that information csn be obtained at any time during
the 24 hours Fetween the signals.
In order to measure the error of the clock when desired,

eaoh relay has a test contact which is shown at the bottom of
Fig. 19, and the electrical chronometer aiready described can
be put into circuit with thèm as indicated. The frst Bignal
closes this circuit at either the L.T.S-. or the G.T.S. relay,
and the second signal opens it at the operating relay. Thc
chronometer is thus Btarted at the flrst slgnal and stopped at
the second, and gives the inlerval between them to 0.01 second.
Should the two signals arrive simultaneously, both the

L.'1'.S. and G.T.S'. relays would operate ant'l lock in. But no
current would get to the operating relay, and the regulator
would not be altered. The galvanometer wo'uld be short-
circuited, and give no indicatlod. The chances of this happen-
ing are rather remote; as the relays can discriminate between
two signals whoge time dtference is of the order of 0.001 second.

LAYOIJT o,- Claocx.

ai 26 illustrates the whole clock in its case. The master'1. g.
dial at ihe top is connected in series with the civil time unit,
and driven by tlae half-ininute impulses. This circuit is a local
one, and doeB not in'clude any of the dial circuits throughout
the building. The pendulpm head come' s. immediately under-
neath. The inBtrumeni at the right is the time signal galvano-
mefer ; the relays are in another case behind the wall, and
consequenlly are not seen. The galvanometer is a W eston
miniature instrumeni with tlke three registors, Rj , Rz, Ra,
wound in the base. ' The small Bwitch above it is for cutting
ol the dialB, including the civil time unii and the m.agler dial,
when they have to be put back.
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The other W eston instrument at the left is a milliammeter
in circuit with the pendulum m agnet, and is useful for check-
ing the battery voltage and when hnding the zero point for
the top micrometer which adjusts the lift. lf is a little doubtful
how the pivots of this instrument will stand up to the wear of -
continually swinging to and fro about 30 million times a year.
The civil time unit is at the left of the pendulum , and the

Greenwich mean time unit at the right. A Negretti & Zambra
aneroid barometer and thermometer are placed between them ,
behind the pendulunz. A scale at the bottom shows the
amplitude, each division coiresponding to flve minutes.
The master dial was made by Messrs. W . Langford & Sons,

of Bristol, to the architeet's design, and uses a standard Gent
irnpulse movement. The architect is also responsible for the
oak case, which was made by the builders, M essrs. H .
'W illcock & Co.
The right-hand style of the door is a rather rem arkable

piece of wood. On the inside, just level with the top of the
civil time unit, the grain of the wood forms a wonderfully
good likeness of the face of a cat, which may be seen in the
illustration. Naturally we attribute al1 our little troubles with
the clock to the malign inquence of 'd Satan, ' ' as this cat has
been named.
The time signal relays, the resistors, condensers, fuhes, and

switches are al1 placed on a separate term inal board fixed on
the other side of the wall, back to back wlth the clock case.
All the wires from the varioug outside eircuits end on separate
terminals on this board, and the various interconnections
are them rnade by suitable jumpers. This terminal board is
itself quite an elnborate asair ; in addition to the terminals on
the battery bus-bars, it has 11.0 double terrninals of the pattern
shown on the drawings of the escapement and regulating
m agnets. These use Gent's patent spherlcal-headed screw,
and proved most convenient in use.
The board, which was m ade by M essrs. Gent k Co., Ltd. ,

of Tueicester, is divided into two parts, one for clock circuits
and one for l)ell ciretlits. Each portion Itas 1 1 vertical ebonite
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panels, and its own battery bus-bars. Each circuit is con-
trolled by its own fuse, of the standard spring pattern used in
telephone exchanges, and the circuits for bells have each a
sm all Crabtree tumbler switch. '
Almost 50 wires pass through the wall for connecting the

terminal board to the apparatus in the clock case. The '
wiring was carried out by M r. Roberts, tlsing bare tinned
copper wire, drawn into sistoflex insulating tubing. It was
clipped on to the back of the elock case, and then bunched
into groups for passing through the 'steel tubing in the wall.
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Döcuunion.

