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negativechargeistransferred to theair. Dropsentering
the turbulent region are therefore broken up and the
parts blown upwards positively charged. The corres-
ponding negative charge is carried away by the air
stream to accumulate elsewhere. Above the turbulent
region the small drops which have been blown upwards
recombine and fall back into the air stream only to be
broken up again and receive an additional charge.
If it is remembered that the air within the cloud is
an excellent insulator it will not be difbcult to picture,
as Sir George Simpson did, a localised region becoming
packed with very highly charged drops of water.
From this region discharges may pass towards the
negative electricity elsewhere in the cloud, but will
more frequently pass downwards as discharges
of positive electricity towards the ground. In spite
of its attractiveness, however, this theory is no longer
completely accepted since field observations over the
past few years have shown that the great majority
of lightning strokes come from a negatively charged
region at the base of the cloud.

Wilson's Theory. Professor C. T. R. Wilson’s picture
of the happenings within a thundercloud is not so
easy to visualise. The cloud becomes the bipolar
structure shown schematically in Fig. 3 and in which
the positive charge tends to be above the negative.
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Fic. 3.—INDUCED ELECTRIC CHARGES ON WATER DROPS IN A
THuNDER CLOUD.

Now such a separation of charges would occur if the
small raindrops, which fall slowly relatively to the
air, are positively charged while the larger drops
which fall more rapidly, arc negatively charged.
Assuming such a process does begin, ionisation currents
will start to flow to dissipate the charges which
accumulate near the top and bottom of the cloud.
But, even when impelled by the maximum field
strength which can exist before spark-over occurs, the
mobility of the large downward moving positive ions
is small. All rain drops more than one tenth of a
millimetre in diameter will fall faster and will overtake
some of the downward moving positive ions, but,
because of theelectrostatic field in the cloud, a negative
charge will have been induced on the top and a positive
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charge on the lower surface of the drop. The latter will
repel such positive ions as the drop overtakes, deflect-
ing them to one side, but will aid in the capture of all
upward moving negative ions which are encountered.
Such drops will collect the majority of the negative
ions and acquire an increased negative charge which
they carry to the base of the cloud. The smaller and
more slowly moving drops are able to capture positive
ions on their top surfaces; but they, with their
charges, will tend to be carried to the higher portions
of the cloud by the upward air stream.

It has been estimated that there are between 1,800
and 2,000 thunderstorms in progress at any moment.
Under each thundercloud the point discharge which
precedes the flash, and of course the flash itself, will
transfer positive charges from the earth to the cloud.
It is interesting to note that these localised conditions
may be balanced by the normal fine weather ionisation
current over the rest of the earth’s surface which is
in the reverse direction and has been stated to be
approximately 1,000 amperes.

The Mechanism cy the Flash.

It is possible that the happenings within a thunder-
cloud are more complex than those suggested by either
of the theories outlined above. But, although the
method by which the thundercloud acquires a localised
charge is not fully known, much has been learnt of
the mechanism by which a conducting path is estab-
lished between the cloud and the earth. This has
resulted from the use of the Boys high speed camera
which is able to resolve events separated in time by
less than one microsecond. In its earliest form the
camera compriscd a fixed photographic plate behind
two lenses revolving at 3,000 r.p.m. in a circle of about
4 inches diameter. Two pictures are thus obtained of
each lightning flash, but if the flash is not instantaneous
these will be distorted in opposite directions by the
motion of the lenses. From a comparison of the two
pictures it is possible to deduce the direction and spced
of the discharge.

Much patient waiting did not give P’rofessor Boys
real opportunity to use his camera in this country,
but four years ago Schonland began to use a Boys
camera in South Africa. Since then he has obtained
photographs of over 200 lightning strokes. Much has
been learned from these.

A lightning flash consisting of a single stroke is
most common, but flashes consisting of as many as
27 separate strokes following the same path within
about half a second have been recorded. To the naked
eye a multiple stroke such as this appears simply as a
flash which seems to flicker. If, as occasionally hap-
pens, all the strokes do not follow the complete path
formed by the first, the flash appears to be forked.
Each stroke comprises a sequence of two happenings ;
the preparation of an ionised channel from the cloud
downwards to the earth and the main discharge which
travels up from the earth directly the ionised channel
has been completed. The ionised channel is prepared
by a succession of “ dart-like” leader strokes or
“electron avalanches’ as they have been called.
Each of these consists of a streamer, about 50 metres
long, which shoots down from the cloud towards the
ground but becomes extinguished before it has
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F1G. 4 —EVENTS DURING THE PROPAGATION OF A LIGHTNING
STROKE.

travelled more than a part of the distance. However,
it is rapidly followed by others which, taking the same
channel, extend it (as indicated by Iig. 4) further
towards the earth. Although these streamers move
downwards with great velocity it may take a large
number of them (many more than suggested by Fig. 4)
to complete the channel as far as the earth. A certain
amount of branching may arise from the intermittent
downward progress of the channel. Schonland suggests
that, while this is taking place, part of the charge
becomes distributed over the channel and its branches.
When the path blazed by the leader strokes reaches
the earth an intense discharge takes place starting
from the earth. In the course of its upward journey
the main discharge branches outwards along the forks
blazed by the leaders.

When other strokes follow in quick succession each
is preceded by a downward moving leader. However,
the first of these to leave the cloud finds an already
ionised path prepared for it and complctes the journey
tothe ground. Inthe majority of cases the second and
subsequent main strokes arc not so intense as the first.

The Electrical Power in the Stroke.

Direct experiment shows that an electric field
in the neighbourhood of 10,000 volts per cm. is
required to produce a discharge in the presence of
water drops of the size to be expected in thunder-
clouds. This indicates a total potential difference
between the earth and cloud of the order of a million
kilovolts immediately before the flash takes place.

The advent of the Klydonograph has made possible
the routine measurement of the voltage to which power
transmission lines are raised when struck by lightning.
This instrument depends for its operation on the
production of figures similar to those which, in 1777,
Dr. G. C. Lichtenberg saw formed by a powder, such
as flowers of sulphur, when sprinkled on a plate of
insulating material interposed between two electrodes.
In the practical modern field equipment similar

patterns appear on development of a photographic
film if it has passed between electrodes which have
been subject to a potential difference. There is a
striking difference between the pattern of the Lichten-
berg figures produced by positive and negative poten-
tials. Further, within the range of voltages which
produce these figures, their diameter can be used as
a rough measure of the potential difference.

