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CHAPTER X1

ALTERNATING CURRENT TRACK CIRCUITS

For many years direct current only was used for track circuits, but
when it was found to be inadequate for electrified roads, due to the
interference of the propulsion return current, the alternating current
track relay was developed by Mr. J. B. Struble, about the year 1898.
The alternating current track circuit consists of a portion of track
sectionalized by means of insulated rail joints, as in direct current
track circuits; its energy is derived either from a track transformer
receiving energy from a line transformer connected to the transmis-
sion line or from a combined line and track transformer. The trans-
former connected to the track transmits its energy through the rails
to an alternating current relay. In the track circuit are various
auxiliary attachments which will be considered later.

The first relay designed for the alternating current track circuit
was the single-element vane relay. It operates solely by the current
received from the transformer through the rails of the track circuit,
as shown in Fig. 1.

The development of the two-element alternating current relay fol-
lowed several years after that of the single-element relay for use on
long track circuits where the single-element relay is impractical due
to the excessive power necessary to operate it.

The two-element track relay has a track element and a local ele-
ment. The energy required in the track element is transmitted
through the rails, and is comparatively small while the local element
requires more energy, which is usually furnished from a local source.
This relay requires the presence of currents in both elements at the
same time to operate it as shown in Fig. 2. The absence of current
in either element will de-energize the relay; thus a train entering the
track circuit shunts the current from the track element de-energizing
the relay.

Alternating current relays are practically immune to the propulsion
current used by the railroad and to stray direct current. This latter
feature along with their simplicity and their economy in maintenance
has been the dominant factor in bringing the alternating track circuit
into extensive use on steam roads. On electric roads the alternating
track circuit is practically imperative, as the signal current and the
return propulsion current flow through the same rails.

A low track voltage is necessary, as with direct current track cir-
cuits, to minimize the leakage of the track circuit current along the
rails. The initial voltage depends on the type of relay, the length of
track circuit and various other conditions.

A later development made in the interest of economy uses a trans-

former, rectifier and direct current relay in place of the alternating
current relay.
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Alternating Current Track Circuits on Steam Roads

Alternating current track circuits used on steam roads are gener-
ally end fed, as shown in Figs. 1 and 2.

On steam roads there are alternating current track circuits in ser-
vice from a few feet up to approximately 10,000 feet in length. The
maximum length of track circuit using a single-element relay is ap-
proximately 1000 feet. '

Exhaustive studies indicate that where the minimum ballast resist-
ance is not less than 4 ohms per 1000 feet of track that the maximum
length for a 60-cycle track circuit using a two-element relay should
not exceed 8000 feet. Where the minimum ballast resistance is as
low as 2 ohms per 1000 feet the maximum length should not exceed
5500 feet. In 100-cycle territory these maximum lengths should be
reduced to 6000 feet and 5000 feet respectively.

While track circuits equipped with two-element relays longer than
those specified in the preceding paragraph may be operated, it is not
advisable to do so for the following reasons:

1. It is impracticable to keep the voltage at the relay track
element terminals within the limits to secure shunting value
recommended by the Signal Section.

2. Added difficulty of wet weather operation.

3. Less broken-rail protection,
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Fig. 1.
Single-Element Relay Track Circuits on Steam Roads.

The single-element track relay is a two-position relay, as shown in
Fig. 1, while the two-element relay may be operated as a two-position
relay as shown in Fig. 2, or as a three-position relay as shown in
Fig. 3.

When the three-position relay is de-energized it assumes the central
or neutral position, by means of a counterweight in the relay, as
shown at A, in Fig. 3. The moving member makes contact to the
right or left depending upon the relative flow of currents in the two
elements of the relay. A reversal of the current flow in either ele-
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ment will reverse the movement of the magnetic flux. As the relative
polarity of current in the local element is usually fixed, the flow of
current in the track element is reversed by means of a pole changer
operated by the signal mechanism, as shown in Fig. 3. It is this
action of the pole changer that produces a change of phase angle of
180 degrees, as mentioned in Chapter X—Alternating Current Relays.
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Fig. 2.
Two-Element Two-Position Relay Track Circuits on Steam Roads.

Insulated rail j_oint protection with two-element relays.

Some degree of protection against broken-down insulated joints is
secured with two-element two-position alternating current relays by
staggering or reversing the polarities of adjacent track circuits.

In Fig. 2, the polarities of the track circuits M and N are opposite
at any given instant and if insulated joints X and Y were to break
down, contacts of relay B should open due to a change in phase re-
lation causing the signal to assume the Stop position. This same
protection cannot be procured with the two-element three-position
or the single-element relays, yet it is customary to stagger the
polarities for a three-position relay in order to procure some pro-
tection by preventing the signal from displaying a more favorable
indication than ‘“approach.” In Fig. 3, this is illustrated with the
track circuits unoccupied and the polarities staggered. The polari-
ties of the local element of alternate track relays as at B (Fig. 3)
are reversed so that the same contacts may always be used for the
Approach and Proceed indications respectively. Statements about
changing and reversing polarity simply mean that at any given in-
stant the polarities are reversed or changed from a positive to a
negative polarity, since the alternating currents are periodically
changing in direction.

While it is possible to feed two track circuits from one secondary
of the transformer with the leads of the secondary in multiple, yet
it is advisable to feed each track circuit from a separate secondary
of the transformer. When one secondary is used to feed more than
one track circuit a train occupying one track circuit may cause inter-

2
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ference with the other track circuit, and also may lessen the broken-
rail protection.
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Fig. 3.
Two-Element Three-Position Relay Track Cireuits on Steam Roads.

Reactors.

The track transformer having low internal resistance must have a
reactor inserted between the transformer and the track to limit the
flow of current when the track circuit is shunted, as the transformer
might seriously heat or burn up, also power would be wasted. Ad-
justable track reactors are illustrated in Fig. 4.

The adjustable track reactor consists of a form wound coil well
protected against moisture, assembled in a laminated iron core, di-
vided into two parts, the space between them being adjustable.
Further adjustment is made through different combinations of the
various terminals. The adjustable track reactors are generally used
on steam roads instead of resistors. The power factor varies from
0.1 to 0.3 and the voltage drop is practically wattless. With the
single-element relay, it is used only as a matter of power economy as
it has no bearing on its phase relation.

With the two-element relay, the adjustable reactor gives a very
economical adjustment of the phase relation between the track and
local elements. The relay operates most economically when the cur-
rents in the two elements are in ideal phase relation with each other.
This ideal phase relation depends upon the type of relay, but usually
it is approximately 90 degrees phase displacement. The phase dis-
placement may be varied by adjusting the reactor. Track circuits
should be adjusted so that the phase displacement does not vary more
than 30 degrees from the ideal. This phase displacement at the relay
varies with the ballast resistance and should, therefore, be adjusted
to be as near the ideal as practicable under the least favorable ballast
conditions when the track voltage is the lowest. When the ballast
conditions are most favorable and the track voltage highest, the phase
displacement will be the least favorable; thus the relay will be oper-
ating under the best possible conditions.
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Adjustable Track Reactors.

It is possible to have sufficient energy going through both elements
of the relay, but not having proper phase displacement, the relay will
fail to operate. Thus the track relay may be made to operate by im-
proving the phase relation, although in the adjustment the track volt-
age would be lowered by the introduction of impedance.

Sometimes when the track circuit is long and with poor ballast con-
ditions, a non-adjustable reactor is used in the local element circuit.
In some types of relays a small condenser is housed in the relay and
used with the track element to aid in securing proper phase relations.

Bonding of steam road track circuits.

Bond wires are of different types, probably the most generally used
being two or more No. 6 A.W.G. galvanized iron wires bonded to the
web of each rail by channel pins. Frequently, copper, copper-clad or
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copperweld wires are used instead of galvanized iron wires. These
are used either for increased conductivity or due to local conditions
where the bonds are subject to salt brine, gases, etc. Another type
of bond used extensively is known as the stranded bond, being made
of several strands of galvanized iron, copper, copper-clad, copper-
weld or a combination of them welded to a steel terminal or pin
which is driven into the web of rail after drilling a 34 inch hole.
Another type bond uses two sets of several strands of wire welded
to the same pin. Still another is a short copper bond welded directly
to the head of rail. The method of bonding track circuits has and is
receiving considerable attention and study, and experiments are be-
ing made with various other types of bonds.

Insulated rail joints.
Figure 5 shows one of various types of insulated joints used.

Fig. 5.
Insulated Rail Joint.

Insulated joints are applied at the limits of each track circuit, also
at turnouts, crossovers, etc., to restrict the flow of current to certain
predetermined limits. These joints are applied to the rails in place
of the regular splice bars. Fibre, bakelite or other insulating material
is used in these joints to insulate one rail from the other,

Direct Current Track Circuits on Electric Roads Using
Direct Current Propulsion

The first development in track circuits on electric roads was the
direct current track circuit. This circuit is illustrated in Fig. 6. One
rail is used for the propulsion return current and the opposite rail is
insulated and used for the signal track circuit.

With this arrangement there is a voltage drop all the way along
the return rail proportional to the strength of the propulsion current
and the resistance of the return rail, which resistance depends upon
the size of the rail, the length of the track circuit and the track bond- -
ing. With a train at B moving in the direction of the arrow, a volt-
meter (V) connected as shown on a direct current road will show a
considerable direct current drop which will appear across terminals
A and C of track relay X, due to the lower resistance in the axle of
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the train that connects the track circuit with the return rail at B. If
this drop were large enough this direct current relay would pick up
with a train in the block.

In some cases this drop is kept below the dangerous point by in-
creasing the carrying capacity of the propulsion current return, either
by running heavy cable in multiple with the return rail with frequent
connection between the return rail and the cable, or by bonding the
rail to the iron elevated structure where available.

If between the track relay and the track feed a high resistance
should develop in the return rail through a faulty bond connection at
a track joint, or should the return rail become broken, some of the
propulsion return current would form a path from the return rail to
the signal rail through the car axles, thence through the relay to the
return rail; this may pick up or damage the relay or blow the relay
fuse.

. » THIRD RAIL OR TROLLEY WIRE ™y
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Illustrating Effect of Propulsion Drop.

Sometimes a polarized relay is used because its contacts can be
made to close with the signal track current and open with an excessive
propulsion return current. If the direction of the propulsion return
current changes, due to the changing of train locations with respect
to the power house, the polarized relay should not be used.

Due to the undesirable features of the direct current track circuit,
when used on e€lectric roads, alternating current track circuits are
used generally and they also find favor on many steam roads where
the rails form a part of the return path of an electric power com-
pany’s system.

Alternating Current Track Circuits on Electric Roads
Using Direct Current Propulsion
Generally, electric road alternating current track circuits and
steam road alternating current track circuits are identical, except

that on electric roads the return of the propulsion current must be
given special consideration.

Single-rail track circuits.

The first development of the alternating current track circuit is
shown in Fig. 7.
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Single-Rail Alternating Current Track Circuit.

One rail is used for the propulsion return current and the opposite
rail is insulated and used for the signal track circuit.

Using one rail for signal purposes may require an extra cable to
be run. To take its place as a carrier of the propulsion return cur-
rent this cable must have at least the same carrying capacity as the
rail.

At all interlocking plants where sufficient return carrying capacity
is obtained by cross-bonding the return rails, where the single-rail
track circuit gives simplicity and adaptability to fouling protection,
and where the installation of a two-rail track circuit would be costly
and cumbersome, the single-rail track circuit has important ad-
vantages.

On a single-track road where one rail is used for the propulsion
return current and the other for the signal track circuit, a measure
of broken-rail protection is provided for both rails. On a multiple-
track road where the rails used for the return of propulsion current
are cross-bonded, it is possible, depending upon the system of cross-
bonding, that a broken rail on the return propulsion current side of
the track will not cause the relay to open and give the same signal
protection as would be given on single-track road. A rail may be
broken and still make sufficient contact with its other part, in which
case the relay is not likely to open and give signal protection with
either single or double-rail track circuits.

As in Fig. 6, a certain direct current voltage occurs across the
relay terminals. Even when there is no train in the circuit, the signal
rail is connected in multiple with the return rail by the transformer
and relay track leads and carries a portion of the propulsion return
current. The amount is inversely proportional to the resistance

" offered.

The direct propulsion current does not affect the safety of the
alternating current track circuit as the relay is designed to operate
only by alternating current. Since the ohmic resistance in the alter-
nating current relay and the secondary of the transformer is quite
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low a considerable amount of direct propulsion current would ﬂow
through them were it not for the insertion of a resistance in the signal
track circuit as shown at R and R, in Fig. 7.

Formerly, where the propulsion return current was less than 1500
amperes the tube resistor, Fig. 8, was used, but where the return cur-
rent exceeded 1500 amperes, heavy cast-iron grid resistors were used
at the transformer and the relay. The present practice is to use
tubular resistors in all cases.

The grid resistor, Fig. 9, at the transformer not only reduces the
return current but limits the flow of alternating current to the track
when the track circuit is shunted.

Resistors.

As stated in the steam road section, track transformers have low
internal resistance. All track transformers, except the adjustable
filler type, must have a resistor inserted between the transformer and
the track to limit the flow of current when the track circuit is
shunted, as the transformer might seriously heat, causing damage,
also power would be wasted.

Figures 8 and 9 show various types of track circuit resistors. These
resistors consist of wire wound on an insulated core. Practically all
of them are adjustable to adapt them to varying track circuit con-
ditions. The size of the resistors used depends upon the amount of
resistance required and the amount of current to be carried. They
are practically non-inductive.

Fig. 8.
Various Types of Alternating Current Track Circuit Resistors.
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Fig. 9.
Grid Resistors.

Shielding impedance coil.

Where the propulsion return current is very heavy, the track relay
is further protected by a shielding impedance coil, Fig. 10-a, con-
nected across the track terminals of the relay as shown at Z in Fig.
7, to act as a by-pass for this current.