M r. F. H'olarl-loxrxs : Tllere is rnlleh to be said in favollr
of an fmginc'er ernbarking upon a job involving a trade or pro-
fession fo whit!h he is a stranger. Tt ensures a fresh poinf of
view, and prevents the virtue of a stereotyped form of
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procedure being taken for granted. Perhaps more valuable
inventions have resulted from this ignorance of specialised
trades than from the inventor who stands on the shoulders of
those who have gone before. It has been said of my brother,
the late Robert Hope-lones, who has been called the Edison

* of the organ, that his inventions were due to his being an
electrician , and a musician, and not an organ builder. In the
other pan ol ihe Bcale there is, of course, the i ense of
responsibility appertaining to any well-established specialist
ûrm, and in thiB case the profession concerned iB that of tVe

(
electric-clock m aker. The reputation of a Bystem m ay well be
worth tens of thousands of pounds to its makers, and the
success of their installation would be underwritten by that
amount, whatever it might be.
Prof . Robertson has attacked thiB problem with the pluck

and confidence which might be expected from sueh a skilled
engin' eer with complete m astery of the eléctro-technics
involved, antl he has done everything in his own original way.
Time alone will prove whether his installation is satisfactory,
and Bince its m ainteuance will fall upon him and his assistants
for m any years, it m ay be long before its 6. fool-proofness '' ie

. put to the test. The inventions involved are not puf forward
aq the basis of a new system of electric clocks, antl frankly,
I do not think they contain Buch û, germ . H e has been at
immense paing to devige, and design anew, most of ihe neces-
sary apparatus that already existed in a standardised and
tried-out form . . H e is honeBt even to naiveté in relating his
dimculties and failures, but it gives one a feeling almost of
impatience that he shoklld have set himself such diëcult tasks
as the design of a new striking machine, a new stroke counter,
a new pendulum switci, a new electric impulse step-by-step
dial movement, and a new synchronizer, when the ground htzs
been all covered before and Ei reliable form of each standardised,
emerging successfully from 30 years of comm ercial use and
experience of that m ost cruel of nature's laws- the sulwival
of the Nttest.
He uses an electro-motor through worm gearing to depress



the hammer tail, but instead of letting the cam space the
blowB, which it might just as well do, he has deviged an
independent release and a sp'ecial. electric circuit to take care
of it. This seems to me to be altogether too high a price fo '
pay- not, ot couvse, in money but in complexity- for the
advantage of precision in the timing of the strokes. It is only .
in wireless time signals, such as the six dots seconds, thAt such
accuracy is required. The electrical equivalent of a mechanical
hourly striking train is really quite a simple matter, and, how-
pver much we m ay admire the ingenuity of the time machine,
ith its separate Greenwich and civil time units and its strokeW

counter, I think we ought to assess the merit of a scheme as
the moraliBt teaches us to assess a m an's real wealth, mainly
by the things he can do without'. Prof . Robertson's escape-
ment is Froment, 1855, with a link action introduced, pre-

' t tin interference and impttls' egumably with a view to concen ra g
at or near zero, but surely the remedy is worse than the disease,
inasmuch às the pendulum is now never lree, but is per-
manently harnessed by a pivoted link to a pivoted' lever. On
the other hand, Prof . Charles Féry, ol Paris, has shown how.

. the desired improvement of Froment m ay be elected, so I
contribute an illustration of it adapted to Prof . Robertson's
form of construction, Fig. 21.* .
M any will be grateful to Prof . Robertson for hig m athem atical '

analysis of the escapement. H is graph in illustration of cir-
eular error and its compensation is a model for thoroughness
and clarity, ahd I recommen'd it to teachers in horological '
technical schools. I suppoBe I have had more practical
experience of time signals, 170th wired and wireless, than any-
one elùe in this country; having used the former to correct
forcibly both the indicated error and the rate of hundreds of
electric master-clocks, and having never been without wireless
gignals since FL began to transmit in 1911. As a result of
this experience, I am coming to the conclusion that signals by

' wire are not worth while. Prof . Robertgon's Plate X and Fig.

* Ti'cir Prof. Flry's own drawing -see Horoloricll Journal? June? 192%
r jqa,P.
-
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19, coupled with tlle unreliability and cost of the Post Oflice
service, tend to conform this opinion. Again we can only

it ith existing for' ms and wonder lhy the effort wascomparc w ,

m ade. T frankly prefer the Rudd arrangement of 1898, which
is peculiarly suitable for application to Prof . Robertson's typc
of pendulunl.