No sooner had the Klydonograph become a
commercial device than very many of these instru-
ments were connected to transmission lines by means
of simple electrostatic potential dividers.  The
maximum potential recorded as a result of lightning
rapidly advanced from one million to five million
volts. In addition, the Lichtenberg figures began
to yield statistical information as to the relative
frequency of occurrence of lightning strokes of positive
and negative polarity.

Although the object struck is rarely raised to a
voltage above the general mass of the earth approach-
ing one per cent. of the voltage difference giving rise to
the stroke, it frequently has to carry the whole of
the stroke current. To the engineer the current in the
stroke is therefore much more important than the
voltage behind it. During the past few years lightning
stroke currents have been measured or estimated in
various ways. There has been remarkable agreement
between the results obtained. It seems as if the order
of magnitude of the stroke current is fairly closely
fixed.

First in importance among the current measuring
devices must be placed the surge crest ammeter. In
effect this consists of a bundle of alloy steel strips
packed together in an insulating tubc and suitably
placed with respect to the path of the current. The
packet is termed a ‘‘ magnetic link.” A current of the
magnitude of that flowing to earth from a lightning
discharge will produce an intense magnetic field
around its path and have a permanent effect on any
iron or steel present. Experiments in the laboratory
have shown that the time of magnetic penetration of
the alloy steel used in the magnetic link is less than
half a microsecond, so that the links can be used to
measure surge currents of short duration. With
unidirectional surges the principles involved and the
technique are obvious in their simplicity and
directness. The method, however, is also capable of
giving information regarding oscillatory surges.
Because of the non-linear value of the magnetisation
curve the magnitude of successive crests can be
deduced from the magnetisation of two links placed
at different distances from the conductor. Magnetisa-
tion of links is measured in a very simple method in
the field. The link being tested is placed adjacent to a
small permanent magnet forming part of a spring-
controlled moving system. The latter deflects by virtue
of the attraction and repulsion between the two
magnets.

No less than 24,000 of these devices were distributed
over the lines of the German power companies in
1934. In the United States 1,500 records accumulated
from over 5,000 measurement stations show currents
ranging to a maximum above 200,000 amperes with
50 per cent. of the strokes exceeding 36,000 amperes.
Currents have been measured in transmission line
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F16. 6.—T.0ap DrrFrrcTioN CURVES FOR SHORT [LENGTHS OF
(CABLE.

scale near Yeovil, where a 30-ft. length of cable and
30 ft. of steel tube, jointed by means of plugs so as to
preserve the smoothness of the external surface,
were laid in spare ducts. Creepage had been observed
in the neighbourhood and measurements were taken
in order to compare the movements of the cable and
the tube. After three months the cable had crept
4 ins. but the tube had not moved. The road is
practically level.

The second theory depends on vibration, and
assumes that the horizontal component of the move-
ment of any particle in the road is not sinusoidal but
has a saw-tooth form, like the movement of a shaking
conveyor. This type of conveyor consists essentially
of a belt or tray, which is driven by an oblique
connecting rod, or other suitable means, so that it
makes a slow forward stroke and a quick back stroke.
The material (coal or shingle for instance) is carried
forward on the slow stroke but, on the sudden
reversal of movement, the static friction, or
‘“ stiction,” is overcome and the material slides
forward till it is caught up again by the tray on the
next forward stroke. So it moves forward rather
more than the length of one stroke, at every cycle.
It is quite apparent that the cable is not like a loose
piece of coal, and that the whole duct line cannot
move bodily. But each duct may easily execute a
fore-and-aft vibration of small amplitude, since the
joints cannot be absolutely rigid. Moreover, that
part of the cable sheath in contact with the duct
can move like a concertina, or the skin of a gliding
snake, and so exert a very small creeping force on the
whole cable as the vibration travels along under the
vehicle causing it.

Lateral flexibility of the cable does not come into
the question, but the longitudinal friction between
sheath and core, and the elasticity of the sheath, are
important factors. Friction between sheath and
core was roughly measured for (1) an A.S.P.C. cable
1-1 in. diameter, and (2) the Anglo-Belgian (1926)
cable (land portion). In both cables the friction
increased as the core moved in the sheath, due to
expansion of the spiralled quads, but the friction in
the Anglo-Belgian cable was double that in the
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A.S.P.C. cable. The plasticity of the sheath is about
the same for both. The Anglo-Belgian (1926) cable
runs along the Sarre Wall, together with an A.S.P.C.
cable of about the same size, and the former seems to
have crept more rapidly than the latter. So far,
however, there is not sufficient evidence to confirm
this.

An approximate analysis of the operation of a
shaking conveyor has been made in order to find a
relation between vehicle speed and rate of creepage.
Fig. 7 gives the displacement, velocity, and accelera-
tion graphs of a shaking conveyor when the back
stroke velocity is six times that of the forward stroke.
Such a ratio is unlikely with a road vibration, but the
assumption should not affect the general principles.

Let V = velocity of tray on forward stroke,
and 6V = velocity of tray on back stroke.

Consider a mass M on the conveyor and let the
coefficient of stiction = 0-4 and of
(moving) friction = 0.2

g = 32 ft.-sec./sec.

d = displacement.

s = stroke.

At the end of the forward stroke the acceleration
must be high enough to overcome stiction.
Stiction = 0-4 Mg poundals.

0-4 Mg= M X acceleration.

Acceleration = 0-4g = 13 ft./sec./sec.
Suppose M ceases to stick when velocity = 0-5 V at
point A on the graphs. M slides forward with this
velocity and a retardation of 0-2g = 6-4 ft.[sec./sec.,
which is independent of the relative velocity of M
and the tray until it becomes zero, when stiction
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again comes into play and M is carried along by the
tray.

. s
Time of back stroke = {7y Secs-

Absolute velocity of
M when it begins to

slide =05V ft.[sec.
and is reduced to zero in ((;Z V secs.
s . 05V
If cv I less than 64 the mass would stop

and be carried back by the sliding friction until its
velocity equalled that of the tray (still executing the
back stroke). DBut the usual assumptions regarding
static and sliding friction are unreliable and it is

. S .
convenient to assume that 6V IS equal to or greater

5V

5V .
than (%4— , so that before the velocity of M has been
absorbed by the retardation the next forward stroke
has begun. The tray will then catch up M at the
point B (say) and carry it forward approximately
x feet.
s 05V ][
BN S 2 . 9.]g S
If6v_ 6.4 » then'V ._215\%;
Average velocity of M = 25V
. s
time = 6V
S ~
hence x = oy, X 25V

= 5; which is negligible
compared with s.