Shielding impedance coils are shown in Figs. 10-a and 10-b. Coil,
Fig. 10-a, consists of a few turns of heavy wire wound around a lam-
inated iron core, having a low ohmic resistance which allows prac-
tically all the direct return current to flow through it, but possesses
a very high impedance due to its self-induction properties which
chokes back a large percentage of the alternating current.

Coil, Fig. 10-b, is constructed on different lines, having less iron
and smaller wire, but performs the same function as coil, Fig. 10-a. -
Coil, Fig. 10-b, is used with a different type relay than the one to
which coil, Fig. 10-a, is attached. One method of using coil, Fig.
10-b, is illustrated in Fig. 11.
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Fig. 11.
An Application of Shielding Impedance.

Double-rail track circuits.

Due to the limitation of the single-rail alternating current track
circuit and for the purpose of using both rails of the track for pro-
pulsion return current, the double-rail track circuit shown in Fig. 12
was devised.

Whereas the length of a single-rail track circuit of a direct current
electric road is limited due to the direct current propulsion drop, the
double-rail track circuit with impedance bonds does not have this
restriction and there are cases where a 20,000 foot end fed track cir-
cuit and a 25,000 foot center fed track circuit are being operated. A
measure of broken-rail protection is provided with the double-rail
track circuit. It is very stable and not easily affected by ballast
leakage, due to the comparatively low impedance of the copper con-
nection across the rails through the impedance bond.

The insulation of both rails is necessary as in the direct current
track circuit, but in addition an impedance bond is used as shown at
B in Fig. 12. After the impedance bond was developed for the relay

ARROWS SHOW DIRECTION ARROWS SHOW iNSTANTANEOUS
OF PROPULSION CURRENT DIRECTION OF AC LEAK THROUGH
THROUGH IMPEDANCE BONDS IMPEDANCE BOND
YA N,
B8 B PROPULSION CURRENT B 8
2 ! . o=
VIRAE TV
M d M
— SIGNAL TRANSMISSION LINE r
_ H
Fig. 12.

Elements of the Double-Rail Alternating Current Track Circuit.
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in the single-rail track system, it was only a step to devise a larger
device to carry the entire propulsion return current and choke back
the alternating current of the track circuit by its inductance.

Impedance bonds.

The reactance produced by the track impedance bonds prevents
excessive leakage from one rail to the other of the signal current so
that sufficient current goes through the track relay to operate it.
Practically no signal current will flow from one track circuit to the
adjacent one, due to the fact that the two impedance bonds in ad-
jacent track circuits are connected together at points of zero poten-
tial,

The track impedance bond which is the only special feature dis-
tinguishing the double-rail from the single-rail track circuit, con-
sists of a laminated iron core, provided with two heavy copper wind-
ings wound in opposite directions and connected as shown in Fig. 12,
so that the magnetizing effects of the direct current on the iron
cores of the bonds will practically be neutralized, permitting the al-
ternating signal current to set up a high impedance which prevents
excessive leakage from one rail to the other, If more return current
is flowing through one-half of the bond than the other half, an un-
balanced condition is set up which reduces the impedance to the
signal current to such an extent that so much signal current will
pass through the bond that there will not be sufficient going through
the relay to operate it. The bonds are designed to take care of a
certain amount of unbalancing, this varying from 12 to 20 per cent.

The propulsion return current divides in multiple through the
oppositely wound halves of the bonds. The signal current potential
across the rails forces the alternating current through the two wind-
ings in series, but not in opposition, producing a reaction in both
halves of the impedance bond, which permits sufficient current to go
through the track relay so that it will pick up properly, the balance
leaking through the impedance bond to the opposite rail.

‘The propulsion return current enters the bond at X and Y, Fig. 12,
and passes to the other bond through the neutral connection M and
thence to the rail on the opposite side of the insulated joints as shown
at left of Fig. 12. The signal current tends to flow from X to Y
through both coils in the same direction as shown at right of Fig. 12.
Both the signal current and the return current are flowing at the
same time through the windings of the impedance bonds. Four sepa-
rate track impedance bonds are shown in Fig. 12. There are always
two at each end of the track circuit when the track circuits are in
succession.

The track bonding, which is generally installed and maintained by

the propulsion power department, should be in good condition on
both rails so that the amount of return current will be about the same
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in each rail, and the working condition of the impedance bonds will
be ‘good. Sometimes a track bond of one of the rails will become
loose or broken, putting more resistance in one rail than in the other,
causing an inequality of return current flow in the rails, which upsets
the balancing effect of the impedance bonds. This excess current in
one rail tends to magnetize the iron core, saturating it with direct
current flux, lowering the permeability of the core and decreasing the
reactance of the impedance bond; thus allowing a leakage of signal
current through it. A heavy unbalancing return current will destroy
the reactance of the bond and allow the signal current to pass freely
from rail to rail as if a train were on the track section, de-energizing
the relay and causing the signal to assume its most Restrictive indica-
tion. To minimize the effect of unbalancing, most impedance bonds
are made with an air gap in the iron core to keep it from becoming
saturated with direct current flux, but the reactance is lowered by
the high reluctance of the air gaps. It is deemed the best practice to
allow some leakage of signal current across the impedance bond to
reduce the effect of the unbalancing return current.

Figure 13 shows the unbalancing curves of an impedance bond that
will carry 2000 amperes per rail of propulsion return current. The
air gap is %4 inch.
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Fig. 13.
Unbalancing Curves for a 2000-Ampere Impedance Bond.

The vertical lines show the unbalancing direct current in amperes;
the horizontal lines show the amount of signal current which will
leak through the bond with voltage as indicated by curves. Note that
the reactance is practically constant up to about 700 amperes un-
balancing current, particularly on the lower voltage curves,

Figure 14 shows the inside construction of an impedance bond. The
laminated iron core practically surrounds the heavy coils of bare
copper wire. The bare wire is kept from touching the core and ad-
jacent wires by wood or fibre strips used as spacers. The two cen-
tral straps are connected together when the bond is completed and



Fig. 14.
Core and Coils of an Impedance Bond.

form the neutral connector M. The two outside straps form the rail
terminals X and Y shown in Fig. 12. The air gap between the two
iron cores is faintly shown as a horizontal white line on the face of
the core.

The impedance bond shown in Fig. 14, when in service, is inclosed
in an iron case generally filled with petrolatum or solid vaseline com-
pound to protect the bond from dampness.

Figure 15 shows two bonds installed in a double-rail track circuit.
This type has 1500-ampere capacity per rail and is suitable for heavy
traction lines. Impedance bonds are designed for various capacities
and are installed either between the rails or at the side of the track
as illustrated in Fig. 16.

Fig. 15.
Track Layout of Two Heavy Impedance Bonds.
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Fig. 16.
Methods of Installing Impedance Bonds.

Cross-bonding.

Methods of cross-bonding, insulating and bonding of sidings and
making connection to power house return are shown in Fig. 17. B
and C show cross-bonding at end of track circuits. Cross connection
to power house return at end of circuit is shown at A. E shows
where cross connection is made at a point away from the ends of the
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Fig. 117.
Cross-Bonding Connections.

track circuit. In this case supplementary single impedance bonds are
inserted. This method is undesirable, not only due to the additional
cost, but because of the extra leak in the track circuit.

Relays.

The galvanometer, induction motor or two-element vane type re-
lays are generally used as on steam roads or on single-rail track cir-
cuits of electric traction roads, although they are wound for a lower
voltage and highér current in order to keep down the leakage of sig-
nal current across the track through the impedance bonds.

Transformers.

Either adjustable filler type or regular track transformers are used
but with greater capacity than those used on steam roads, due to the
extra amount of signal current that leaks through the impedance
bonds.

Reactors and resistors.

Reactors instead of resistors may be used between the transformer
and the track when required. Reactors are more economical than re-
sistors and are generally required between the transformer and the
track where galvanometer track relays are used in order to bring the
track current in phase with the local current. Resistors give best re-
sults between the transformer and track where induction motor type
track relays are used.

Alternating Current Track Circuits on Electric Roads Using
Alternating Current Propulsion

Relays.

When alternating current is used for propulsion, a relay must be
used that is immune to a foreign direct current and inoperative by
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the alternating propulsion return current. Twenty-five cycle pro-
pulsion current is generally used. Track relays are designed to
operate on a frequency of 60 cycles or higher and hence will not
operate on the 25-cycle propulsion current. Centrifugal or vane

type frequency relays are generally used.

Single-rail track circuits.

On single-rail track circuits through interlockings the vane type
frequency relay is used on account of its quicker action which is
necessary for locking circuits. The length of the track circuit must
be restricted on account of the drop in the propulsion current causing
injurious heating current to pass through the track relay or trans-
former.
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Fig. 18.
Single Impedance Bond for Alternating Current Propulsion.
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Double-rail track circuits.

On long track circuits the double-rail circuit is used and generally
equipped with the centrifugal type frequency relay as a matter of
power economy.

Impedance bonds.

The impedance bonds for double-rail track circuits, on roads using
alternating current propulsion, employ the same principle of mag-
netic balancing as characterizes the bonds for direct current roads,
for, although the propulsion current is of an alternating character, it
is divided between the two opposing windings of the bonds, so that
the alternating magneto-motive forces are equal and opposite, and
hence neutralize each other. The iron core of the bond remains,
therefore, unmagnetized, so that it offers a high permeability to the
magneto-motive force generated by the alternating signal current
flowing through the two coils in series, as with the bonds for direct
current propulsion.

Figure 18 shows a single impedance bond used on alternating cur-
rent roads.

These bonds are smaller than those used on direct current pro-
pulsion roads and sometimes two bonds are used in one housing’ as
shown in Fig. 19. Whereas on direct current propulsion roads the
return current may run as high as 2500 amperes per rail, that on al-
ternating current propulsion roads will generally be between the
limits of 75 and 700 amperes per rail, due to the higher alternating
current propulsion voltages ordinarily used. This allows the imped-
ance bonds to be made considerably smaller.

Unbalancing.

Unbalancing troubles are rare on roads using alternating current
propulsion, not only because the propulsion currents themselves are
small in volume, but especially because, if more current flows in one-
half of the bond than the other, the half winding carrying the heavier
current induces a voltage in the weaker half, tending to pull a larger
current through that weaker half. Thus an automatic action exists
which tends to keep the bond well balanced. For this reason, the
bonds are not liable to be unbalanced, and no air gap is required in
the magnetic circuit to prevent saturation of the core which would
otherwise occur,

Fuses.

On electric roads fuses are usually installed between relays and
rails to protect relays from excessive current.
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Double Impedance Bonds for Alternating Current Roads.

Track Circuit Calculations for Alternating Current Signal System

General.

The proper calculation of the track circuit is of prime importance
in the design of an alternating current signal system as it enables
the engineer to select that type of track circuit apparatus which will
operate most economically under the particular set of conditions in
question. Furthermore, aside from the matter of economy, maxi-
mum safety of the track circuit can only be guaranteed by proper
track circuit adjustments as dictated by the calculations. The for-
mulae and diagrams here presented should enable the reader to make
a full analysis of any type of circuit operating under any conditions
he may encounter.
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'Resistance, reactance and impedance of rails.

The track circuit is in reality a small single-phase transmission
system whose two line wires are represented by the rails, and whose
load is represented by the relay at the end of the track circuit. Like
the line wires of the transmission, the rails possess impedance (2)
composed of resistance (R) and reactance (X); the effective re-
sistance of a steel rail is, however, from three to five times the actual
resistance to direct current, due to the fact that the flow of alter-
nating current in the magnetic material of which the rail is com-
posed, sets up a magnetic field producing a counter e.m.f. in the
body of the rail itself, forcing the current to the outer surface or
skin of the rail, rendering thereby but a fraction of the cross-sec-
tional area available for conducting current. This is known as the
“skin effect,” and is present in a greater or less degree in all conduc-
tors carrying alternating currents,

A further increase in the apparent resistance of the rails is intro-
duced by their self-inductance, this depending on the spacing of the
rails and their size, just as in the case of the two wires of a trans-
mission. Since the rails are magnetic, however, their respective
fields will be considerably more localized around each conductor
than would be the case if non-magnetic conductors were in question,
and hence the reactance of the rail circuit will be much greater than
would be indicated by the usual formulae and tables for non-mag-
netic conductors. The “skin effect” depends upon the permeability
of the rails, which latter factor is a variable depending on the cur-
rent density. Due to the presence of this variable, the magnitude of
the skin effect is not susceptible to mathematical calculation. The
permeability factor also obviously influences the magnitude of the
self-inductance and in turn the reactance of the circuit.

Actual measurements have, therefore, had to be resorted to, and
Table I so determined gives the total impedance per 1000 feet of
track (both rails including bond wires) under various conditions
of bonding in common practice, and for values of current commonly
used for relay energization; this table has been in use for several i
years and has been found to give results sufficiently accurate for all ;
practical purposes. Where 39-foot rails are in service the figures -
shown for 33-foot rails may be used for calculating purposes. While
the values shown apply especially to steam road conditions, they may
be used for electric road track circuit calculations, since the presence
of propulsion current in the rails will only tend to decrease the per-
meability of the rails and in turn their effective resistance and
impedance; hence the voltage at the relay may increase slightly
with heavy propulsion currents flowing in the rails and any error
introduced will be on the safe side. Table II shows separately
the resistance of various kinds of bond wires as used in steam road
work; on electric roads the rail is bonded to capacity, or nearly so,
for propulsion current.
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TABLE II
Resistance of Bonds to Signal Currents
Ohms per 1000 feet of track

\ 27.5 ft. 30 ft. 33 ft.

