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CHAPTER 1
INTRODUCTION/SAFETY

1-1. Purpose

This manual contains a generalized overview of the
fundamentals of transformer theory and operation.
The transformer is one of the most reliable pieces of
electrical distribution equipment (see figure 1-1). It
has no moving parts, requires minimal maintenance,
and is capable of withstanding overloads, surges,
faults, and physical abuse that may damage or destroy
other items in the circuit. Often, the electrical event
that burns up a motor, opens a circuit breaker, or
blows a fuse has a subtle effect on the transformer.
Although the transformer may continue to operate as
before, repeat occurrences of such damaging electri-
cal events, or lack of even minimal maintenance can
greatly accelerate the eventual failure of the trans-
former. The fact that a transformer continues to oper-
ate satisfactorily in spite of neglect and abuse is a tes-
tament to its durability. However, this durability is no
excuse for not providing the proper care. Most of the
effects of aging, faults, or abuse can be detected and

corrected by a comprehensive maintenance, inspec-
tion, and testing program.

1-2, Scope

Substation transformers can range from the size of a
garbage can to the size of a small house; they can be
equipped with a wide array of gauges, bushings, and
other types of auxiliary equipment. The basic operating
concepts, however, are cormmon to all transformers. An
understanding of these basic concepts, along with the
application of common sense maintenance practices
that apply to other technical fields, will provide the
basis for a comprehensive program of inspections,
maintenance, and testing. These activities will increase
the transformers’s service life and help to make the
transformer’s operation both safe and trouble-free.

1~3. References

Appendix A contains a list of references used in this
manual.
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Figure 1-1. Typical power transformer.
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1-4. Maintenance and testing

Heat and contamination are the two greatest enemies to
the transformer’s operation. Heat will break down the
solid insulation and accelerate the chemical reactions
that take place when the oil is contaminated. All trans-
formers require a cooling method and it is important to
ensure that the transformer has proper cooling. Proper
cooling usually involves cleaning the cooling surfaces,
maximizing ventilation, and monitoring loads to ensure
the transformer is not producing excess heat.

a. Contamination is detrimental to the transformer,
both inside and out. The importance of basic cleanliness
and general housekeeping becomes evident when long-
term service life is considered. Dirt build up and grease
deposits severely limit the cooling abilities of radiators
and tank surfaces. Terminal and insulation surfaces are
especially susceptible to dirt and grease build up. Such
buildup will usually affect test results. The transformer’s
general condition should be noted during any activity,
and every effort should be made to maintain its integrity
during all operations.

b. The oil in the transformer should be kept as pure as
possible. Dirt and moisture will start chemical reactions
in the oil that lower both its electrical strength and its
cooling capability. Contamination should be the primary
concern any time the transformer must be opened. Most
transformer oil is contaminated to some degree before it
leaves the refinery. It is important to determine how con-
taminated the oil is and how fast it is degenerating.
Determining the degree of contamination is accom-
plished by sampling and analyzing the oil on a regular
basis.

c¢. Although maintenance and work practices are
designed to extend the transformer’s life, it is inevitable
that the transformer will eventually deteriorate to the
point that it fails or must be replaced. Transformer test-
ing allows this aging process to be quantified and
tracked, to help predict replacement intervals and avoid
failures. Historical test data is valuable for determining
damage to the transformer after a fault or failure has
occurred elsewhere in the circuit. By comparing test data
taken after the fault to previous test data, damage to the
transformer can be determined.

lI -50 safety

Safety is of primary concern when working around a
transformer. The substation transformer is usually the
highest voltage item in a facility’s electrical distribution
system. The higher voltages found at the transformer
deserve the respect and complete aftention of anyone
working in the area. A 13.8 kV system will arc to ground
over 2 to 3 in. However, to extinguish that same arc will
require a separation of 18 in. Therefore, working around
energized conductors is not recommended for anyone but
the qualified professional. The best way to ensure safety
when working around high voltage apparatus is to make
absolutely certain that it is de-energized.

1-2

a. Although inspections and sampling can usually be
performed while the transformer is in service, all other
service and testing functions will require that the trans-
former is de-energized and locked out. This means that a
thorough understanding of the transformer’s circuit and
the disconnecting methods should be reviewed before
any work is performed.

b. A properly installed transformer will usually have a
means for disconnecting both the primary and the sec-
ondary sides; ensure that they are opened before any
work is performed. Both disconnects should be opened
because it is possible for generator or induced power to
backfeed into the secondary and step up into the prima-
ry. After verifying that the circuit is de-energized at the
source, the area where the work is to be performed
should be checked for voltage with a “hot stick” or some
other voltage indicating device.

¢. It is also important to ensure that the circuit stays de-
energized until the work is completed. This is especially
important when the work area is not in plain view of the
disconnect. Red or orange lock-out tags should be applied
to all breakers and disconnects that will be opened for a
service procedure. The tags should be highly visible, and
as many people as possible should be made aware of their
presence before the work begins.

d. Some swifches are equipped with physical locking
devices (a hasp or latch). This is the best method for
locking out a switch. The person performing the work
should keep the key at all times, and tags should still be
applied in case other keys exist.

e. After verifying that all circuits are de-energized,
grounds should be connected between all items that
could have a different potential. This means that all con-
ductors, hoses, ladders and other equipment should be
grounded to the tank, and that the tank’s connection to
ground should be verified before beginning any work on
the transformer. Static charges can be created by many
maintenance activities, including cleaning and filtering.
The transformer’s inherent ability to step up voltages and
currents can create lethal quantities of electricity.

f. The inductive capabilities of the transformer should
also be considered when working on a de-energized unit
that is close to other conductors or devices that are ener-
gized. A de-energized transformer can be affected by
these energized items, and dangerous currents or volt-
ages can be induced in the adjacent windings.

g. Most electrical measurements require the applica-
tion of a potential, and these potentials can be stored,
multiplied, and discharged at the wrong time if the prop-
er precautions are not taken. Care should be taken during
the tests to ensure that no one comes in contact with the
transformer while it is being tested. Set up safety barri-
ers, or appoint safety personnel to secure remote test
areas. After a test is completed, grounds should be left on
the tested item for twice the duration of the test, prefer-
ably longer.



h. Once the operation of the transformer is under-
stood, especially its inherent ability to multiply voit-
ages and currents, then safety practices can be applied
and modified for the type of operation or test that is
being performed. It is also recommended that anyone
working on transformers receive regular training in
basic first aid, CPR, and resuscitation,

1-6. Nameplate data

The transformer nameplate contains most of the impor-
tant information that will be needed in the field. The
nameplate should never be removed from the trans-
former and should always be kept clean and legible.
Although other information can be provided, industry
standards require that the following information be dis-
played on the nameplate of all power transformers:

a. Serial number. The serial number is required any
time the manufacturer must be contacted for informa-
tion or parts. It should be recorded on all transformer
inspections and tests.

b. Class. The class, as discussed in paragraph 4-1,
will indicate the transformer’s cooling requirements
and increased load capability.

¢. The kVA rating. The kVA rating, as opposed to the
power output, is a true indication of the current carry-
ing capacity of the transformer. kVA ratings for the var-
ious cooling classes should be displayed. For three-
phase transformers, the kVA rating is the sum of the
power in all three legs.

d. Voltage rating. The voltage rating should be given
for the primary and secondary, and for all tap positions.

e. Temperature rise. The temperature rise is the
allowable temperature change from ambient that the
transformer can undergo without incurring damage.

Jf. Polarity (single phase}. The polarity is important
when the transformer is to be paralleled or used in con-
Jjunction with other transformers.

¢. Phasor diagrams. Phasor diagrams will be pro-
vided for both the primary and the secondary coils.
Phasor diagrams indicate the order in which the three
phases will reach their peak voltages, and also the
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angular displacement (rotation) between the primary
and secondary.

h. Connection diagram. The connection diagram
will indicate the connections of the various windings,
and the winding connections necessary for the various
tap voltages.

i. Percent impedance. The impedance percent is the
vector sum of the transformer’s resistance and reac-
tance expressed in percent. It is the ratio of the voltage
required to circulate rated current in the corresponding
winding, to the rated voltage of that winding. With the
secondary terminals shorted, a very small voltage is
required on the primary to circulate rated current on
the secondary. The impedance is defined by the ratio of
the applied voltagé to the rated voltage of the winding.
If, with the secondary terminals shorted, 138 volts are
required on the primary to produce rated current low
in the secondary, and if the primary is rated at 13,800
volts, then the impedance is 1 percent. The impedance
affects the amount of current flowing through the
transformer during short circuit or fault conditions.

J. Impulse level (BIL). The impulse level is the crest
value of the impulse voltage the transformer is required
to withstand without faiture. The impulse level is
designed to simulate a lightning strike or voltage surge
condition. The impulse level is a withstand rating for
extremely short duration surge voltages, Liquid-filled
transformers have an inherently higher BIL rating than
dry-type transformers of the same kVA rating.

k. Weight. The weight should be expressed for the
various parts and the total. Knowledge of the weight is
important when moving or untanking the transformer.

I Insulating fluid. The type of insulating fluid is
important when additional fluid must be added or
when unserviceable fluid must be disposed of.
Different insulating fluids should never be mixed. The
number of gallons, both for the main tank, and for the
various compartments should also be noted.

m. Instruction reference. This reference will indi-
cate the manufacturer's publication number for the
transformer instruction manual.

1-3
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CHAPTER 2
CONSTRUCTION/THEORY

2-1. Transformer applications

A power transformer is a device that changes (trans-
forms) an alternating voltage and current from one
level to another. Power transformers are used to “step
up” (transform) the voltages that are produced at gen-
erators to levels that are suitable for transmission

(higher voltage, lower current). Conversely, a trans-
former is used to “step down” (transform) the higher
transmission voltages to levels that are suitable for use
at various facilities {lower voltage, higher current).
Electric power can undergo numerous transformations
between the source and the final end use point (see fig-
ure 2-1).