It appears, therefore, that if the amplitude of
vibration is constant, creepage rate is proportional
to strokes per sec., 1.e. to frequency. Conversely, if
frequency is constant creepage rate is proportional to
amplitude.

As the “ shaking conveyor ” theory is based on
the assumption that the horizontal component of the
ground vibration is not sinusoidal, but saw-toothed
in shape, it may be tested by making a record of the
vibration under a road surface.

STEEL BALL ELASTIC.
ON POLISHED
SURFACE. __MIRROR
LEVER.
SPIKE.

ENLARGED VIEW OF A.

_@LAMP

PATH OF WHEELS

////

FILM CAMERA

SORBO CUSHION
VERY HEAVY ANVIL

F1G. 8. —APPARATUS FOR RECORDING THE \WAVE-FORM OF
THE HORIZONTAL VIBRATIONS.

For this purpose a duralumin bar of cruciform
section (Fig. 8) was driven hard into the ground so
that it behaved as an integral part of the ground.
Its horizontal motion was recorded by means of a
suitably pivoted mirror and a film camera. The
steel ball between the bar and the lever allowed the
former to move vertically without deflecting the
mirror. The heavyv anvil, owing to its inertia, remained
still when the road was vibrating with the passage of
a vehicle. The lamp and camera should, strictly, be
attached to the anvil, but as there is hardly any
vibration a few feet back from the edges of the road,
they may safely be mounted on a separate base.
This device was first tested on a model road con-
sisting of a long box of sand on which a strip of
linoleum was laid to represent the metalled surface
of the road. The bar was driven into the sand 6
inches down, and vehicles were represented by a
heavy roller. Some doubtful indications of the
expected saw-tooth wave shape were obtained, but a
full-scale test was made later on the Sarre Wall,
and this strongly discounts the shaking conveyor
theory.
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Fi1G. 9.—OscCILLOGRAM OF HORIZONTAL VIBRATIONS.

The horizontal vibrations, of which an example is
shown in Fig. 9, are approximately sinusoidal and
certainly do not show any indication of the saw-
tooth shape. During these tests a cinematograph
record of the resultant movement of the bar was
taken, with the aid of a mirror supported on a gimbal
arrangement.  This showed Lissajous figures,
indicating that the horizontal and vertical components
differ in frequency. The frequency of the vertical
vibrations, as already stated, ranges from about 10
to 20 c.p.s. and is more or less proportional to speed,
until a critical speed is reached. Road vibration
measurements made here and in America all agree
on this point. The critical speed corresponds to the
resonance frequency of the wheels and axles of
heavy motor vehicles, which, like the wave-length of
road ripples, does not vary much. In Fig. 4 the
critical speed is seen to be about 16 miles per hour
for solid and pneumatic-tyred lorries. On the other
hand, the frequency of the horizontal vibrations is
higher, and seems to depend on the road metalling
and subsoil rather than on the speed of the vehicle.

A possible explanation of these effects may be that
the wvertical vibrations are ‘ forced ” vibrations
generated by the wheels bumping over irregularities,
or ripples, on the surface. For reasons not vet fully
understood the wavelength of these ripples is
generally between 15 and 24 ins. Hence the
relation between speed and frequency. On the other
hand, in the kind of ground where creepage occurs,
the horizontal component of the wheel impacts is
small and the attenuation of the medium less than in
a vertical direction. Thus *“ free ™ vibrations having
the natural frequency of the medium—generally of
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in coupling the vibrograph to the beam. Details of
the arrangement finally adopted are shown in I'ig. 11.

The recording lever (Fig. 11a) is mounted on a
knife edge which 1s kept in position by the silk thread.
The points of attachment are in line with the knife
edge, and the tension of the thread, therefore, exerts
no controlling force. This arrangement is better than
pivots as it cannot get out of adjustment.

In Fig. 11b the push-rod coupling the recording
lever to the beam is shown. The bracket A, seen in
section, is drilled so that the push-rod and the point
on the crossbar are nearly touching. The springs have
sufficient tension to ensurc firm contact at both ends
of the push-rod, which thus acts as a connecting rod
without any appreciable friction or controlling force.

An electrical timing device, consisting of contacts
operated by thc wheels of the vchicle and an electro-
magnet on the vibrograph, was used to measure the
speed and to show the position of the wheels
corresponding to any part of the record. The marks
made by the pointer of the electro-magnet can be
seen in I'ig. 12. The clock which gives the timing
marks at 5 sec. intervals can be seen in the foreground
of Fig. 10.
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F16. 12.—RECORD OF THE =====SSION AND VIBRATION

CAUSED BY A 12-TON LORRY AT 20 M.P.H.

[his apparatus enables very slow movements,
even the steady depression due to a stationary vehicle
to be recordcd. It has also been used to record
horizontal surface movements. Although heavy, the
apparatus is easily transportable and seems to provide
a useful method of measuring the liability of a road
to produce cable creepage.

A typical record is shown in Iig. 12. It was
produced by a 12-ton lorry running at 20 miles per
hour on a road near Watford. The subsoil is marshy
with a layer of peat about 4 feet down. Incidentally,
it was found during these measurements that a layer
of “ Aquadag ”’ graphite paste on the celluloid gives
a line which photographs easily. The film of graphite
lubricates the point and is an excellent substitute for
the well-known smoke film.

Creepage Force.

As part of the general study of the problem a
dynamometer was made and installed near Ilchester
to record the maximum crecpage force on a 100-yd.
length of cable, due to the ordinary trafhic. The
cable is held by a lever to which the dynamometer is
connected through a simple non-return device which
has no backlash. The cable can move in the direction
of the traffic above it but cannot be pulled back by
the dynamometer spring when vibration from traffic
in the opposite direction reduces the static friction.
When last inspected the dynamometer read 220 lbs.
The creepage force was also measured on the power
cable previously mentioned, near Chester, and found to
be of the same order. This is rather surprising in view
of the greater stiffness of the power cable. Much
greater forces than this have been experienced,
however. For instance, on the Sarrc Wall where
traffic 1s very heavy, a cable-shcath was broken,
indicating a force of more than a ton. The un-
anchored length was about three quarters of a mile.