Bond- per juint 4 rails rails rails
2 No. 6 B&S copper 0.057 0.052 0.048 Bonds 48
1 No. 6 B&S copper & incheslong;no

"1 No. 8 BWG iron 0.098 '0.089 0.082 allowance is
2 No. 6 copper-clad 40% 0.124 0.112 0.103 made for con-
2 No. 6 copper-clad 30% 0.166 0.150 0.138 ductance of
2 No. 8 BWG iron 0.348 0.315 0.291 fish plates.

Ballast, leakage resistance and conductance.

The resistance of the leakage path between rails in ohms per 1000
feet of track varies with the nature of the ballast, the condition of
the ties, and the weather conditions. In connection with the calcula-
tions involving rail impedance as given in Tables I and II, the fol-
lowing values for resistance of ballast and ties may be used; they
are given for ballast cleared away from the rails:

Ohms per
i 1000 ft. of track
Wet gravel .. ..ot 2
Dry gravel ... ..ttt 3
Wet broken StONE......cccvrtnienrnnennansnsass 4
Dry broken stone.............ccovveiunennnnnne 10

In making track circuit calculations, a leakage resistance of 4
ohms per 1000 feet is very commonly used as representing the
worst condition of well-drained broken stone or rock ballast; 2
ohms per 1000 feet is a low wet weather value for track with gravel
ballast. Poorly drained cinder ballast with old water-soaked ties
will run generally as low as 1 ohm per 1000 feet. In making the
calculations the wet weather ballast leakage figure should be used
as if the track transformer were designed and track circuit ad-
justments were made on the dry weather basis, the track relay might
fail to pick up in wet weather. It is, however, advisable to make a
check calculation on the dry weather basis in order to determine the
variation in voltage on the track relay from the wet to the dry con-
dition, as in the case of extremely long track circuits with poor bal-
last, the relay voltage in dry weather may be so high that special
means may have to be employed to prevent the relay from being ex-
cessively energized. In track circuit calculations it is generally
more convenient to represent the ballast leakage factor in terms of
conductance rather than resistance; conductance (expressed in mhos)
is the inverse of resistance (expressed in ohms), and thus a ballast
leakage resistance of 4 ohms per 1000 feet corresponds to a ballast
conductance of 74 mho per 1000 feet.
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Track circuit formulae and their derivation.
Given the voltage e and the current i required at the track relay
terminals, the length of the block, the rail impedance with its power
factor, and the ballast leakage resistance, the problem which con-

fronts us is the determination of the power to be fed into the track
at the transformer end. ’

To begin with, due to the impedance drop in the rails caused by
the relay current, the difference of potential between the rails in-
creases from e at the relay end of the track circuit to some higher
value E at the transformer end; thus, the ballast leakage current in-
creases as we proceed from the relay to the transformer. The bal-
last leakage current itself produces a drop in the rails which again
increases the voltage required at the transformer. The fact that the
ballast conductance is distributed uniformly throughout the length
of the track circuit rather complicates matters in that the current
in the rails and the voltage across them from point to point changes
with the varying magnitude of the ballast leakage current. In order
to simplify matters, it is sometimes assumed that the ballast leak is
concentrated at the center of the track circuit, but this is not strictly
accurate; evidently the concentrated ballast leak is located nearer
the transformer end of the track circuit than the relay end, for it is
near the transformer end that the voltage is highest and the ballast
leakage greatest. The correct determination of the ballast leak is
therefore somewhat of an involved process. It can, however, be de-
termined, and in fact this method is quite extensively used in Eng-
land; the reader who is interested in this phase of the matter is re-
ferred to a very interesting and complete discussion given in the
January 1915 issue of the Railway Engineer of London.

It is evidently more accurate to consider the ballast conductance
as uniformly distributed, and by means of the following formulae,
originated by Mr. L. V. Lewis and first presented in the July
1911 number of the Signal Engineer, the voltage E and the cur-
rent I at the transformer end of the track circuit, as well as
their phase relationship, can easily be calculated. These general
equations are:

E =e cosh \/_Z-G— + l\j —%—sinh \/_Z_G (1

I =i cosh \/—Z—E{—}—e \jg— sinh \/—Z—E 2)

where e and i are the relay voltage and current respectively; Z is
the total impedance of the rails of the track secured by multiplying
the values in Table I by the length of the track circuit in thousands
of feet, and G is the total ballast leakage conductance secured by
multiplying the reciprocal of the ballast leakage resistance in ohms
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per thousand feet by the length of the track circuit in thousands of
feet. The terms cosh and sinh (pronounced “cosh” and “shin”) are
the hyperbolic cosine and sine respectively of an imaginary or com-
plex angle represented in this case by the quantity \/7_G-. These
formulae may be reduced to workable form by expanding the func-
tions into their corresponding infinite series beginning

N _ X :5__' 3
coshx—-l—l—lz-{-p;-!-] + . 3)

4+ .. “)

where x represents the hyperbolic angle VZG and the sign |__
represents arithmetical multiplication; for example,l_:s__is called
“factorial three”’ andisequal | x2x3 = 6; likewise,l i =

x2x3x4=24. Hence
ZG (ZG)* | (ZG)?

cosh v/ZG = |+'——2— + ‘““24 “*72'6“ + ... (5)
- - (7C) 3 7C) 5
sinh vZG = vzG + VEID L VIS, )

Substituting the above values in equations (1) and (2)

s o) T IV
E:(e-i— ol 2D oy )+(i\~’~é VI, VEN E0r | WEYass +) @

6 120
6 i6) , §(Z6)° ) ( & g NEVaes oSy )
= (i IS M N 'S Ve . 2 (8)
1 ( 7t T oV NI 2 A

Reducing and rearranging the terms of equation (7) and (8)

. Z £ G, 2GZ
E=e+Zi+ 3Ge+ 5 5Zi+, 535G+ ... 9)
- G by 9_;... ...G,,.VZ_-«(/; - n,
l“~l+Ge+"2“Zl+3 ZGe+4 3 221—]—... (10)

The above equations may be cartied out to any number of terms
by carrying out the above process, noting that the first element of
each term of equation (9) is Z, and of equation (10) G, each divided
by 1, 2, 3, 4, etc., according to the number of the term in the infinite
series, the remaining elements of the term under consideration being
identical with the next preceding term in the other equation. Suffi-
cient accuracy for all practical purposes will in most cases be se-
cured by calculating only the first five terms of each series as above
shown, the remaining terms being generally small enough in value
to be disregarded.
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Equations (9) and (10) may also be developed direct from Ohm’s
law, stating that E=1Z and I = E G, and consideration of the mat-
ter on this basis will enable the reader to grasp fully their physical
meaning. To begin with, the first two terms e and i of equations
(9) and (10) are the relay voltage and current respectively and as
such are known. Relay current i flowing through the rail impedance
causes a drop e, =Zi and likewise the relay voltage e impressed
across the rails throughout the length of the track circuit produces
a leakage current i, = Ge. Zi and Ge therefore constitute the second
terms of their respective series. Obviously e, = Zi (where 7 is con-
stant) increases uniformly from the relay to the transformer and its

€2 and the corresponding ballast leakage
2

‘ A - SN ¢ S _Z

current is i, -—_EG —-_2_21 ; likewise, it may be shown that e, ___z_Ge,

average value is therefore

These last quantities thus constitute the third term of the current
and voltage series respectively.

The development of the next voltage term e, from i, presents
some difficulty in that we have no reason for assuming that the aver-

1 ., . . . .
age value of i, 15.2:?’; as a matter of fact, it is not, since i, contains

the product of the two factors G and Z, varying with the length of
the track circuit, and hence increases with the square of the distance -
from the relay. It may be demonstrated by the calculus that in any
equation of the form y = xn the average value of y between the

1
limits of y, and o ism of the maximum value of y. Therefore,

. . . .
the average value of i, above is _3iand the corresponding e.m.f. is

e, = Zi, :_Z. EZi, and likewise, i _-:_G. —Ge; these latter values

3 3 2 4 3 2
form the fourth terms of the voltage and current series respectively,
and the process may be carried out until equations (9) and (10) are
entirely duplicated. It should be ncted that any term in the current
series is derived from the preceding term in the voltage series by
multiplying by the conductance G, divided by 1, 2, 3, etc., depending
on the number of the term, which is perfectly logical since it is that
preceding voltage which causes the current in question to flow; con-
versely, any term in the voltage series is derived from the preceding
term in the current series by multiplying it by Z, divided by 1, 2, 3,
etc.

Comparison of center leak and distributed leak methods.

If the above terms are developed by the center leak method, in
which the entire ballast conductance is considered as being concen-
trated at the center of the block, we find that

+
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E=e+Zi+%—Ge+-z§ %Zi [¢5))

=14 GetozZi (12)

The first three terms of the above formulae are identical with the
corresponding terms of equations (9) and (10) calculated on the dis-
tributed leak basis. The fourth term of equation (11) is however
50 per cent greater in value than the corresponding term of equation
(9). The center leak method will, therefore, give sufficiently accu-
rate results where the track circuit is short enough in length to per-
mit all terms after the third being disregarded.

Application of track circuit formulae; examples.

Let us apply formulae (9) and (10) to two of the usual track cir-
cuit arrangements, first, considering a galvanometer relay on a steam
road, and, second, a polyphase relay on an electric rcad. Both of
these relays are of the two-element type and one of them (the gal-
vanometer) works most economically with the currents in its track
and local elements in phase or nearly so, while the other (the poly-
phase) works best with its track and local currents in quadrature.
These examples may therefore be considered as representative; cal-
culations for a track circuit employing a single-element relay would
of course be made in exactly the same manner, the calculation and
diagram as used in the case of a two-element relay being simply dis-
continued after the track volts, amperes and power factor at the
transformer are determined for the one winding used in the case of
the singlc-element instrument.

Galvanometer Relay: See vector diagram Fig. 20
Steam road 100-pound rails, 33 feet long, bonded with 2-40 per cent
copper-clad wires.
Track circuit 5000 feet long, end fed; ballast resistance 6 ohms per
1000 feet.
Relay; track 1.7 V., 1.0 A,, 0.9 P. F.,, on 60 cycles;
local 110 V., 0.3 A., 0.4 P. F.,, on 60 cycles.
Rail impedance Z =5 X 0.31 = 1.55 at 0.68 P. F. (See Table I).
Ballast conductance G =5 X 1 = 0.83 at 1 P.F.
Relay and transformer leads to track, 100 feet No. 9 each set = 0.08
ohm.
Resistance drop in relay leads =1 X 0.08 = 0.08 volt.
E=1784155-4+11440334+0124......
1 =1.0-} 1.48 4 0.643 40318 4-0.069 4 ......

Volts at rails opposite relay = 1.78 obtained from Fig. 20; it
is the vectorial sum of the relay voltage e = 1.7 and the lead
drop 0.08 volt, the latter being in phase with and hence parallel
with the current vector i =1 drawn at an angle whose P.F.=
0.9 lagging behind the relay volts e = 1.7.
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Fig. 20.
Vector Diagram for a Track Circuit Equipped with a
Galvanometer Relay.

In plotting the various leakage currents and their corresponding
drops in Fig, 20 it will be remembered that each term in the voltage
series is obtained by multiplication of the preceding terms in the
current series by Z; the power factor of Z is 0.68 and hence each
term of the voltage series is laid off at a lead angle whose P.F. =
cos. 6= 0.68 using the preceding term of the current series as a base
line. The ballast conductance G is, of course, non-inductive and its
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P.F.=1; hence each term in the current series is parallel with the
preceding term in the voltage series which produces it.

Following the above method the final current at the transformer
end of the track circuit will be found to be I = 3.22 amperes; it is
simply the vector sum of the relay current and the various ballast
leakage currents laid off with due attention to phase relationship.
Likewise the final voltage at the rails at the transformer end of the
track circuit is E = 4.5 volts, for it is again the vector sum of
the relay voltage and the various rail drops caused by the ballast
leakage currents.
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Fig. 21.
Track Impedance Coil.
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To prevent the flow of an injurious short circuit current flowing
through the transformer secondary with a train in the block, it is
necessary to insert some current limiting device between the trans-
former and the track and for this purpose we will select the imped-
ance coil shown in Fig. 21 having a power factor of 0.2. The
feed current of 3.22 amperes flowing through the leads between the
transformer and the track gives a drop of 3.22 X 0.08 = 0.26 volt,
laid off parallel to the current since the leads are non-inductive. As
will presently be explained, enough impedance ought to be inserted
between the transformer and the track to make the voltage at the
transformer secondary about twice that at the rails. The impedance
drop vector is laid off at a P. F. = 0.2 with the current and is made
long enough so that the transformer secondary voltage will meet the
impedance drop vector at a point where E+= 2 X 4.5 =9 volts.

The relay local current has a lag angle whose P.F.=0.4, and
hence it is laid off at a P. F. of 0.4 with the transformer secondary
voltage Er, for while the transformer which supplies E¢ is not the
same one as feeds the relay local, the transformer feeding the local
is connected to the same transmission and hence its voltage is in
phase with Eq.

The relay local current thus laid off will be found to be nearly in
phase with the track element current. In the case of relays of the
galvanometer type, maximum power economy is secured with the
track and local elements in phase, and in order to secure ideal re-
lationship an impedance coil is used between the transformer and
the track; if a resistance having a unity power factor is employed
instead, the entire drop between the transformer and the track would
be in phase with the current vector I = 3.22 and the vector E¢ would
be swung around in a clockwise direction through a large angle; the
local current vector laid off therefrom at a P. F. = 0.4 would then be
away out of phase with the track current vector and hence the relay
would not operate economically since the voltage for the track at the
relay would have to be increased until that component of the track
current in phase with the local current were equal to 1 ampere as
we started off with.

