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At the end of each week the attendants change over shift,
the evening men taking morning duty and the morning men
evening shift. In addition to the ‘“ district ”’ attendants, one
or perhaps two more attendants should be employed to act as
reliefs in case of illness or holidays, or when the regular man
is held up on a breakdown. These men may work from
11.0 a.m. to #.0 p.m., so that if the peak loading is experienced
between the usual hours of 5.30 p.m. and 6.30 p.m., there will
be a stand-by man available in case of emergency to render
assistance wherever it may be required.

The ‘“area’ engineer holds a watching brief over the
attendants and sub-stations in his *“ area,” and is responsible
for seeing that the equipment is maintained in good condition
and working order. He supervises the work of the morning
shift men and sees that adequate spares are always in stock in
each of the sub-stations. This man must be competent and
capable of giving advice to attendants in time of trouble.
It should be left to his discretion whether the abnormal cir-
cumstance is such that the chief assistant engineer should be
called out on the job. When an abnormal circumstance has
arisen, it is the ““ area ”’ engineer’s duty to gather the details
of the case and make out a full report to the chief engineer
without delay. He is also responsible for seeing that the
testing is carried out according to the schedule drawn up for
effective maintenance, and that the line leakage test, rail
point drop test, gas main to track potential test and any other
tests are made at the recognised times and the results reported
to head office.

A large number of separate items of plant which require
periodical inspection and overhaul need some system of
recording, if an item is not to be overlooked. To that end it
is a good scheme to arrange for a wall chart to be placed in
the sub-station on which the attendant can record the date
on which he carried out the inspection, cleaning or repair, etc.
Though the details to be incorporated in the chart depend on
the particular sub-station concerned, the following example
may serve to show the method to be adopted.
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SwitcH No. 1. Met-Vic. 350,000 K.V.A. Break-capacity.
Normal current carrying capacity 400 amps. Protection.
P.B. overload. Setting. 200%. Time 4 secs.

|
Inspected .o 1 I/3/35 | 1/6/35 .
Condition of oil j bad 3 good J ‘
Oil sample ‘ /335 | — | \
Result of test ... | moisture — | ;
Oil topped up or |
changed o changed —
Contact arc tips | [
attention ... = replaced | — 1’

Special remarks | complete ‘ ‘
- o'haul 0.K. ‘ ’

Inspector’s | ‘
name . | A, Jones A. Jones |

A record chart or card index to be made out for each switch
in the sub-station.

Similar charts or record cards can be made up to cover the
following items of plant:

Switchgear Relays

Date trip settings tested.
,, settings altered.
Reason for alteration.
New settings. ......covvvinn,
Date contacts cleaned.
,, contacts renewed, etc.
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Rectifier Plant
Grass Burs Units.

Date sets cleaned and overhauled.
,» excitation tested. Value................
,, €xcitation current altered. Value..........
,» bulb replaced. Number of............
Length of life of the bulb.............. hours.

STEEL TANK EQUIPMENTS.

Date insulators cleaned.
,,» mercury levels in seals made up.
,» vacuum pump oil topped up.
,»» vacuum pump oil changed.
,» hose pipe and connections inspected.
,» water and blower motor bearings packed.
,» water added to circulating system.
,, automatic shut-off valve tested.
,, Pirani gauge contacts inspected.
,, surge arrester links inspected.
' " v gaps adjusted.
,» anode cooler water made up.
»» D.C. generator cleaned.
,» pump gear chamber oil made up.
,» pump set tested by hand rotation.
,» water jacket examined for sludging.
,» water jacket cleaned out.
,» excitation current adjusted. Value.......,
,» of general overhaul.

Transformers

Date oil topped up.
,» 0il sample taken.
Result of test.
Date oil centrifuged.
,» water cooler tubes cleaned out.
Temperature of oil after a peak load run ........
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D.C. Switchgear

Date main contacts on circuit breakers inspected.
,» operating coils on H.S. breaker tested.
,» H.S. breaker auxiliary contacts cleaned or re-
placed.
,» lock-out signals tested.
,» high speed breaker tips replaced.
,, trip settings tested.
Cyclometer readings. .....coovvvevnne.n

Buildings
Date drains inspected and cleaned.
,,» station floor mopped over and general cleaning.
,, windows cleaned.
Details of painting work.
Details of repairs.

Spares
Date, type and quantity received in the sub-station.

Office Records

Capital cost of plant, buildings, land, etc.

Cost per unit of output.

Losses calculated daily, monthly and annually of the
following :

Rectifiers, station lighting, heating, etc.

Records should be kept of men’s time, water
consumption, rates, fire insurance, other insur-
ance, replacements, supervision charges, etc.

Maximum load readings daily on rectifiers, D.C.
feeders, E.H.T. feeders, etc.

Accident reports and compensation claims.
These lists can be added to according to the circumstances

of the supply and the organisation existing prior to rectifiers
being used for conversion purposes.



174 MERCURY ARC RECTIFIER PRACTICE

Regulations insist that in each sub-station there shall be
the following :

I. A plate fixed in a prominent position giving instructions
for dealing with cases of electric shock.

2. A copy of the Workman’s Compensation Act.

3. The Electricity Regulations.

4. Factory Act extracts.

5. An accident report book.

6. Ambulance perquisites.

Fire appliances should be fixed in convenient positions and
periodically tested and refilled if necessary. Paraffin hurricane
lamps are also useful in cases of a total failure of E.H.T.
supplies during hours of darkness. Framed wiring diagrams
should be placed on the walls for reference, loose blue-prints
become a nuisance and need too frequent replacement.

Though the attentions required present an apparently
formidable list when made out in the manner described,
rectifiers are very easy to maintain, and the costs are low when
a comparison is made with other forms of converting plant.

In common with all forms of plant, the maintenance costs
depend very largely on the efficiency of the maintenance staff,
and it cannot be too strongly emphasised that attention to
details is the prime factor in keeping down those costs to an
absolute minimum.

In conclusion, the most important thing to remember in
maintaining electrical plant is never to wait for trouble to
develop, always try to anticipate it, and to do so make the
routine inspection and attention as regular and thorough as
possible. Immediate attention to minor matters will often
prevent a development of a major character.



CHAPTER VII

GRID CONTROL

General Principles of Grid Control

THE principles of the radio valve were used in the first
chapter to illustrate the modus operandi of the mercury arc
rectifier, and, as in the radio valve, a grid can be used in a
rectifier, but with the following essential difference in its
control effect. In the radio valve the anode current at all
times bears a definite relation to the grid potential applied,
but in the rectifier the grid cannot control the anode current
once it has commenced to flow. Grid control can only be
exercised to delay the ignition point on the anode voltage wave.

To understand the reason for this difference in the control
effect, assume a certain instant in time when the anode
potential is negative in respect to the cathode voltage and that
a negative potential is applied to the grid. The space be-
tween the anode and its grid i{s then almost entirely free from
ionization, due to the shielding by the grid field. The anode
potential wave may then pass through many cycles, but the
arc cannot strike up through a de-ionized space so the rectifier
is rendered inoperative. If the grid potential is now changed
_ to a positive value at the instant when the anode potential is
positive to the cathode, then both the anode and its grid are
positive and will attract in ionization. Following on the
ionization of the space between the grid and the anode, the arc
is then free to strike from the anode to the cathode through
the grid meshes. By adjustment of the instant of polarity
change on the grid in respect to the anode voltage wave the
arc can be delayed to any desired degree.

Having assumed that the arc has now been permitted to
strike up, let the grid potential become negative. As soon as

175
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the grid is charged up negatively it becomes clothed in a thin
film of positive ions, which very effectively neutralises the grid
field. This film at the current densities common in actual
practice is only very thin and is not sufficient to close up the
holes in the grid mesh. The arc is, in consequence, not
appreciably effected at this stage. If, now the grid is main-
tained at a negative potential while the anode voltage continues
its periodic wave form, immediately the anode voltage becomes
negative to the cathode the space between the anode and the
grid becomes de-ionized, by the action of the grid field. As
long as the negative potential is maintained on the grid the
anode will not take up the arc.

It has been stated in Chapter I that in service the anodes
are never more than about 15 to 40 volts positive to the cathode,
depending on the size of the rectifier, so that a comparatively
weak di-electric field is required for arc control. Furthermore,
since the applied voltage to the grid is small, the extra losses
in the equipment are also small. In fact, the grid only takes
a few milliamperes charging current. The usual voltage
applied, though by no means critical, is only a few times that
of the rectifier arc drop and in practice may have a value
between 25 and 250 volts, depending upon the voltage rating
and size of the rectifier.

Arrangement of the Grids

Very little constructional alteration is required to a standard
rectifier to accommodate grid control apparatus. The grid
itself is a perforated screen surrounding the anode but in-
sulated from it and an external lead brought out to a terminal
mounted on the tank. The grid and its lead must be screened
with de-ionising shields outside them, in order to limit the
amount of ionization from the arc on other anodes which may
reach them. At the same time the grid and the anode must be
left free to pick up the arc when required. The dimensions
of the grid and screens are not critical and some latitude is
permissible in their design. The de-ionising shields are not
always insulated, but may form a part of the arc guide or
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main anode shield, and so have a floating potential. Careful
design is, however, necessary, since during the operation of
the grid its potential will be approximately equal to the
cathode voltage, so that at the peak of the negative half cycle
of the anode voltage wave the space between the grid and the
anode must be capable of withstanding twice the D.C. rated
voltage of the rectifier. The voltage stress per unit of length
of this space may be as high as 5,000 volts per inch.