Conclusions.

To summarise the position :(—Cable crecepage
occurs to an increasing extent in many parts of the
country. It has caused serious damage and some-
times interruption to the service, but can generally
be overcome by anchoring the cable at intervals of
170 yards or so. The cause of creepage 1s being
investigated principally with a view to finding a
method which will enable the effect to be predictcd
by measurements on the road surface. It has been
proved fairly conclusively that the rapid vibration
causcd by wheels passing over the ripples which
occur on most roads is not a criterion of liability to
creepage trouble. The magnitude of the effect
depends almost entirely on the travelling depression
made by the wheels. A special deflection recorder
has been built which measures this depression and
should enable the amount of creepage to be predicted
with some degree of certainty by comparison with
known cases.

Many aspects of the general problem have yet to
be investigated ; such as, for instance, the amount of
creepage to be expected in the new asbestos-cement
ducts which will shortly be laid under many roads.
The coefficient of friction for lead cables is about 0.1
in these ducts, as compared with 0.25 in earthenware,
and moreover the ducts are made in 10-ft. lengths.
It is reasonable to assume that creepage will be less
in these ducts than in the present earthenware type.
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A Fast Operating Differential
Echo-Suppressor

L. E. RYALL Ph.D. (Eng) A.M.LEE.

A description is given of a new fast-operating terminal echo-suppressor which has an increased effective speech sensitivity
as compared with older types, but no greater liability to false operation by noise. This suppressor will supersede the earlier
types for new work.

determining the minimum overall equivalent

of a trunk circuit is well known. This
equivalent can be reduced if the echo-suppressor
sensitivity is increased. If, however, the tone
sensitivity of the suppressor is increased there is a
greater liability for unwanted operation to occur by
steady line noise or exchange switchroom noise.

A new echo-suppressor (known as P.O. Echo-
Suppressor No. 5), which has a very fast operating
time, is first described, and then it is shown how the
discrimination between speech and noise operation
is increased by means of the short operating time and
the differential nature of the echo-suppressor.

! I VHE importance of the part that echo plays in

EcHoO-SUPPRESSOR No. 5
Location.

This double echo-suppressor is primarily designed
as a 4-wire terminal suppressor to be located between
the 4-wire termination and the 4-wire circuit proper
and it is not associated with any apparatus in the
latter circuit. This arrangement is most satisfactory
with regard to installation and maintenance as the
““go’” operating levels are fixed and the ‘“ return
level is determined solely by the overall equivalent
of the circuit. It is readily applicable to carrier
circuits.

Provision has also been made for installing it at an
intermediate position on the circuit, in which case it
is introduced between the repeater output and the
line in each direction. For use on 2-wire circuits it
is connected between the repeater output terminals
and the differential transformer or output filter.

Principles cf Operation.

The apparatus consists essentially of rectifier
attenuation networks N inserted in the two speech
transmission paths (Fig. 1). These attenuation net-
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Fic. 1.—ScHEMATIC D1AGRAM OF ECHO-SUPPRESSOR No. 5.
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works have a low attenuation if the control current
flows in one direction and a high attenuation when the
direction is reversed (Fig. 2). The signals to operate
the echo-suppressor by changing the control current
are derived from the output side of each rectifier
network and are amplified by the auxiliary amplifier
valves V;, V,. The change in anode current of one of
these valves causcd by the change in grid voltage
produced by the rectified specch signal from the other
valve is used to change the control current through
these networks. The nctworks normally have a low
attenuation and the control current change produces
a high attenuation in the network in the ““ echo ”
path. The principles of the opcration of the rectifier
networks and the control current bridge are fully
described in a previous article by the author.! The
auxiliary valves V, and V, are not in the main speech
paths so that the surge produced when the anode
current changes is not introduced into the speech
circuit. To obtain a very quick change of the valve
anode currents and cause speedy operation of the
echo-suppressor the inductance in the anode circuit
is low.

The circuit diagram of the P.O. Echo-Suppressor
No. 5 is given in Fig. 3.

~ 1P.0.E.E.J. Vol. 28, p 21.
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IF1c. 3. —Circuit BIAGRAM OF ECHO-SUPPRESSOR No.

The Attenuation Network.

The loss in the transmitting condition is approxi-
mately 0-6 db.

The maximum A.C. signal power that the network
will transmit without distortion is equal to one-half
the power dissipated by the control current in the
network resistance and 1s +13 db. referred to 1 mW.,
with normal battery supplies. The maximum total
harmonic distortion is then 40 db. below the
fundamental signal level, and for signals less than
-+ 6 db. referred to 1 mW., it is at least 50 db. below
the fundamental signal level.

The Signal Amplifier.

The input level to the auxiliary valve is adjusted
to be the same for both halves of the suppressor, by
means of the taps on the transformers T3 and T4.

The sensitivity/frequency character-

the control current.
Three hangover

RETURN times of approximately

. . 50, 150 and 250 milli-

‘r" WA = seconds are obtainable
A4 AN l:é (We  byadding condensersC2
1 T . 18 and C3 to the conden-

ser C1 associated with
the signal rectifier. The
operating and hangover
times obtained are shownin Fig. 5. It will be observed
that although the sensitivity is adjusted so that a
signal input level of —30 db. referred to 1 mW. only
just produces 6 db. echo attenuation, this attenuation
is obtained in 2 milliseconds or less for signal input
levels greater than —25 db. with the short hangover
condition. The operating time is slightly increased
under the longer hangover conditions since a
correspondingly larger capacitance C1-+C24C3 has
to be charged. The arrangement, however, ensures
that the full hangover time is available after a very
short operating signal has been applied.

5.

Oscillograms showing the operating times under
short and long hangover conditions respectively are
shown in Fig. 6 and 7. The signal producing echo-
attenuation is represented by C, and the signal that
is suppressed is shown by oscillogram B. The space

istic is arranged to fall off considerably
below 500 cycles per sec. and is a

o

maximum at about 900 cycles per sec.
(Fig. 4). Greater selectivity can be

S

obtained if desired by using a suitable

output transformer resonated at the
required frequency.
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so that uniform sensitivity can be
obtained with all valves. The maximum
A.C. impedance of the valve viewed
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The Problems Associated with Impulsing H. WILLIAMS, accr amiee,

in Non-Director Areas

and S. RUDEFORTH

The nature of the problem of impulsing over several junctions in tandem is examined and the results of a series of tests made to
determine the permissible limits of junction resistance for long line and pick-up conditions are given. The cause of these
limitations is also discussed.