PRIMARY

Appiied
Voltage

SECONDARY]

Induced
Voltage

&
1!
|

W/ RN

An alternating current circulating in the primary winding will
induce a potential in the secondary

ll

,,
I

“!
I

i
i\

7
!

Figure 2-1. Distribution system schematic.

a. Voltages must be stepped-up for transmission.
Every conductor, no matter how large, will lose an
appreciable amount of power (watts) to its resistance
(R) when a current (I) passes through it. This loss is
expressed as a function of the applied current
(P=I2xR). Because this loss is dependent on the cur-
rent, and since the power to be transmitted is a func-
tion of the applied volts (E) times the amps (P=IxE),
significant savings can be obtained by stepping the
voltage up to a higher voltage level, with the corre-
sponding reduction of the current value. Whether 100
amps is to be transmitted at 100 volts (P=IxE; 100 amps
X 100 volts = 10,000 watts) or 10 amps is to be trans-

mitted at 1,000 volts (P=IxE; 10 amps X 1,000 volts =
10,000 watts) the same 10,000 watts will be applied to
the beginning of the transmission line.

b. If the transmission distance is long enough to pro-
duce 0.1 ohm of resistance across the transmission
cable, P=I2R; (100 amp)2 X 0.1 ohm = 1,000 watts will
be lost across the transmission line at the 100 volt trans-
mission level. The 1,000 volt transmission level will cre-
ate a loss of P=I2R; (10 amp)2 X 0.1 ohm = 10 watts.
This is where transformers play an important role.

¢. Although power can be transmitted more efficient-
ly at higher voltage levels, sometimes as high as 500 or
750 thousand volts (KV), the devices and networks at

2-
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the point of utilization are rarely capable of handling
voltages above 32,000 volts. Voltage must be “stepped
down” to be utilized by the various devices available.
By adjusting the voltages to the levels necessary for the
various end use and distribution levels, electric power
can be used both efficiently and safely.

d. All power transformers have three basic parts, a
primary winding, secondary winding, and a core. Even
though little more than an air space is necessary to
insulate an “ideal” transformer, when higher voltages
and larger amounts of power are involved, the insulat-
ing material becomes an integral part of the trans-
former’s operation, Because of this, the insulation sys-
tem is often considered the fourth basic part of the
transformer. It is important to note that, although the
windings and core deteriorate very little with age, the
insulation can be subjected to severe stresses and
chemical deterioration. The insulation deteriorates at a
relatively rapid rate, and its condition ultimately deter-
mines the service life of the transformer.

2-2. Magnetic flux

The transformer operates by applying an alternating
voltage to the primary winding. As the voltage increas-
es, it creates a strong magnetic field with varying mag-

netic lines of force (flux lines) that cut across the sec-
ondary windings. When these flux lines cut across a
conductor, a current is induced in that conductor. As
the magnitude of the current in the primary increases,
the growing flux lines cut across the secondary wind-
ing, and a potential is induced in that winding. This
inductive linking and accompanying energy transfer
hetween the two windings is the basis of the trans-
former's operation (see figure 2-2). The magnetic lines
of flux “grow” and expand into the area around the
winding as the current increases in the primary. To
direct these lines of flux towards the secondary, vari-
ous core materials are used. Magnetic lines of force,
much like electrical currents, tend to take the path of
least resistance. The opposition to the passage of flux
lines through a material is cailled reluctance, a charac-
teristic that is similar to resistance in an electrical cir-
cuit. When a piece of iron is placed in a magnetic field,
the lines of force tend to take the path of least resist-
ance (reluctance), and flow through the iron instead of
through the surrounding air. It can be said that the air
has a greater reluctance than the iron. By using iron as
a core material, more of the flux lines can be directed.
from the primary winding to the secondary winding;
this increases the transformer’s efficiency.

PRIMARY

SECONDARY]

An alternating current circulating in the primary winding will
induce a potential in the secondary

Figure 2-2. Transformer flux lines.

2-3. Winding, current and voltage
ratios
If the primary and secondary have the same number of
turns, the voltage induced into the secondary will be
the same as the voltage impressed on the primary (see
figure 2-3).

a. If the primary has more turns than the secondary,

2-2

then the voltage induced in the secondary windings will
be stepped down in the same ratio as the number of
turns in the two windings. If the primary voltage is 120
volts, and there are 100 turns in the primary and 10
turns in the secondary, then the secondary voltage will
be 12 volts. This would be termed a “step down” trans-
former as shown in figure 24.
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Figure 2—. Transformer 10:1 turns ratio.

b. A “step up” transformer would have more turns on
the secondary than on the primary, and the reverse
voltage relationship would hold true. If the voltage on
the primary is 120 volts, and there are 10 turns in the
primary and 100 turns in the secondary, then the sec-
ondary voltage would be 1200 volts. The relationship
between the number of turns on the primary and sec-
ondary and the input and output voltages on a step up
transformer is shown in figure 5-2.

¢. Transformers are used to adjust voltages and cur-
rents to the level required for specific applications. A
transformer does not create power, and therefore
ignoring losses, the power into the transformer must
equal the power out of the transformer, This means
that, according to the previous voltage equations, if the
voltage is stepped up, the current must be stepped
down. Current is transformed in inverse propotrtion to
the ratio of turns, as shown in the following equations:

Np (turns on primary)
N, (turns on secondary)

I; (amperes in secondary)
Ip (amperes in primary)

[ (amperes secondary)
Ip (amperes primary)

Ep (volts primary)

E; (volts secondary)

d. The amount of power that a transformer can han-
dle is limited by the size of the winding conductors, and
by the corresponding amount of heat they will product

TM 5-686
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Figure 2-5. Transformer 1:10 turns ratio.

when current is applied. This heat is caused by losses,
which results in a difference between the input and
output power. Because of these losses, and because
they are a function of the impedance rather than pure
resistance, transformers are rated not in terms of
power (Watts), but in terms of kVA. The output voltage
is multiplied by the output current to obtain voli-amps;
the k designation represents thousands.

2-4. Core construction

To reduce losses, most transformer cores are made up
of thin sheets of specially annealed and rolled silicone
steel laminations that are insulated from each other.
The molecules of the steel have a crystal structure that
tends to direct the flux. By rolling the steel into sheets,
it is possible to “orient” this structure to increase its
ability to carry the flux.

a. As the magnetic flux “cuts” through the core mate-
rials, small currents called “eddy currents” are induced.
As in any other electrical circuit, introducing a. resist-
ance {(for example, insulation between the lamina-
tions), will reduce this current and the accompanying
losses. If a solid piece of material were used for the
core, the currents would be too high. The actual thick-
ness of the laminations is determined by the cost to
produce thinner laminations versus the losses
obtained. Most transformers operating at 60 Hertz
(cycles per second) have a lamination thickness
between 0.01 and 0.02 in. Higher frequencies require
thinner laminations.

b. The laminations must be carefully cut and assem-
bled to provide a smooth surface around which the
windings are wrapped. Any burrs or pointed edges
would allow the flux lines to concentrate, discharge
and escape from the core. The laminations are usually
clamped and blocked into place because bolting would
interrupt the flow of flux. Bolts also have a tendency to
loosen when subjected to the vibrations that are found
in a 60 cycle transformer’s core. It is important that this

2-3
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Figure 2-6. Transformer shell construction.

clamping arrangement remains tight; any sudden
increase in noise or vibration of the transformer can
indicate a loosening of the core structure.

2-5. Core form construction

There are two basic types of core assembly, core form
and shell form. In the core form, the windings are
wrapped around the core, and the only return path for
the flux is through the center of the core. Since the core
is located entirely inside the windings, it adds a little to
the structural integrity of the transformer’s frame. Core
construction is desirable when compactness is a major
requirement. Figure 2-6 illustrates a number of core
type configurations for both single and multi-phase
transformers.

2-6. Shell form construction

Shell form transformers completely enclose the wind-
ings inside the core assembly. Shell construction is
used for larger transformers, although some core-type
units are built for medium and high capacity use. The
core of a shell type transformer completely surrounds
the windings, providing a return path for the flux lines
both through the center and around the outside of the
windings (see figure 2-7). Shell construction is also
more flexible, because it allows a wide choice of wind-
ing arrangements and coil groupings. The core can also
act as a structural member, reducing the amount of
external clamping and bracing required. This is espe-
cially important in larger application where large
forces are created by the flux,

a. Certain wiring configurations of shell form trans-
formers, because of the multiple paths available for the
flux flow, are susceptible to higher core losses due to
harmonic generations. As the voltage rises and falls at

2-4

the operating frequency, the inductance and capaci-
tance of various items in or near the circuit operate at
a frequency similar to a multiple of the operating fre-
quency. The “Third Harmonic” flows primarily in the
core, and can triple the core losses. These losses occur
primarily in Wye-Wye configured transformers (see
chapter 3).

b. The flux that links the two windings of the trans-
former together also creates a force that tends to push
the conductors apart. One component of this force, the
axial component, tends to push the coils up and down
on the core legs, and the tendency is for the coils to
slide up and over each other. The other component is
the longitirdinal force, where the adjacent coils push
each other outward, from side to side. Under normal
conditions, these forces are small, but under short cir-
cuit conditions, the forces can multiply to hundreds of
fimes the normal value. For this reason, the entire coil
and winding assembly must be firmly braced, both on
the top and bottom and all around the sides. Bracing
also helps to hold the coils in place during shipping.