Al'r. AcEx. STJ.luzxltT : Prof . Robertson dcserves great credit
for llis lllethod of tackling the problem of eleetiric striking,
wllicll. is f ul1 of practical difficulties. For the clock itself , it
znigllt havc been better had. he adapted som e existing type,
tuld avoided link friction and the breaking of the nontact by tlae
pendullun. Sir David Gill had trouble wit;h a similar idea
about 50 years ago.
- Several recent elocks get. over the diëculties. The Steuart
clock has the additional advantages of providing powerful con-
tinuous mofion, and correction for missed or faulty contacts,
while baktteries may be replaeed by ' m airls. A clockmalker
friend of, experience suggests that the vertical fall é)f flle
htAm mer is insuflicient to get the f ul1 tonc of the Bristol bell.

ATr. GEortgE TuzkxcfFortrp : Tt staem s lo m e that, in the ftrst
place, the daily correetlon of t'he time of the penduluxn
d t ' f ascertaining the reliability of its ratees roys any means o
over a pe'riod of a week or m onth or longer ; and in the second
place, the m anner of correction interferes with the regularity
df the vibration of the pendulum , whieh is .a cardinal point in
11 ' d horology. Then again tlle escapement has the dis- 'a gQo ,

advantage of having tllree pivots eonstautly working on the
pendulum . 1 have rzaafle exllaustive experirnents to get
isochronism c)f a pendulum , but so far without success, and
1 know of n% one who has been successful as yet. In fact, '
when the vibration of the pendulum was reduced by 50 minutes
from 190 nïinutes of arc on each side, it invariably produced a
gaining rate from 6 to 7 seconds per day. The rates of the
pendulum with a straigllt suspension spring and with a tapered
spring were as follows :-  '
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STRAIGHT SPRING., *.533 x 2 M lt,s Tnlcx.

Driving weight, lbs. .16 8 5 4
Amplitude (each side), minutes - 190 140 112 95
Rate, seconds. per day - - - 14.3 - 7'8 - 4'd - 4'1
Gain of rate on 1st rate + 6'5 + 9'5 + 10.2

TAPEU'ED StaltlxG , (.4.5/3 x 27 A'llLs To 0.25// x 3 A'lifus.

Am plitude, nzinutes - 190 140 95
Gain of rate, seconds per day 6'8 1.(b

These experiments were earried out for some months with a
suspension spring .5 ineh wide, srst parallel and then tapered
to '25 inch at the bottom , and in thickness from .027 to . .003
inch, but it m ade no appreciablc diference.

Mr. A. E. 'BALL : Thîs subject is of particular interest to
me, as' my flrm were among the earliest fioneers of striking
and chiming meehanisrns operated entirely electrically, and
m ay be said to be the only one m anufacttlring m otqr-driven
striking and tolling gear for large bells on a com m ercial seale.
Patent records of 20 years ago illustrate some of our early
designs, . and examples are still giving good service. As
my early training was that of a cloqkmaker- having been
apprenticed to the trade- it is natural to expect that in
designing ' motor-driven striksng m echanism for latge bells T
should incorporate counting and hammer-lifting mechanism in
accordance with clock-m aking practice. I employ, however,
an electric motor in the plape of heavy and dangerous weights
which are also objectionable because of the space required
'for them . '
There are two features which I specially admire in the

Btriking gear designed by Prof. Rpbertson, and so clearly
shown in the paper. The flrst is that the blows of the Jzammer
are academically spaced throughout the striking of each hour,
and this achievement z'narks a valuable addition to the science '
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of clock-making and time distribution. The interval of flve
seconds chosen for the spacing of the blows is also a con-
venient one. 1 was able to appreciate fully this feature when .
in Bristol last sum mer. The hour of 11 a.m . boom ed forth
llnexpectedly when 1 was in Park Street, and 1 was unable'
to chcclt niy watch fronl tlïe first blow. As the last blow,
howevcr, 111t1st perforce oectlr at. 1 1 llollrs () nlintitcs 50 seconds,
1 tlsed this finle as a check. '.l'he second feature is that thc

' flrst sl.rokc of the hour occllrs precisely tls tlzc lland of the
zqaster clock steps on to the 60 secollds m ark on the dial.
This is rendpred possible by seeond-by-second contacts and the
second-by-second progression of the contaet wheel, which
enables the release of the hanlrner to 1)o aceomplished in
advance, as described in the paper.
'W'ith the more commercîal clock systems employing half- .