Introduction.

HE function of a telephone system is to

I provide an efficient speech channel between

any two subscribers speedily, accurately and
cheaply. With this in mind the British Post Office
is pressing forward with the automatisation of all the
local exchanges in the country and is considering the
application of automatic methods of working to the
trunk system. It 1is, therefore, of paramount
importance at the present time that existing methods
of effecting connections automatically between
subscribers should be reviewed and that their limita-
tions should be examined.

As is well known, a subscriber connected to an
automatic exchange indicates his requirements by
rotating the dial connected to his instrument. This
makes a series of disconnections (impulses) in the line
circuit and causes the line relay at the exchange to
become de-energised a similar number of times. This
release of the line relay is made to control the stepping
of selectors which connect the subscriber through to
the required number.

So long as the call is to another subscriber on the
same exchange the problem of operating the various
selectors is a comparatively simple one, as each
selector in turn can be impulsed directly from the
subscriber’s dial. The line relay in a group selector is
then disconnected from the pair of wires, the selector
being held over a third or private wire from the final
selector. When, however, the call is to another
exchange it would be necessary to provide 3-wire
junctions. To avoid this a relay set is provided
at the outgoing end of each junction to hold the
preceding switches and to provide a number of other
functions. These entail connecting relays across the
speaking pair and dividing the local side from the
junction by means of condensers in the line circuit.

TELE 62
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As it is impossible to pass direct current impulses
directly through such a circuit, arrangements have to
be made for the impulses received on the local side to
be repeated over the junction to the subsequent
selectors. In amulti-office area, or where a number of
U.A.X.’s are connected together with inter-dialling
facilities, several junctions may have to be joined in
tandem in order to effect the required connection.
Fig. 1 shows a connection via three exchanges in
tandem to a final selector in a fourth. This is the
maximum condition considered in the present article.
At each junction a relay set (repeater) has to be intro-
duced to repeat the impulses, and at each of these
repetitions distortion of the pulse is inevitably
introduced. This, added to the distortion produced
by the reactance of the line, presents a very definite
limit to the number and length of junctions over
which automatic selectors can be operated
satisfactorily.

The present article, which will be continued in
subsequent issues of the JOURNAL, describes tests
which have been undertaken to determine the limits
over which satisfactory impulsing can take place
and examines the factors which cause the limita-
tions. Impulsing via non-ballast repeaters associated
with pre-2,000 type selectors is dealt with in the
present article, and subsequent articles will treat the
problem when repeaters with ballast feeds associated
with pre-2,000 and 2,000 type selectors are employed.
All relays concerned are the Post Office 3,000 type.

GENERAL CONSIDERATIONS.
Tolerances.

It will be appreciated that to provide satisfactory
manufacturing and maintenance conditions a margin
of adjustment must be allowed on all apparatus. Thus
the present standards allow battery voltage fluctua-

3RD REPEATER. FINAL SELR.

——

oD = OSCILLOGRAPH POINT. c

F16. 1.—IMPULSING CoNDITIONS OVER THREE JUNCTIONS IN TANDEM.
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on undistorted the relay must take the same time to
release as to operate. Using a plain armature ‘it is
not found possible to do this even approximately,
but by fitting an isthmus armature a reasonable
result is obtained by virtue of the fact that less flux
passes through the armature and it releases more
quickly. This fact and various other interesting
points are shown in Fig. 3 taken on a relay 740 ohms,
5,400 turns. It has been found in practice that the
isthmus should be of different size for each set of
impulsing conditions, hence the shape of armature
on the relay on the right in Fig. 2 which has been
chosen for ‘“ ballast ”’ conditions.

Magnetic Intesference. The use of the isthmus
armature is not, however, without disadvantages. It
permits a large leakage flux due to its imperfect
magnetic circuit, and relays with this type of
armature are, therefore, swsceptible to magnetic
interference from neighbd@ring relays, especially
from the adjacent B and C relays. This interference
or ‘‘cross-fire”’ increases the operate and release
currents of the repeater and selector A relays. With
a repeater, for example, if the B and C relays are
permanently fluxed, the operate and release currents
of the A relay are increased by as much as 38 per cent.
and 22 per cent. respectively over the values obtained
when the B and C relays are de-energised. Since, in
actual impulsing conditions, the B and C relay fluxes

TaBLE 1.

Effect of “ A relay shield on operate and
release currents (straight line relationships)

are pulsating this effect is somewhat reduced. The
operation of the A relays is also affected by relays
more remote than the B and C relays and the total
magnetic cross-fire is sufficient to reduce the
permissible junction resistances for a system as
shown in Fig. 1 to an impracticably low order. It
has been found necessary, therefore, to screen the
impulsing relay of both repeaters and selectors from
magnetic cross-fire by fitting over each a mild steel,
channel type shield, 19 mils. thick. Shields are now
fitted on isthmus armature impulsing relays as a
matter of principle. The shield itself reduces the
operate and release currents of the A relays; it also
affects their impedances without, however, impairing
the transmission efficiency over long junctions.
Some figures showing the effect of the shield on
200+200 ohm A relays having three nickel-iron
sleeves are given in Tables 1 and 2.
It is now proposed to deal with the general
conditions under the following headings :
(I) Long-line impulsing conditions (as distinct
from “‘ pick-up ”’ conditions and troubles).
(IT) ““ Pick-up ”’ conditions and troubles.
(IIT) Short-line impulsing.
(IV) Summary of agreed impulse limits.
I. LoNG-LINE IMPULSING CONDITIONS.
With long junctions, the distant selector may fail
to step to the correct position owing to failure of
(a) the B relays to hold during the trains of
impulses ; and
(b) the selector to step correctly because of
insufficient time for the release of the magnets
—particularly the vertical magnet.