¢. The bracing also maintains the separation that is a
necessary part of the winding insulation, both from the
tank walls, and from the adjacent windings.
Nonconductive materials, such as plastic, hardwood or
plywood blocks are used to separate the windings from
each other and from the tank walls. These separations
in the construction allow paths for fluid or air to circu-
late, both adding to the insulation strength, and helping
to dissipate the heat thereby cooling the windings. This
is especially important in large, high voltage transform-
ers, where the heat buildup and turn-to-turn separa-
tions must be controlled.

d. The windings of the transformer must be separat-
ed (insulated) from each other and from the core, tank,
or other grounded material. The actual insulation
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between the turns of each winding can usually be pro-
vided by a thin enamel coating or a few layers of paper.
This is because the entire voltage drop across the wind-
ings is distributed proportionately across each turn. In
other words, if the total voltage drop across a winding
is 120 volts, and there are 100 turns in that winding, the
potential difference between each turn is 1.2 volts
(120/100).

e. Transformers are designed to withstand impulse
levels several times, and in some cases, hundreds of
times higher than one operating voltage. This is to pro-
vide adequate protection in the case of a lightning
strike, a switching surge or a short circuit. By allowing
oil to circulate between the windings, the tum-to-turn
insulating level can be appreciably increased and the
amount of heat built up in the windings can be effi-
ciently dissipated.

F Most large power transformers have their windings
immersed in some type of fluid. Although larger dry-
type transformers ar constantly being produced, and
many new forms of construction, such as resin cast and
gas filled, are being used for power applications, the
most common method of insulating the windings and
dissipating the heat is by submerging the windings and
core in an insulating fluid. Silicone, trichloroethane,
and a wide variety of low fire point hydrocarbon based
fluids are just a few of the fluids currently in use. This
manual primarily applies to mineral oilfilled trans-
formers. Although there are similarities between min-
eral oil and many other fluids being used, the manufac-
turer’s specifications and instructions for each fluid
should always be considered. Any reference in this

manual to insulating, unless otherwise stated, will be
implied to mean mineral oil.

g. Heat must be dissipated by fluid because no trans-
former is 100 percent efficient. There are many forms
of losses in a transformer, and although they have dif-
ferent sources, the resultant product of these losses is
heat build up within the tank. Transformer losses can
be divided into two general categories, load losses and
no-load losses. No-load losses are independent of the
applied load, and include core losses, excitation losses,
and dielectric losses in the insulation. Load loses con-
sist of the copper losses across the windings that are
produced by the applied current (I2R), and of the stray
currents in the windings that appear when the load is
applied. These loses are usually listed by the manufac-
turer for each type of transformer. They are especially
important when considering the cooling requirements
of the transformer.

k. Some of the important transformer equations are
as follows:

Basic transformer ratio:

Np (# turns primary)
N, (# turns secondary)

Ep (volts primary)
E; (volts secondary)

Current equation:
L, X Ny =1 X Ng
Percent efficiency:

output X 100%

input

output X 100%
output + losses

2-5
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CHAPTER 3
TRANSFORMER CONNECTIONS AND TAPS

3-1. Tapped primaries and
secondaries

To composite for changing input voltages, multiple
connections or “taps” are provided to allow different
portions of the winding to be used. When the taps are
connected on the primary winding, the turn-to-turn

ratio is changed, and the required secondary voltage
can be obtained in spite of a change in source voltage.
Manufacturers usually provide taps at 2-1/2 percent
intervals above and below the rated voltage (see figure
3-1}) Taps at 2.5 percent allow the number of titrns on
the primary to change.

Hy (RATED VOLTAGE)

Xy (RATED VOLTAGE)

Hp

Figure 3-1. Transformer taps.

a. Taps are usually changed by turning a crank or
hand-wheel, although some transformers require that a
cover be removed and the actual winding leads be con-
nected on a terminal board where all of the taps can be
accessed. Tap changers can be either “Load Tap
Changing” or “No-Load Tap (N.L.T.) Changing” units,
although most of them must be changed with the trans-
former de-energized.

b. Smaller single-phase transformers are usually pro-
vided with centertapped secondaries, with the leads
brought out from both halves of the tapped winding.
When the center tap leads are connected together, that
winding becomes one continuous coil, and it is said to
be connected in series (see figure 3-2). Because the
maximum number of turns are used, the maximum
voltage is obtained, at the corresponding current level.

c. When the center taps are connected to the oppo-
site output leads, the winding becomes two separate
windings working in parallel (see figure 3-2). A lower
voltage at a corresponding higher current level is
obtained.

3-2. Polarity

Note that, when the center tap is connected in parallel,
both windings are oriented in the same direction with
respect to the primary. The clockwise or counterclock-
wise direction that the windings are wound on the core
determine the direction of the current flow (the
right-hand rule). This relationship of winding orienta-
tion to current flow in the transformer is kmown as
polarity.

a. The polarity of a transformer is a result of the rej-
ative winding directions of the transformer primary
conductor with respect fo the transformer secondary
(see figure 3-3). Polarity is a function of the trans-
former's construction. Polarity becomes important
when more than one transformer is involved in a cir-
cuit. Therefore, the polarities and markings of trans-
formers are standardized. Distribution Transformers
above 200 KVA or above 860 volts are “subtractive.”

b. Transformer polarity is an indication of the direc-
tion of current flow through the high-voltage terminais,

3-~1
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Figure 3-2. Single phase transformer secondary winding arrangements.

with respect to the direction of current flow through
the low-voltage terminals at any given instant in the
alternating cycle. Transformers are constructed with
additive or subtractive polarity (see figures 3-4). The
terminal markings on transformers are standardized
among the various manufacturers, and are indicative of
the polarity. However, since there is always the possi-
bility that the wiring of a transformer could have been
changed, it is important to check the transformer’s
polarity before making any wiring changes.

¢. The polarity is subtractive when the high-side lead
(H1) is brought out on the same side as the low-side
lead (X1). If a voltage is placed on the high-side, and a
jumper is connected between the H1 and X1 terminals
(see figure 3-5), the voltage read across the H2 and X2
terminals will be less than the applied voltage. Most
large power transformers are constructed with sub-
tractive polarity.

d. When the high-side lead (H1) is brought out on the
opposite side of the low-side lead (X1) and is on the
same side as the low side lead {X2), the polarity is addi-
tive. If a voltage is placed across the high-side, and a

jumper is connected between the H1 and X2 terminals,
the voltage read across the H2 and X1 terminals will be
greater than the applied voltage (see figure 23-6).

3-3. Autotransformers

Although the examples illustrated up to this point have
used two separate windings to transform the voltage
and current, this transformation can be accomplished
by dividing one winding into sections. The desired
ratio can be obtained by “tapping” the winding at a
prescribed point to yield the proper ratio between the
two sections. This arrangement is called an “Auto-
transformer.”

a. Even though the winding is continuous, the
desired voltages and currents can be obtained.
Although an autotransformer is made up of one contin-
uous winding, the relationship of the two sections can
be more readily understood if they are thought of as
two separate windings connected in series. Figure 3-7
shows the current and voltage relationships in the var-
ious sections of an autotransformer.

b. Autotransformers are inherently smaller than nor-

SUBTRACTIVE POLARITY

!H1 Ho
| S
. -

VVVvvvy

¥

ADDITIVE POLARITY

Figure 3-3. Physical transformer polarity.
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Figure 3-4. Diagrammatic transformer polarity.

mal two-winding transformers. They are especially
suited for applications where there is not too much dif-
ference between the primary and secondary voltages
(transformer ratios usually less than 5:1). An auto-
transformer will have lower losses, impedance, and
excitation current values than a two-winding trans-
former of th samme KVA rating because less material is
used in its construction.

¢. The major drawback of autotransformers is that
they do not provide separation between the primary
and secondary. This non-insulating feature of the auto-
transformer should always be remembered; even
though a low voltage may be tapped from an auto-
transformer, the low voltage circuit must be insulated
to the same degree as the high voltage side of the trans-
former. Another drawback is that the autotransformer’s
impedance is extremely low, and it provides almost no
opposition to fault current. Autotransformers are usu-
ally primarily for motor staring circuits, where lower
voltages are required at the start to reduce the amount
of inrush current, and higher voltages are used once the
motor is running. Autotransformers are used in power

™™ 5-686

applications where the difference between the primary
and secondary voltages is not too great.

3-4. Single and multi-phase
relationships

All transformations occur on a single-phase basis;
three-phase transformers are constructed by combin-
ing three single-phase transformers in the same tank.
As indicated by its name, a single-phase transformer is
a transformer that transforms one single-phase voltage
and current to another voltage and current level.

a. Alternating current single-phase power can be rep-
resented by a graph of constantly changing voltage ver-
sus time (a sine wave). The potential changes continu-
ously from positive to negative values over a given time
period. When the voltage has gone through one com-
plete series of positive and negative changes, it is said
to have completed one cycle, This cycle is expressed in
degrees of rotation, with 360 degrees representing one
full cycle. As shown in figure 3-8 a start point is desig-
nated for any sine wave. The sine wave position and
corresponding voltage can be expressed in degrees of
rotation, or degrees of displacement from the starting
point,

b. This alternating voltage can be readily produced
by rotating generators, and in turn can be easily utilized
by motors and other forms of rotating machinery.
Single-phase power is used primarily in residential or
limited commercial applications.

¢. Most industrial or institutional systems utilize a
three-phase power configuration. Three single-phase
lines are used (A, B and C), and it is only when they are
connected to an end use device, such as a motor or
transformer that their relationships to each other
become important. By convention, the individual phas-

©

Xy Xy

SUBTRACTIVE POLARITY. THE H1 AND X1 LEADS ARE ON THE SAME SIDE
VOLTAGE READ AT VOLTMETER V 15 LESS THAN THE APPLIED VOLTAGE.