m inute contacts, the half-m inute progression of any form of
release m ust take plat!e at t'lle hour aq shown by the m aster
clock, with the result that the first stroke of the bell will .be
two seconds slo' w. This two-seconds interval is occupied in
tihc releasing and falling of tlae hammer. This sligllt diserepancy

:is easlly overcome
, however, by keeping the m aster clock two. '

seconds fast. 'W hen Mrestminster c'himes precede the hour, .

however, the relaase of the same in advancc is readily accom-
plished by employing fhe continuously-movillg wheel train of
the T< waiting-train '' movement, now used for driving the
exposed hands of large tllrret clocks. This rtapvement being
under the constanf control of a m aster cloek, the necessary
accllracy is assured. . Tn some instances a T & timc train ' '
known as a dllration contact. has been pressod into service
ftlr thc purpose of obtaining the release of the str'iking in
j . 'ft( vance.
A review of the m any electro-m echanical f tlnctions revealed

in the paper, and a knowledge of ï 11e progress m at'lc in recent
years by the seienee of electrie cloelt-m alting, prom pts m e to
remark tllat for thtn m aîntenanne of stlcll apparfttlls a new type
c;f mechani: is being called into existence, namely, a m an
with t'he dllal training of 1:0th electhrician alàtl rlockmaker.
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On skilled attention being required for zneehanism such as
described by Prof . Robertson, thé first impulse of tllo average
person would be to call in a eloekmaker. My defnite experience
is that no m atter how clever a clockm aker a m an m ay be, Le
finds hilnself hopelessly at sea with stleh work without a sound
knowledge and a solzaewhat extezided experience of electrics.
1 hqve nlçt syith somu amusing blunders perpetrated by m en
who possessed the single knowledge only, but the possibilities
can be readily ilnagined. Those intond ing to enter the elock-
making profcssion should be given a sound electrical training
if they are to compete in thq coming age.

Mr. W . E. P IllLBnow * (Member) : From' studies of human
historical records, it would appear that time-indicating methods
and mechanism were among the first intricate mcchanical c'on-
structionu attemptect by man, and, presumably, we should now
have reached some degree of finality with such mechanisms.
but consideration of the m any novel features described in Prof .
Robertson's paper should certainly remove any doubt as to
flnality in lluman ability to conceive new ideas a2 d mechanisms.
T thin.k the predominant feature is the elaborate care taken
to secure an extreme degree of accuracy by the elimination of
nainor defects in design and construetion, and it is unfortunate
tllat the working resultp are subject .to other less accurate
influences, namely, daily time regulation from the National
b t d hanging atmospheric con' ditions.O serva ory, an c
Possibly the national service of time regulation is as accurate

as is neeessary lor our general requirements, and no change
need be made for individual circumstances, but the diëculties
arising from changing atmospheric conditions could be over-
come by enclosing the meehanism, or at least the pendulum,
in an air-tight case, m aintained under vacuum pressures by
m eans of a sm all electrie pumping outflt. Alternatively, the
barometer, etc. , could be replaced with a temperaturé and
humidity ctontroller, . tllereby maintaining the air inside the
case under predeterm ined conditions. . Regarding tl4e disusion
of sound, it is surely a benefit t. o the residents within a short
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distance of tlle University that the sound- doej not reach them ,
and the position of the bell is well jtldged.

Mr. C. R. H. Boxx (Associate Menïber) : (Prof. Robertson
tells us that tlzis clock was produced regardlpss of time or
cost ; it cannot, therefore, be considered as a comfnercial pro-
duction. The complications introduced and the defects to
wbich it appears to be liable put it out of court as a standard
apparatus even for large tower clocks. This, however, in no
way detracts from the interesting nature of the m echanism
and the vilue of the experimental work carried out, which
reqect great ctedit on Prof . Robertson and his assistants, and
it is an advantage that the results of this long and laborious
piece of Work, with its excellent illustratipns, are now available

to those interested in the subject. The main problem in good
time-keeping, ever since the first application of the principle
of pendulum control, has been the escapement, and it cannot
be said that an ideal escagement has yet been evolved. It
has occ.urred to m any fhat the diëculty' rnight possibly be