“B”’ Relays

It has been found that if a number of B relays
Operate Current mA Release Current mA be each adjusted to have a specific static release lag
o I .‘ A then some of them will hold and some will not hold
Without With Without | With on impulses of a particular make time. In order,
shield shield shield ~ shield therefore, to ensure satisfactory impulsing, the
| manufacturers in the first place make an impulsing
‘ test to ascertain whether the B relays will hold after
13-5 o125 3-53 .35 saturation on 46 volts on impulses of 17 milli-seconds
‘ make time at a dial speed of 12 I.P.S.
206 18-0 6-6 6-5 Incidentally, the percentage make ratio of a
contact necessary just to hold a B relay is practically
TaBLE 2.
Effect of “ A’ relay shield on impedance (measured at 800 c.p.s., 1 volt P.D.)
D.C.in R T e — e e
Relay Without shield With shield
Winding  — ——— — — e _ el
mA { REff.eitlve Inductance Impedance li iff;(:tzzse Inductance Impedance
‘ RESISLANCE i henries ‘ in ohms - in henries in ohms
, in ohms | in ohms
0 ‘ 5,555 3425 | 18,000/73° 12 6,770 3-861 20,420/70° 37
20 ‘ 4,795 3-3256 + 17,300/73° 56’ 5,951 3-656 19,225/71° 59’
50 | 4,090 3-140 ‘ 16,350/75° 6 4,820 3-340 17,500 /73° 48"
80 ‘ 3,340 2-815 14,700/76° 36’ 3,250 2-600 13,600/75° 36
|

193



independent of impulse speed over the range
7-12 1.P.S. at least.

Selector Magnet Release Times. TFrom a large
number of tests it has been ascertained that the
average selector requires 7 milli-seconds magnet
release time and that only in a very few instances
does the magnet release time approach the 17 milli-
seconds limit for the B relays. In general, therefore,
with apparatus in extreme adjustments and working
over long junctions, B relay failure will occur before
selector failure.

Furthermore, if the M.C.C.P. (make-contact closed
period) of any impulsing (A) relay in the repeater
train falls below 17 milli-seconds at 12 I.P.S,,
adversely adjusted B relays will fail to hold during
impulsing.

The following is a list of factors which have been
found to be the most onerous for ‘‘long line”
conditions :

(a) High dial speed—upper limit = 12 I.P.S.

(6) Low dial make ratio—lower limit = 28 per cent.
make.

(¢) Low voltage at the repeater and selectors, i.e.,
46 volts.

(d) ““ Low " value of capacitance in the subscriber’s
telephone and transmission bridge condensers.

(e) “ Heavily ” adjusted A relays.

(f) Large A relay make-contact clearances.

(g) Long subscriber’s line and junctions.

Considering these factors separately :

(a) With the type of relay considered, increasing
the speed of impulsing is found to reduce the
percentage make of the make-contacts, other condi-
tions remaining constant.

(b) is self-evident.

(¢) and (g) By virtue of the reduced line current a
low voltage or long line causes an increase in the
operate lag and a diminution in the release lag of an
A relay.

(d) It will be shown later that the effect on the
M.C.C.P. of an A relay by connecting a condenser
across the lines depends on the value of the condenser
and on the inductance of the relay and hence on the
nature of the oscillation occurring when the relay
circuit is disconnected. Moreover, the effect on the
M.C.C.P. of the relay contacts due to the condensers
is different if a resistance is interposed between the
relay and shunting condenser.

(¢) By a “ heavily "’ adjusted relay is meant one in
which the spring tensions, armature travel and
residual gap are the maximum permissible, so that
the operate and release lags of the relay are
respectively increased and reduced.

(f) For a given current in the A relay the larger
the make-contact clearance, the shorter will be the
time available for holding in the B relay. It will be
seen later that the make-contact clearance of
impulsing relays has a pronounced effect on the
permissible junction limits.

Another important factor causing a variable
M.C.C.P. is contact bounce.

The reduction in the M.C.C.P. of impulsing relays
due to the above factors is offset to some extent on
long junctions by the capacitance and lower insula-
tion resistance of the junctions.
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Effect cf Condensers on Impulsing.

The factors which affect the operate and release lags
of a relay divorced from condensers are well known
and need not be enumerated here. The effect of a
condenser on an impulsing relay with or without a
series resistance is perhaps not so well known, and the
following explanations may therefore be of interest :

Fig. 4 (a), (b), (c) and (d) shows four ways in which
an impulsing relay may be worked. Consider first
Fig. 4 (a), which depicts a relay being impulsed via a
non-inductive resistance, R.
When R = O the release lag of l
the relay may be high and the

I

(a)

operate lag low so that the
break-contact closed period
(B.C.C.P.) may be appreciably
less than that of the dial im-

pulsing contacts. As R is

increased the operate lag in-

creases and the release lag

diminishes, owing to the de-

creased flux in the relay; the

B.C.C.P. therefore continually

rises with increasing values of

R. The distortion will become YT e

zero when the operate and

release lags are equal, and as

R is increased still further the :xf:m—-fc I
release lag will become less BT
than the operate lag so that a ()

gain in B.C.C.P. results. H

Under the conditions of '
Fig. 4 (a) the relay flux is HH:J"
greater on the first break (d
of the dial (especially when FiG. 4.—Four Wavs
R is of low value) than ©F IS?E:?I?QENEEL’{&HYE
for the subsequent breaks ' ) ’
because for the latter the current and flux do not
reach their maximum values. Hence on the first
break of the dial contacts the relay release lag is
longer and hence the B.C.C.P. shorter than for the
breaks of subsequent impulses. With higher values
of series resistance this difference between the first
and other impulses becomes less because the current
for the subsequent impulses reaches a value approxi-
mating to the maximum value. Curves Al and A2
(first and second B.C.C.P.’s respectively) in Fig. 5
show these effects for a selector A relay in mean
mechanical adjustments. The nearest approach to
the conditions of Fig. 4 (a) in the circuits dealt with
in this article is that of a selector relay impulsing
from a repeater ; even so, since one winding of the
selector relay is connected to the earth leg of the
loop, the repeater bridge condensers affect its
operation.

In Fig. 4 (b) a condenser is shown connected across
the impulse springs. This condition represents
approximately the subscriber’s instrument condenser
and dial contacts impulsing a repeater A relay or a
selector relay. With the repeater A relay, however,
the bridge condensers are also connected across the
loop, via the C1 contact when that is closed.