Figure 3-5. Transformer subtractive polarity test.
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Figure 3-6. Transformer additive polarity test.

es of a three-phase distribution system are displaced
120 degrees (one third of a cycle) apart (see figure 3-9).

d. Rather than draw sine waves to show the position
of the phases, the relative angular displacement
(degrees ahead of or later than) is depicted by phasor
diagrams. Phasor diagrams are convenient because
they not only show the angular displacement, but they
also show how the phases are physically connected.
Transformer manufacturers use phasor diagrams on
the nameplate of the transformer to indicate the con-
nections and angular displacement of the primary and
secondary phases (see figure 3-10). The polarity of
three-phase transformers is determined both by where
the leads are brought out of the transformer, and by the
connection of the phases inside the tank. The two most
common connections for three-phase transformers are
delta and wye (star).

e. Delta and wye are the connections and relations of
the separate phase on either the primary or the sec-

ondary windings. The basic three-phase transformer
primary-to-secondary configurations are as follows:

—-Delta-delta ~Delta-wye
-Wye-wye -Wye-delta

f. These configurations can be obtained by connect-
ing together three single-phase transformers or by com-
bining three single-phase transformers in the same
tank. There are many variations to these configura-
tions, and the individual transformer’s design and appli-
cation criteria should be considered.

g. The wye connection is extremely popular for use
on the secondary of substation transformers. By con-
necting the loads either phase-to-phase or phase-to-
neutral, two secondary voltages can be obtained on the
secondary. A common secondary voltage on many dis-
tribution transformers is 208/120V, with the 208V
(phase-to-phase) connections being used to supply
motors, and the 120V (phase-to-neutral) connections

== 1
|
I
i
20 TURNS
120 VOLTS
1C AMPS
—— =
* !
5 TURNS
30 VOLTS )
40 AMPS
<=7 <i‘—,::l:‘
Autotransformers use one continuocus winding. The sntire winding must be consiructed to handle
higher secondary current(40A) and the higher primary voltage (120V)

Figure 3-7. Autotransformer.
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Figure 3-8. Sine wave.

Figure 3-9. Three phase sine waves.

being used to supply lighting loads (see figure 3-11).
These secondary voltages are related by the square
root of three (1.73). As shown in figure 311, this con-
figuration provides an added degree of flexibility.

h. Often, when ground fault is desired for certain cir-
cuits, the neutral will be isolated and carried through-
out the circuit (except at the system ground point, usu-

A
PUSH 120 /’ ‘\ 120
\ 4

PULL ~>_

: B 120 <

}____,_r___, ONE REVOLUTION ‘

! OR ONE CYCLE

Figure 3-10. Three phase phasor diagram.

connection) providing an isolated return path for load
currents. This provides an opportunity to monitor these
currents and to open the circuit in the event of a ground
fault. Although the neutral is eventually grounded, it is
isolated for the portion of the circuit where ground fault
protection is needed (usually in the switchgear between
the transformer secondary and the individual circuit
breakers), It is important in these configurations to
maintain the isolation of the neutral conductor. The

ally the wye-grounded secondary transformer common practice of bonding neutrals to ground at
Y-PRIMARY (4 WIRE)
DELTA PRIMARY A
A —p— B +
|
B ' T c
j L Hi N Hi Hat L T
s T e oo Boad Bass
M| [ m o rmol S228
1 ‘ X2 %3] i %1 xo 1HZ xa ‘
a !‘ 4 ¥ L I;n ‘ . . zg. ;
ey o
b—r — 1 € T s Pt L
. fy . g L
+ DELTA SECOXDARY = Y-SECONDARY (4 WIRE)
A a B b
/\ += /\ 0 ANGULAR Ni Nl O ANGULAR
} DISPLACEMENT /¢\\ /f’\ DISPLACEMENT
BV c b < A c a e

Figure 3-11. Delta-delta and wye-wye transformer configurations.
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every possible point can defeat this protective scheme
and render ground fault protection inoperative.

i. When the neutral conductor is grounded, it pro-
vides s stabilizing effect on the circuit. With the neutral
point solidly grounded, the voltage of any system con-
ductor, with respect to ground, cannot exceed the
phase-to-phase voltage. Without grounding the neutral,
any stable ground fault on one line raises the voltage of
the two remaining lines with respect to ground, to a
point as high as the phase-to-phase voltage. The impli-
cations are obvious; there will be less stress placed on
the system insulation components with the wye-
grounded connection.

3-5. Delta-wye and wye-delta
displacements

As current and voltage are transformed in the individ-
ual phases of a wye-delta or delta-wye transformer,
they can also have an angular displacement that occurs
between the primary and secondary windings. That is,
the primary wave-form of the A phase at any given
instant is always 30 degrees ahead of or displaced from
the wave form of the A phase on the secondary. This 30
degree shift occurs only between the primary and sec-
ondary and is independent of the 120 degrees of dis-
placement between the other phases.

a. By convention, delta-delta and wye-wye trans-
formers have zero degrees angular displacement
between primary and secondary. See the phasor dia-
grams in figure 3-11. The individual wave forms
between the primary and secondary are identical at any
given instant. Delta-wye and wye-delta transformers
have an angular displacement of 30 degrees. For these
types of connections, the high-voltage reference phase
angle side of the transformer is 30 degrees ahead of the
low-voltage reference phase angle at any given instant

for each individual phase. This displacement is repre-
sented on the transformer’s nameplate by a rotation of
the phasor diagrams between the primary and sec-
ondary. See the phasor diagrams in figure 3-12.

b. Most manufacturers conform to American
National Standards Institute (ANSID) Standard
(Ch7.12.70, “Terminal markings for Distribution and
Power Transformers’ (R1993), for the lead markings of
larger (subtractive polarity) three-phase power trans-
formers. The high-voltage lead, H1 is brought out on
the right side when facing the high voltage side of the
transformer case. The remaining high-voltage leads H2
and H3 are brought out and numbered in sequence
from right to left. The low-voltage lead, X1 is brought
out on the left side (directly opposite the H1 terminal)
when facing the low side of the transformer. The
remaining leads, X2 and X3 are numbered in sequence
from left to right (see figure 3-13). It is important to
note that these are suggested applications, and design
constraints can require that a transformer be built with
different markings. It is also important to remember
that in many existing installations, there is the possibil-
ity that the leads have been changed and do not con-
form to the standardized markings.

¢. Figure 3-14 shows the standard delta-wye three-
phase transformer’s nameplate illustrating many of the
topics covered in this chapter. The various primary tap
voltages, along with the numbered connection points
on the actual windings are referenced in the
“Connections” table. The wiring diagram shows the
relationship and connections of the individual wind-
ings, while the phasor diagrams show the phase angle
relationship between the individual phases, and
between the primary and secondary. Note also that the
temperature requirements, the tank pressure capabili-
ties, and the expansion and contraction-versus-temper-
ature values are spelled out.

Y -PRIMARY {UNGROUNDED)

GELTA PRIMARY

b
i l
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Figure 3-12. Wye-delta and delta-wye transformer configuration.
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Figure 3-13. Transformer lead markings.
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O

/

Figure 3-14. Wye deita transformer nomeplate.
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CHAPTER 4

COOLING/CONSTRUCTION CLASSIFICATIONS

4-1. Classifications

Although transformers can be classified by core con-
struction (shell or core type), the more functional types
of standardized classifications are based on how the
transformer is designed for its specific application, and
how the heat created by its losses is dissipated. There
are several types of insulating media available. Two
basic classifications for insulating media are dry-type
and liquid filled.

4-2. Dry-type transformers

Dry-type transformers depend primarily on air circula-
tion to draw away the heat generated by the trans-
former's losses. Air has a relatively low thermal capac-
ity. When a volume of air is passed over an object that
has a higher temperature, only a small amount of that
object’s heat can be transferred to the air and drawn
away. Liquids, on the other hand, are capable of draw-
ing away larger amounts of heat. Air cooled transform-
ers, although operated at higher temperatures, are not
capable of shedding heat as effectively as liquid cooled
transforms. This is further complicated by the inherent
inefficiency of the dry-type transformer. Transformer
oils and other synthetic transformer fluids are capable
of drawing away larger quantities of excess heat.

a. Dry-type transformers are especially suited for a
number of applications. Because dry-type transformers
have no oil, they can be used where fire hazards must
be minimized. However, because dry-type transformers
depend on air to provide cooling, and because their
losses are usually higher, there is an upper limit to their
size (usually around 10,000 kVA, although larger ones
are constantly being designed). Also, because oil is not
available to increase the dielectric strength of the insu-
lation, more insulation is required on the windings, and
they must be wound with more clearance between the
individual turns.

b. Dry-type transformers can be designed to operate
at much higher temperatures than oil-filled transform-
ers (temperature rises as high s 150 °C). Although oil is
capable of drawing away larger amounts of heat, the
actual oil temperature must be kept below approxi-
mately 100 °C to prevent accelerated breakdown of the
oil.