. tovnrcome by m aking use of the self-regulating possibilitles of
certain types of electric motor, but it has been reserved to
M r. Alexander 'Steuart, of Edinburgh, to flnd the perfect
solution.
His invention is in essence an eleciric motor which driveg

the hands of a clock direct, whose speed is controlled by a
' pendulum which is striltingly smàll in respect to the power it
controls. There are several unique and important features
which diferentiate this new clock from a1l previous attem pts
in the same direction. These will be m ade clear by .reference
to Fig. 22. The m otor M , which drives the clock m echanism ,

is supplied from some sollrce of power K. The motor circuit
is com plyted by a resistgnce R and thi) gravity arm E, which

it h in arallel with it. ' The resistance R is soacts as a sw c , p
prcportioned that the motor's speed is well above norm al when
the switch contaets G and H are closed, and well below normttl
wllen the contacts are open. The m otor also drives a cam T,

which, as it rotates, displaces a roller S qarried by the lever P
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and maintained in contact with T by the action of the counter-
weight W . The displaeerpent of S by '1' as it rotates causes
the lever P alternatively to lift and release the gravity arm E,
which in its descent 'presses against the pendulum A in the
fi t art of its swing, anb thus imparts to' it the necessaryrs p
impulse. Suppose the pendulum A is in the middle of its
swing to the right, driven by the gravity arm E pressing it
at F' ; then E will descend until G makes contact with H , and
will m aintain contact until E is lifted by the movement of P,
whièh ig stopped by J. In the meantime the pendulum A
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Fi&. 22.-Sêeuart's Clock with Continuous Motion.

returns to the left, and P moves away again fro!n E, allowing
it again to descend and give another impulse to the pendulum .
If the m otor îs slow, the contaets between G and H are longer,
and hence the motor gets more current and speeds up. ' If
the motorxis fast, the contacts are of shozter duration, and the
motor gets less current and slowg A wn. ln this way a '25
horse-power shunt-wound lnotor driving a ttlrret clock m ay
be . contr' olled by a peùdulum weighing only eiglzi ounees.
M otors td greater power m ay be similarly controlled. There
is, in fact, no limit to the power of the motor in tlzis respect.
lt will be scen tbat the pendulum has no urork to perform ,
and no contacts to m ake and break. Its only losses are air
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frietion, the friction of the' pendulum and the gravity-arm sus-
pensions, and the impact of the pendulum and arm . These
clocks frequently keep time to within one half-second per week,
and have a power one hundred times or more that of an
dinary clock. The energy actually used is, of course, thator

required to overcome friction.
It should be noted that there is no stop .and start of the

m echanism each. time the pendulum swings. On standing
in front of one of these clocks, it will be observed that the
second hantl moves round with an absolutely uniform motion,
in striking contrast to the jerky motion of the second hand
of an escapement cloek. This clock should be of particular
interest to engineers, for it requires but little imagination to
foresee extensions of this prinniplc of confrol. Compared with
Prof . Robertson's cloek, its construction bears out a point I
have been at pains to emphasise before, nam ely, that the
correct application of first prineiples is always reflected in the
simplicity of the ultimate design. I 'think it is a point
peculiarly wo'rthy of rem ark that two such extraordinarily
ingenious mechanisms should owe their inception to Scotsmen,
and can see no reason, other than the backwardness of our
manufacturing methods, why Scotland should not be the home
of a large and flourishing watch and clock industry.

Prof . RoBErtrrsox : Since the paper was written, additional
inform ation hag been obtained on scveral points. For instance,
the architect tells m e that when the belfry was designed there
was no intcntion of strikîng the hours on the bell, and the
position of the windows took account of the fact that when the
bell ig rtmg by swinging it, ifs mouth points upwards. The
Astronomer Royal has also stated that for some years << Big
Ben ''' has not been allowed to be slow because its chim es were
at one 'tim e used as a warning for the Greenwieh wireless tim e
signal. The Observatory takes daily records of thc time given
by the flrst strokc, but is not responsible for the time kept by
the cloek.
Further breakages of the flipper' springs on fhe switches on
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the striking m achine have oecurred, ineluding one oll the two-
pole switch whieh llad not previously given wa' y. T hese flipper

- springs do not appear to be absolutely necessary for the action
of the switch, and it has been arranged to try doing without
them when the next breâkage takes place. W hen the clock
was Ilrst put into service, the release cdntact for the bell.was .
advanced only one second on the clock, but this was altered
to two seconds at the beginning of September. The bell was
then heard at the bottoril of the tower about 0'4 second before
time . on the clock. Now that the weather is colder, a longel'

. time is taken to release the mechanism , probably due to a
' thiekening çd the oil round the m agnet plunger, and the stroke