Scaling the angle between the transformer voltage Eg and the
current, we find it to be such that the cosine or P. F. = 0.62; hence,
the total power with the block unoccupied is E4I cos. © =9 X 3.22 X
0.62 — 18 watts. With a train on the track circuit opposite the trans-
former, the current flowing will be equal to the transformer volt-
age E divided by the vectorial sum of the inserted impedance and
the resistance of the transformer track leads. The drop in this part
of the circuit as scaled from the diagrams is found to be 5.5 volts
and this is due to a current I = 3.22 amperes; hence the combined value

Epr 55

of the impedance and leads is Z =——i~ =322 = 1.71 ohms. With
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a train on the track circuit as above there will be only 1.71 ohms in
series with the transformer secondary, and, neglecting the resistance
of the wheels and axles of the train which is negligible, the short

.. . . 9
circuit current flowing will be SN 5.26 amperes, the correspond-

ing power factor being 0.26 as scaled from the diagram, this being
simply the power factor of the impedance and the resistance of the
track leads in series. The total power with the block occupied is,
therefore, 9 X 5.26 X 0.26 = 12.3 watts. It is thus seen that the
power with the block occupied is less than when the block is clear;
this arises from the fact that the short circuit current with the block
occupied is almost in quadrature with the transformer voltage due
to the phase displacement produced by the impedance coil.

Polyphase Relay: See vector diagram Fig. 22

Electric road, 70-pound rails, 33 feet long, bonded to capacity.
Double-rail end fed track circuit, 8000 feet long.

Relay; track 0.15 V., 0.25 A., 0.65 P. F., on 25 cycles;
local 12V, 0.20 A,, 0.4 P. F.,, on 25 cycles.

Z on 25 cycles =8 X 0.11 = 0.88 at 0.52 P, F.
G = 8X 4 = 2 mhos for ballast leakage of 4 per 1000 feet.

Impedance bonds, 500 amperes per rail with unbalancing capacity of
150 amperes, impedance 0.31 ohm at 0.15 P. F.

Relay and transformer leads 100 feet No. 9 wire = 0.08 ohm.
Drop in relay leads = 0.25 X 0.08 = 0.02 volt.
Volts opposite relay == 0.16 scaled from diagram.

0.16
Bond current at relay end = 031 = 0.52 ampere.

Total current at relay end = 0.75 ampere from diagram.
E =0.16 4 0.66 - 0.14 }- 0.196 - 0.021 -}- 0.017
I =0.75 4 0.32 - 0.66 -}- 0.093 - 0.095 -}- 0.008

Referring to Fig. 22, the relay voltage 0.15 V. and the current
0.25 A. are laid off at a P. F. = 0.65 as before, and taking into account
the drop in the leads of 0.02 V., laid off parallel to the relay current,
the voltage at the relay end of the track circuit is found to be
e =0.16. At 0.16 volt the bond A takes 0.52 ampere and this current
is laid off lagging at an angle corresponding to 0.15 P. F. with the
track voltage e. The total current at the relay end of the track cir-
cuit is the vectorial sum of the relay current and the bond current
and scales 0.75 ampere. Applying equations (9) and (10) and laying
off the various ballast leakage currents and voltages listed above in
exactly the same way as in the case of the galvanometer relay dia-
gram, Fig. 20, the current I = 1.5 A. and the voltage E=1 V. is
found at the transformer end of the block. The bond B at the trans-
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’ Fig. 22.
Vector Diagram for a Track Circuit Equipped with a Polyphase Relay.

\

0-:1,)1 = 3.23 amperes and this
current is laid off at a PZ F. = 0.15 with the corresponding voltage E
and the total current fed into the track scales 4.45 A., being the vec-
torial sum of the bond current 3.23 A. and the track current
I =1.5 A.; employing a resistance between the transformer and the
track, the corresponding drop is laid off in phase with and parallel
with the total current and with a transformer voltage of twice the
track voltage, the final voltage at the transformer secondary E; =2
is obtained. The drop in the leads and resistance scales 1.4 volts and

former end of the block takes at 1 volt

. ) . 14
the corresponding total resistance is—g 75— 0.315 ohm.
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On laying off the vector for the current in the local element of the
relay at a P.F.=0.4 with the transformer voltage Eq it will be
noted that the local current is considerably out of phase with the
track element current, though not a full 90 degrees for quadrature
relationship as required for the most economical operation of the
polyphase type. In fact, if we lay off a line at right angles to the
track element current as shown at the left of the diagram, and pro-

. . 100 -
ject on it the local current, we find that only—1§—5~or 0.8 of the

local current is in quadrature with the track current so that we
must compensate for this imperfect phase displacement by increas-
ing the transformer voltage accordingly, the current values for
the two elements of the relay as given in the list above being
based on a pure quadrature relationship. To make the quadrature
component of the track current a full 0.25 A. which we started out
with in laying out the diagram, we increase the transformer voltage

12
in the proportion of WX 2 = 2.5 volts; naturally, the total current

fed into the track increases in corresponding ratio with the voltage,
and, thence, the final feed current I is }1%56 X 4.45 = 5.56 amperes. The
drop across the resistance and leads scaling 1.4 is likewise increased to
% X 1.4 =175, and the corresponding value of the resistance is

1.75
55g — 0.315 ohm.

With the block clear the total power is E I, cos. = 2.5 X 5.56 X
0.88 — 12.2 watts, the power factor of 0.88 being the cosine of the
angle between I, and E1 as scaled from the diagram. With a train
on the circuit opposite the transformer, the maximum current is

equal to the transformer volts divided by the total resistance be-

2.5
tween transformer and the track and ism = 7.94 amperes at 1 P.F.

since the resistance is non-inductive. The power with the block
thus occupied is 2.5 X 7.94 X 1 = 19.8 watts.

It will now be apparent why a resistance was employed between
the transformer and the track, for if an impedance had been used
instead, the local current vector would have been nearly in phase
with the track current vector and the relay would hardly have picked
up even with several times its normal current, simply due to the
imperfect phase displacement.

The train shunt.

In general, alternating current track relays have a much lower
internal impedance than the ordinary track relays used in direct cur-
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rent practice; for example, the galvanometer relay which we con-

sidered in connection with Fig. 20 has an impedance of Z = E -

I

L7 - 1.7 ohms, while the polyphase relay discussed in connection
0.15
0.25
the resistance of 4 ohms of the standard direct current instruments.
Since, with two circuits in parallel, as in the case of the track relay
and the car wheels across the rails, the current in each circuit is
inversely proportional to the resistance of that circuit, it follows
that with a train shunt of given resistance the alternating curremt
track relay will take a larger proportion of the current than would
be the case with a direct current relay; hence the train shunt is not
so effective in the former case.

The value of the train shunt in ohms is of course equal to the im-
pedance of the axles added vectorially to the ohmic contact resist-
ance between rails and car wheels. The impedance of the wheel and
axle part of the shunt circuit is negligible, and hence the reactance
factor in the circuit may also be neglected. It is also true that in
the case of the heavy rolling stock employed in steam and electric
trunk line service, the wheel-rail contact resistance may likewise be
considered as insignificant. Table III was compiled from a series
of tests made on rails with a clean bearing surface in which a
single pair of wheels and their axle was submitted to various loads.
It will be noted that the total resistance of the shunt thus formed is

with Fig. 22 has an impedance of = 0.6 ohm as compared to

TABLE III
CONTACT SURFACE OF WHEELS AND RAILS CLEAN METAL
Apparent
Total 1b. Amps. Volts ohmic resistance
Frequency . No. weight axle across between rails via
cycles of test on track current rails wheels and axle
[ 1 18,700 185 0.133 0.0007
2 23,052 175 0.13 0.0007
25 3 27,404 180 0.134  0.0007
4 36,108 180 0.14 0.0008
[ 1 18,700 112.5 0.12 0.001*
60 { 2 27,404 112.5 0.114 0.001
L 3 36,108 112.5 0.11 0.00097
[ 1 18,700 S5 0.022 0.0004
d.c. 2 27,404 56 0.021 0.00037
' i 3 36,108 55 0.018 0.00033

* 2 feet 9 inches of axle gave drop of 0.048 volt. From this point
(on either side) to rail average drop 0.35 volt.
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‘practically independent of the Ioading; while the total shunt resist-
ance is extremely low in all cases, it is to be noted that, as might be
expected, the total apparent resistance increases with the frequency.
Compared to any of these shunt resistances the impedance of the re-
lays above given is so enormously high that the shunt may be con-
sidered as practically perfect.

It is only when rusty or dirty rail surfaces are encountered that
the resistance of the train shunt becomes significant and this state-
ment applies equally well to direct current track circuits; every
signalman is familiar with the occasional difficulties experienced on
heavily sanded track. Table IV indicates what the surface contact
resistance may amount to, the tests having been made on a four
wheel truck loaded so that the total weight on the rails was 40,900
pounds.

TABLE IV
Clean rails Rusty rails
25 cycles 60 cycles 25 cycles 60 cycles
Total amps. through axles 220 180 70 125
Volts across rails 0.232 0.1 0.82 0.37
Train shunt in ohms 0.00105 0.00055 0.0117 0.003

On steam and electric trunk lines where the rolling stock is gen-
erally heavy and the train movements are frequent enough to keep
the rails clean, it may be safely assumed that the train shunt resist-
ance is so extremely low as to be negligible. On some of the inter-
urban trolley lines, however, where light single car trains are oper-
ated and movements are not frequent enough to keep the rails bright,
the value of the train shunt must be taken into consideration; in
such cases, it has been found to run much higher than the values in
Table IV and since the relay ought to be shunted out to a point at
least 50 per cent below its minimum shunt point, it is often custom-
ary to make electric road track circuit shunt calculations with a
train shunt value of 0.064 ohm. In those cases on electric roads
where it is suspected that the train shunt may be of comparatively
high resistance due to light rolling stock and rusty rails resulting
from infrequent train service, it is therefore generally advisable to
check the track circuit calculations as described below in order to
be certain that the relay will be shunted open with a train in the
block.

Methods of controlling track circuit sensitiveness.

In the first place, the train shunt is least effective when the train
is opposite the relay, for at that time the entire rail impedance will
be in circuit between the train shunt and the track transformer with
the result that the track feed current and the consequent drop in

[ N V-



Alternating Current Track Circuits 39

< R G i & A i i = ™

the resistance or impedance between the transformer and the track
will be less than with the train opposite the transformer; then, since
the voltage at the rails opposite the transformer is the vectorial dif-
ference between the transformer voltage and the drop in the resist-
ance or reactance inserted between the transformer and the track; it
follows that with the train opposite the relay, the voltage at the
track opposite the transformer and in turn that opposite the relay
will be greatest when the train is at the relay end of the track cir-
cuit. Since this latter is the worst condition encountered, calcula-
tions to improve the effectiveness of the track circuit should be
made on this basis. :

It is desirable to reduce to the lowest point possible the voltage
at the relay with a train in the block, and it will be immediately ap-
parent from the above that where the impedance or resistance (as
the case may be) is inserted between the transformer and the track,
there is a very effective means of controlling the voltage at the rails
opposite the transformer, since, as this voltage decreases, so also
will the voltage at the relay decrease. Hence, with an impedance
or resistance of high value the short circuit current with a train
on the block will cause a correspondingly heavy drop between the
transformer and the track and as a result the track voltage oppo-
site both transformer and relay will be low. It dis customary to
use sufficiently high impedance or resistance so that with the block
clear the voltage at the track opposite the transformer will be
about one-half that at the transformer secondary, and it was with
the train shunt in mind that these values were employed in con-
nection with Figs. 20 and 22; with such an adjustment the track
voltage will generally fall to a perfectly safe figure when a train
comes on the track circuit. Inserting impedance or resistance to
give a transformer voltage greater than twice the track voltage will
rarely be justified since after the relay is once shunted out with a
large margin of safety any further increase in inserted impedance or
resistance will only result in a useless waste of power.

With the aid of the vector diagrams shown in Figs. 20 and 22, it
is not a difficult matter to ascertain whether the inserted impedance
or resistance, determined on the basis of the transformer volts being
twice the track volts with the block occupied, will insure the track
relay being open with a train opposite it. It is assumed of course
that all the track circuit constants are known, including the shunting
point as well as the normal operating point of the relay. With a
train shunt of given value across the rails at the relay, use the nor-
mal operating voltage of the relay plus the drop in the track leads
as the first term e of equation (9), and considering the train shunt
as an impedance bond of unity power factor, construct a diagram
like Fig. 22, leaving the propulsion bonds out if a steam road track
circuit is being investigated; in the case of an electric road circuit,
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the train shunt will simply constitute an extra bond at the relay end
in multiple with the propulsion bond. The vector diagram thus ob-
tained will of course indicate a transformer voltage considerably
greater than what is actually existent as determined from the calcu-
lation with the block clear. Calling this hypothetical transformer
voltage Eqg and the actual existent transformer voltage Er, the volts
e at the relay end of the block must be reduced in the proportion of
F];:l ; in turn the relay voltage and current will be decreased in like
TS

ratio and if with this reduction it is found that the relay current is
below the shunting point of the instrument, the impedance or resist-
ance chosen for the “block clear” éondition may be considered as
satisfactory. If the reduction is not sufficient, the impedance or re-
sistance inserted between the transformer and the track will have to
be arbitrarily increased until the calculations prove that the relay
is effectively shunted. .

Power factor triangle.