¢. Because of the insulating materials used (glass,
paper, epoxy, etc.) and the use of air as the cooling
medium, the operating temperatures of dry-type trans-

formers are inherently higher. It is important that ade-
quate ventilation be provided. A good rule of thumb is
to provide at least 20 square feet of inlet and outlet ven-
tilation in the room or vault for each 1,000 kVA of trans-
former capacity. If the transformer’s losses are known,
an air volume of 100 cfm (cubic feet per minute) for
each kW of loss generated by the transformer should
be provided. Dry-type transformers can be either self-
cooled or forced-air cooled.

d. A self-cooled dry-type transformer is coolec by the
natural circulation of air through the transformer case.
The cooling class designation for this transformer is
AA. This type of transformer depends on the convec-
tion currents created by the heat of the transformer to
create an air flow across the coils of the transformer.

e. Often, fans will be used to add to the circulation of
air through the case. Louvers or screened openings are
used to direct the flow of cool air acress the trans-
former coils. The kVA rating of a fan-cooled dry-type
transformer is increased by as much as 33 percent over
that of a self-cooled dry-type of the same design. The
cooling class designation for fan cooled or air biast
transformers is FA. Dry-type transformers can be
obtained with both self-cooled and forced air-cooled
ratings. The designation for this type of transformers is
AA/FA.

f Many other types of dry-type transformers are in
use, and newer designs are constantly being developed.
Filling the tank with various types of inert gas or casting
the entire core assemblies in epoxy resins are just a few
of the methods currently is use. Two of the advantages
of dry-type transformers are that they have no fluid to
leak or degenerate over time, and that they present
practically no fire hazard. It is important to rernember
that dry-type transformers depend primarily on their
surface area to conduct the heat away from to core.
Although they require less maintenance, the core and
case materials must be kept clean. A thin layer of dust
or grease can act as an insulating blanket, and severely
reduce the transformer’s ability to shed its heat.

4-3. Liquid-filled transformers

Liquid-filled transformers are capable of handling larg-
er amounts of power. The liquid (oil, silicone, PCB etc.)
transfers the heat away from the core more effectively
than air. The liquid can also be routed away from the
main tank, into radiators or heat exchangers to further
increase the cooling capacity. Along with cooling the

4-1
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transformer, the liquid also acts as an insulator. Since
oils and synthetics will break down and lose their insu-
lating ability at higher temperatures, liquid filled trans-
formers are designed to operate at lower temperatures
than dry-types (temperature rises around 55 °C). Just
as with dry-types, liquid-filled transformers can be self-
cooled, or they can use external systems to augment
the cooling capacity.

a. A self-cooled transformer depends on the surface
area of the tank walls to conduct away the excess heat.
This surface area can be increased by corrugating the
tank wall, adding fins, external tubing or radiators for
the fluid. The varying heat inside the tank creates con-
vection currents in the liquid, and the circulating liquid
draws the heat away from the core. The cooling class
designation for self-cooled, oil-filled transformers is OA.

b. Fans are often used to help circulate the air
around the radiators. These fans can be manually or
automatically controlled, and will increase the trans-
former’s kVA capacity by varying amounts, depending
on the type of construction. The increase is usually
around 33 percent, and is denoted on the transformer’s
nameplate by a slash (/) rating. Slash ratings are deter-
mined by the manufacturer, and vary for different
transformers. If loading is to be increased by the addi-
tion of pumps or fans, the manufacturer should be con-
tacted. The cooling class designation for a forced air-
cooled, oil-filled transformer is OA/FA,

¢. Pumps can be used to circulate the oil in the tank
and increase the cooling capacity. Although the con-
vection currents occur in the tank naturally, moving the
oil more rapidly past the radiators and other heat
exchangers can greatly increase their efficiency. The
pumps are usually installed where the radiators join the
tank walls, and they are almost always used in con-
junction with fans. The cooling class designation for
forced oil and forced air cooled transformers is
OA/FA/FOA.

d. To obtain improved cooling characteristics, an
auxiliary tubing system is often used to circulate water
through the transformer’s oil. This type of design is
especially suited for applications where sufficient air
circulation cannot be provided at the point of installa-
tion, such as underground, inside of buildings, or for
specialized applications in furhace areas. Because
water is used to draw off the heat, it can be piped to a
remote location where heat exchangers can be used to
dissipate the heat. In this type of construction, tubing is
used to circulate water inside the tank. The tubing cir-
culates through the oil near the top, where it is the
hottest; great pains must be taken to ensure that the
tubing does not leak, and to allow the water to mix with
the oil. Water is especially desirable for this applica-
tion because it has a higher therral capacity than oil. If
untreated water is used, steps must he taken to ensure
that the pipes do not become clogged by contaminants,
especially when hard water is used. The cooling class
designation for water-cooled transformers is FOW.
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4-4. Tank construction

Transformers can also be classified according to tank
construction. Although the ideal transformer is a static
device with no moving parts, the oil and the tank itself
are constantly expanding and contracting, or “breath-
ing,” according to the changing temperatures caused by
the varying load of the transformer.

a. When the oil is heated, it expands (0.08 percent
volume per °C) and attempts to force air out of the
tank. Thermal expansion can cause the oil level in the
tank to change as much as 5 or 6 inches, depending on
the type of construction. This exhaust cycle causes no
harm. It is on the contraction cycle that outside air can
be drawn into the tank, contaminating the oil

b. When oxygen and moisture come in contact with
oil at high temperatures, the oil’s dielectric strength is
reduced, and sludge begins to form. Sludge blocks the
flow of oil in the tank and severely reduces the trans-
former's cooling capacity. Various types of tank con-
struction are utilized to accommodate the trans-
former’s expansion and contraction cycles while
preventing the oil from being contaminated.

4-5. Free breathing tanks

Free-breathing tanks are maintained at atmospheric
pressure at all times. The passage of outside air is
directed through a series of baffles and filters.
Dehydrating compounds (such as calcium chloride or
silica gel) are often placed at the inlet to prevent the oil
from being contaminated. Free breathing transformers
substantiailly reduce the pressure forces placed on the
tank, but are not very effective at isolating the oil. Even
if the moisture is removed, the air will still contain oxy-
gen and cause sludging. Also, if the dehydrating com-
pounds are not replaced regularly, they can become
saturated and begin “rehydrating” the incoming air and
adding moisture to the oil.

4-6. Conservator tanks

Conservator or expansion type tanks use a separate
tank to minimize the contact between the transformer
oil and the outside air (see figure 4-1). This conserva-
tor tank is usually between 3 and 10 percent of the
main tank’s size. The main tank is completely filled
with ¢il, and a small conservator tank is mounted
above the main tank level. A sump system is used to
connect the two tanks, and only the conservator tank is
allowed to be in contact with the outside air.

a. By mounting the surp at a higher level in the con-
servator tank, sludge and water can form at the bottom
of the conservator tank and not be passed into the main
tank. The level in the main tank never changes, and the
conservator tank can be drained periodically to remove
the accumulated water and sludge. Conservator tank
transformers often use dehydrating breathers at the
inlet port of the conservator tank to further minimize
the possibility of contamination.
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CONSERVATOR TANK TRANSFORMERS
USE aN AUXILIARY TANK TO
ACCOMODATE THE TRANSFORMER'S
EXPANSION AND CONTRACTION
WITHOUT CONTAMINATING THE

MAIN TANK'S CIL

Figure 4—1. Conservator tank transformers.

&. Although this design minimizes contact with the
oil in the main tank, the auxiliary tank’s oil is subjected
to a higher degree of contamination because it is mak-
ing up for the expansion and contraction of the main
tank. Dangerous gases can form in the head space of
the auxiliary tank, and extreme caution should be exer-
cised when working around this type of transformer.
The auxiliary tank’s oil must be changed periodically,
along with a periodic draining of the sump.

4-7. Gas-oil sealed tanks

The gas-oil sealed tank is similar to the conservator
tank, in that an auxiliary tank is used to minimize the
oil's contact with the atmosphere (see figure 4-2).
However, in this type of design, the main tank oil never
actually comes in contact with the auxiliary tank’s oil.
When the main tank’s oil expands and contracts, the
gas in the head space moves in and out of the auxiliary
tank through a manometer type set-up. The auxiliary
tank is further divided into two sections, which are also
connected by a manometer. The levels of both sections
of the auxiliary tank and main tank can rise and fall
repeatedly, and the main tank’s oil will never come in
contact with the outside atmospheres. The oil in the
auxiliary tank is subject to rapid deterioration, and just
as in the conservator type, gases and potent acids can
form in the auxiliary tank if the oil is not drained and
replaced periodically.

4-8. Automatic inert gas sealed tanks

Some transformers use inert gas systems to complete-
ly eliminate contamination (see figure 4-3). These sys-
terns are both expensive and complicated, but are very
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GAS—0IL SEALED UNITS USE TWO TANKS
TO FURTHER ELIMINATE CONTAMINATION

Figure 4-2. Gus-¢il sealed transformers.

effective. The pressure in the tank is allowed to fluctu-
ate within certain levels (+/ 5 psi), and any excess
pressure is simply bled off into the atmosphere. When
the transformer cools and begins its intake cycle, the
in-going gas is supplied from a pressurized nitrogen
bottle. Nitrogen gas has little detrimental effect on the
transformer oil and is not a fire or explosion hazard.
Inert gas systems (sometimes called pressurized gas
systems) have higher initial installation costs, and
require more periodic attention throughout their life
than non-pressurized gas systems.
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AUTOMATIC INERT GAS UNITS ELIMINATE CONTAMINATION
BY USING PRESSURIZED GAS ON THE [NTAKE CYCLE

Figure 4-3. Automatic inert gas sealed transformers.
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4-9. Sealed tank type

Sealed tank units (see figure 4-4) are the most common
type of construction. The tank is completely sealed and
constructed to withstand a moderate amount of con-
traction and expansion (usually +/~ 5 psi). This pres-
sure difference will usually cover the fluctuations the
transformer will undergo during normal operation.

a. A gas blanket, usually nitrogen, is placed over the
oil in the main tank and this “cushion” helps to absorb
most of the forces created by the pressure fluctuations.
A slight pressure (around 1 psi} is maintained on the
tank to prevent any unwanted influx of air or liquid.
The higher pressures caused by severe overloading,
arcing, or internal faults are handled by pressure relief
devices.