, of the bell is heard almost exactly to time. TLe bronze pivot-
pin of the driving pawl of the .Greenwich time unit has had
to be replaced by a steel one, as it had worn nearly right
through before the end of the year. This . wear was quite
unexpected, for during the drive the pressure on the pin is
quite small, and the driving arm , pawl, and wheel go as one
pieee without relative movement. Probably the pawl ig
driven up slightly by the teeth after it strikes the stop, and

. the wear is' caused by the inertia forces wiich aet during this .
time. The under side of ' the head was also worn a 'bit, but .
remained flat without the slightest trace of a ridge, and the

' worn surfaces had quite a good polish withovt any scoring. .
One little trouble with the escapement was not mentionad

in the papçr. The method of hanging the cradle on a hook '
constrains its direction to a particular azim uth, but it is free
from that constraint when resting on the eontact. Con- .
sequently there is a kick about a vertical axis urilegs things

' 

are adjllsted so that the flexible wire holds the eradle in tlle
same direction. This kiek wastes energy in Iriction and
reduces the amplitude. Tt is, therefore, proposed to locate. the
eratlle by a.light spring, whieh will also carry t, he ctlrrent, ancl j
remove the constraint provided by the hook, but this will be !
tried on another pendulum before adopting it.
In conversation, questions have been aslted by M r. Langford

aud others regarding the e:ect of the regulator on the pen-

k
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dulum , with particular refere-nce to its action when the time and
raie happen to be eorreet. Fig. 23 ha's, tllerefore, been drawn
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to illustratc these pllcnornena. .1n tllis fliagrain , thf.) in i f,bal rate
is sllpposed to ba fast by one second p pr day and the timo
practically riglzt, but jltst sumeiently ahead to makc f,he
regulator begin correcting the ratp. Four ctaspg are shown, a11
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with the same daily rate correction of 0'1 second per day, but
having different am ounts of tim e correetion, nam ely, 0, 0.1,
0.2, and 0'3 second. They a11 suppose the other conditions to
rem ain constant during the tim e to which the graphs apply.
W ith rate correction alone and no time correction, the rate error
oscillates indefmitely between the limits :!: 1 second per day,
and the time error between :!: 45 seèonds. lf the time and rate
had been correct to begin with, there would be a repeated four-
day cycle of amplitude + 0'1 second per day and :!u 0'1 second.
NVith a time eorrection of 0'1 second at each daily signal,
combined with the same rate correction as before, the original
oscillation would gradually die away, and Gnally settle down
to a four-day cycle of +0*2 second for the time error, that
f()r the rate error being unaltered. M' Fith greater time cor-
rections, the dqcay is more rapid, but the amplitude of the
flnal cycle of tfle time error is 'bigger. It is, therefore, desim
able to apply the smalles't time correction which will suëce
t:a deal in a reasonable time with the changes of rate to be
expected from changes of' barometer, etc.
If the time error should come to exactly zero, the regulator

would not be operated, but in practice tllere would always be
a sm all residual error suëcient to give either a fast or a slow
indication. It is, therefore; uncertain which way the regulator
will m ove at the points where the graphs cross the zero line at
the times when the signal is due ; it has been assumed that the
residual error is of fhe same 'sign as it had been before reach-
ing zero. The alternatiye aetion is indicated by the dotted
lines in the final cyeles. The diagrarn also assum es that ono
position of the regulator will give exactly the correct rate. lt
is m ore probable that the correct rate wotlld com e between
two positions of the regulator, .in which case the amplitude
of the fmal cyele would be less than that given, and it would
be repeated every two days instead of every four. The course
of events, when inltially neither the rate nor the tim e is correct,
can be studied from the same graphs by taking some othcr
point as the starting point on the graph.
1 agree with M r. Langford that better time could be kept
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by lland regulation, using tlle wireless time signals, provided
some really skilled person were available daily tllroughout tll:
year to look after it ; but as this clock is not in n1y laboratory,
and as the University is in any case elosed for most purposek
during a large part of the year, 1 decided to eliminate the
hum an elem ent as far as possible by adopting autom atic
regulation. The choice of the corrections of 0'1 éecond per
day and 0'2 second was made on the supposition that the
barometric error would be somewhere about the one-third of
a second per ilay for each inch of barometric change which
is given in the paper. Obscrvations indicate that the trtle
figure for this pendulum is m uch higher. Another pendulum
with the same size of bob givcs more nearly one second per
day, and.this now seems to be neay the flgure for the Univer-
sity pendultlm . The buoyancy part of the barometric eiect is
quite easily calculated from the relative densities of the air
and the bob ; for the steel bob it amounts to 0,22 second per
day per snçh of barom etric cbange. But the inertia efect
eannoi be estimated with any nertainty ; it must be found by
experiment on the particular pendulum concerned, run in its
own case and at its usual amplitude. At 18 degrees C., a
change of humidity from zero to saturation ' would produce
about the same efect as a one-quarter inch change cd baro-
meter. W hen the am otlnt of the barom etric error has been
more accurately ascertained, the time correction will be
i ' d din ly.ncrease accor g
I thank Mr. Hope-lones for his drawing of Prof . Flry's