Arc Control by Grids

It has been stated that as long as the grld potential is
maintained negative in relation to the cathode pressure the

node Voltage Wave

A
A
II,/ A
" N Total Grid Bias Voltage Wave

Cﬁ/'t;'ca/ Grid Voltage Wave
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B .
Grid Bras G d Bras =

Fi1G. 76.—The gradual system of biasing the grids.

arc is suppressed, but immediately the polarity of the grid is
reversed the arc is free to strike up at the anode. The change
in the polarity of the applied potential can be made to take
place gradually, or it can be in the manner of an impulse.
Fig. 76 illustrates the former method of changing the polarity
of the applied potential to the grid, and it will be noticed that
when the potential wave of grid bias becomes positive the arc
is struck up. In Fig. 77 the anode (2) is firing normally and
under the control of a grid. If the grid of anode (3) is charged
negatively just prior to the wave becoming positive to the
cathode, the arc will be suppressed until at the point “ X,”
a positive impulse is given to the grid and the arc is taken up

N
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by anode (3). The effect on the anode voltage wave is clearly
shown. Though both these methods have been applied, in
practice it is preferable to use the impulse system, even though
it is more difficult to apply, because of its advantages over the
gradual method. The two main advantages of the impulse
system over the gradual system are, (a) it is very much more

Difference in mean
volts with grid con-
trol For this special
amount of phase
Shift.

Anode |Currents

I . !

| Phase Shift
+_f B B
~_1h H _H

Grid Fotential Impulses
Fic. 77.—The impulse system of biasing the grids.

definite in action, and (b) it does not adversely effect the
regulation of the rectifier.

These two advantages may be realised from an inspection
of Fig. #8 and Fig. 79. In the former an arc drop curve is
drawn alongside the anode voltage wave curve, and illustrates
the phase shift of the point of ignition due to the variation in
the arc drop from 2z59% of full rated output to 125% load.
The difference in the phase points at which ignition takes
place at 259 and at 1259 of full loading is quite appreciable,
and may amount to 15 degrees or even more. FIig. 79 shows
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how a phase shift of the point of ignition is brought about due
to variation in the temperature of the rectifier. The arc drop
varies with the temperature of the rectifier and a typical
curve is plotted alongside the anode wave curve as before.

Difference in volts due

s~ to phase shift
-~ Arc Dro CONSTANT
C‘ P TEMPERATURE

urve
Phase slm"t due ; l Vo/tii P | |
]

to arc drop AR VN

T
N O %% n %
Ignition load
FPoints

Grid Bias Voltage Wave

F1c. 78.—This diagram illustrates the variation of the ignition point
in the gradual system of grid biasing when the load increases. A
constant temperature is assumed. (The diagram is not to scale.)

Here again the phase shift of the point of ignition is con-
siderable.
The phase shift of the point of ignition obviously reduces
the maximum value of the anode potential to cathode voltage
Difference in volts due
to phase shift
Arc Drop CONSTANT

Phase shift due7 Yolts Loap
to arc drop 1 Curve

Ll taaeedatdely

N\ - Temperature, °C.
/< X Ignition
Points

Grid Bias Voltage Wave

F16. 79.—This diagram shows how the ignition point is varied in the
gradual system of biasing the grids if the temperature increases.
A constant load is assumed.  (This diagram again is not to scale.)

and results in a lower D.C. output pressure. The reduction
in the D.C. voltage increases with the load, and varies with the
temperature, so that it is tantamount to regulation and the
curve of pressure drop must be added to the normal regulation.
It is also obvious that if the applied grid bias potential is not
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absolutely constant, that in combination with the above
effects, a bad regulation may be produced. For these reasons
it is preferable to use the impulse method of biasing the grids.
The simplest application of grid control is for the rapid
suppression of the whole

BT oppely load current or for protec-
Current Transformers tion in the case of a back-

FH:} 3 ] fire.

The grids can be ex01ted
E : ’ ) in any suitable way during
\ENF Primary the normal operation of

the equipment, and when
it is desired to stop the
Secondary flow of load current all the

grids are given a sustained
1 negative charge. Thus, as

. each anode potential wave
%‘] passes into a negative state
et in relation to the cathode

lolalale _.[: gj,’,‘.’f T Quick  voltage, the space charge

= Re/ay is de-ionised between the
= anodes and their grids,
and the arc transference
from one anode to another
is prevented. Thus, the

arc either ceases immedi-
F16. 80.—Biasing the grids via a quick .
acting relay for protective purposes.  ately the applied voltage

wave drops below that of
the cathode pressure, or it will hang on due to the inductance
in the external circuit until the losses in the circuit and the
alternation of polarity of the anode potential wave destroy
it. The interruption of the current flow is, therefore, very
rapid and has the great advantage that it is impossible for a
high voltage surge to be produced, as is always experienced
when forcibly breaking a circuit with switches.
In applying this principle for purposes of protection, in the
case of a back-fire, it has to be remembered that a back-fire




GRID CONTROL 181

is the combined condition of current flow from the cathode
to the anode concerned and from the remaining anodes as they
successively attain a positive potential.

If a negative potential is applied to all the grids, the anodes
supplying current to the back-firing anode will cease to function
immediately their applied voltage becomes negative to the
cathode or datum pressure. Thus, that component of the

Grid Transformer

—_12 from
LTAL.
=
and
Fhase
Anode Lead Grid Shifter
node Leads i L=z L
; SR Adxilia
Resistances r F [‘ 77"'513/1':575
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=
[ 13 Anodes
athod g/v/a/ Bias
tor
Awiliary "
Thryatron .
Anode Auxiliary
Voltage le‘%atron
Have Voltage
Wave

| ]
+ !
- ! I D.C.Grid Bias Voltage
\l applied toRectifier Grids

Fi1g. 81.—The auxiliary Thryatron method of biasing the grids.

total back-fire current supplied by the A.C. system is rapidly
eliminated. The grid cannot suppress the arc at the back-
firing anode, since the current contains the D.C. component
fed back from the D.C. system and, therefore, does not attain
a negative potential with respect to the cathode. The reverse
current D.C. breaker will remove the D.C. component and the
rectifier will then be cleared of back-fire current from both the
A.C. and the D.C. systems.

If it is required to use the grids as a form of protection
against back-fire conditions and D.C. short circuit, the grids
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can be excited from either a D.C. generator or from a battery
—but never from the rectifier itself—via a light quick acting
relay as shown in Fig. 80. The relay is operated from current
transformers in the main H.T. supply to the rectifier trans-
former.

If grid protection against back-fire only is desired Thryatron
valves may be used to energise the grids as depicted in Fig. 81.

Two oscillograms are given in Fig. 82 and 824, to show the
advantage gained by the use of grid control under short circuit

1500\ volts o
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0.44ps- zérd S o _por
~a 1 o1 A NC zer
v Mz
< 8 AYs0 sec.
wil|
- ¢
N
1500 ¥. ||O.C-
@&
NoB ol la—N2] Hhe-N?1 A
zero zero| || zero N3l Tz
v
N[~
N°3
F16. 82. Fi1G. 82aA.

Fic. 82.—This is an oscillogram of an applied short circuit on a 1,500 volt
rectifier. In this case the short was interrupted by a high speed circuit
breaker, the grids not being energised.

F1G. 82a.—This oscillogram shows an identical short circuit condition removed
this time by energising the grids. Note.—The remarkable reduction in
the peak value of the short circuit current and the rapidity of removal.

conditions. In each case the short circuit was applied at
“A” and interrupted at ‘“ B.” In the former figure the grids
were not energised, reliance being placed on the A.C. overload
tripping circuit and the D.C. high speed circuit breaker to clear
the rectifier of the fault. The high speed breaker tripped
and because of the interlocks the A.C. breaker also operated,
and the rectifier was in consequence shut down. The maximum
value of the fault current was 7,240 amperes, and this was
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effectively cleared in approximately 0.018 secs. At “C”
the oil switch tripped. In the second oscillogram the same
short circuit was applied to the same rectifier, but this time
the grids were energised. The rapidity of removal of the short
in this instance can be appreciated from the fact that neither
the high speed breaker nor the oil switch tripped. The maxi-
mum value of the short-circuit current was 2,goo amperes,
or about 409% of that produced in the previous case. The
time taken to clear the fault was approximately 0.012 sec., or
only about 66 % of the time previously taken.

The advantages to be gained by grid suppression of fault
current are :

1. Extreme rapidity of the clearance of fault current.

2. Simplicity of the grid control apparatus.

3. Due to the reduction of the shock to the A.C. system,
discrimative settings of the A.C. overload relays on
the station H.T. feeders or ring mains can be ar-
ranged.

Though there are these undoubted advantages the use of
energised grids for this purpose is not as common as one might
expect it to be. Short circuits usually occur only outside on
the track so that it would be a very great disadvantage to
disconnect the rectifier, even if only for a very brief period,
each time one single feeder developed a fault. A high speed
circuit breaker on each track feeder would be a much better
form of protection, the rectifier maintaining supplies to the
remaining healthy feeders. There may, of course, be special
circumstances where this application of grid control may be
desirable.

Grid Control of Voltage

Fundamentally, the control of the D.C. output voltage from
the rectifier is based on the fact that the average value of the
voltage depends upon the position of the ignition point on
the main anode potential wave, during the positive half cycle.
It will have been appreciated from the diagrams already given
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in this chapter that the later the point of ignition on the
anode pressure wave the lower the average D.C. voltage
becomes. This is still further illustrated in Fig. 83, and it
should be noted as the voltage is reduced the current lags
behind and the output voltage becomes more and more dis-
torted. When the rectifier is on load, the harmonics approach
very closely the no-load values, so that transformers and
smoothing circuits designed for rectifiers without grids are rarely
Anode Potential Waves

+

Ignition Impulses
Fic. 83.—This drawing shows the drop in the mean D.C. voltage from a
rectifier with a gradual variation in the point at which ignition is allowed to
take place.
suitable for use with grid controlled rectifiers. Where the
transformer secondary connections are in double star or in
quadruple zigzag, the no-load pressure rise, and also the
voltage across the terminals of the interphase transformers
will be very much greater than for ordinary rectifiers.