b. There are many auxiliary systems and devices that
are used to maintain the integrity of the tank’s seal and
to compensate for any extreme or unplanned condi-
tions. There are also a number of gauges and relays
which are covered in chapter 9 that are used to moni-
tor the pressure and temperature conditions inside the
tank.

ar 1
i =k
SEALED TANK CONSTRUCTION 1S THE MOST COMMON,
AND REQUIRES STRONGER TANK WALLS ALONG WITH A
GAS CUSHION AT THE TOF TO ASSORE THE STRESS

Figure 4—4%. Sealed transformers.
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CHAPTER 5

INSULATING FLUIDS

5-1, Ol

~ -

Although new systems are fluids are constantly being
developed, mineral oil is the most common fluid in use
today. Polychlorinated biphenyl (PCBs) are not accept-
able to the Environmental Protection Agency (EPA) for
use in transformers. Any reference to “oil” or “insulat-
ing fluid” in this section will be understood to mean
transformer mineral oil. The manufacturer’s instruc-
tions and guidelines should be considered when deal-
ing with fluids.

a. Insulating fluid plays a dual function in the trans-
former. The fluid helps to draw the heat away from the
core, keeping temperatures low and extending the life
of the insulation. It also acts as a dielectric material,
and intensifies the insulation strength between the
windings. To keep the transformer operating properly,
both of these qualities must be maintained.

b. The oil's ability to transfer the heat, or its “thermal
efficiency,” largely depends on its ability to flow in and
around the windings. When exposed to oxygen or
water, transformer oils will form sludge and acidic
compounds. The sludge will raise the oil's viscosity,
and form deposits on the windings. Sludge deposits
restrict the flow of oil around the winding and cause
the transformer to overheat. Overheating increases the
rate of sludge formation (the rate doubles for every 10
°C rise) and the whole process becomes a “vicious
cycle.” Although the formation of sludge can usually be
detected by a visual inspection, standardized American
Society for Testing and Materials (ASTM) tests such as
color, neutralization number, interfacial tension, and
power factor can provide indications of sludge compo-
nents before visible sludging actually occurs.

¢. The oil's dielectric strength will be lowered any
time there are contaminants. If leaks are present, water
will enter the transformer and condense around the rel-
atively cooler tank walls and on top of the oil as the
transformer goes through the temperature and pres-
sure changes caused by the varying load. Once the
water condenses and enters the oil, most of it will sink
to the bottom of the tank, while a small portion of it
will remain suspended in the oil, where it is subjected
to hydrolysis. Acids and other compounds are formed
as a by-product of sludge formation and by the hydrol-
ysis of water due to the temperature changes. Water,
even in concentrations as low as 25 ppm (parts per mil-
lion) can severely reduce the dielectric strength of the

oil. Two important tests for determining the insulating
strength of the oil are dielectric breakdown and mois-
ture content.

d. The two most detrimental factors for insulating
fluids are heat and contamination. The best way to pre-
vent insulating fluid deterioration is to control over-
loading (and the resulting temperature increase), and
to prevent tank leaks. Careful inspection and docu-
mentation of the temperature and pressures level of the
tank can detect these problems before they cause dam-
age to the fluid. However, a regular sampling and test-
ing routine is an effective tool for detecting the onset of
problems before any damage is incurred.

5-2. Oil testing

ASTM has developed the standards for oil testing. The
following tests are recommended for a complete analy-
sis of a transformer’s oil:

a. Dielectric breakdown {ASTM D-877 & D-1816).
The dielectric breakdown is an indication of the oil’s
ability to withstand electrical stress. The most com-
monly performed test is ASTM D-877, and because of
this, it is more readily used as a benchmark value when
comparing different results. The oil sample is placed in
a test cup and an AC voltage is impressed on it. The
elecirodes are two discs, exactly 1 in. in diameter and
placed 0.10 in. apart. The voltage is raised at a constant
rate, until an arc jumps through the oil between the two
electrodes. The voltage at which the arc occurs is con-
sidered the dielectric strength of the oil. For systems
over 230 kV, this test is performed using spherical elec-
trodes spaced 0.04 or 0.08 in. apart (ASTM I»-1816).
Portable equipment is available for performing both
levels of this test in the field.

b. Neutralization number (ASTM D-974). Acids are
formed as by-products of oxidation or sludging, and are
usually present any time an oil is contaminated. The
concentration of acid in an oil can be determined by
the amount of potassium hydroxide (KOH) needed to
neutralize the acid in 1 g of oil. Although it is not a mea-
sure of the oil's electrical strength, it is an excellent
indicator of the pressure of contaminants. It is espe-
cially useful when its value is monitored over a number
of sampling periods and trending data is developed.

¢. Interfacial tension (ASTM D-971 & D-2285). The
interfacial tension of an oil is the force in dynes per
centimeter required to rupture the oil film existing at
an oil-water interface. when certain contaminants,
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such as soaps, paints, varnishes, and oxidation prod-
ucts are present in the oil, the film strength of the oil is
weakened, thus requiring less force to rupture. For in-
service oils, a decreasing value indicates the accumu-
lation of contaminants, oxidation products, or both.
ASTM D-971 uses a platinum ring to physically break
the interface and measure the force required. ASTM D-
22856 measures the volume of a drop of water that can
be supported by the oil without breaking the interface.

d. Power factor (ASTM D-924). The power factor is
an indication of the amount of energy that is lost as
heat to the oil. When pure oil acts as a dielectric, very
little energy is lost to the capacitance charging.
Contaminants will increase the energy absorbed by the
oil and wasted as heat. The power factor is a function
of the phasor angle (the angular displacement)
between an AC potential applied to the oil and the
resulting current. The test is performed by passing a
current through a test cell of known gap, and using a
calibrated capacitance or resistance bridge to separate
and compare the reactive and resistance portions of
the current passing through the oil.

e. Color (ASTM D-1500). The color of a new oil is
generally accepted as an index of refinement. For in-
service oils, a darkening of the oil (higher color num-
ber), observed over a number of test intervals, is an
indication of contamination or deterioration. The color
of an oil is obtained by comparison to numbered stan-
dards. Although there are charts available, the most
accurate way to determine the oil's color is by the use
of a color wheel and a comparator. An oil sample is
placed in the comparator, and the color wheel is rotat-
ed until a match is obtained. This test is most effective
when results are compiled over a series of test inter-
vals, and trending data is developed.

J. Moisture content {ASTM D-1533). Moisture con-
tent is very important in determining the serviceability
of an oil; the presence of moisture (as little as 25 parts
per million)} will usuaily result in a lower dielectric
strength value. Water content is especially important in
transformers with fluctuating loads. As the tempera-
ture increases and decreases with the changing load,
the transformer’s il can hold varying amounts of water
in solution. Large amounts of water can be held in solu-
tion at higher temperatures, and in this state (dis-
solved) the water has a dramatic effect on the oil’s per-
formance. Water contamination should be avoided.

(1) Water content is expressed in parts per million,
and although water will settle to the bottom of the tank
and be visible in the sample, the presence of free water
is not an indication of high water content, and it is usu-
ally harmless in this state. The dissolved water content
is the dangerous factor; it is usually measured by phys-
ical or chemical means. A Karl Fischer titrating appa-
ratus is one of the more common methods of measur-
ing the dissolved water content.
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(2) There are other tests available, such as
Flashpoint, Viscosity, and Specific Gravity. They are of
limited value for interpretation of the oil's quality, but
can be used for further investigation if unsatisfactory
results are obtained for the tests listed above.

(8) Table 5-1 lists the acceptable values for the
laboratory test results for various insulating fluids.

5-3. Dissolved gas in oil analysis

The primary mechanisms for the breakdown of insulat-
ing fluids are heat and contamination. An unacceptable
insulation resistance value will tell you only that the
insulation’s resistance is not what is should be; it is
hard to draw any conclusions as to why the insulation
is deteriorating. The standard ASTM tests for insulating
fluids will provide information about the actual quality
of the oil, but the cause of the oil's deterioration must
be determined by further investigation. Detection of
certain gases in an oil-filled transformer is frequently
the first indication of a malfunction. Dissolved gas in
oil analysis is an effective diagnostic tool for determin-
ing the problem in the transformer’s operation.

a. When insulating materials deteriorate, when
sludge and acid is produced, or when arcing or over-
heating occurs, various gases are formed. Some of
these gases migrate to the air space at the top of the
tank, but a significant amount is trapped, or
“entrained,” in the oil. By boiling off these gases and
analyzing their relative concentrations with a gas chro-
matograph, certain conclusions can be drawn about
the condition of the transformer.

b. Gases are formed in the ocil when the insulation
system is exposed to thermal, electrical, and mechani-
cal stresses. These stresses lead to the following gas-
producing events:

(1) Overheating. Even though the insulation will
not char or ignite, temperatures as low as 140 °C will
begin to decompose the cetlulose and produce carbon
dioxide and carbon monoxide. When hot spot tempera-
tures (which can be as high as 400 °C) occur, portions
of the cellulose are actually destroyed (by pyrolysis),
and much larger amounts of carbon monoxide are
formed.

(2) Corona and sparking. With voltages greater
than 10 kV, sharp edges or bends in the conductors will
cause high stress areas, and allow for localized low
energy discharges. Corona typically produces large
amounts of free hydrogen, and is often difficult to dif-
ferentiate from water contamination and the resulting
rusting and oxidation. When the energy levels are high
enough to create a minor spark, quantities of methane,
ethane and ethylene will be produced. Sparks are usu-
ally defined as discharges with a duration of under one
microsecond.