Under the conditions of Fig. 4 (b), when the dial
contacts open, the condenser becomes charged and,
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F16. 5—EFFECT OF VARYING LINE RESISTANCE.

owing to the inductance of the relay and the
capacitance C, the charging current is in the form
of a damped oscillation such as A, B, C, D. The
nature of this oscillation depends, of course, on the
values of R, L, and C, and the release lag of the
relay will depend on the rate of decrease of the
condenser charging cur}w’?’t occurring when the dial
contacts open—represented by AB. Further, the
release lag will be affected by the amount of reversed
current represented by BCD. If L and C are large
the frequency of the oscillation is reduced, the rate
of delay of the current is reduced and, since this
results in an increased relay release lag, the relay
B.C.C.P. is decreased. Again, if R is increased, the
oscillation is more damped so that the slope AB is
decreased and the reversed current BCD is reduced ;
the relay release lag is then still further increased
with a corresponding diminution in B.C.C.P. The
opposite effects are produced if R, L and C arereduced.

With no condenser as in Fig. 4 (a), it has been seen
that increase of line resistance increases the B.C.C.P.
of the impulsing relay and that with a given line
resistance the effect of a condenser across the dial
contacts is to decrease the B.C.C.P. by virtue of an
increase in release lag of the relay. The effect of the
line resistance on the release lag is, therefore, com-
pensated by the action of the condenser so that much
less overall distortion results with increasing line
resistance until the latter is so great that the reduced
flux in the relay causing a quicker release and an
increase in B.C.C.P. becomes of greater importance.
This action of the condenser will readily be seen by
comparing curves A2 and B2 of Fig. 5. Curve B2 was
obtained by impulsing a selector A relay from a
Telephone 162, curve A2 being obtained under the
conditions of Fig. 4 (a). The D.C. inductance of the
A relay rises from about 8 henries with maximum
current to about 19 henries with 256 mA with increased
line resistance, and this also causes a decrease in the

frequency of the oscillation occurring on the break
of the dial contacts; the release lag, therefore, tends
to increase. The operate lag of the relay increases
with increasing line resistance because of increasing
relay inductance and decreasing flux ; this tends to
increase the B.C.C.P., but the effect is generally offset
by the factors tending to reduce the B.C.C.P. until
the line resistance is high.

Under certain conditions of Fig. 4 () the first
B.C.C.P. of a train of impulses is greater than the
remaining B.C.C.P.’s, as shown by curves Bl and B2
in Fig. 5. This difference between the first and other
impulses—becoming less with higher line resistance—
is due to the fact that the relay flux, being higher for
the first break, results in a decrease in inductance of
the relay compared with that for the remaining
impulses, so that therate of the decay of the oscillatory
current set up when the dial contacts open is greater
for the first break ; hence the A relay release lag is
less and the B.C.C.P. longer.

The foregoing is an attempt to explain, among
other phenomena, how the first B.C.C.P. may actually
be longer than the remainder of a train of impulses.
It will be appreciated, however, that the results
depend greatly on the relay characteristics as well as
on its adjustments.

In Fig. 4 (c) the condenser is now connected across
the lines adjacent to the relay. The condenser con-
nected in this way is similar to the bridge condensers
of a repeater when the Cl contact is closed. Under
these conditions the operate lag of the relay increases
with increased line resistance, firstly, because of the
decreased flux and higher inductance, and secondly,
because the current cannot rise in the relay until the
condenser commences to discharge. The effect of the
condenser on the release lag is little affected by the
line resistance until the latter is great enough to
cause a decrease in lag by virtue of a decreasing flux
in the relav. The net result of the foregoing is that
the B.C.C.P. tends to build up with increasing line
resistance although the rate of increase of B.C.C.P.
would be greater with no condenser. Curves Cl and
C2 (for first and subsequent impulses respectively)
of Fig. 5§ were obtained from a 200+200 ohms
repeater A relay with, however, a 2 uF condenser
across the relay as in Fig. 4 (¢). It will be seen that
in this case the first B.C.C.P. is again longer than for
the remaining breaks, this difference tending to be
greater with a low series resistance, R, for reasons
already explained.

Fig. 4 (d) represents approximately an actual pair
of lines, the effect of the capacitance being somewhat
intermediate to conditions (b) and (c).

In spite of the above effects it will be shown in a
subsequent article that the first B.C.C.P. of each
impulsing relay, with the exception of that of the
first repeater, is actually shorter than the remaining
B.C.C.P.’s. This effect is due to the inclusion of the
D and 1 (signalling) relays in the loop, these being
short-circuited after the first impulse has been dialled
owing to the operation of the C relay.

Effect ¢f wvarying Capacitance connected across a
repeater A relay is shown in Fig. 6, the diagram
illustrating the conditions with a zero subscriber’s
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TAaBLE 4.

Number of Limiting Junction Resistances

Junctions ‘ in Ohms

m Tandem  yfijimum | Maximum  Average
1 180 | 3460 @ 2,580
2 ‘ 860) 1,800 | 1,230
3 ‘ 560 1,700 | 870

Note : Equal junction resistances were used.

The minimum values of junction resistance given
in Table 4 resulted from actual impulsing failure, i.e.,
failure of the B relays to hold during impulsing or
failure of the selector to step correctly due to high
vertical magnet release time. Out of 50 selectors
tested, however, the latter caused a low limiting
value of junction resistance once only. Tests were
made on 1, 2 and 3 tandem junction routes, in each
instance with 50 different combinations of repeaters
and selectors. For the single-junction route, the
junction was limited by impulse distortion only three
times out of 50, the corresponding figures for the
2 and 3 junction routes being respectively 25 and 41.
The remaining causes of failure when the limiting
junction resistances were exceeded arose from various
forms of ‘“ pick-up ”’ troubles, which are dealt with
later.

Impulsing with all factors adverse. The impulsing
limits, expressed in terms of permissible junction
resistances, for the shop-product repeaters and
selectors were found after applying adverse battery
voltage, subscriber’s line resistance, dial speed and
dial-make ratio. It will now be seen what happens
to the limits when, in addition, the B relays are
adversely adjusted so that they just meet the 17 milli-
seconds impulsing test and when all A relays are
“heavy.” By a “heavy” A relay is meant one
which, having been adjusted to the maximum
mechanical tolerances, has the residual gap changed
until the relay is just actuated with the maximum
allowable operate current, the armature travel being
kept at 27 mils. The A relays were adjusted in this
way in order to preclude the worst possible adjust-
ments but also to reduce variations in results between
relays having the same mechanical adjustments.