In laying out vector track circuit diagrams such as those shown
in Figs. 20 and 22, the value of the various angles are given by the
calculations in terms.of their cosines, these being the power factors
of the corresponding angles. The phase spacing of vectors is, there-
fore, much more easily effected through the use of a triangle marked
off in cosines, such as that shown in Fig. 23, than through the em-
ployment of a protractor indicating degrees, since in the latter case
the angles corresponding to the cosine would have to be looked up

A

Fig. 23.
Power Factor Triangle for Construeting
Track Circuit Vector Diagrams.
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in a table. A transparent triangle should be used as it is often neces-
sary to use it upside down; the lines 0.1 to 0.7, as drawn from vertex
A, are laid off with a protractor at angles with base line B C cor-
responding to cosines of 0.1 to 0.7 as given in standard cosine tables;
the lines 0.8 to 0.99, as drawn from vertex B, are laid off from base
line B C, likewise at angles corresponding to cosines of 0.8 to 0.99.
Considerable care should be exercised in using the triangle at first,
especially when reversing it, as otherwise one may be using the
complement of the angle instead of the angle itself.

Instructions for the Adjustment, Maintenance and
Operation of Alternating Current Track Circuits

General.

1. The adjustment of alternating current track circuits depends on
many factors, such as the type of track circuits; whether double or
single rail with steam or electric traction; the length of track cir-
cuits; the ballast condition; the desired shunting values at both relay
and transformer ends of the track circuit; the type of relay; and the
weight of train equipment.

Voltage values.

2. Voltage at the relay track terminals should be at least 10 per
cent higher than the values given on the manufacturer’s tag or name
plate to take care of varying ballast, bonding and power factor con-
ditions. A check for the proper voltage to be applied across the track
terminals of a relay under wet or other unavoidable conditions, is to
shunt the relay, so that its contacts open half way, then remove the
shunt, and if the contacts come up to the front stop, sufficient energy
is passing through the track windings.

3. Voltage at the relay local terminals should be as near as possible
the normal voltage given on the manufacturer’s tag or name plate.
If less than the normal voltage value is impressed across the local
terminals, more energy will have to be used in the track element to
cause proper operation, except for centrifugal frequency relays.
While a reduction in the local voltage of a centrifugal frequency
relay generally does not require additional energy to the track ele-
ment, this reduction in the local voltage should be avoided, as it tends
to increase the time of shunting.

4. When shunting two-element track relays, do not place a shunt
across local terminals for this will blow the fuse protecting this
circuit. Shunting of the relay should be done at the terminals of the
track element.
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5. Voltage at the rails opposite the transformer should be not

more than one-half that at the transformer secondary under the most
unfavorable track conditions. This voltage should be high enough to
give the 10 per cent margin at the relay track terminals. Where re-
active transformers are in use, the rail voltage should not be more
than one-half the open circuit transformer secondary voltage.

Shunting sensitivity.

6. Shunting sensitivity tests of track circuits should be made by de-
termining what is the maximum resistance that can be placed across
the rails opposite the relay to cause the relay contacts to open. This
can be done by finding what is the longest piece of No. 14 or No. 16
A W.G. copper wire which, when positively connected to the boot-
legs opposite the relay, or to rail clamps, will shunt the relay. Forty
feet of No. 14 or 25 feet of No. 16 wire (0.1 ohm) is considered good
shunting sensitivity. These shunting tests should be made under dry
weather conditions when the mazimum current is flowing through the
relay, as the relay will shunt more easily in wet weather when less
current flows through it. Shunting sensitivity tests should also be
made at the rails opposite the transformer in the same manner as

mentioned above. Usually the value of the resistance at this point
* will be higher than that obtained at the relay end of the track circuit.

Phase angle measurements.

7. To obtain the best operation of two-element track relays under
adverse ballast conditions, it is suggested that phase measuring instru-
ments be used to determine if the phase angle relations in the relay
approach the ideal values. These measurements may indicate that
changes should be made in adjustment to improve phase relations.

Pick-up and drop-away.

8. These values obtained in the field for two-element track relays
will not generally check with the values given on the manufacturer’s
tag or name plate due to the fact that the manufacturer’s values are
for ideal phase relations.

9. When making pick-up and drop-away tests, at least three read-
ings should be recorded for each operation and the average taken.

10. The drop-away values should not be less than a given percent-
age of pick-up values for the particular type of relay under test. The
safe drop-away percentage values vary considerably for different
types of relays and should be obtained from manufacturers or by
tables shown in the Signal Section Manual giving field requirements
of alternating current track relays.

X
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11. Bonding should be kept in the best possible condition for the
following reasons:

(a) Safe shunting depends to a great extent on the condition
of the bonding.

(b) Considerable energy will be saved if the bonding is kept
in good condition.

(¢) On electric railroads where double-rail track circuits are
used, poor bonding may cause serious unbalancing of the return
propulsion current. (See Instructions 12 and 13.)

(d) On electric railroads where single-rail track circuits are
used, poor bonding may cause so much propulsion current to
flow in the relay windings as to become serious.

Unbalancing.

12. The term “unbalancing” refers to unequal amounts of return
propulsion current in the two rails of a track circuit. Poor bonding
in one rail will cause the better bonded rail to carry more than half
of the return propulsion current.

13. With direct current propulsion and double-rail track circuits,
unbalanced propulsion current may saturate the iron core of the im-
pedance bonds. This may lower the bond impedance to such a point
that it will not hold up the alternating current track voltage across
the track relay; that is, it will shunt out the relay.

14. With alternating current propulsion and double-rail track cir-
cuits, unbalanced propulsion current will cause the impedance bond
to act as an auto-transformer. Since the track relay is connected in
multiple with the bond, the auto-transformer voltage may cause suf-
ficient alternating current of propulsion frequency to flow in the
relay to cause it to open its contacts.

Resistors.

15. Where single-rail track circuits are used on electric roads, care
must be taken to adjust the resistors at the relay and transformer ends
so that the amount of propulsion current permitted to flow through
the relay track winding is less than the allowable amount specified
for a given relay. Where heavy direct current propulsion is present,
a shielding impedance coil should also be installed in multiple with
the track relay to shunt part of the direct current out of the relay
windings. It is inadvisable to operate single-rail circuits over a dis-
tance so great that the drop in the propulsion return exceeds a pre-
determined value. :
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16. Where two-element track rela;;s are in use, the current limiting
device used in the transformer track lead should be a variable reactor
if possible, as the losses in a reactor are less than in a resistor. A
variable resistor should only be used when required to give correct
phase relations or to protect the relay and transformer from pro-
pulsion return current.

Fuses.

17. Where single-rail circuits are used in connection with direct
current propulsion, fuses of the proper voltage and current capacity
should be installed in the lead from the block rail at both the relay
and transformer ends of the track circuit to guard against a possible
surge of direct current return current.

18. On steam road track circuits fuses are not required.

19. On railroads using electric propulsion with double-rail circuits,
a fuse should be installed in one of the track leads of the relay if the
track connections are made directly to the rails to guard against a
surge of propulsion current if the impedance bonds are disconnected.

Cross-bonding.

20. On electric roads using double-rail return, track circuits should
be cross-bonded between the neutral connections of the impedance
bonds as often as possible to get the best possible return for the pro-
pulsion current, but to secure broken-rail protection this cross-bond-
ing should not be installed more frequently than every other double
impedance bond location.

Broken-down insulated rail joint protection.

21. Where two-element track relays are used, polarities of adjacent
track circuits should be staggered when the signals are in the Clear
position., This gives protection against improper operation of two-
position relays due to broken-down insulated joints. Where three-
position track relays are used it affords this protection against false-
clear indications.

Testing.

22. In making track circuit adjustments, employing alternating cur-
rent relays, it is not possible to obtain the relay current by simply in-
serting an ammeter between the relay and track since the resistance
of alternating current ammeters is so high that they considerably re-
duce the current to the relay when thus inserted. For measuring
the energization of the relay a portable alternating current volt-
meter designed in accordance with A.R.A. Signal Section Specifica-
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tion 11528 can be used advantageously. On account of the hxgh re-
sistance of such a meter, hardly any current is diverted from the
relay when it is connected to the relay terminals. If it is desired to
measure the current the relay is receiving from the track circuit,
measure first the voltage across the relay track terminals, then insert
the ammeter in the track leads and again measure the terminal
voltage. This voltage, divided by the current, gives the impedance
of the relay which corresponds to the resistance of a direct current
relay. Divide the relay terminal voltage, with the ammeter removed,
by the impedance found as above, and the relay current will be ob-
tained.

General instructions.

23. Care should be taken to avoid increasing transformer voltage
or reducing reactance or resistance in transformer leads to take care
of relay operation under unusual conditions, because this is likely to
excessively over-energize the relay after the unusual conditions have
been removed, and this over-energization then will prevent sensitive
shunting. If high energization is necessary to take care of an emer-
gency, after the trouble is removed the energization should be re-
duced.

24, If a track circuit fails to operate, with transformer and reactor
adjustments the same as on similar track circuits, one or more of the
following conditions may be responsible:

(a) Loose connections to rails, relay, reactor, or transformer,
or change in electric characteristics of the relay.

(b) Poor connections can usually be checked by inspection.

25. Poor bonding, by taking voltage readings every 15 rail lengths
or as required by special length track circuits, can be determined if
the rise in voltage is gradual throughout the track circuit. If an un-
usual rise is found between any two readings, the defective bonding
can be usually detected by taking readings every rail length in that
section or by inspection of each bond.

26. Broken-down insulated rail joints may be checked by taking a
voltage reading across relay track terminals, and note if this reading
changes when transformer is disconnected from adjacent track cir-
cuit and leads from transformer to track shorted. A change in the
relay voltage reading under this test will indicate poor insulated rail
joints.

27. Broken-down switch-rod or pipe-line insulations may be
checked by taking readings across the rails at the switch and equal
distances on each side of the switch and this condition will be indi-
cated if the drop from the switch to a point toward the transformer
is considerably different from that between the switch and a point
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toward the track relay. If rail bonding is in'good condition,’ switch-
rod or pipe-line insulation is defective. After disconnecting the pipe
line on one side of the insulation, test for defective insulation with
a low-resistance magneto (3000 ohms or less) or a telephone receiver,
or discornect the insulation mechanically.

28. Bad ballast conditions should be noted in a particular track
circuit giving trouble. If there are any reasons for especially low
ballast resistance due to unusual! conditions, such as rotten ties,
dirty ballast covering base of rail, bad road crossings, seepage, brake
shoe dust, or brine drippings, these conditions could be improved.

29. Defective relay may be due to damage by lightning, which may
blow fuses or cause open or short circuits in the windings or con-
densers. The local element may be tested by inserting an ammeter
in series with it and noting that it takes the current as noted on the
manufacturer’s tag or name plate. The track element may be tested
by inserting an ammeter and seeing that at a given voltage the im-
pedance corresponds with that indicated by the voltage and current
values given on the manufacturer’s tag or name plate. In case a two-
element relay is found to be inoperative under normal conditions of
voltage, the trouble is probably due to some defect of the windings
and the relay should be replaced by one known to be in proper con-
dition rather than to change the adjustments of the track circuit.

30. Care must be taken that both elements of a two-element relay
are connected to the proper phase of the distribution system where
other than a single-phase two-wire distribution system is in use.

Precautions to be Observed in Taking Readings in the Field for
Rail Impedance and Ballast Resistance

1. Insulated joints should be tested to insure that there is no leak-
age through them. This may be done by shunting the track circuit
on the other side of the joints and noting that this causes no change
in the reading of the ammeter in the transformer leads.

2. Bonding should be tested by taking voltage readings across the
track every 15 rail lengths, or as required by special length track
circuits, with the track circuit in its normal operating condition.
Poor bonding or ballast will be indicated by unusual voltage drops
between the successive readings. It should be noted if there are any
poor sections of ballast or bonding in the track circuit which would
make the distribution of the leakage non-uniform and also give er-
ratic voltage readings. If an unusual voltage drop is found between
successive readings, take readings across the rails every rail length, ‘
at the same time inspecting the individual bond wires in this par-
ticular section, which steps will usually enable the defective bond to
be detected.
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3. Two sets of readings, first with relay disconnected and second
with the track short circuited, should be taken, if possible, without
an intervening train movement through the track circuit which
might change conditions of bonding or insulated joints.

4. The jumper indicated in Figs. 24, 25 and 26, for short circuiting
the track at the relay end, should not have a higher resistance than
5 feet of No. 9 A'W.G. copper wire and it may be connected to
rails by the use of the low-resistance test clamp.

5. The resistance of the voltmeter should not be less than 20 ohms
per volt.

6. The non-inductive resistor in series with the transformer leads
for measuring phase angle of current should show a voltage drop of
about 0.5 volt for the current flowing. This will generally require a
resistance of from 0.1 to 0.2 ohm and may be obtained by using
from 1 to 2 feet of No. 18 A.W.G. 18 per cent German Silver re-
sistance wire. Where a current type phase angle-meter is used at the
transformer end of the track circuit, a correction should be made in
the phase angle reading to compensate for the phase shift due to the
reactance of the transformer used with the phase angle-meter.

7. In case it is desired to measure the rail impedance and ballast
resistance of double-rail electric road track circuits by this method,

it will be necessary to disconnect the impedance bonds before taking

readings.

Formula for Calculating Rail Impedance and Ballast Resistance for
A.C. Track Circuits Using Phase Angle-Meter

(See Figs. 24, 25, 26 and 27)

Disconnect Impedance Bonds (if any) and Relay

Observe readings:

E, = volts across rails opposite transformer, track open circuited.

E, = volts across rails opposite transformer, track short circuited
opposite track relay.

I, = amperes to track from transformer, track open circuited.

I, = amperes to track from transformer, track short circuited op-
posite track relay.

If any of these angles

%, = angle between E, and line volts. lead line volts, they should
$, = angle between I, and line volts. :{e glyeﬁl ? glus 181ggéxi ;; c::—
— . inguish from la -
2, = angle between E; and lfne volts. gles, which will usually be
¢, = angle between I, and line volts. | ghtained, and which are

given a minus sign.

1
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Calculated values:
Z, = "‘i_o' = impedance of track circuit on open circuit.
0

Zs Zf = impedance of track circuit with short circuit opposite
track relay.