(3) Arcing. Arcing is a prolonged high energy dis-
charge, and produces a bright flame. It also produces a
characteristic gas (acetylene), which makes it the easi-
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Laboratory Test Values

; ! |
: | High Molecular | r
‘ Weight
Test \ 0il Hydrocarbon Silicone Tetrachloroethylene
Dielectric '30 kV Minimum |30 kV Minimum 30 kv 30 kV Minimum
Breakdown ASTM | i Minimum
D-877 | - 1 B
T T ]
Neutraliza-tion | .04 MG- , .03 MG- .01 MG- . | .25 MG-XOH/GMMaximum
NumberASTM D-974 ;KOH/GMMaximum ' KOH/GMMaximum KOH/GMMaxim
‘ um
InterfacialTensi |35 33 . i
OnASTM D-971 Dynes/cmMinim Dynes/cmMinimum
orD-2285 fum :
ColorASTM D-1500 | 1.0Maximum | N/AMaximum .05 (D-
= 2129}
visualConditionA iClear, 'N/A Crystal Clear, SlightPink
STM D-1524 ‘BrightPale Clear (D- Iridescent
jgtraw 2129) ]
Power FactorASTM 0.l%Maximum 0. l1%Maximum 0. 1%Maximum ! 2%Maximum
D-924@25 Deg. C ! i
Water 135 '35 PEMMaximum 80 25 PPMMaximum
ContentASTM D- | PPM*Maximum : PPMMaximum
153315 kv .
andbelow ; )
Above 15 kv - 25
below 115 kV - PPM*Maximum ]
115 kv-230 kv 20 PPMMaximum
Above 230 kV 15 PPMMaximum |

PPM maximum for all transformers.

*Or in accordance with manufacturer's reguirements.

Some manufacturers recommend 1%

est fault to identify. Acetylene will occur in a trans-
former’s oil only if there is an arc.

(a) Other conditions that will cause gases to
form in the transformer’s oil include tank leaks, oil con-
tamination, sludging and residual contaminants from
the manufacturing and shipping processes. In most
cases, the determinations that can be made are “edu-
cated guesses,” but they do at least provide a direction
and starting point for further investigation. Also, many
of the gases can be detected long before the trans-
former’s condition deteriorates to the point of a fault or
unacceptable test results.

(b) In general, combinations of elements that
occur naturally in pairs, such as hydrogen (Hy), oxygen
(02}, and nitrogen (No) reflect the physical condition
of the transformer. Higher levels of these gases can
indicate the presence of water, rust, leaky bushings, or
poor seals,

(c) Carbon oxides such as CO and COg reflect
the demand on the transformer. High levels of each can
show whether the transformer is experiencing minor

overload conditions, or if it, is actually overheating.

(d) The concentrations of hydrocarbon gases,
such as Acetylene, ethylene, methane and ethane indi-
cate the integrity of the transformer’s internal func-
tions, Acetylene will be produced only by a high energy
arc, and the relative concentrations of the others can
indicate cellulose breakdown, corona discharge or
other faults.

(e) Tables 5-2 and 5-3 show the various gases
that can be detected, their limits, and the interpreta-
tions that can be made from their various concentra-
tions.

(f) Dissolved gas in oil analysis is a relatively
new science, and new methods of interpretation are
constantly being devised. The Rogers Binary ratio, The
Dornenberg Ratios, and the Key Gas/Total Combustible
Gas methods are just a few. This type of analysis is still
not an exact science (it began in the 1960s), and as its
use becomes more widespread and the statistical base
of results grows, the determinations will become more
refined.

5-3



TM 5-686

Table 5-2. Dissolved gas in oil analysis.

Gases
Suggested Gas Limits in PPM Names and Symbols for
for In-Use Transformers Gases
H, \r 100 Hydrogen H,
O, 50,000 Oxygen G,
CHy 120 Nitrogen N,
C,H, 35 | Carbon co
‘Monoxide i
CyHy 30 |Carbon Dioxide Co,
Coub 65 Methane CH,
co 350 Ethane C,Hg
CO, 1000 Ethylene ; CyHy
1Acetylene ; CaH;,
Propane C4Hg
Propylene C3Hg
i IButane CaHqg
Below is a table showing gas combinations and their
interpretations indicating what may be happening inside
the operating transformers.

5-4. Transformer oil sampling

Saraples can be drawn from energized transformers,
although extreme caution should be observed when
working around an energized unit. It is a good practice,
for both energized and de-energized units, to attach an
auxiliary ground jumper directly from the sample tap to
the associated ground grid connection.

a. During the first year of a testing program, inspec-
tions and sampling should be conducted at increased
frequencies. Baseline data must be established, and
more frequent testing will make it easier to determine
the rate of change of the various items. A conservative
sampling interval would be taken immediately after
energization, and every 6 months for the first year of a
newly initiated program. Specialized applications such
as tap changers and regulators should be sampled more
frequently. Except for color and dieleciric strength,
which can be tested easily in the field, it is recom-
mended that cil analysis be performed by a qualified
laboratory.

b. Glass bottles are excellent sampling containers
because glass is inert and they can be readily inspected
for cleanliness before sampling. Impurities that are
drawn will be visible through the glass. The bottles can
be stoppered or have screw caps, but in no instance
should rubber stoppers or liners be used; cork or alu-
minum inserts are recommended. Clean, new rectangu-
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larshaped, I-quart cans with screw caps and foil
inserts are also good, especially when gas-in-oil analy-
sis is to be performed. Glass bottles and cans are well
suited if the sample must be shipped or stored. For
standard oil testing, a small head space should be left
at the top of the container to allow for this expansion
and contraction. For dissolved gas in oil, the can
should be filled all the way to the top to eliminate the
infusion of atmospheric gases into the sample.

¢. Because the usefulness of oil testing depends on
the development of trending data, it is important for oil
samples to be drawn under similar conditions. The
temperature, humidity, and loading of the transformer
shouid be documented for each sample, and any varia-
tions should be considered when attempting to develop
trending data. Samples should never be drawn in rain
or when the relative humidity exceeds 70 percent.
Different sampling techniques can alter the results, and
steps should be taken to ensure that all samples are
drawn properly.

d. When possible, oil samples should always be
drawn from the sampling valve at the bottom of the
tank. Because water is heavier than oil, it will sink to
the bottom and collect around the sampling valve. To
get a representative sample, at least a quart should be
drawn off before the actual sample is taken. If a num-
ber of samples are taken, they should be numbered by
the order in which they were drawn.



Table 5-3. Troubleshooting transformers with detected gases.
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Troubleshooting Chart

Detected Gases

Interpretations

a) Nitrogen plus 5% or less oxygen

Normal operation, good seals

b) Nitrogen plus 5% or more oxygen

Check seals for tightness

¢) Nitrogen, carbon dioxide, or
carbon monoxide, or all

. Transformer overloaded or operating
‘hot causing some cellulose
breakdown. Check operating
conditions

d) Nitrogen and hydrogen

Corona, discharge, electrolysis of
water, or rusting

e) Nitrogen, hydrogen, carbon
dioxide and carbon monoxide corona
discharge involving cellulose or
severe overloading

f) Nitrogen, hydrogen, methane with
small amounts of ethane and ethylene

| Sparking or other minor fault
‘causing some breakdown of oil

g) Nitrogen, hydrogen, methane with
carbon dioxide, c¢arbon monoxide and
small amounts of other hyvdrocarbons;
acetylene is usually not present

éSparking or cther minor fault
;causing breakdown of oil

h} Nitrogen with high hydrogen and
other hydrocarbons including
acetylene

.High energy arc¢ causing rapid
ideterioration of oil

I) Nitrogen with high hydrogen,
methane, high ethyliene and some
acetylene

j) same as (I) except carbon
dioxide and carbon monoxide present.

‘High temperature arcing of oil but
'in a confined area; poor connections
ior turn-to-turn shorts are examples
{same as (I} except arcing in

|combination with cellulose

e. The sample jars should be clean and dry, and both
the jars and the oil should be warmer than the sur-
rounding air. If the transformer is to be de-energized for
service, the samples should be taken as soon after de-
energization as possible, to obtain the warmest oil dur-
ing the sampling. The sample jars should also be thor-
oughly cleaned and dried in an oven; they should be
kept warm and unopened until immediately before the
sample is to be drawn.

5-5. Synthetics and other insulating
fluids

Although there are a number of synthetic compounds
available, such as silicone, trichloroethane, and various
aromatic and parafinic hydrocarbons, the most com-
mon transformer insulating fluids currently in use are
mineral oil and PCBs. The use of PCB has been severe-
ly restricted recently, and special attention shouid be
given to its maintenance and disposal.

a. PCB (polychlorinated biphenyl). PCBs have been
used extensively in industry for nearly 60 years. PCBs
were found to be especially suited for transformer

applications because they provided excellent insulat-
ing properties and almost no fire hazards. In the 1960s,
it was discovered that PCB, and especially the products
of its oxidation were harmful to the environment and to
the health of personnel. The USEPA began regulating
PCBs in the 1980s, and although the regulations are
constantly being changed and updated, prudent and
conservative policies should always be applied when
dealing with PCBs. PCB should not be allowed to come
in contact with the skin, and breathing the vapors or
the gases produced by an arc should be avoided. Safety
goggles and other protective equipment should be
worn when handling PCBs. Even though PCBs are no
longer being produced, there are still thousands of PCB
transformers in the United States alone. Transformers
that contain PCBs should be marked with yellow,
USEPA-approved stickers. The concentration of PCB
should be noted on the sticker, and all personnel work-
ing on or around the transformer should be aware of
the dangers involved. A PCB transformer should be
diked to contain any spills, and all leaks should be rec-
tified and reported as soon as possible. If the trans-
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former requires addition fluid, only approved insulating
fluids, such as RTemp should be mixed with the PCB. If
the handling and disposal of PCB materials is required,
only qualified personnel should be involved, and strict
documentation of all actions should be maintained. It is
recommended that only qualified professionals, trained
in spill prevention and containment techniques, be per-
mitted to work on PCB transformers.

b. Silicone. Silicone fluid is also used widely for
many applications. It is nearly as fire resistant as PCB,
and provides many of the same performance benefits.
It is also more tolerant of heat degradation and conta-
mination than most other fluids, and will not sludge
when exposed to oxidation agents.