“A” Relay contact cleavances. The minimum
make or break contact clearances of the repeater and
selector impulsing relays considered in this article
have now been fixed at 10 mils. Depending upon the
value of the armature travel, the make-contact
clearances of the K spring-set of an average non-
ballast repeater impulsing relay having an 18 mils.
back spring can vary from about 10 to 22 mils., the
corresponding figure for the selector A relay having
14 mil. springs with a stiff 14 mil. back spring, being
about 10 to 20 mils. The contact clearance of the
make-contact, Al, of the repeater A relay can be as
high as 29 mils., but for most relays the buffer lift is
less than 2 mils. if the contact clearance exceeds
about 25 mils. for an armature travel of 27 mils.
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The considerable importance of contact clearance
is illustrated in Fig. 8, which shows the effect of
changing the clearances of the repeater A relay
repetition contact Al only, for two and three-junction
routes on a particular set up of repeaters and selector.
It is seen that when all factors are simultaneously
adverse, including make-contact clearances of the
order of 22 mils., it is not possible to impulse over
three repeaters in tandem even with zero junctions,
and that the permissible junction resistances with
two repeaters in tandem are still of an impracticably
low order. Nevertheless, with relaxed make-contact
clearances of about 16-17 mils. reasonable junction
limits can be met even when all other factors are
adverse,

Since the tests on the contractors’ shop-products
had shown that in the majority of cases three equal
junctions of 800 ohms or more could be met and that
only in three exceptional cases were the junctions
limited to 560-640 ohms each, it appeared that three
equal junctions of about 500 ohms would be a
reasonably safe imit. It was found that by adjusting
the repeater impulsing relays to mean mechanical
adjustments with adverse make-contact clearances
of 23 mils, and with the selector A relay ‘‘ heavy "
and having a make-contact clearance of 21 mils., the
requirement of three equal junctions of 500 ohms
could be met ; and, with two-tandem junctions, the
individual resistances could be 800 ohms, all other
factors—dial speed and ratio, voltage, subscriber’s
line and B relay adjustments—being simultaneously
adverse. Again, when all impulsing relays were in
““heavy ™ adjustment but with make-contact
clearances of 15-16 mils., it was found possible to
meet junction resistances of 640 ohms per junction
when three repeaters were in tandem and 1,080 ohms
for the individual junctions using two repeaters in
tandem.
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It will be shown in a subsequent article that
small make-contact clearances considerably affect
permissible dial speeds under ‘‘ short line, low
insulation "’ conditions. It is, therefore, of great
importance in practice to avoid extremes of contact
clearance. Because of the tolerance allowed on the
armature travel of 3,000 type relays and the flexing
of the springs with varying tension, no simple rule
for contact gauging can be devised. Some work is
being done, however, to ascertain whether it is
possible to formulate a table for contact gauging
allowing for armature travel.

Considering the permissible single-junction resist-
ance: it was found possible to impulse (i.e.
excluding ‘‘ pick-up " effects) over 1,700 ohms with
all factors adverse, and with A relay make-contact
clearance of 23 mils., and 21 mils. for the repeaters
and selector respectively. When both the repeater
and selector A relay make-contact clearances were
reduced to 15-16 mils., the permissible junction
resistance for actual impulsing became approximately
2,500 ohms.

“ Spread ” diagrams. By plotting the M.C.C.P. of
the impulsing relays for each stage along the route a
spread diagram is obtained which shows the amount
of impulse distortion introduced by the subscriber’s
apparatus, repeaters and selector. Fig. 9 shows such
a diagram for A relays in heavy adjustment having
make-contact clearances of 15-16 mils. and with all
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F16. 9.—SPREAD DIAGRAM.

other factors adverse for long line impulsing. It will
be observed that there is an increase in M.C.C.P. from
the dial to the first repeater ; this is due to the
greater capacitance across the first repeater A relay
of approximately 3 uF compared with 1 uF for the
other repeater A relays. Moreover, the subscriber’s
line is of lower resistance than the junctions for the
example under consideration. In the particular
examples of spread diagram shown in Fig. 9 the
impulse distortion for the two-junction route from
the first to the second junction, say, is greater than
that for the three-junction route because of the
higher junction resistance of 1,080 ohms used for the
two-junction route.

" Effect f dial speed and battery woltage. Consider
two repeaters and junctions in tandem having the
conditions and relay adjustments under which Fig. 9
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was obtained ; changing the dial speed from 12 to
10 I.P.S. when the voltage was 46 volts increased the
maximum resistance of each junction by about 150
ohms. At adial speed of 12 I.P.S., however, a change
of voltage from 46 to 50 volts increased the permissible
resistance of each junction by approximately 500
ohms.
II. * Pick-up” TROUBLES.

When the line is initially looped the A relays at
each repeater and at the distant selector, together
with certain other relays, operate in sequence, and
the apparatus is prepared for the train of impulses
which follows ; this is called the * initial pick-up.”
At the end of a train of impulses, the A relays are
held operated or are again ‘‘ picked up” ; this will
be called * subsequent pick-up,” although it is some-
times referred to as '* end-of-train "’ or ** drop-back ”
pick-up.

Certain troubles may arise during pick-up which
may take the form of false impulses being given to
the selector, or the repeater C relays may permanently
hold in at the end of a train of impulses. Such
troubles arising from pick-up are collectively called
““ pick-up troubles.”

Initial Pick-up.

On looping the lines, the repeater and selector A
relays must, of course, fully operate. Moreover,
they must operate quickly, especially the selector A
relay. If the junction between a repeate? and
selector be too long, even if the relay fully operates,
the long line, together with the inductances of the
repeater D and I relays and the selectorselay causes
the latter to operate slowly. In consequence the
make-before-break (K) contacts of the selector A
relay are bunched together for an appreciable time.
If the bunching time be great enough, the selector
B and C relays being operated, a pulse is given to
the vertical magnet of the selector of sufficient
length, under certain conditions, to cause a false or
premature vertical step before actual dialling
commences.

Factors Tending to Cause Imtial Pick-up Troubles.

The following are the main factors tending to
cause initial pick-up troubles :—

(a) 46 volts at both repeaters and selector.

(6) High resistance junctions.

(c) “ Lightly ” adjusted selector.

(d) Small make-contact clearance of selector A

relay.

(¢) Heavily adjusted A relays.

(f) ““ Fast” operating selector B and C relays.

(g) Large D and I and A relay D.C. inductances.

In addition to the above factors some selectors
operate more easily on the first impulse owing to the
assistance given by the off-normal springs.
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