The regulation drop in volts is the same as for the rectifier
without grid control for equal loads and reactance. Further-
more, a reduction in voltage by grid control does not appre-
ciably effect the regulation from no-load to full load, the
regulation curves remaining approximately parallel over the
whole range. These remarks apply to the modern rectifier
using an impulse method of energising the grids as distinct
from the gradual method. This was fully explained in the
paragraph on Arc Control By Grids.
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Because the reduction of voltage by grid control does not
appreciably effect the secondary current in the transformer,
it follows that the primary current likewise is not effected.
On the other hand, the power output from the rectifier is
proportionably decreased so that the primary power factor
is reduced in almost direct proportlon to the decrease in the
output voltage

The serious reduction in the primary power factor and the
increase in the distortion of the D.C. wave form tends to
restrict the application of energised grids to cases where a
small voltage range only is necessary or where the drop in
volts is required for very short periods, such as in running up
D.C. motors against load conditions.

The range of output voltage control is greater than can be
obtained from any other converter with the exception of the
D.C. generator and is, therefore, suitable for certain purposes
where an infinitely variable voltage is necessary. The grids
may be used to give traction rectifiers, either a level or over
compound characteristic, but unfortunately a scheme of
automatic compounding is so complicated that it is less of an
attraction than it at first appears to be. The ordinary rectifier
with its shunt characteristic has proved to be so suitable to
traction loads that over or even level compounding is but
seldom justified in practice. On the ordinary power and
lighting load, on-load tap changing transformers offer a better
proposition than the use of grids for pressure control.

Methods of Exciting the Grids

There are several methods of exciting the grids and these
will now be briefly reviewed.

Synchronous Contact Method. This was one of the first
methods designed for energising the grids, and makes use of a
rotating contact driven by a synchronous motor, as shown in
. diagrammatic form in Fig. 84. The grids are given a negative
bias, and the polarity is reversed to each grid in correct rotation
by means of the rotating contact brushing over a set of contacts
on a stationary disc. To vary the instant of change of the
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polarity at the grids with reference to the ignition point on
the main anode potential wave it is only necessary to move
the disc round a little.

The same principle can be applied with a greater degree
of accuracy and dependability by using a synchronous motor
provided with a field comprising two windings placed at right
angles to each other. By variation of the relative strength
of these two fields the rotor can be advanced or retarded
relative to the rotating field of the stator. Thus the effective
flux is varied relative to the centre line of the poles in the rotor.

3-phase
4 ota/r'
AUt LUpp
FAnan v
5t Resistan
Anodes . esistances
Grids leRiCls
Resistances
thod, L Grid Distributor  Synchronous
= Motar'
T+

i

F1G. 84.—An illustration of the principle of grid excitation by the rotating
contact method.

The principle of the synchronously driven commutator is given
in Fig. 85, but the motor must be so energised that it accurately
keeps step with any phase swinging of the applied voltage to
the main anodes.

Peaking Transformer Excitation

The simplest form this method can take involves the use of
a separate transformer for each grid. The exciter trans-
former is provided with two windings, the one is connected
in star, and the other in delta. The ampere turns on one limb
are maintained constant, but the other coil has an adjustable
resistance in series at the star point to vary the ampere turns,
and furthermore this latter coil is displaced in phase by 150°
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from the other. By highly saturating the core, flat topped
flux waves are induced so that the rate of change of flux and,
consequently, the E.M.F. induced is not appreciable until the
resultant ampere turns pass through zero. At that instant
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Fi1aG. 85.
The synchronously driven commutator method of excitating the grids.

a peaky voltage is induced, covering a period usually of about
10°, which, when superimposed upon the constant negative
potential applied to the grids, is sufficient to cause the arc to
strike up. Variation of the resistance will vary the phase
angle of the applied peaking potential. Fig. 86 illustrates
this method of control.

Thryatron Valve Control

This system has already been illustrated in Fig. 81 and needs
no further explanation.
Gradual or Sine Wave Control

In this method an induction regulator or a small trans-
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former is used to deliver a sine wave which is superimposed
upon the constant negative bias applied to the grids by a
battery or separate rectifier, and the peak value is arranged
to attain a higher potential than that of the constant supply.
The peak of the positive half wave then reverses the polarity
of the grids, which can be made to occur at any predetermined
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Fig. 86.—A method of excitating the grids by means of a peaking transformer.

instant. The ignition point can be controlled by variation
of the value of the applied constant negative potential, as
shown in Fig. 76.

Inclined Potential Method

This system is a variation of the gradual or sine wave
method, and is shown diagrammatically in Fig. 87. This scheme
is only suitable for small rectifiers. The biasing voltage
applied to the grids is positive in this case and the inclined
potential curve crosses the ignition potential line at a pre-
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determined point arranged by adjustment of the regulating
resistance. The more positive bias given to the grids the
greater will the output voltage of the rectifier become. This
scheme, like all other methods operating on the gradual
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F1c. 87.—The inclined potential method of grid excitation.

potential principle, is not satisfactory in practice for the reasons
given in the paragraph on Arc Control.

Inverted Operation

If a rectifier is connected to a system which has constant
running synchronous plant on the A.C. side to assist in the
commutation of current from one anode to another in the
rectifier, then, by delaying the ignition point beyond that
which gives a zero D.C. voltage under ordinary conditions of
voltage control the rectifier can be operated inverted. This
presupposes that there is also a source of D.C. supply on the
rectifier bus bars which can be used to drive current through
the rectifier against the A.C. system.

Such a condition of operation is depicted in Fig. 88, where
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at A anode 1 ignites, and since it is more positive than anode
6 it will take over the current from anode 6 and complete the
commutation from 6 to 1 at B. It will be noted that when a
rectifier is so controlled, and it changes over from normal
operation to inverted operation that the D.C. voltage is
reversed, but not the current. Commutation and de-
ionization of the anode zone must be absolutely complete
before point C is reached or the current will commutate back
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Fic. 88.
The operation of a six-phase line excitated rectifier running inverted.

to the previous anode. If the current should revert back to
the former anode a very heavy short circuit current will flow,
because at the point C the A.C. and the D.C. voltages boost
each other.

For perfect operation of a rectifier running inverted it is
essential that the grid control apparatus is in perfect order
and giving constant impulses in regard to their phase position
on the anode potential wave to which each applies. The A.C.
line voltage must also be reasonably constant and free from
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momentary drops in pressure. Because these conditions are
never exactly met in practice, it follows that a rectifier running
inverted is somewhat less stable than if it operates in a normal
manner.

It should also be noted that the current is out of phase with
the voltage, and consequently it will draw a reactive K.V.A.
from the A.C. supply. If the A.C. system is not able to supply
this K.V.A. demand then instability will result.

Power Factor

It should be appreciated from the foregoing that the voltage
and the current waves on the A.C. side of a rectifier equipment

Lagging Displacement [eadmz Displacement
Anode Voltage Anode
Wave Vo/gage Anode
Anode Current Wave Current
Wave Wave
[ ) L R LY
. [ 1DCVoltage \

Jottage J w\’

Fi1G. 89.—The diagram on the left of this figure illustrates rectification at

a reduced voltage under control of the grids. On the right of the figure

regeneration or inverted operation is shown, again under conditions of
reduced voltage by grid control.

are by no means sinusoidal. Therefore, in solving the problem
of power factor it must be borne in mind that it is numerically
equal to two factors which evaluate the degree of displacement
between the current and voltage waves and the degree of
distortion. Wave distortion is dependent upon the amount
of reactance in the transformer circuit and the point at which
ignition is allowed to take place by the grid control apparatus.
The distortion is fixed by the arrangement of the transformer
secondary connections and the number of phases utilised.
Fig. 89 is drawn to illustrate the displacement of the current
with reference to the voltage wave with the rectifier operating
in a normal manner and also running inverted. This is in the
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nature of an extreme drawing, for it only depicts conditions
applying to one anode, but when all six anodes are in operation
the resultant waves on the H.T. side of the transformer will
more nearly approach a sine form.

'As the ignition point is delayed the displacement factor is
decreased proportionally until at zero volts there is a zero
displacement factor. The distortion factor, on the other hand,
is altered but very little, so that for practical purposes it can
be assumed that the displacement factor is equal to the ratio
between the D.C. volts delivered to the circuit under grid
control of pressure to the rated D.C. voltage of the rectifier.
In other words, given a rectifier with a normal rated voltage
of 460 volts, which under control of its grids is made to deliver
a pressure to the bus bars of 230 volts, will produce a power
factor of approximately 0.5. It does not follow, however, that
such a condition results in an additional magnetising or de-
magnetising current being drawn from the A.C. system at
times of bad power factor operation since at no period is there
a component at go° to the voltage wave.

An average value of power factor to be expected on full
load under normal operation is between 0.93 and 0.96, but
when operating inverted the power factor will only be about
0.87, due to the fact that the arc is commutated prior to the
peak value of the anode voltage wave being reached.

D.C. Voltage Wave Distortion

This has been referred to before in an early chapter, and it
will be remembered that in a 50 cycle rectifier operating with-
out grid control that harmonics of the order of 300, 600, goo,
and 1,200 cycles appear in the D.C. pressure wave. When
grid control of voltage is used to decrease the D.C. pressure
the amplitude of these harmonics increases greatly. As an
example, if the D.C. volts are reduced 209% the 300 cycle
harmonic may be increased 109%, and the higher harmonics
will also increase a proportional amount, so that extra tuning
or smoothing is essential with grid controlled rectifiers.

The cathode choke, if it is included in the equipment, will
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tuned circuits may be D.C.voltage from a six-phase rectifier or inverter

. . with grid control, assuming infinite D.C. induct-
necessary if grid con- ance and no overlap.

trol of wvoltage is

desired over a very wide range in pressure owing to the
multiplying effect on the amplitude of the harmonics—
which would normally not cause interference with telephone
circuits—by reducing the voltage. Fig. go is a graph showing
the harmonics in the D.C. voltage of a six-phase rectifier
with grid control, whether under normal operation or running
inverted.