P =@,— P = phase angle of Z,.

®; = ¢, — ¢, = phase angle of Z..
Then

&, = &, -+ &, — phase angle of rail impedance.

z = rail impedance per 1000 feet of track and can be obtained di-
rectly from curve chart Fig. 28 by taking value corresponding to &
Zo X Zs

r= = ballast resistance per 1000 feet of track.

Example of a 5000-foot A.C. Track Circuit—Track Circuit
Frequency 60 Cycles
Observed readings:

E, = 4.35 volts, I, = 3.2 amperes, & = —45° and &, = —58°.

E, =34 volts, I, = 3.1 amperes, ®, =—30° and &, =—67°.

From these values

E, _ 435 _

Z,=—F—=—35- =136
E. 34 _

Z,=—xg, =37 11

Py = &, — &, = —58° — (—45°) = —58° 4 45°=—13°
and

s = @, — @, = —67° — (—30°) =—67° 4 30° =—37°
then

&, = $, 4 &, = —13° - (—37°) =—13° — 37° =—50° phase angle
of rail impedance,

and

z = 0.3 ohm per 1000 feet at 50° (0.64 P.F.) rail impedance,
(See Curve, Fig. 28.)

Z, X Z, 1.36 X 1.1 1.5
r= = 03 =93 = 9 ohms per 1000 feet ballast

z
resistance.
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Example of Calculation of Ballast Resistance Using Ammeter
and Voltmeter '

(See Figs. 29 and 31)

4000-foot electric road track circuit. Track circuit frequency 60
cycles. 100-pound rail—rail impedance 0.25 ohm at 0.4 P.F. per
1000 feet. Ballast resistance 2 ohms per 1000 feet.

Calculated readings using above constants with impedance
bonds and relay disconnected.

A = 2.32 amps. l Phase angle between
Va = 1.66 V. S Va and A = '_.200-

V, =131 v. L, = 1000 ft.
V,= 112 v. L, = 2000 ft.
V,=1.03 v. L2 = 3000 ft.
V,=1.00 v. L, = 4000 ft.

V. = 1.189 mean rail voltage.
V.= A = 1.189 = 2.32 = 0.513 ohm total ballast resistance.
0.513 X 4 = 2.05 ohms ballast resistance per 1000 ft.

Calculated readings with relay end of track circuit shorted.
E.= 118 v. | Phase angle between
I, = 1.67 amips. S E, and I, =—45°

118 . V. _ 166 .
Z, =gy = 0706 at —45°  Z,=—x =335 =0715 at —20°

1.67
Z, X Z,=0.505 at —65°.
From curve z = 0.25 ohm per 1000 feet for —65° phase angle (rail
impedance).
Z, X Z, 0.505

r= Z =025 — 2.02 ohms ballast resistance per 1000 feet.

luaad

\C’ urrent limiting device

t_fa orls
Nor-Inductive resistar:

? NDhasemeter Frack leads for Board %

P )]
@ﬂ/" oor £s i,
' ) | Flace jumper across ratls for £s ana’lg/
: ' readings.
LUy '
N Phasermeter frack leads for ¢ ard Py >

Disconnect rela ay arnd jumper for £o and Zp readings!

Fig. 24.
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Method of Calculating Ballast Resistance Using Ammeter and Voltmeter.
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Example of Typical Instructions

The instructions for the adjustment of 60-cycle alternating cur-
rent track circuits on steam lines as used by one railroad are as fol-
lows:

General.

1. The adjustment of alternating current track circuits depends on
many factors, such as the type of track circuits; whether double or
single rail with steam or electric traction; the length of track cir-
cuits; the ballast condition; the desired shunting values at both relay
and transformer ends of track circuit; the type of relay; and the
weight of train equipment.

Voltage values.

2. Voltage at the relay local terminals should be as near as possible
the normal voltage given on the manufacturer’s tag or name plate.
Where an external resistor is connected in series with the local ele-
ment, it should be considered as a part of the local element and the
normal voltage should include the resistor. If less than the normal
voltage value is impressed across the local terminals, more energy
will have to be used in the track element to cause proper operation,
except for the centrifugal frequency relay. While a reduction in the
local voltage of a centrifugal frequency relay generally does not re-
quire additional energy to the track element, this reduction should
be avoided, as it tends to increase the time of shunting.

3. The voltage at the relay track terminals will vary with changes
in the ballast and bonding resistances.

4. Figures 33, 34 and 35 are curves showing the maximum voltage
at the relay terminals on track circuits 5000 feet long at various
ballast resistances where the minimum ballast resistance of the track
circuit involved is not less than 4 ohms per 1000 feet of track.

5. Figures 36, 37 and 38 are similar curves and are to be used
where minimum ballast resistance is between 2 and 4 ohms per
1000 feet of track.

6. It has been found that best results are obtained on track cir-
cuits from 4000 to 5500 feet in length with Model 15 condenser re-
lays when using 1.3 ohms on the reactor in the circuit and making
the adjustment for voltage by using nearest voltage on track trans-
former secondary to give desired voltage at relay. Where the trans-
former secondary does not have sufficient taps to do this in all cases
it may be necessary to use the next higher impedance on the reactor
to keep the voltage within proper limits.
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Ballast resistance.

7. Ballast resistance is the resistance of the ballast, ties, etc., to
leakage of current from one rail of a circuit to the other. This re-
sistance is constantly changing and may vary in dirty track circuits
from 2 ohms per 1000 feet when wet to 80 or 100 ohms when
frozen. It is this wide variation which makes it difficult to adjust
the track circuit to operate satisfactorily when the ballast is wet
and not over-energize the relay when the ballast is dry or frozen.

8. To find the actual ballast resistance of an alternating current
track circuit requires considerable apparatus and time, but the ap-
proximate ballast resistance of such a circuit close enough for prac-
tical purposes may be determined quite easily as follows:

e e

s

Local

Openat Relay &
Terminal '\
«~Read Eo {
:

L

&
i

-6 4_‘

et ? —

SRR
T-
I

et e e

Fig. 32.

&

9. As shown in Fig. 32, insert ammeter in circuit, open circuit at
track element of track relay, then take voltmeter reading on track
four-tenths of the way through the track circuit from the feed end.
The reading of the ammeter and voltmeter should be taken simul-
taneously if practicable, or at least within a few minutes of each
other and without the track being occupied between the readings.

10. The formula for obtaining the ballast resistance by the method
outlined in Instructions 8 and 9 ds:

E,
Rb = T3 where Rb is the ballast resistance.

Example: Assume that the meters indicate 4.16 volts and 1.2 am-
peres,

E, 4.16
Then, Rb = 1. =3 = 3.47 ohms.

The ballast resistance for the entire circuit is 3.47 ohms. To se-
cure the ballast resistance per 1000 feet of track, multiply the ballast
resistance in ohms for the entire circuit by the length of the circuit
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in thousand feet. 'Thus, if the circuit is 4900 feet long, the ballast
resistance per 1000 feet of track would be 3.47 X 4.9 = 17 ohms.

11. A test to determine the minimum ballast resistance of each
track circuit should be made during or immediately after a shower
or late in the Winter or early Spring when ballast is wet from melted
snow or from thawing. If track circuit should fail on account of
wet and dirty track, minimum ballast resistance test should be made
at that time. When the minimum ballast resistance is obtained it
will not be necessary to make similar tests until the ballast condi-
tions get materially better or worse.

Phase angle.

12. To secure proper and efficient operation of two-element alter-
nating current relays also requires the proper phase displacement
between the currents in the two elements of the relay; this is especi-
ally true when the voltage is low on the track element of the relay.

13. Where single-phase transmission is used this displacement of
the phase is obtained by the insertion of a reactor or resistor, or
both, in the circuit for one or both elements of the relay. The phase
displacement is further affected by the impedance of the rails and
the ballast resistance. The impedance of the rails is practically con-
stant with the bonding in good condition. The variation of phase
displacement due to changes in ballast resistance is great in a dirty
track circuit. For example: On a 5000-foot track circuit with a
Model 15 vane relay there would be a variation of about 40 degrees
in the phase in the track element of the relay with the ballast resist-
ance at 20 ohms per 1000 feet of track on a circuit having a minimum
ballast resistance of 2 ohms per 1000 feet. To secure reliable opera-
tion of the relay it is necessary to adjust the phase so that nearly
ideal phase relation exists when the ballast resistance is at or near
its minimum. The term “ideal phase relation,” as used in these
instructions, means the phase displacement at which the relay oper-
ates most efficiently.

14. The term “proper phase relation” is understood to mean the
phase adjustment at which the relay will operate most efficiently
under low ballast resistance, and shift far enough from ideal, under
dry or frozen track conditions to afford some protection against
high track voltage. Track circuits adjusted in accordance with these
instructions will meet this condition.
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- " ‘Method of adjustment. - ‘ Lo
15. Model 15 vane relays.

(a) Find ballast resistance per 1000 feet of track as outlined
in Instructions 8, 9 and 10, having previously determined the
minimum ballast resistance for the circuit. If minimum ballast
resistance per 1000 feet of track is 4 ohms or better consult
Fig. 33 to determine the maximum permissible voltage at relay
terminals for ballast resistance conditions then existing. If the
minimum ballast resistance is less than 4 ohms per 1000 feet of
track use Fig. 36.

(b) Connect the reactor so that 1.3 ohms are in the circuit be-
tween the track transformer secondary and the track, then ad-
just the voltage on the secondary to give the correct voltage (as
secured from the proper curve) at the terminals for the track
element of the track relay. As stated in Instructions 3, 4, 5 and
6, it may then be necessary to increase the impedance of the
reactor in the circuit if voltage steps on the secondary are too
great. ‘

(c) The impedance of the reactor should be checked with a
voltmeter and ammeter, to be sure that the values are approxi-
mately the same as given for the taps used. This is very essen-
tial where the reactor has an adjustable air gap.

16. TV-30 relays.
(a) Proceed as outlined in Instructions 15-a, b and c, except
Figs. 34 and 35 are to be used in place of Figs. 33 and 36. -

17. Radial polyphase relays.

(a) Proceed as outlined in Instruction 15-a. Connect the re-
actor so that 1.8 ohms are in the circuit between the track trans-
former secondary and the track; then adjust the voltage on the
secondary to give the correct voltage (as secured from proper
curve for this type relay) at the terminals for the track element
of the relay. As stated in Instructions 3, 4, 5 and 6, it may be
necessary to increase the impedance of the reactor in the cir-
cuit if voltage steps on the secondary are too great. Check of .
the impedance should be made, as in Instructions 15-a, b and c. '

(b) Radial polyphase relays must not be used on track circuits
4000 feet, or longer, having a minimum ballast resistance of less
than 4 ohms per 1000 feet of track.

18. Model 2, form “A,” three-position induction motor type relays.

(a) A resistor of 10 ohms should be used in series with the

local element; the voltage across the combined resistance and
local should be 15 to 16.

(b) For adjustment of track voltage, proceed as outlined in
Instruction 15-a, except Figs. 35 and 38 are to be used in place
of Figs. 33 and 36. Connect the reactor so that 314 to 414 ohms
are in the circuit between the track transformer secondary and
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~the track; then adjust the voltage on the secondary to give cor-
rect voltage (as secured from the proper curve for this type of
relay) at the terminals for the track element of the relay. As
stated in Instructions 3, 4, 5 and 6, it may be necessary to in-
crease the impedance of the reactor in the circuit if voltage
steps on the secondary are too great. Check of the impedance
should be made, as in Instructions 15-a, b and c.

19. Wet weather conditions.

(a) Measure ballast resistance on the day of the test.

(b) Find total ballast conductance of track circuit by taking
the reciprocal of the total ballast resistance found in Instruc-
tion 19-a.

(c) Determine total wet weather conductance by dividing
length of track circuit in thousands of feet by ballast resistance
in ohms per 1000 feet.

(d) Subtract actual conductance (Instruction 19-b) from wet
weather conductance (Instruction 19-c).

This result will give the additional conductance which must
be added and which should be added by distributing it in parts
along the track circuit as indicated by the following table:

Table for Distribution of Ballast Conductance,
4000 to 6000-foot (60 cycle) Track Circuit

Portion of added conductance to be placed across rails

Min. ballast at different locations

resistance Relay 14 block 1% block 34 block Trans.

per 1000 ft. end length length length end
4 ohms 1 .. 4 .. 4
2 ohms 4 . 14 .. L7
1 ohm %% Ya Y4 Y4 %

For example, if it is desired to set up a 1-ohm per 1000 feet
ballast resistance condition on a 5000-foot block having on the
day of test ballast resistance of 16 ohms per 1000 feet, the total

5
actual conductance of the track circuit is ”IO——O.S mho. The wet

5
weather conductance desired is I = 5 mhos. The additional

conductance will be 5— 0.5 = 4.5 mhos. This conductance should
be divided into 5 parts, 3 of 1.123 mhos (0.89 ohm) and 2 of
0.563 mho (1.78 ohms). The three 0.89 ohm resistors should be
placed across the rails at 1250, 2500 and 3750 feet from the relay
end of the circuit. The two 1.78 ohm resistors should be placed
one each across the relay and the transformer end of the track
circuit.

Part of the subject-matter and figure references in this chapter
are reproduced by courtesy and permission of the Union Switch and
Signal Company, from their copyrighted book on Alternating Current
Signaling by H. McCready.
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QUESTIONS ON CHAPTER XI
ALTERNATING CURRENT TRACK CIRCUITS

1. Why was it necessary to use alternating current for track cir-
cuits? :

2. Who was the inventor of the alternating current track relay?

3. Of what does the alternating current track circuit consist?

4. Where is energy derived for alternating current track circuits?

5. How is energy transmitted from transformers to the relay?

6. What was the first relay designed for the alternating current
track circuit and how does it operate?

7. What relay was developed following the single-element vane
relay, where is it used, and why?

8. What elements has the two-element relay?

9. How is the energy, required in the track element, transmitted,
and how does it compare with the energy required for the local
element?