escapement. The resemblance between Figs. 14 and 21 is
fruly remarkable, the only essential differcmc'e being the sub-

' 

stitution of t.he link for the roller. M r. H ope-lones has,
however, considerably atacentuated tlle rpsemblance when
'' adapting '' the drawing by fitting in Féry 's prineiple to my
details. Altllough T must have soen the descriptions of the
Féry and Froment escapements when I read M r. H ope-qTones'
paper in 1923 , T had entirely forgotten about them . ' This
clevice of plllling a stop out of the way when contact
is made, in order to permit a weight or spring to fall
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f urther than it was lifted, is still older than 1855. Gill
invented a similar arrangement, as mentioned by Mr.
Steuart. Pro'f . Sampson has a Cottingham clock with the
'

Gi11 escapement running at Edinburgh which has given most
ekcellent results, and he descrites the arrangement in his 1918
paper to the Royal Society of Edinburgh. More recently,
Prince hks adopted the same principle, with a spring instead
of a weight, for .driving the master pendulum of his system
-of electric clocks. A perusal of his paper to the British
Horological Institute (' ' Horological Journal, ' ' December, 1924-
January, 1925' ) shortly belore I starteê the design of my
pendulum is certain to have inquenced me in adopting %he
deviqe.
But I d-id not arrive at the link escapement from that start-

ing point at all. M r. Ball drew my attention to an escape-
ment, patented by M r. H . W hidbourne, which' seemid to have
some very'attraetive f eatures, but which had not at that time
been worked out in pèactical detail. In the W hidbourne
escapement, a gravity lever is held up by a sirut which is
pivoted at the bottom and weighted Bo as to fall away when
free ; normally it is held in the upright position by the lriction
between its en'd and the gravity lever which it supports. A
roller on the pendulum rocl engages a pallet on the lever,
much as in Fig. 21, and lifts the leyer very slightly on passing
through zero. The strut then falls clear, and the lever falls

- 
on the outward swing of the pendulum until it is caught by
a stop, at a lower level than itg original position.'' The fall of
the strllt makes an electrical contact, through which -a m agnet
is excited, and resets both the strut and the lever. The special
feature of this escapelnent is the exceedingly small amount
of lift necded to release fhe lever, but in practice. a much
bigger lift would be necessary in order to ensure that expan-
sion of the baseplate and rods would not pui ii out of action '
altogether, just as in my escapement. On working out the
details, certain points were noted which seemed to me to be
defects, and changes were l'ilade in the design to remove them .

A second lever connected to the pendulum by a link was added
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bO1OW the gravis' levole to do away With the Pallet f riction ;
the gravity lever Vzen became a l'nere driving weight, and was
modifled accordingly. lt was then obvious that the new lcvcr
could itself make the contact at the place where it lifted the
weight, and so the original 'W hidbourne device vanished
altogether. Although the Féry escapement provides the energy
for the m ailltenance of tlze pendulum 's motion in cxactly tlle
same way, it does not lend itself to regtllation througll tlle

escapcmènt as mine does.
For a clock continuously under lfly own observation, I also
fer to use the wireless signals and regula' te by' hand. But,pre

as mentioned above, I wanted this elock to be rogulated auto-
matically, for which purpose the' wireless sigtzals arc hardly
applicable. M r. Ball has . patented a means of doing it, btlt
its cost for capital charges and upkeep would be considcrabfy
more than that of .the Post Omce signal in cases stlch as this
where the minimum rate applies. Tn any case, his apparâtus
would be at .thc znercy of the changes in the wireless code
which take place now and again.
The Rudd synchronising arrangement which Afr. H ope-lones