Some Applications of the Grid Controlled Rectifier

Though the principles of grid control of rectifiers were well
understood by Cooper Hewitt twenty years ago, it has only
recently become a practical proposition. To-day the limita-
tions of the grid system of control are more fully appreciated
and generally it has not so many real servicable applications
as one might have been led to suppose from reading the press
statements even recently.

The most important application which is likely to be
exploited to the full in the future is with the inverter. The
development of the very high voltage rectifier is even yet in the
experimental stage, but there is no doubt that it will not be
long before a unit is produced to render high voltage D.C.

0
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transmission a practical proposition. Up to the present the
highest voltage obtained in one single unit is about 30,000 volts
D.C., so that if two or three of thése units were connected in
series a transmission voltage of a practical value would be
obtained. Rectifier development has been so rapid during
recent years that one is left to wonder whether the national
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Fi16. 9g1.—A schematic diagram for connecting up two rectifiers to act as a

link between two A.C. systems. By means of such a high voltage D.C. link

systems of differing voltage and frequency can be made to operate in parallel
economically.

grid transmission system would still have been on A.C. if the
scheme had been mooted ten or perhaps five years hence.
As it is the capital sunk in the grid is so huge that a change
over to D.C. high voltage transmission is likely to be long
delayed. Though this country may not use high voltage D.C.
for transmission of large blocks of power until the financial
aspect of the problem has been satisfied, it does not necessarily
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mean that British engineers may not build plant for service
in other countries.

It has been stated earlier in this chapter that when a rectifier
is running inverted it is necessary to have synchronous
machinery in operation at the receiving end to supply the
wattless K.V.A. of the A.C. load in addition to that required

—y

— -

4

TV

Fic. g2.
The interconnection of two rectifiers as shown can by the aid of grid
control be made toact as a three to threc phase frequency changer unit.

by the inverter at the maximum peak load. It therefore
means that high voltage D.C. transmission by means of
rectifiers at one end, and inverters at the other, can only be
successful where large blocks of power have to be supplied.
The obvious application is as a link between two very
distant power stations, especially when the frequency of the
A.C. system is a common one used for industrial purposes
and the length of transmission line too great for economical
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transmission of power. Furthermore, it does not matter
whether the frequencies of supply at the two power stations
concerned are the same. (See Fig. 91.)

It follows from the last sentence that a rectifier and an
inverter can be used for frequency conversion. If the load at
the inverter end is made up of an amount of synchronous
plant sufficient to supply the wattless K.V.A. necessary,

iy
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: 2.C.
( Mill Motor -1
Y ,
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Two Grid Rectifiers used
= % for Variable Speed Operation
- 0 of D.C. Motor
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F16. 93.—Two grid controlled rectifiers connected as shown can be used for
variable speed operation of a D.C. motor and is particularly useful for
mill purposes.

and is a high D.C. voltage of at least 1,500 volts, then as a
frequency changer the system is more efficient than a corres-
ponding rotating conversion unit. Connections for frequency
conversion are shown in Fig. g2. High frequency current can
also be obtained with suitable connections and at the present
time it is possible to obtain current at a frequency of 3,000
cycles, although this is only in the experimental stage.

By connecting up a rectifier and an inverter oppositely but
to operate in parallel it is possible to send current through a
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circuit in either direction. If with this connection the grids
are arranged to regulate the D.C. pressure of each unit to-
gether, the combination can be used as a Ward-Leonard set.
This principle has been applied and given every satisfaction
in a rolling mill using a 100 h.p. motor. A system of con-
nections is given in Fig. ¢3.

Grid Potential

Transformer Secondaries

200008

/..
IEsYEINAY r’

No-Load Wave Form

mﬁl Phase Control Transformer
sassal sanse Vé" or Induction Regulator

50 cycles to 16 %

Fic. 94.—Frequency changing by using two six-phase systems with separate
grid control in one steel tank can be arranged as shown above. The no-load
wave form is also indicated for a case of three to single phase wave change.

Hitherto one obstacle to the use of rectifiers on a traction
system which is operating with rolling stock capable of regenera-
tion is the fact that a rectifier can only supply current to the
system, but cannot receive it back. The use of an inverter unit
for returning current to the A.C. system is a solution to the
problem.

Possible Future Applications
Where a low frequency railway supply on a single phase
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system at 16°66 cycles is required this can be obtained by
means of special connections from a rectifier supplied with
current at 50 cycles three-phase. This is shown in Fig. o4.
Commutatorless variable speed A.C. motors may be used
in traction locomotives if the connections are arranged as

A.C. Supply

Input
Transformer___ £ s

|| Variable Speed
A.C. Motor
(No Commutator)

!

= 1.1 , [ A= Series-excited

i‘juEL,: .Luuuu Half-wave Motor
on Single Phase

Supply
Fic. 95.—This connection diagram indicates an example of a
variable speed A.C. motor employing grid controlled rectifiers
instead of commutators. In this case a series-excited half
wave motor is shown on a single phase supply.

shown in Figs. 95 and g6. The motors can have series or
repulsion type windings.

A locomotive may also have a single phase rectifier and
supply current to D.C. motors for driving purposes. By
using the grids, the D.C. voltage can be varied to suit the
conditions of operation and also to enable power to be returned
to the A.C. system at times when the motors are being retarded.
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In low frequency traction service the rectifier may yet
become so developed that frequency changing will be done in

.
I ™ 1Ll
alalaln 2ly

o1 Field Windings
/ of Motor

Variable Speed

Stator Full-wave motor
Windings on Single Phase
of Motor Supply

e em areee [T — (No Commutato,v)
CLC e 117
F16. 96.—Another example of a variable speed commutatorless

A.C. motor on a single phase supply, but arranged for full wave
scries excitation. Grid control is again used in this system.

one stage instead of two as described above. The principle
of operation of the direct frequency changer unit is that a

4 ' / "" |
0'“'“'“'@3'0'0'9'5

F1G. 97.—With connections as shown in Fig. 94, the no-load
output voltage wave for frequency changing from three-
phase 60 cycles to single phase 25.7 cycles is indicated.
suitable number of phases are allowed to function and combine
to form one half of the low frequency wave, the other half being
made up by similar means. As an example, in Fig. g7 a
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three-phase 60 cycle system supplies current to a rectifier, and
the anodes are so controlled that a single phase 25.7 cycle
supply is produced. The problem of passing reactive K.V.A.
from the high to the low frequency system has yet to be solved.

Load
% % % % % %

100
S (4)
-0 olpad |
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F1G. 98.—Three charts of comparative overall efficiencies,
The rectifier losses include the following :—actual arc drop,
main transformer, auxiliaries and the smoothing circuit,
The rotary converter losses include the stray load loss
in accordance with B.S.S. 269 and the transformer losses.



CHAPTER VIII

CONCLUSION

For many years past the majority of conversion schemes
have been dealt with by the installation of rotary and motor
converters, and, in some cases, motor generator sets. This
class of apparatus has given ample proof of its reliability, and
in general, the rotary converter has been the most popular
type of unit due to its efficiency being somewhat higher than
the other types.

In certain cases the motor converter is to be preferred to a
rotary converter on account of its greater stability, the elimina-
tion of the step-down transformer, and the absence of heavy
L.T. A.C. slipring connections when required for use on a D.C.
system at low voltage and high current.

It is not proposed to deal with the relative merits of rotating
converting plant, since the individual advantages and dis-
advantages of the various types are generally well known.
It is, however, most desirable to consider what advantages may
be obtained by the installation of rectifier plant for conversion
schemes.

It is not sufficient to give consideration to a comparison of
capital cost and efficiency, but also to bear in mind such points
as noise, wave form, power factor, voltage regulation, three-
wire operation, maintenance, building costs, and whether the
plant is required for manual, remote control or automatic
operation. These points must be considered for each individual
installation, since it is impossible to define the limits of the
field of application for either rectifiers or rotating converting
plant.

As a matter of general interest, and, as a guide to the basis
on which comparisons should be made, the following notes

201
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are given, and in certain details some of the statements made
in previous chapters are recapitulated.

Efficiency

Consider the graph Fig. 984, where the comparative efficiency
of a rectifier and rotary converter is given for operation on
500 volts D.C. The no-load loss of the rectifier is 0.80 %, but
the no-load loss of the rotary is 3'20 9, an advantage to the
former of 2.409% At about #59% of full rated output the
efficiency curves cross over and above that loading the rotary
is the more efficient. In (B) where the comparisons are made
for equipments operating at 630 volts the curves are similar,
but in this case the rectifier shows to better advantage by the
comparison. Now in (C) the advantage of the rectifier over
the rotary is most marked and nowhere is the efficiency of the
latter higher than the former. As the voltage increases it is
not practicable to run three or more rotaries in series so that
a motor generator would be necessary, but this has a very much
lower efficiency than one single rotary, the difference in
efficiency between the motor generator and the rectifier is
even more marked than in the previous examples.

As an example, a motor generator for a traction system of
3,000 volts would have an efficiency curve as follows: 25%
load 81 %, 50 % load 89%, 75 % load 90.5%, 1009 load 91.5%
and with a no-load loss of 4.58 % on the other hand the rectifier
would have corresponding values of 96.3%, 97 %, 97 %, 97 %
and 0.659%. The rectifier, therefore, has the high voltage field
to itself and is not likely to be ever challenged, except possibly
where regeneration is required on traction systems.

At voltages below 500, the rectifier efficiency by comparison
with the rotary begins to drop rather heavily. The reason
for this, of course, is that the principal loss in a rectifier equip-
ment is that in the arc, and since this is almost constant,
irrespective of the capacity of the rectifier, and may have a
value of between 15 and 30 volts, it follows that at 100 volts
the losses will be approximately equal to the ratio of the arc
drop to the rated voltage, i.e., 15% to 30 %, which is a serious
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amount. To sum up these observations, for voltages of 400
to 600 the rectifier and the rotary have about equal points in
regard to overall efficiency. From 600 to 1,500 volts the
rectifier shows to advantage and may give a saving in losses
up to about 109 over a given time. Above 1,500 volts the
rectifier holds the field almost completely.