10. How is the energy required for the local element usually fur-
nished?

11. What is required to operate the two-element relay and what
will deenergize it?

12. What effect does propulsion current, or stray direct current,
have on the alternating current relay?

13. What has been the dominant factor in bringing the alternating
current track circuit into extensive use on steam roads?

14. Why is the alternating current track circuit practically impera-
tive on electric roads?

15. Why is a low track voltage necessary for track circuits?

16. On what does the initial voltage depend?

17. What later development is used in place of the alternating cur-
rent relay, and why? )

Alternating Current Track Circuits on Steam Roads

18. Are alternating current track circuits used on steam roads
generally end or center fed? .

19. What is the maximum length of alternating current track cir-
cuits in service on steam roads?

20. What is the approximate maximum length of track circuits
using a single-element relay?

21. Where the minimum ballast resistance is not less than 4 ohms
per 1000 feet of track, what should be the maximum length of a 60-
cycle track circuit using a two-element relay?

22. When the minimum ballast resistance is as low as 2 ohms per
1000 feet of track, what should be the maximum length of the cir-
cuit?
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23. What should be the maximum length of 100-cycle track cir-
cuits:
(a) Where the minimum ballast resistance is 4 ohms per 1000
feet of track?
- (b) Where the minimum ballast resistance is 2 ohms per 1000
feet of track?

24. Where track -circuit equipped with two-element relays, longer
than those specified, may be operated, why is it not advisable to do
so?

25. How many positions has the single-element track relay?

26. In how many positions may the two-element relays be oper-
ated?

27. What position does the three-position relay assume when de-
energized, and how is it accomplished?

28. How does the moving member of the relay make contact and
what causes the movement?

29. How is the reversal of current in the track element usually
accomplished?

30. What effect does the action of the pole changer have upon the
phase angle of current?

Insulated rail joint protection with two-element relays.

31. How is some degree of protection against broken-down insu-
lated joints secured with the two-element relay? ‘

32. If the polarities of adjacent track circuits are opposite at any
given instant and the insulated joints between the circuit should
break down, what effect would it have on the relay, and why?

33. Can the same protection be procured where the three-position
relay is used by staggering or reversing polarities of adjacent track
circuits as where the single-element relay is used?

34, Why is it customary to stagger the polarities where three-
position relays are used?

35. What is the most favorable indication that will be displayed by
the signal if the insulated joints between adjoining staggered cir-
cuits should break down where a three-position relay is used?

36. Why are the polarities of the local element of alternating cur-
rent track relays reversed?

37. What is the meaning of the terms changing and reversing
polarities?

38. Why is it advisable to feed each track circuit from a separate
secondary of a transformer?

Reactors.

39. What must be done to limit the flow of current from the trans-
former when the track is shunted, and why is it necessary?

40. What would be the result if a reactor was not used between
the transformer and the track?

¥

» y - N .
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41. Of what does the adjustable track reactor consist?

42, How are adjustments in the reactor made?

43. Where are adjustable track reactors generally used and what
do they supplement?

44. How does the power factor vary and how is the voltage drop
affected?

45. Why is the reactor used with a single-element relay and what
bearing does it have on its phase relation?

46. How may the adjustment of phase relation between the track
and local elements, using a two-element relay and adjustable reactor,
be considered?

47. When does the two-element relay operate most economically?

48. What does the ideal phase relation depend upon and what is
usually the phase displacement?

49. How may the phase displacement be varied?

50. What should be the extent of variation in phase displacement
when adjusting track circuits?

51. How does the phase displacement at the relay vary?

52. What should the condition of the ballast be when the phase
displacement is as near the ideal as practicable?

53. When the ballast conditions are most favorable and the track
voltage highest, how will the phase displacement be and under what
conditions will the relay be operating?

54. With sufficient energy going through both elements of the re-
lay, but not having proper phase displacement, what will be the effect
on the relay?

55. How, then, may the track relay be made to operate and how
would the track voltage be lowered?

56. What is sometimes used in the local element circuit when the
track circuit is long and with poor ballast conditions?

57. What is frequently used with the track element to aid in
securing proper phase relations?

Bonding of steam road track circuits.

58. What type bond wires are most generally used and how are
they fastened to the rails?

59, Why are copper, copper-clad or copperweld bond wires fre-
quently used?

60. What other types of bond are frequently used and how are
they fastened to the rail?

Insulated rail joints.

61. Where are insulated joints applied and why are they used?
62. Of what do insulated joints take the place?
63. What material is used in insulated joints, and why?
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Direct Current Track Circuits on Electric Roads Usmg
Direct Current Propulsion

64. With a circuit using one rail for propulsion return current and
the opposite rail for the signal track circuit, to what is the voltage
drop proportional?

65. Upon what does the resistance of the circuit depend?

66. With a train on the circuit, moving away from the relay, what
will a voltmeter connected as shown in Fig. 6 indicate, and why?

67. If the voltage drop was great enough, what would be the re-
sult?

68. How is the drop in voltage kept below the dangerous point in
some cases? .

69. If a high resistance should develop between the track relay
and the track feed, or should the return rail become broken, what
may be the result?

70. Why is a polarized relay sometimes used?

71. When should a polarized relay not be used?

72. Due to the undesirable features of the direct current track cir-
cuit, when used on electric roads, what type of track circuits are
generally used?

73. Where else do the alternating current track circuits find favor?

Alternating Current Track Circuits on Electric Roads
Using Direct Current Propulsion

74. How do alternating current track circuits used on electric
roads and steam roads compare?

Single-rail track circuits.

75. On a single-rail alternating current track circuit, how are the
rails used?

76. In using one rail for signal purposes, what may be required to
carry the propulsion return current?

77. In using cable for propulsion return current, how must its
carrying capacity compare with that of the rail?

78. Where does the single-rail track circuit have important ad-
vantages?

79. On a single-track road where one rail is used for the pro-
pulsion return current and the other for signal track circuit, and on
the multiple-track road where the rails are cross-bonded, how does
broken-rail protection compare?

80. Is there a direct current voltage across the relay terminal
when circuit is occupied?

81. When there is no train on the circuit, how is the signal rail
connected with the return rail, and do the connections carry any of
the propulsion return current?
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82. To what is the amount of current carried proportional?

83. Does the direct propulsion current affect the safety of the
alternating current track circuit, and if not, why? :

84. Why would a considerable amount of direct propulsion current
flow through the alternating current relay and the secondary of the
transformers were it not for the insertion of a resistance in the
signal track circuit?

85. Formerly, when and where were the tube and heavy cast-iron
grid resistors used?

- 86. What resistors are now used in all cases?

87. When the grid resistor is placed at the transformer, what ef-
fect does it have on the return current and upon the alternating cur-
rent when the track circuit is shunted?

Resistors.

88. What must be done to limit the flow of current when the track
circuit is shunted, with all track transformers except the adjustable
filler type, and why is it necessary to limit the flow of current?

89. Why are the track circuit resistors shown in Figs. 8 and 9
nearly all adjustable?

90. Upon what does the size of the resistors used depend, and are
they inductive?

Shielding impedance coil.

91. Where the propulsion return current is very heavy, how is the
track relay further protected?

92. Where is the impedance coil connected and how does it pro-
tect the relay, and of what does it consist?

93. Why does the shielding impedance coil shown in Fig. 10-a
allow practically all the direct current to flow through it, but chokes
back a large percentage of the alternating current?

94, How does the impedance coil shown in Fig. 10-b compare with
the impedance coil shown in Fig., 10-a, and are they used with the
same type relay?

Double-rail track circuits.

95. Why was the double-rail track circuit shown in Fig. 12 de-
vised?

96. Why is the length of a single-rail track circuit of a direct cur-
rent electric road limited?

97. Why does the double-rail track circuit not have this restric-
tion?

98. With the double-rail track circuit, how long may end fed track
circuits and center fed track circuits be operated?

99. Is there any broken-rail protection provided with the double-
rail track circuit?
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100. Why is the double-rail track circuit stable and not easily af-
fected by ballast leakage?

101. Is the insulation of both rails necessary, and what is used in
addition to insulation?

102. What followed the impedance bond for the relay in the single-
track system and what effect did it have on the alternating current?

Impedance bonds.

103. What effect do the track impedance bonds have on the leak-
age of the signal current from one rail to the other and what is the
effect of the current through the relay?

104. What prevents signal current flowing from one track circuit
to the adjacent one?

105. What is the only special feature distinguishing the double-rail
from the single-rail track circuit?

106. Of what does the track impedance bond consist?

107. What permits the alternating signal current to set up a high
impedance which prevents excessive leakage from one rail to an-
other?

108. If more return current is flowing through one-half of the bond
than the other half, why will it affect the relay?

109. What per cent of unbalancing are the bonds designed to
handle?

110. How does the propulsion return current divide through the
bonds?

111. How does the signal current potential across the rails force
the alternating current and what effect does this have on the current
through the track relay?

112. Trace the flow of the propulsion return current and the sig-
nal current through the bonds.

113. Do the signal current and the return current flow through the
windings of the impedance bonds at the same time?

114. How many separate track impedance bonds are at each end of
track circuit when the track circuits are in succession?

115. Why should track bonding be in good condition on both rails?

116. What will be the effect if a track bond of one of the rails be-
comes loose or broken?

117. What effect does excessive current in one rail have on the
iron core and what effect will this have on the signal current through
the impedance bond?

118. What effect will a heavy unbalancing return current have on
the signal current and what will be the effect on the relay?

119. How are most impedance bonds made to minimize the effect
of unbalancing? ,

120, What is deemed the best practice in regard to signal current
across the impedance bond to reduce the effect of the unbalancing
return current?
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121. What is the air gap of an impedance bond that will carry 2000
amperes per rail of propulsion return current?

122. In the construction of an impedance bond, how is the lami-
nated iron core located in regard to the coils of bare copper wire
and how is the wire kept from touching the core?

123. How are the two central straps connected and how are the
two outside straps arranged?

124. How is the impedance bond enclosed when in service and
what is done to protect the bond from dampness?

125, How are impedance bonds designed in regard to capacities,
and where are they installed on the track?

Cross-bonding.

126. Why is the method of cross-bonding, where connection is
made at a point away from the ends of the track circuit and supple-
mentary single impedance bond inserted, undesirable?

Relays.

127. What type relays are generally used on steam roads or on
single-rail track circuits of electric traction roads, and how are they
arranged to keep down the leakage of signal current across the track
through the impedance bonds?

Transformers.

128. What type transformers are used and how do they compare
with those used on steam roads, and why can they not be the same?

Reactors and resistors.

129. What may be used instead of resistors between the trans-
former and track, when required?

130. Why are reactors sometimes used and where are they re-
quired?

131. Where do resistors give the best results?

Alternating Current Track Circuits on Electric Roads
Using Alternating Current Propulsion

Relays.

132. When alternating current is used for propulsion, how must a
relay be designed to operate?

133. What frequency of propulsion current is generally used?

134. On what frequency are track relays designed to operate and
what effect will 25-cycle propulsion current have on them?

135. What type relays are generally used?

Single-rail track circuits.

136. Where is the vane type frequency relay used, and why?
137. Why must the length of the track circuit be restricted?
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Double-rail track circuits. ‘
138. On long track circuits, what circuit is used and what relay is
generally used, and why?

.

Impedance bonds.

139. How do the impedance bonds for double-rail track circuits on
roads using alternating current propulsion compare with the principle
of magnetic balancing with bonds for direct current roads?

140. How do the alternating magnetic forces neutralize each other?

141. What causes the iron core to offer a high permeability to the
magneto-motive force generated by the alternating signal current?

142. How do the bonds compare in size to those used on direct
current propulsion roads?

143. What should enable one to make a full analysis of any type of
circuit operating under any conditions?

144, How does the current on direct current propulsion roads com-
pare with that on alternating current propulsion roads?

Unbalancing.

145. Why are unbalancing troubles rare on roads using alternating
current propulsion?

146. Why are bonds not liable to be unbalanced and no air gap
required?

Fuses.
147. Where are fuses usually installed on electric roads, and why?

Track Circuit Calculations for Alternating Current
Signal System

General.,

148. Why is the proper calculation of the track circuit important?
149. How can maximum safety of the track circuit be guaranteed?

Resistance, reactance and impedance of rails.

150. How does the track circuit compare with a single-phase trans-
mission system?

151. Of what is the impedance which the rails possess composed?

152. How does the effective resistance of steel rail to alternating
current compare with the resistance of direct current, and why?

153. What is the effective resistance known as, and to what extent
is it present in all conductors carrying alternating current?

154. How is a further increase in the apparent resistance of the
rails introduced?

155. Why are the respective fields of the rails considerably more
localized around each conductor than would be the case if non-
magnetic conductors were in question?
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156. How would the reactance of the rail circuit compare with the
usual formulae and tables for the former non-magnetic conductors?

157. Upon what does the skin effect depend and how does the
latter effect vary?

158. Why is the magnitude of the skin effect not susceptible to
mathematical calculation?

159. How does the permeability factor affect the self-inductance
and in turn the reactance of the circuit?

160. What method is resorted to in determining the impedance for
1000 feet of track (both rails including bond wires), and how long
have they been in use?

161. Why can the values shown in Table I be used on electric road
track circuit calculations when they apply especially to steam road
conditions?

162, What does Table II show?

Ballast, leakage resistance and conductance.

163. What causes the resistance of the leakage path between railsg
in ohms per 1000 feet of track to vary?

164. What is the resistance in ohms per 1000 feet of track for:

(a) Wet gravel?
(b) Dry gravel?
(c) Wet broken stone?
(d) Dry broken stone?