mentions is described on page 113 of his 1910 I.E.E. paper.
(See fooinote on page 292.) It only adjusts the rate and
' not the time, but the amount of the adjustment is varied
in accordance with tbe diference between clo'ck time and true
tim e. Tt seems from his description to be intended for use
with the Post Of:ce hourly signals, which clepend on the .post
Oëce clock, and not with the daily signal! which come direct
from Greenwlch. T do nof fllink the llpdd arrangeznent 5s
inherently simpler than my own.
Afr. H ope-eTonps complains that it was a wasfe of time t.o

make new. designs, and almost sllggests that T could have
bouglai everyflling naeded over the eounter, so to speak. This
is rather an exaggeratiön. Avithout doubt eitlapr his tuonlpany
or Vessrs. Gent eollld have produced the required mechanism '
llased on their standard patterns îoL. smaller llells, but so far
as T can ascer' iain neither havç had to deal with a bell of tlàis
size, and this is not to be wondered at, seeing that only ten
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bells of five tons and over, and only ftve of eight tons or more,
have been erected in this country in 100 years, and not all of
these are used for striking the hours. Tn fact, when M r.
Hope-lones was deflnitely asked to oser a pendulum with
seconds impulses he did. not do so, but advanced argum ents
in f'avour of the usual half-minute impulses. H e is quite right
in stating that my escapement is not put forward as the basls
of a pew system of electric clocks. For ordinary purposes, tlle
standard arrangement with half-minute impulses is èertainly
to be preferred. '
M r. Langford's account of his experiments on isochronism

are of much interestn lt may be taken 1or granted that it is
qutte impossible to obtain perfect isochronism with varying
amplitude exeept under the very restricted 'conditions m en-
tioned in the paper in connection with Fig. 15. His method
of altering the amplitude by changitlg the tlriviug weights must
necessarily. vary the escapement deviation at the same time,

. and would, therefore, give a diserent result from that obtained
by varying the amplitude in some other way, sllch as a change
in the friction of the pallets or the crutch (if there is one),
or in the air friction.
Some time ago M r. Ball showed 'm e a graph for a Graham

regulator obtained by varying the driving weights. lt is of
the same general nature as one of the top curves of Fig. 15,
but when he set the weight to get the running point at t'he
fkt part of the curve he did not obtain t'he good time-keeping
which he expectied. I thank M r. Ball for his appreciation of
the exact timing of the strokes ; in practiee T flnd it of very
great uqe in comparing the time given by the bell with that
given by my own clock. T cannot do this anything like as
easily, or as accurately, with T' Big Ben, '' for it is diëcult to
fime accurately a sfroke whose exact time of arrival is not
known. 'With < f Great George ' ' (except at one o'clock) we
know exaetly wllere to look for tlle strokes after tlze flrst; and
so a nllmber of observations are obtained for fho odd fraction
of a seeond.

kM r
. Plailbrol suggests encloslng t.he pendulum in an air-
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tighb case. This is tlle usual practice with observatory clocks,

which, in addition, are , placed in an underground room kept
at a constant tem perature. But such an arrangem ent is not
applicable in this case, because it was desired to make the
elock a show piece . of apparatus.
I do uot think that Afr. Stellart's clock with continuous

movcmcnt, eithc'r of tlle pattcrn described . in llis own
paper or tlzat referretl to l)y M r. l3onn, could with
advantage be clnployed for ltly purpose. lt 5s a m istakc to
suppose that continuous motion is of advantage in ordinary
cases, although it is useflll for stlbdividing the seconds. Tllc
beat of a step-by-step rnovernent gives defmite points of time
whieh onable comparisons to be rnadc to a much higher degree
of accuracy than is possiblc with continuous motion wit,hout
special devices. H as M r. Bonn ever tried obtainirfg the error
of a continuously-moving clock to say 0'2 Becond by means of
the wireless ' signals ? The statement that these clocks
frequently keop time within 0'5 spcond per week means little,
as evbn f he poorest cloek will (1o tllis now and again by acci-
dent. Tf tho claim llad beeu that it would not have gcne
wrong by m ore tllttll tllat axuotlnt in any week for year affer
year, it would have ïndicattatl a vcry high ordi?r of time-keeping '
indeed. I have a pendulum wllich on several occasions,
always during M ay, has done cven' batter than half-a-second '
per week, but è( know tllat the difference between a week of
high barozneter and one of low bnrozneter, or between a week
in summ er aud onc in winter, amounts to a good m any seconds
per wcek. .
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