In considering the question of efficiency, load factor must
also be taken into account. For example, if the load factor
on a 240 volt D.C. system is very low, then, although the
rectifier has a decidedly lower efficiency curve than the corres-
ponding rotary converter, the losses at no-load and very light
loads are comparatively small, so that the *“ all-day ’ efficiency
may actually be higher than that of the rotary converter.

Power Factor

Power factor may generally be controlled within certain
limits on rotating converting plant, and, for instance, is
usually adjusted to unity at full load and mean D.C. voltage
for rotary converters and motor converters. In the case of
motor generator sets the A.C. machine may be a synchronous
motor or an induction motor with a phase advancer, whereby
it is possible to obtain leading wattless current for power
factor correction purposes.

In the case of a rectifier unit, the power factor is largely
outside the control of the designer, and depends upon the
reactance and magnetising current of the transformer when
supplying the rectifier. For six-phase equipments the power
factor will usually be between .93 and .94 from quarter load
to full load, and for twelve-phase equipments it may be as
high as .97.

Wave Form

The D.C. wave form of rotating converting plant contains
probably a small tooth ripple, but otherwise does not appreci-
ably deviate from a straight line, and interference troubles
are practically non-existent. On the other hand, the rectifier
has very definite harmonics in the D.C. wave form, and it is
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necessary to consider whether interference with radio or
neighbouring communication circuits will arise. A fairly
expensive equipment is, of course, necessary to smooth out
the harmonics if interference is produced.

Noise

Modern rotating plant can be made reasonably free from
noise although, particularly at the higher speeds, the plant
cannot be said to be quiet, and since ventilating openings are
required in the building, annoyance may be caused in residential
districts.

The steel tank rectifier is practically noiseless due to almost
complete elimination of moving parts. Furthermore, the sub-
station can in many cases be constructed without ventilating
openings which also ensures the elimination of dust and dirt.
The glass bulb unit requires an open fan, which can be made
to give reasonably quiet operation and, although ventilating
openings are necessary in the building, very little noise can
be noticed even in the immediate vicinity of the sub-station.

Voltage Regulation

One great advantage of rotating conversion plant is that
D.C. voltage regulation is inherently obtainable within reason-
ably wide limits, and the effect of series windings to give a
compounding effect is, of course, universally known.

The rectifier has an inherent shunt characteristic, and to
obtain D.C. voltage control, additional plant is necessary.
This, of course, necessitates further capital expenditure and
the maintenance of the additional apparatus.

Three-Wire Operation

The rotary and motor converter may be constructed to
operate on a three-wire system and to deal with the mid-
wire out-of-balance current ; the motor generator set requires
a static balancer or a separate balancer set.

The rectifier is inherently a two-wire machine, so that for
three-wire service it is necessary to install a rotary balancer
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set or, alternatively, balancer bulbs may be employed between
mid-wire and outers. Here again increased capital expendi-
ture and maintenance is involved and additional losses are
introduced by the balancer equipment.

Where balancer bulbs are employed it must be realised that
these units are operating at half the full line voltage and,
therefore, at a reduced efficiency, and, unless suitable pre-
cautions are taken, these bulbs may tend to operate as series
units to supply the line current.

If a rotary balancer set is employed, then suitable starting
and control gear is required, and in the case of any but manual
sub-stations, this is necessarily of the contactor type for auto-
matic starting and protection.

Sub-Station Building

With rectifier plant an absence of any tendency to vibration,
and the generally lighter construction of the plant allow
savings to be made in the construction of the building and
foundations, although it must be remembered that the trans-
former for the rectifier is generally larger than the one for the
corresponding rotary converter, and in the case of the motor
converter a transformer may not be required. The floor space
required for a rectifier equipment is frequently less than that
for a rotary converter, and is progressively less the higher the
D.C. system voltage becomes.

In view of the foregoing remarks, it is often possible for
negotiations to be conducted more easily for sub-station sites
in congested areas.

Maintenance

The maintenance and upkeep details associated with rotating
conversion plants are well known, and the reader will have
learnt from preceding chapters the extent of the attention
and replacements required with the rectifiers,

If a steel tank rectifier has to be opened up, the cost and the
time the equipment is out of service is greater than any
ordinary time taken for maintenance of rotating plant. On
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the other hand, there is no reason why a modern rectifier
should ever require to be opened up, since there is nothing in
the inside of the tank subject to wear, and, as the parts operate
in a vacuum which improves with service, the “life ” of a
rectifier tank is extremely long. It follows that the mainten-
ance costs are lower than where slip rings, commutator and
brush gear require attention.

The replacement of brushes on high speed converting
plant, over a number of years, is an expensive item and is
comparable with the replacement of bulbs in a glass bulb
equipment.

Control

The control gear required for a rectifier equipment is com-
paratively simple, and very small additions are required to
convert a manually controlled unit to render it suitable for
remote or fully automatic control. The time for starting up
is very short, since no synchronising and paralleling operations
are required.

With rotating conversion plant the control gear for manual
operation is also comparatively simple, but becomes quite
extensive where remote control or automatic operation is
required. In place of the hand operated starting and running
switches, contactors are necessary, and numerous relays
are required for synchronising, paralleling and protective
purposes.

The rectifier almost invariably shows up to great advantage
where plant is required for unattended sub-stations, since the
cost and maintenance of the necessary control gear is decidedly
lower than for other forms of converting units.

Rectifiers are not so much affected by brief heavy overloads
or by A.C. system disturbances, since there is no synchronising
and no stored energy due to the inertia of rotating parts.
Parallel operation with other plant is also readily obtained,
due to the irreversibility of the rectifier, and the voltage of
operation has no marked effect on the power factor unless grid
control is employed for such a purpose.
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Capital Cost

A comparison of actual costs of converting equipment is,
in general, unsatisfactory in a book of this nature, since prices
are subject to variation depending upon numerous conditions.
Furthermore, each problem has its own peculiarities so that
a strict comparison should only be made against tenders for
a given specification. It can be assumed for a preliminary
survey that for plant to operate at 500 to 600 volts that the
rotary and the rectifier equipments will roughly cost about
the same. At higher voltages the rectifier is progressively
cheaper and at lower voltages dearer than the corresponding
rotary equipments.

The present minimum economical size of a metal clad
rectifier is about 500 k.w. The glass bulb rectifier can be made
down to very small capacities, but though the initial costs may
not be too attractive, by taking into account also maintenance
and operation costs, the saving by the use of rectifiers in place
of other forms of conversion unit may become a sound financial
proposition.

Comparative Costs

It has been stated that to give actual costs of comparison
serves no useful purpose except where equipments are quoted
against a definite requirement. Even then, with prices
continually altering it is not safe to set down the costs in
£ s. d. in a book. It is, therefore, preferred in giving the
following example to compare costs on a percentage basis.
In general, if certain prices rise all plant is effected and the same
applies if the costs of production fall. The percentage variation
in difference of costs is modified in consequence but little, and
the example will remain comparatively true to facts.

Let it be assumed that a sub-station is to have a capacity of
1,500 k.w., and is to supply energy to a suburban tramway
traction system at 500 volts. A load chart to be expected is
as given in Fig. g9, which is in fact taken from actual charts.
It will be noticed that the sub-station is to house three similar
equipments and that one unit will operate for twenty-four
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hours, the second one will be started up when the load on the
first is 75 9 of the rated output of No. 1 unit. 'When the load
has increased to 75 % of the total rated output of the two units
combined, the third unit will start up. As the load decreases
the units will drop out of service in the reverse order and at
loadings, which will leave a margin on the remaining running
plant to prevent the unit which drops out from immediately
starting up again,

Three schemes suggest themselves, namely (a) a three unit

Load
Amperes.
300,
2500
2000 24
150 Jray F 1"
oy
100, oy ’ + 4
500 . YA o
P/V?J Machirde
39

Z1 234567690721 23 465678890712
Md'n. Mid-day Midn.
F1c. 99.—A summated load chart of three 500 K.W. 560 volt rotary converters
used to supply a typical suburban tramway system.

The load factor of No. 1 machine is 71.5%.

» » No.z ,, » 29.4%.

PR y No.3 ,, .. 16.5%.
The total energy demand per day is about 14,000 K.W.H. making an

annual demand of 5,110,000 K.\W Hs.

manually operated rotary converter sub-station, each machine
of 500 k.w. capacity, (b) an automatic rotary converter sub-
station, and (¢} an automatic mercury arc rectifier sub-station.

Turning to the chart in Fig. gg, it is noted that the load
factor of the units will be 71 % for No. 1, 29.4 % for No. 2 and
16.59% for No. 3. The total daily energy demand will be
14,000 k.w. hours, or 5,110,000 k.w. hours per annum, approxi-
mately.

Consider now graph (2) in Fig. 100, and it will be observed
that the automatic rotary converter sub-station is the most
expensive from the point of view of initial capital cost. This
cost is taken for purposes of comparison as 1009, the plant
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taking 81.6 9, and the building 18.4 % of the total price. Since
the buildings will be the same size for all three types of convert-
ing unit, the differences in the total price of each sub-station
is made up in the variation of the purchase price of the
respective units and distribution gear. The manual rotary
converter sub-station is the cheapest, at 77.6 % of the cost of
an automatic rotary converter sub-station, while the cost of

Auto.Rotary Auto.
% Manual 700% Rectifier
00 Rota 89:9%
a0 Y °
80 77-6% Comparative Plant and
70 Building Costs.
60 Plant Plant Plant :
50 59-29, 8767 7% Automatic Rotary
gg @) Equmeqyt taken
20 "y oy o as 100 %.
o e i MBI
% 100% CSpares, Upkeep ete.
lgg — Attendance+Supervision.
80 666 Losses per Anpum.
70 6% BB Overheads, Interest.redemp-
gg ®) W Rates ete. tionetr.
gg Y Comparative Annual
20 Charges.