165. In making track circuit calculations, what leakage resistance
in ohms per 1000 feet of track is considered a low wet weather value
for track with gravel ballast?

166. What will the resistance run as low as per 1000 feet of track
where poorly drained cinder ballast and old water-soaked ties are
used?

167. In making calculations, what ballast leakage figure should be
used, and why?

168. Why is it advisable to make a check calculation on the dry
weather basis?

169. In making track circuit calculations, in what term is it gener-
ally more convenient to represent the ballast leakage factor?

170. In using terms of conductance, how does the conductance in
mhos compare to the resistance in ohms per 1000 feet of track?

Track circuit formulae and their derivation.

171. Given the voltage and the current that are required at the
track relay terminal, the length of the block, the rail impedance with
its power factor, and the ballast leakage resistance, what is the
problem which confronts us?

172. What causes the potential to increase from the relay end of
the track circuit to some higher value at the transformer end?




N

12 Signal Section, A.R.A.

173. What effect does this have on the ballast leakage current as’
we proceed from the relay to the transformer?

174. What produces a drop in the rails which again increases the
voltage required at the transformer?

175. What complicates matters in that the current in the rails and
the voltage across them from point to point changes with the varying
magnitude of the ballast leakage current?

176. Why is it sometimes assumed that the ballast leak is concen-
trated at the center of the track circuit, and is this strictly accurate?

177. Where is it evident that the concentrated ballast leak is
located? »

178. Where is it that the voltage is the highest and the ballast
leakage greatest?

179. Why should the ballast conductance be considered as uni-
formly distributed?

Methods of controlling track circuit sensitiveness.

180. When is the train shunt least effective, and why?

181. At what point is it desired to have the voltage at the relay
with the train in the block?

182. How is the voltage at the relay controlled?

183. By using an impedance or resistance of high value, what ef-
fect will the short circuit current, with the train in the block, have
on the voltage between the transformer and the track and how will
the voltage opposite the transformer and relay be?

184. In using impedance or resistance and with the block clear,
how should the voltage at the track opposite the transformer com-
pare with that at the transformer secondary?

185. By proper adjustment, what should be the result when a train
comes on a track circuit?

186. Is inserting impedance or resistance to give a transformer
voltage greater than twice the track voltage justified?

187. How may it be ascertained whether the inserted impedance or
resistance, determined on the basis of the transformer volts being
twice the track volts with the track occupied, will insure the track
relay being open with the train opposite it?

Instructions for the Adjustment, Maintenance and Operation
of Alternating Current Track Circuits

General.

188. On what does the adjustment of alternating track circuits de-
pend?

Voltage values.

189, How much higher should the voltage at the relay track ter-
minals be than the values given on the manufacturer’s tag or name
plate, and why? :
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" 190. How is a check made to determine the proper voltage to be
applied across the track terminals of a relay under wet or other un-
avoidable conditions?

191. How should the voltage at the relay local terminals compare
with the normal voltage given on the manufacturer’s tag or name
plate?

192. If less than the normal voltage is impressed across the local
terminal, what will have to be done in regard to energy used in the
track element to cause proper operation, except for centrifugal fre-
quency relays? .

193. Why should a reduction in the local voltage of a centrifugal
frequency relay be avoided?

194. When shunting two-element track relays, why should the
shunt not be placed across local terminals, and where should the
shunting be done? '

195. How should the voltage at the rails opposite the transformer
compare with the voltage at the transformer secondary under the
most unfavorable track conditions?

196. What per cent margin should the voltage at the rails opposite
the transformers be to the voltage at the relay track terminal?

197. Where reactive transformers are in use, how should the rail
voltage compare with the open circuit transformer secondary volt-
age?

Shunting sensitivity.

198. How should shunting sensitivity tests of track circuits be
made?

199. How can this be done with wire?

200. What length of No. 14 or No. 16 wire or what resistance is
considered good shunting sensitivity?

201. When should shunting tests be made, and why?

202. At what point other than at the relay end should shunting tests
be made?

203. How should the value of the resistance, to shunt the relay at
the transformer end of the circuit, compare with that of the relay
end?

Phase angle measurements.

204. How is the best operation of two-element track relays ob-
tained?

205. What may phase measuring indicate?

Pick-up and drop-away.
206. Why will the values obtained in the field for the two-element

track relays not generally check with the values given on the manu-
facturer’s tag or name plate?
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207. When making pick-up and drop-away ‘tests, how many read-
ings should be recorded and considered?

208. How should the drop-away values compare with the pick-up
values for relays under test?

209. How do the drop-away values for different type relays com-
pare and from where should they be obtained?

Bonding.

210. Why should bonding be kept in the best possible condition?

211. On electric railroads where double-rail track circuits are
used, how will poor bonding affect the propulsion current?

212. On electric railroads where single-rail track circuits are used,
how may poor bonding affect relay windings?

Unbalancing.

213. To what does the term “unbalancing” refer?

214. With direct current propulsion and double-rail track circuits,
what effect may unbalanced propulsion current have on the im-
pedance bonds?

215. With alternating current propulsion and double-rail track cir-
cuits, what effect will unbalanced propulsion current have on the im-
pedance bond?

216. Since the track relay is connected in multiple with the bond,
how may the auto-transformer voltage affect the alternating current
of propulsion frequency and how may it affect the relay?

Resistors.

217. In the adjustment of resistors, where single-rail track circuits
are used on electric roads, how must the propulsion current, per-
mitted to flow through the relay track winding, compare with the
allowable amount specified for a given relay?

218. Where heavy direct current propulsion is present, what should
be installed in multiple with the track relay, to shunt part of the di-
rect current out of the relay windings?

219. What should be considered in regard to the length of single-
rail track circuit?

Reactor.

220. Where two-element track relays are in use, what should be
used as a current limiting device in the transformer track lead if
possible, and why?

221, When only should a variable resistor be used?

Fuses.

222. Where single-rail circuits are used in connection with direct
current propulsion, what fuses should be installed in the lead from
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the block rail at both the relay and transformer ends of the track
circuit, and why are they necessary? -
223. Are fuses required on steam road track circuits?

224. On railroads using electric propulsion, where should a fuse
be installed with double-rail circuits?
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Cross-bonding.

225. On electric roads using double-rail return, where and how
often should cross-bonding be done?

226. To secure broken-rail protection, how frequently should
cross-bonding be installed?

Broken-down insulated rail joint protection.

227. Where two-element track relays are used, how should polari-
ties of adjacent track circuits be arranged?

228. What protection is afforded by staggering adjacent track cir-
cuits where two-position relays are used?

229. What protection is afforded by staggering adjacent track cir-
cuits where three-position relays are used?

Testing.

230. Why is it not possible to check the relay current, by insert-
ing an ammeter between the relay and track, where alternating cur-
rent relays are used?

231. What instrument may be used advantageously for measuring
the energization of an alternating current relay, and why?

232. What method must be used to measure the current which the
relay is receiving from the track circuit? ‘

233. How is the impedance of the relay found and to what does it
correspond?

234. How is the relay current obtained?

General instructions.

235. What precautions must be taken to safeguard relay operation
under unusual conditions to prevent over-energization of relay, and
why?

236. If high energization is necessary to take care of an emer-
gency, what must be done when trouble is removed?

237. If track circuit fails to operate with transformer and reactor
adjustments the same as on similar track circuits, what conditions
may be responsible?

238. How may poor connections usually be checked?

239. How may poor bonding be determined?

240. If an unusual rise is found between any two readings, how
may defective bonding usually be detected?

241. How may broken-down insulated joints be checked and how
will this condition be indicated?
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242 How may broken-down sthch-rod or plpe-lme 1nsulat10n be’
indicated?

243. How must defective insulation be tested when found?

244, What conditions should be noted in a particular track circuit
giving trouble?

245. If there are any reasons for especially low ballast resistance
due to unusual conditions such as rotten ties, dirty ballast covering
base of rail, bad road crossings, seepage, brake shoe dust, or brine
drippings, what could be done about it?

246. What may be a cause of a defective relay and what may be
the result?

247. How may the local element be tested?

248. How may the track element be tested?

249. 1f a two-element relay is found to be inoperative under nor-
mal conditions of voltage, what is the trouble probably due to and
what action should be taken?

250. What precaution must be taken in the connections of a two-
element relay where other than a single-phase two-wire distribution
system is in use?

Precautions to be Observed in Taking Readings in the Field
for Rail Impedance and Ballast Resistance

251. Why should insulated joints be tested?

252. How may the insulated joints be tested?

253. How should bonding be tested?

254. When testing bonding, what should be noted?

255. If an unusual voltage drop is found between successive read-
ings, what action should be taken?

256. How should readings, first with the relay disconnected and
second with the track short circuited, be taken with regard to train
movements, and why?

257. With what should the maximum resistance of the jumper
indicated in Figs. 24, 25 and 26, for short circuiting the track at the
relay end compare, and how may it be connected?

258. What should the minimum resistance of the voltmeter be per
volt?

259. What voltage drop should the non-inductive resistor in series
with the transformer leads for measuring phase angle of current
show for the current flowing?

260. What resistance will this generally require and how may it
be obtained?

261. Where a current type phase angle-meter is used at the trans-
former end of the track circuit, why should a correction be made in
the phase angle reading?

262. If it is desired to measure the rail impedance and ballast re-
sistance of double-rail electric road track circuits by the phase
angle-meter method, what must be done before taking readings?
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Example of Typical Instructions
General,

263. On what does the adjustment of alternating current track cir-
cuits depend?

Voltage values.

264. With what should the voltage at the relay local terminal com-
pare, as near as possible?

265. Where an external resistor is connected in series with the
local element, how should it be considered with the local element
and what should the normal voltage include?

266. If less than the normal voltage value is impressed across the
local terminals, what must be done to cause proper operation?

267. With what relay will it not be necessary to use more energy?

268. Although the centrifugal frequency relay does not generally
require more energy, why should a reduction in the local voltage be
avoided? :

269. What will cause the voltage at the relay track terminal to
vary?

270. What do the curves in Figs. 33, 34 and 35 represent?

271. When are curves shown in Figs. 36, 37 and 38 to be used?

272. On what length track circuits are best results obtained with
Model 15 condenser relays when using 1.3 ohms on the reactor in
the circuit and making the adjustment for voltage by using nearest
voltage on track transformer secondary to give desired voltage at
relay?

273. Where the track transformer secondary does not have suffi-
cient taps to give the desired voltage at the relay, what may it be
necessary to do to keep the voltage within the proper limits?

Ballast resistance.

274. What is ballast resistance?

275. How much may ballast resistance vary per 1000 feet of track
when ballast is wet or frozen?

276. What effect does this wide variation of ballast resistance
have on the energization of relay?

277. How may the approximate ballast resistance of track circuit
be determined?

278. What is the formula for obtaining ballast resistance as shown
in Fig, 32°?

279. When should the test to determine the minimum ballast re-
sistance of each track circuit be made?

280. When the minimum ballast resistance is obtained, when will
it be necessary to make similar tests?
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Phase angle.

281. To secure proper and efficient operation of two-element
alternating current relays, what is required in regard to phase dis-
placement?

282. When is it especially true that the proper phase displacement
is required between the currents in the two elements of the relay?

283. Where single-phase transmission is used, how is the displace-
ment of phase obtained?

284. How is the phase displacement further affected?

285. What effect does bonding in good condition have upon the
impedance of the rails?

286. What effect does dirty track, causing changes in ballast re-
sistance, have upon phase displacement?

287. On a 5000-foot track circuit with a Model 15 vane relay, what
would be the variation in the phase in the track element of the relay
with the ballast resistance at 20 ohms per 1000 feet of track on a cir-
cuit having a minimum ballast resistance of 2 ohms per 1000 feet?

288. To secure reliable operation of the relay, how should the
phase relation be adjusted when the ballast resistance is at or near
its minimum?

289. What does the term “ideal phase relation,” as used in these
instructions, mean? .

290. What is the term “proper phase relation” understood to mean?

291. Will track circuits adjusted in accordance with these in-
structions meet these conditions?

Method of adjustment.

292. With Model 15 vane relays how is ballast resistance per 1000
feet of track found?

293. If minimum ballast resistance per 1000 feet of track is 4 ohms
or better, what figure is consulted to determine the maximum per-
missible voltage at relay terminals for ballast resistance conditions
then existing?

294. If the minimum ballast resistance is less than 4 ohms per 1000
feet of track, what figure is used?

205. How is a check made with reactor to give the correct voltage
at the terminals for the track element of the track relay?

296. What may it be necessary to do if voltage steps on the
secondary are too great?

297. How must the impedance of the reactor be checked to be
sure that the values are approximately the same as given for the
taps used?

298. When is it very essential that the impedance of the reactor
be checked?

299. With TV-30 relays how is the ballast resistance per 1000 feet
of track found?
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300. With radial polyphase relays how is the ballast resistance per
1000 feet of track found? s

301. If the voltage steps on the secondary are too great, what may
it be necessary to do with the reactor?

302. How should a check of the impedance be made?

303. What is the maxzimum length of track and the minimum bal-
last resistance per 1000 feet of track when it is permissible to use
radial polyphase relays?

304. With the Model 2, form “A,”’ three-position induction motor
type relay, what should be used in series with the local element and
what should be the voltage across the combined resistance and local?

305. How is the adjustment of track voltage accomplished?

306. What should the resistance be between the track transformer
secondary and the track when reactor is connected?

307. What changes in the reactor may be necessary if the voltage
steps on the secondary are too great?

308. How should a check of the impedance be made?

W et weather conditions.

309. When should ballast resistance be measured?

310. How is the total ballast conductance of track circuit found?

311. How is the total wet weather conductance determined?

312. By subtracting actual conductance from wet weather con-
ductance, what will the result give?

313. How should the additional conductance be added?