Manua/ Rotary Costs taken;;t

e

75’0 7007 Comparative Costs of Conversion per kW-hour.

90 This graph is based on the two charts
grap

{5,3 67% given above and the chart in the previous

60 559 figure (99)

50 %anua/ Aot

40 otary wlo.

30 Rota Auto.

20 © otary Rectifier

Fi1c. 100.—Three charts given to indicate the comparative costs for a suburban
tramway system with a capacity of 1,500 K.W.at 560 volts D.C. operating
under the condition illustrated in Fig. 99.

the rectifier sub-station comes between the two extremes, at
89.9 9% of the cost of the automatic rotary sub-station.

These costs are based on the price of the conversion units,
two I1,000 volt feeder switch panels and a panel for each
trensformer to the converter unit, a D.C. switch board for the
control of the D.C. side of each unit, and includes for 4 D.C.
feeders. All the necessary automatic control gear in the case

P
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of the two automatic types and also high speed circuit breakers
on the D.C. feeders.

Now refer to graph (b). The costs here have been made up
as follows:

LaBour Costs.—For the manual rotary sub-station a four
cycle shift has been allowed for, comprising an attendant and
an assistant. In both the automatic sub-stations allowance
has been made for a daily visitation by an attendant, and each
week for the attendant to work two days of eight hours each,
with a mate and cleaner for overhaul and general cleaning
purposes.

OVERHEADS.—In these costs 109% has been allowed for
supervision on the labour charges just mentioned. The
redemption of capital costs of the equipment has been allocated
as equal increments spread over twenty years for the plant
and fifty years for the building. Loss of interest on capital at
3% % per annum has likewise been spread equally. Insurance
of the plant has been taken at 1/- per £1,000. A common
amount has been added for upkeep of the building, which
includes light, heat, repairs and pointing.

Losses.—The losses have been calculated on a basis of 0.5
pence per unit, and in accordance with the graphs of efficiency
given in Fig. 72 and the chart in Fig. 9q.

Rates.—The rateable value has been assessed at £z per
square yard of superficial area covered by the building and the
rates payable at 15/-in the £. The water rate has been fixed
at 71 9 per annum of the rateable value or assessment. The
water used for cooling purposes in the cases of the rectifier
sub-station should not exceed the allowance if a re-cooler is
used.

SPARES.—In this item new brushes have been allowed for
on a basis of a complete replacement per machine per annum.
Cleaning materials, oil, recorder charts, and sundry other items
have also been included.

It will thus be seen that the ground has been covered fairly



F1G. 101.—A typical cinema equipment which is particularly compact in so
far as the transformer is housed in the rectifier cubicles, and the whole
equipment self contained within a sheet iron enclosure.

[To face page 210.



T1G. 102.—A small tramway traction equipment used to boost the pressure
at the end of a track overhead line.
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completely and that most of the charges are based on data
which is common to all three types of sub-station.

The manual rotary converter sub-station now appears in an
unfavourable light, and if again a datum of 1009, is used it
will be noticed that the automatic rotary converter sub-station
has a value 33.4 % cheaper, while the rectifier is 11.9 % cheaper
still.

The third chart (c) has been plotted to show the relative cost
per k.w. hour of output from each of the sub-stations under
consideration. The manual rotary converter unit price has
been used as a datum.

If it is assumed that the energy is sold at 0.85 pence per
k.w. hour, which is a fair average price for sales in this country,
the relative profits obtained from each type of sub-station will
be as follows :

Automatic rectifier . . 1009,
Automatic rotary . . 97%
Manual rotary . . . 889

Thus for the cases under consideration the nett profits over
the twenty year life of the plant are

RECTIFIERS.—£38,600 more than obtained from the manual
sub-station ; or
£10,260 more than obtained from the auto-
matic rotary converter sub-
station.

The foregoing example clearly indicates that for the parti-
cular conditions which have been taken into account the
installation of rectifier equipments is certainly the most
attractive proposition. It must be realised that the example
is only for one particular case, and with a particular size of
unit. In other cases it may be found that rotating plant is
the most favourable type of unit to install, and each individual
installation must be considered separately.

The object of the example is to indicate that the rectifier
can be, and actually is, a serious rival to rotating plant, and
it is destined to become more popular as engineers become less
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conservative and more familiar with this type of unit for
conversion purposes.

In conclusion a few examples of the application of the
rectifier will be given.

The first photograph in Fig. 101 illustrates a small rectifier
equipment for service in a cinema. The input is at 400 volts
three-phase 50-cycles, and the output is at roo volts and
15 amperes from each bulb. A change over switch is provided
so that supplies may be given from either bulb at will. This
is a neat unit, the transformer being housed in the base of one
of the bulb cubicles. The electro-magnetic ignition apparatus
is clearly seen on the left hand side of each bulb. The cooling
fans should also be noted.

The second photograph, Fig. 102, is of a small traction
rectifier arranged for six-phase operation with a capacity of
100 k.w. at 400 volts. The L.T. A.C. supply is controlled by
a switch mounted on the side of the transformer. These two
equipments have been made by the Electric Construction Co.,
Wolverhampton.

Fig. 103 is a B.T.H. 1,200 k.w. rectifier equipment for
service on a 1,500 volt traction system. Installed at Erimus
sub-station, Newport-Shildon Line, London & North Eastern
Railway.

Fig. 104 shows a B.T.H. soo k.w. 500/520 volt rectifier
equipment arranged for automatic operation on a three-wire
power and lighting service, installed at Gateshead Sub-station,
North-Eastern Electric Supply Co.

Fig. 105 illustrates 2-2,000 k.w. B.T.Il. rectifier equipments
with air blast type transformers and arranged for remote
control.

Clapham Common Sub-station, London Passenger Trans-
port Board.

Fig. 106 is a photograph of a B.T.H. steel tank rectifier
equipment for operation at 20,000 volts D.C., installed at
Droitwich Station of the British Broadcasting Corporation.



FiG. 103.—A B.T.H. 1,200 K.W. 1500 volt traction equipment at the Erimus

sub-station on the Newport-Shildon Line of the London & North Eastern

Railway Co. The arrangement of the re-cooler system and the mounting of
the high speed circuit breaker are worth noting,

[To face page 212.
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Number &
Diameter
of
Wires
1/-036
1/:044
3/-029
3/-036
1/-064
7/-029
7/-036
7/-044
7:/052
7/-064
19/-052
19/-064
19/-072
19/-083
37/-004
37/-072
37/-083
37/-093
37/:103
61/-093
61/-103
91/:093
91/:103
12%/°103

APPENDIX

STANDARD CoOPPER CONDUCTORS

Area in
Square
Inches

-001
0015
002
003
003
0045
-007
‘010
‘0145
0225
‘040
-060
"075
-100
120
I50
200
250
-300
-400
*500
600
750

1:000

TABLE 1
Amperes  Weight
at in

IL.EE. Ibs. per

Rating 1,000 yds.
41 117
61 176
78 234
12-0 36-1
12-9 372
18-2 544
24-0 83-8
310 1252
370 1749
46-0 204-9
64-0 475°5
83-0 720°3
970 9110
1180 12110
1300 1403-0
1520 1776-0
1840 23600
2140 29630
2400 36350
2880 4886-0
3320 59940
384-0 72000
461-0 8942-0
5950 124810

213

Resist

in Ohms

per

1,000 yds.

2359

1579

12-36
8-019
7463
5-281
3427
2°295
1-643
1-084
-606
“400
316
238
205
‘162
‘122
"097
079
*059
-048
‘039
‘032
023

Volts
Drop
per
1,000 yds.
967
96-7
96-7
967
967
96-7
88-3
770
65°3
536
417
357
330
303
286
26-3
240
221
204
18-2
171
163
159
147
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TABLE 1II
MaxiMuM SAFE Loaps oN CHAINS, WIRE AND HEMP ROPES
CHAINS STEEL WIRE ROPE
Maximum Load on Single Chain. Maximum Load Single Rope.
Dia. of Chain Chain Circumfer- Rope Rope
Chain in Vertical at 45° ence of Rope Vertical at 43°
inches Ibs. 1bs. in inches Ibs. 1bs.
‘1875 550 350 10 750 500
25 1,000 700 1-125 1,000 650
-3125 1,500 1,000 1-25 1,300 850
-375 2,200 1,500 1375 1,750 1,200
*4375 3,000 2,250 1°5 2,250 1,500
‘5 4,000 3,000 1-625 2,600 1,750
-5625 5,000 3,500 175 2,000 1,950
-625 6,000 4,500 1-875 3,200 2,200
-6875 7,500 5,500 2-000 3,500 2,350
75 9,000 6,500 2-125 4,000 2,700
-8125 10,500 7,500 2-25 4,500 3,000
-875 12,000 8,500 2-375 5,000 3,300
‘9375 14,000 10,000 2:500 5,500 3,700
1-00000 16,000  II,500 2-625 6,000 4,000
1-0625 18,000 13,000 275 6,500 4,300
1125 20,000 14,500 2-875 7,000 4,700
1.1875 22,500 16,000 3-0000 7,750 5,250
1-25 25,000 17,500 3-25 8,750 5,750
1-3125 27,500 10,500 35 9,750 6,500
1-375 30,000 21,500 375 11,500 7,750
15 33,500 23,500 4-0000 15,500 10,000
1-625 38,000 26,500 4-25 17,000 11,500
I-75 42,500 30,000 45 18,500 12,500
1-875 48,000 33,500 475 20,500 13,500
2-0000 55,000 38,500 5:0000 21,500 14,500
525 23,500 15,500
55 25,500 17,000
575 27,500 18,500
6-00000 30,000 20,000



Circumference  Rope

of Rope in
inches

10000
15
2-0000
2°5
3-0000

Fusing Cur-
rent, Amps.
I
2

3
4
5
10
15
20
25
30
35
40
45
50
60
70
8o
ol
100
120

FUSE WIRE TABLE III

APPENDIX

HEMP ROPES
Maximum Load Single Rope.

Vertical
Ibs.
8o
160
280
450
650
875
1,125
1,425
1,750
2,125
2,500
3,000
3,500
COPPER
Dia. S.W.G
in. {app.)
0021 47
"0034 43
0044 41
"0053 39
0062 38
0008 33
‘0129 30
0156 28
0181 26
0205 25
0227 24
0248 23
0268 22
-0288 22
0325 21
0360 20
0304 19
0426 19
‘0457 18
0516

Rope
at 45°

1bs.
50
110
200
300
450
625
800
1,000
1,250
1,500
1,750
2,100
2,500

PART 1
ALUMINIUM
Dia. S.W.G.
in. (app.)
0026 46
0041 42
*0054 39
-0065 37
0076 36
0120 30
0158 28
0191 25
-0222 24
-0250 23
0277 22
-0303 21
0328 21
‘0352 20
0397 19
*0440 19
0481 18
0520 18
-0558 17
0630 16

215
Takes load
of two
single
ropes or
chains.
Takes load
of four
single
ropes or
chains,
PLATINOID
Dia. S.W.G.
in. (app-)
"0035 43
0056 39
0074 36
0089 35
‘0104 33
-0164 27
0215 24
0261 23
-0303 21
‘0342 20
‘0379 20
‘0414 19
0448 19
0480 13
0542 17
0601 16
‘0657 16
0711 15
‘0762 14
-0861 13
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Fusing Cur-
rent, Amps.

Dia.

in.

0072
0113
‘0149
0181
-0210
‘0334
"0437
-0529
0614
0694
-0769
0840
*090g
‘0975
‘II0I
-1220
1334
‘1443
1548
1748

TIN

S.W.G.
(app.)
37
31
28
26
25
21
19
17
16
I5
I4
I4
13
13
II
10
10

9
3

7

APPENDIX

PART 11
ALLO-TIN
Dia. S.W.G
in. (app.)
0083 35

‘0132 29
‘0173 27
-0210 25
"0243 23
-0386 19
0506 18
0613 16
0711 15
-0803 14
-08g0 13
'0973 13
-1052 12
1129 11
1275 10
‘1413 9
‘1544 8
1671 8
*1792 7
2024 6

LEAD
Dia. S.W.G.
in. {app.)
0081 35
0128 30
0168 27
-0203 25
0236 23
"0375 20
‘0491 18
"0595 17
-0690 15
0779 14
0864 13
"0944 13
1021 12
-10095 12
1237 10
1371 9
'1499 9
1621 8
1739 7
1964 6
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ACCIDENT report book, 174
A.C. relays, 37, 38, 86, 140

Air break switches, 34

Air filter, 40

Alternator, 15, 118, 119

Ambulance perquisites, 174

Anode, arms, 3, 97

baffles, 47

coolers, 140, 145, 148, 160

fuses, 34

impurities, 3, 49

inductance coil, 15, 34, 35, 132

load factor, 31, 33

protection, 47, 50, 52

rating, 24, 49, 111

shields, 47, 48, 49, 50, 176

stem draining, 103

stress, 49

temperature, 49, 102

voltage drop, 12

Arc commutation, 11, 13, 15, 180,
190

T

control by grids, 176

stability, 50, 51, 52, 62, 142

striking of, 2, 36, 37, 38, 78, 84,

131, 138, 142, 144, 157, 158, 175,

177, 187

voltage drop, 1, 4, 12, 15, 27,
62, 67, 93, 145, 150, 151, 153, 178

Architecture, 67

Arcing tips, 116

Artificial loading, 3, 26

Atmospheric pressure, 53

Automatic features, 65, 78, 79, 8o,
81, 82, 83, 84, 85, 86, 87, 88, 156

shut off valve, 54, 58, 112, 132,

134, 136, 137, 148, 157, 160

sub-stations, 78

Auto-reclose circuit breakers, 79, 8o

Auto-transformers, 40, 42

BACK-FIRES, 2, 15, 40, 49, 50,
52, 62, 84, 95, 113, 143, 180, 181
Bake-out, adjustments, 147

Bake-out, divided, 146

emergency, 147

—— final, 136, 146, 147

——— final instructions, 148

full wave, 144

—— half wave, 143

instructions prior to, 99, 137,

140

overload, 146

resister, 142, 144

—— what it is and does, 3, 143

windings, 74

Balancer-rotary, 93, 113, 2035

Barometric seal, 57, 133

pressure, 57, 122

Backing pump. See rotary vacuum
pump.

Bedding in switch contacts, 1135, 129

Bela Schafer, 5

Benzine, 100, 107

Birmingham, 5

Board of Trade Regulations, r14

Borosilicate glass, 4

Breathers, calcium chloride, 166

silica gel, 166

Brief history of rectifiers, 1

British Broadcasting Corporation,
212

British Thomson-Houston Co., 6

British patents, 1, 2

British standard testing needles, 117

Brown Boveri Co., 5

B.S.S. 109 air break switches, 129

110 air circuit breakers, 129

1598 bus bars, 129

358 sphere gaps, 120, 121

Buildings, 70, 71, 75, 76, 205

costs, 68, 77

Bulbs, adjustments to, 37, 97, 131,
155

artificial cooling, 3, 4. 39
—— blackening, 155

—— handling, 97

seals, 5

219
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Bulbs, strains, 4, 5
production, 4, 5
transport, g7

working in, 40, 132, 155
Bus bar expansion, 129, 130

(CABLES, 71, 73, 75, 96, 97, 108,
109, III, 114

calculation of sizes, 31, 32, 111

specification, 32, 63, 110, 111

creapage clearance, I11I

Calcium chloride breathers, 166

Calibration of high speed breakers,
163

Capital costs, 27, 65, 66, 68, 90, 207

Cathode inductance coil, 35, 39, 132,
192

voltage drop, 12

Choice of type of plant, 64, 69

Commercial production of bulbs, 4

Commutator-less motors, 198, 199

Comparative costs, 207

Compensating reactor, 27

—— valve, 56, 139

Contact tips of H.S. breakers, 161,
162

Contact making relays, 56

Control circuits, 85, 86, 206

—— of cooling fan speed, 39, 40

of voltage by grids, 41, 176

transformers, 85, go

Cooling, artificial, 3, 4, 39

water, 47

water systems, 57, 58, 59, 100,
10I, 102, 103, 104, 105, 106

Copper-oxide rectifiers, 51, 87

Creed vacuum relay, 140

Critical value of load current, 62

Current, conduction, 1

—— limitation, 5, 27, 39, 49, 50

relays, 26, 39, 65, 74, 80

transformers, 123, 125, 126, 151

limiting resistances, 85, 9o

D.C., bus bars, 129

reactor, 60, 61, 108, 112, 141
relays, 37, 38, 39, 131
switchgear, 129
Dielectric tests on oil, 165
Diffuser pump. See mercury pump.
Diode valve, 6, 176
Direct acting relays, 181, 182
Discriminative protection, 92, 153
Displacement factor, 192

INDEX

Distortion factor, 192
Divided bake-out, 146
Dixon’s compound, 104
Draining anode stems, 103
Drawing office staff, g6

EARTHING, 96, 97, 104, 106, 112,
113, 115, 119, 121

Earth leakage relay, 85, 86, 111, 123,
148

Economic rating, 65, 66, 67, 69, 207

Edison Effect, x

Efficiency, 65, 67, 93, 149, 150, 153,
202

all day, 66, 203

curves, 66, 200

of rotary converters, 67, 202

Electric Construction Co., 212

Electro-magnetic ignition, 36, 37, 38,

39
Electrolysis, 58, 59, 62, 65, 103
Electrostatic field, 7, 12
Emergency bake-out, 147
door, 71
Excitation chokes, 36, 38, 52, 131,
155

general information, 33, 36, 51,

52, T41

relays, 78

transformer, 37, 75, 84, 106,
111, 157

Expansion reservoir, 103, 104, 16I

FACTORY Act, 174
Failure of E.H.T. supplies, 46, 84,
94, 133, 158

Fan motor circuits, 39

speed control, 39, 40

Final bake-out, 136, 146, 147

Fire insurance, 77

risk, 70, 71, 77, 78, 174

First principles, 8

Fleming, Sir Ambrose, I

Foreign gases, 3, 52, 56

Frequency conversion, 196

high, 196

variation, 60, 110, 149

Full wave bake-out, 144

Fuses, E.H.T., 85, 9o, 116

L.T., 34, 37, 85, 90, 110, 130,

131

G.E.C. of America, 5
G.E.C., British, go



INDEX

Generator, D.C., 75, 129, 160, 185
Grid, arrangement of, 176

methods of exciting, 171, 178,
184, 185, 186, 187, 188

protection, 180

Grid control, of arc, 177

of voltage, 183
principles, 175
Guntheschultze, 3

}{ARMONICS, 18, 19, 25, 206, 27,
28, 29, 61, 62, 63, 149, 184, 192,

203

Heavy duty rectifiers, 3, 8, 27, 65, 68

Hendon sub-station, 6

Hewitt, Peter Cooper, 1

Hewittic Electric Co., 5

High frequency current, 196

oscillation, 121

High speed breakers, 83, 86, 90, 91,
92, 111, 112, 113, 183

calibration, 163

operation and main-

tenance, 161
High voltage tests, 116, 149
calculations, 122,

123

form factor, 122
induction regulator

control, 118
measurements, 120
methods of apply-

ing, 117
—— on transformers,
114, 126
—— precautions, 116,
118
—— ——— rheostat control, 118
—_ —— series resistance con-
trol, 118
_— —— types of, 117
—— —— voltage regulation,
118

—_ sphere gaps, 117
High voltage operation, 41, 212
transmission, 83

IGNITION, 35, 36, 51, 131
and excitation circuits, 36,

Inglined potential control, 188
Industrial service, 64, 70
Induction heaters, 53, 134
regulators, 41

221

Inductive loop, 61, 62

Insulation tests, 116, 119, 126, 138

Insulating pads, 98

Installation of plant, g6

Interconnecting cables, 15

Interference. 29, 6o, 61, 62, 193. 203

Intermediate vacuum chamber, 67,
133, 136

Internal cooling system, 47

Interphase reactor, 135, 21, 23, 24, 25,
26, 27, 29, 30, 42, 74, 157, 184

Inverse time limit relay, 34, 80, 91,
123

Inverted operation, 189, 193

JOINTING pipe work, 104

KICK test, 123
Kirtchoff, 22

ABOUR costs, 03, 210
Langmuir, Dr., 52
Lay-out of sub-stations, 70, 71, 72,
73, 74, 75, 76, 96
Leakage current, 58, 102, 114, 118
Limit of emission, 7

© Limit switches, 46

L.M.S. Railway Co., 212

L. & N.E. Railway Co., 212
Load factor, 208

sharing, 27, 35, 74, 157
relay, 74

! Loading resistance, 26

Lock-out relay, 85, 87

London Electric Railway Co., 6

London Passenger Transport Board,
212

Losses, 53, 93, 210

of revenue, 94

in excitation circuit, 52

in induction regulator, 41

in interphase reactor, 26

in transformers, 108, 152

Low power plant, 64

l\d;\INTEN:\NCE of automatic
features, 95, 168

buildings, 173

glass bulb rectifiers, 63,

139, 172, 205

— high speed breakers, 161

—— —— relays, 171

steel tank rectifiers, 73,

159, 172, 205
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Maintenance, switchgear, 93, 171, 172

transformers, 77, 164, 172

McLeod vacuum gauge, 535, 98, 106,
134, 135, 136, 139, 140, 144

Medium power plant, 64

Mercury, addition to a valve, 7

pump, 51, 52, 57, 58, 59, 84,

87, 101, 103, 133, I34, 136, 138,

158, 160

seals, 50, 98, 100, 145

Micalex seals, 50

Micron meter, 56

Micron, value of, 55, 57

Midworth repeater, 88, 89, go

Minister of Transport, 6

Molybdenum, 4

Motor generators, 51, 87

NATIONAL Grid, 95, 194
Negative space charge, 6, 7
Nicol prism, 4
Noise, 204
North Eastern Electric Supply Co.,
212

OFFICE records, 173
Oil circuit breakers, 34, 78-86,
90, 95, 113, I30

Oil dash pots, 44

Oil dielectric strength, 108, 126, 127,
165

Qil trap, 133

Qil storage, 108

Operation of glass bulb rectifiers, 155

steel tank rectifiers, 156

Overflow pipes, 104

Overhead costs, 210

Overlap, 13, 15, 21, 22, 23

effects of, 14

Overload bake-out, 146

general information, 49, 66, 8o,

84, 91

ratings, 69, 70

relays, 34, 86, 91, 123, 130, 148

PARALLELING, 25, 80, 94, 132,
156, 157, 158, 206

Parallel operation, 35, 44, 64, 83, 86

Peaking transformer, 186

Phase rotation, 141, 144

Phase shift of ignition, 178, 179

Phasing out, 141

Pirani vacuum gauge, 56, 75, 87, 112,

138, 142, 148

INDEX

Plant capacity, 65, 69

Power factor, 27, 42, 149, 153, 183,
191, 192, 203

——— meters, 149

Portland cement, 98

Pressure rise, control of, 26

-—— —— no-load, 25, 30, 33, 157,
184

relays, 41, 43, 74, 80, 81, 133

tests, 63, 108, 114, 116

Principles of rectification, 8

grid control, 157

Protection, 84, 83, 86, 95, 123

Protective enclosures, 75, 103, 112,
119

QUARTZ, 49

RAILVVAY Electricity Committee's

Report, 6
Rates, 210
Reactance. See also overlap, 12, 18,

21, 23, 24, 25, 27, 153, 157, 184

effect of, 14

in external circuit, 15

Reactive K.V.A,, 191, 192, 195, 196,
200

Reactor, compensating, 27

interphase, 15, 21, 23-30, 42,

74, 157, 184

D.C., 60, 61, 108, 112, 141

Recoolers, 58, 59, 75, 103, 104, 105,
138, 149, 157, 160, 161

Records, 173

Rectification, principles of, 8

Regeneration, 197

Regulation, 15, 17, 18, 25, 27, 41,
47, 157, 179, 184, 204

Relays, 78-88

testing, 123

Remote control, 41, 08, 74, 78, 84,
85, 88, 95

Replacement costs, 65

Resistance heaters, 52, 53

temperature coefficient, 56

Resonance, 120

Resonant shunts. See
circuits.

Reverse current trips, 84

Rotating converters, 5, 66, 69, 148

Rotary vacuum pump, 54, 55, 57, 75,
84, 85, 87, 106, 112, 132, 134, 136,
148, 158, 160, 161

smoothing
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Rubber hose, 38, 102, 103

—— seals, 30

Rupturing capacity of switchgear, 13,
94, 95

Rubbing velocity in pumps, 54

EALS, 2, 3, 4, 5, 50, 52, 08, 106,

148, 160

leakage, 99

current limitation of, 4, 5, 64

Secondary batteries, 86

Sectional rectifiers, 67

Seepage tests, 130

Sequence timing relay, 87

Short circuits, 15, 25, 27, 83, 92, 94,
95, I11I, 182, 183

Silica gel breathers, 166

Sine wave control of grids, 187

Small wiring, 97, 110, 112, 123, 123,
127

Smoothing circuits, 15, 6o, 87, 96,
108, 192

Spares, 210

Spare plant, 65

Specifications, 69, 158

Spectroscopic effect, 5

Sphere gaps, 117

use of, 121

Staff organisation, 168

Static earthing device, 114

Sub-station lay-out, 70, 71, 72, 73,
74, 75, 70, 90

Surge arresters, 03, 75, 96, 110, 140,
I4I, 159, 160

protection, 62, 159

Switchgear, considerations, 15, 94,
114

safety factor, 94, 95
——— purchase of, 94

TAP water, 53, 59, 101, 102
Technical Report on Pressure
Tests, 117

Testing, anode currents, 132

bus bar joints, 130

cathode chokes, 132

circulating pumps, 138

cooling fan motors, 132, 138

excitation currents,also voltage,
35, 37, 131, 141, 155

—— glass bulb rectifiers, 130

—— H.S. circuit breakers, 127, 162

ignition circuits, 131, 158

insulation, 116, 136
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Testing, insulating feet, 98

McLeod gauge, 55, 107, 135

oil circuit breakers, 115

phase rotation, 141, 144

phasing and voltage, 131

Pirani gauge, 138, 139

pressure, 116

relays, 123, I24, 125, 126

rotary pumps, 132

seepage, 130

steel tank rectifiers, 132

surge arresters, 140

transformers, 126, 152

vacuum, 136

pipes, 136

water glands, 134

Thermostatic relay, 59, 84, 87, 134,
138, 148, 157, 160

Thermal capacity, 69

Three-wire operation, 47, 93, 204

Thryatron valve, 182

Tilting coil, 37, 38

Time delay relay, 44, 139

Timing sequence relay, 87

Town’s water supply, 58

Traction service, 5, 6, 41, 61, 64, 68,
70, 71, 83, 86, go, 91, 183, 198, 207

Transformers, air cooled, 78

double-three-phase, 26, 27, 184

double triple star, 30

efficiency, 20, 24

end turns, 62

general information, 8, 15, 77,

108, 131, I45

indoor v. outdoor, 77

inductance, 22

K.V.A. ratings, 20, 24, 27, 69

leakage flux, 13, 17

losses, 108, 152

oil, 108

on load tap changing, 41, 157

overheating, 85

peaking, 186

permeability, 19

pressure tests, 114, 126

quadruple zigzag, 26, 29, 184

six-phase delta double star, 18

star double star, 19

triple star, 26, 27

three-phase, 16, 31

zigzag, 17, 31

triple four-phase, 26, 29

utility factor, zo, 24, 30, 33

water-cooled, 167

water tubes, cleaning, 167, 168
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Transmission, high voltage, 194
Triple frequency M.M.F., 18, 25, z7
current, 18, 26

UTILITY factor, 20, 24, 30

VALVE action of rectifier, 6
Vacuum chamber, 47, 49, 51, 535,
56

See inter-

interstage reservoir.
stage reservoir.

piping, 75, 76, 102, 104, 106,
107, 134

protection, 87

pumping, 3, 106, 108, 134, 136,

143

relays, 56, 140

Vapour pressure, 4, 7, 12, 35, 37, 52,
62, 139

Variable speed control of fan motors,
39, 40

Ventilation, 40, 70

Voltage drop tests, 111

—— factors, 33

INDEX

| Voltage control, 40, 41, 42, 80, 81,
82, 83, 94

WANDERING hot spot, 49
Ward-Leonard, 197

Water circulating pumps, 5I, 75, 104,
103, 106, 134, 138, 160

Water as an insulator, 58, 103

cooled transformers, 167

cooling, 57, 59, 100, 134

distilled, 59, 104

jacket, 47, 49, 59, 103, 138

supplies, 58, 59, 70, 138

Watt meters, 150

Wave form, 1o, 14, 19, 26, 27, 35, 60,

| 62, 119, 121, 122, 123, 149, 203

distortion, 19, 28, 42, 62,

122, 184, 185, 191, 192

of induced pressure, 21,

{
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23, 122
Weintraub seal, 51
Welding glass bulbs, 4
Wheatstone bridge, 56, 138
Wireless reception, 6
Working in bulbs, 40, 132, I55
Workman's Compensation Act, 174
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