(1) The specific gravity of silicone, however,
changes with temperature. Silicone’s density varies
between 0.9 and 1.1 times that of water, which causes
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water to migrate from the top to the bottom of the tank
as the temperature changes. This is especially detri-
mental in transformers that undergo large or frequent
loading and temperature changes.

(2) Silicone also changes in volume more during
the temperature changes and this places greater stress
on the various gaskets and covers on the tank. Added
pressure compensating and relief devices are usually
found on silicone units.

(3) Many other types of insulating fluids are cur-
rently in use for specialized applications. Although they
may have complex chemical make-ups, most of the
maintenance strategies listed in this section will apply;
contamination and overheating are their worst ene-
mies. The manufacturer’s instruction booklets should
be referred to when working with these fluids.
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CHAPTER 6

INITIAL ACCEPTANCE INSPECTION/TESTING

6-1. Acceptance

While testing and inspection programs should start
with the installation of the transformer and continue
throughout its life, the initial acceptance inspection,
testing and start-up procedures are probably the most
critical. The initial inspections, both internal and exter-
nal, should reveal any missing parts or items that were
damaged in transit; they should also verify that the
transformer is constructed exactly as specified. The
acceptance tests should reveal any manufacturing
defects, indicate any internal deficiencies, and estab-
lish baseline data for future testing.

a. The start-up procedures should ensure that the
transformer is properly connected, and that no latent
deficiencies exist before the transformer is energized.
Ensuring that the transformer starts off on “the right
foot” is the best way to guarantee dependable opera-
tion throughout its service life.

b. Various manufacturers recommend a wide range
of acceptance and start-up procedures. Although basic
guidelines and instructions are presented here, in ho
case should be manufacturer’s instructions and recom-
mendations be ignored. The intent of this manual is to
present. the practical reasoning behind the procedures
recommended by the manufacturer. In some cases, the
following procedures will exceed the manufacturer’s
recommendations, and in others, the manufacturer will
call for more involved and comprehensive procedures.
When in doubt, consult the manufacturer’s guidelines.

6-2. Pre-arrival preparations

Before the transformer arrives, the manufacturer
should be contacted to ensure that all arrangements
can be completed smoothly. If possible, the start-up lit-
erature or owner’s manuals should be provided by the
manufacturer before the transformer arrives, so that
preparations can be made.

a. Dimensions and lifting weights should be available
to ensure that the transformer can be easily moved and
positioned. If at the possible, the transformer should be
moved to its final installation point immediately on
arrival. If the transformer must be stored before ener-
gization, steps should be taken to see that the area
where it is stored is fairly clean and not exposed to any
severe conditions. Regular inspections and complete
documentation should be maintained for the trans-
former while it is stored. Manufacturers will prescribe
completely different start-up procedures, depending on

how long and in what type of environment a trans-
former has been stored.

b. The equipment necessary for start-up should be
assembled after the site preparations have been com-
pleted, and all receiving and unloading arrangements
have been made. The following equipment may be nec-
essary depending on the type of transformer, how it is
shipped, and its condition on arrival.

(1) Lifting/moving equipment. If the transformer
must be moved, it should be lifted or jacked only at the
prescribed points. Most transformer tanks are
equipped with lifting eyes, but if they are shipped with
their bushings or radiators in place, they will require
special slings and spreaders to prevent the equipment
from being damaged. Also, it is important to remember
to never use the radiators, bushings, or any other aux-
iliary equipment to lift or move the transformer or to
support a person’s weight. Having the proper equip-
ment on site will expedite the unloading and placement
of the transformer.

(2} Test equipment. Depending on the start-up
procedure, any of the following items may be required:
A megohmmeter (“megger”) insulation resistance test
set, transformer turns ratio test set, power factor tet
set, liquid dielectric test set, dew point analyzer, oxy-
gen content analyzer, and various thermometers and
pressure gauges. Sample jars should also be available,
and samples should be taken both before and after cil-
filling operations.

(3) Vacuum and filtering equipment. Even if the
oil being used has good dielectric strength, a good filter
will remove any entrained water or contaminants intro-
duced during the filling process. Most transformer oils
require a 5-micron filter media. The capacity of the vac-
uum pump will depend on the physical size and voltage
rating of the transformer. Larger tanks may require a
pump capable of 200 cfm, and transformers with volt-
ages above 69 kV may require a sustained pressure/vac-
mum level of 2-50 Torr (one torr is a unit of very low
pressure, equal to 1/760 of an atmosphere). The blank
off pressure (the minimum pressure the pump can
attain at the inlet) and CFM ratings are usually provid-
ed on the pump’s nameplate. An assortment of pipe and
fittings should also be available to make the necessary
connections. An assortment of caps, plugs, and valves
should also be available for blanking off any equipment
that could be damaged by the vacuum.

(4) Gas cylinders. Nitrogen will be needed for
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applying the gas blanket and breaking the vacuum. Dry
air will be needed if the tank must be entered for
inspection or equipment installation. As a safety pre-
caution, bottled pure oxygen must be available anytime
anyone enters the tank.

(B) Safety equipment. At least two 20-pound COy
extinguishers must be available for internal or external
use. One 20-pound dry powder extinguisher should be
available for use on the exterior of the transformer. All
personnel should be thoroughly trained and capable of
implementing fire-fighting, spill containment, first aid,
and other emergency procedures.

(6) Miscellaneous equipment. A camera should be
available to document any discrepancies that are found
during the receiving or internal inspections. Large tents
or enclosures will be required if the transformer must
be opened or filled in inclement weather. Ladders or
scaffolding will be necessary depending on the size of
the transformer. Explosion-proof lamps enclosed in a
fine stainless steel mesh will be required to provide light
inside the tank. Drop cloths or plastic sheets should be
used to prevent material from dropping into the tank or
winding assembly. All tools or materials that enter the
tank must be accounted for; it is a good idea to attach
strings to any small objects that enter the tank.

6-3. Receiving and inspection

When the transformer arrives, all paperwork should be
checked to ensure that the transformer is constructed
and equipped exactly as specified. Paris lists should be
checked and all parts should be counted to ensure that
nothing has been omitted. Any auxiliary equipment or
shipping crates should be inspected for evidence of
damage. Careful attention should also be paid to mois-
ture barriers or waterproof wrappings; if they are torn
or damaged, the equipment inside may need to be dried
out.

a. The external inspection should be completed
before the transformer is unloaded, and, if major prob-
lems are discovered, an internal inspection should be
conducted. External inspection should verify the fol-
lowing;

(1) Tie rods and chains are undamaged and tight.

(2) Blocking and bracing are tight.

(3) There is no evidence of load shifting in transit.

(4) If there is an impact recorder, whether it indi-
cates any severe shocks.

(5) Whether there are indications of extermal dam-
age, such as broken glass or loose material.

{6) Whether there are any obvious dents or
scratches in the tank wall or auxiliary compartments.

(7) Whether there is evidence of oil leakage.

(8) Whether there is positive pressure or vacuum
in the tank.

(%) Whether porcelain items have been chipped or
bent at their mounting flanges.

b. If any of the above items are noted, it should be
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clearly marked on the delivery receipts, and the manu-
facturer should be contacted. If an internal inspection
is required, the manufacturer’s and or carrier's repre-
sentatives may need to be present.

6—-4. Moving and storage

I at, all possible, the internal inspection should be con-
ducted before the transformer is unloaded. If the trans-
former must be unloaded for an internal inspection, it
should be moved directly to the point of installation.

a. When unloading the transformer or placing it in
position, be sure to use the designated lifting eyes or
jacking points. the transformer should be handled in
the normal upright position, and in no case should it be
tilted more than 15 degrees. Spreaders should be used
to hold the lifting cables apart, particularly if they are
short and may bear against external assemblies or
bushings. Do not attempt to lift or drag the transformer
by placing a loop or sling around it, and do not use
radiators, bushings, or other auxiliary equipment for
climbing or to lift the transformer. Transformers ar
extremely dense and heavy, much heavier than circuit
breakers or other switchgear items. A conservative
safety factor should always be applied when a trans-
former must be lifted.

b. An internal inspection is called for if there is evi-
dence of damage, or if the transformer is to be stored.
When the unit is to be stored for more than 3 months,
it should be protected from the weather. All scratches
or paint defects should be touched up before storage. If
the transformer is filled with oil, it should be tightly
sealed so that no moisture or air can enter the case. If
the transformer is shipped filled with inert gas, period-
ic inspection should determine that a positive pressure
of about 2 psi is maintained at all times. Water-cooled
transformers should have the water-cooling coils filled
with alcohol or other similar antifreeze to eliminate any
danger of freezing or contamination.

¢. Regular inspection and documentation procedures
should be conducted during transformer storage. All
inspection and service procedures should be thorough-
ly documented, and any discrepancies or adverse con-
ditions should be noted. Pumps and fans should be
operated for 30 minutes, once a month. At the end of
the storage period, oil samples should be drawn and
analyzed for dielectric strength, power factor, and
water content. Insulation resistance and power factor
tests should be conducted on the transformer and com-
pared to the original factory data.

d. Larger transformers are often shipped without oil.
They are vacuum filled with hot oil at the factory to
impregnate the winding insulation with oil. The oil is
then removed for shipping. This oil impregnation is vital
to the winding’s insulation strength, and will be lost if
the transformer is stored for too long without oil. Most
manufacturers recommend a maximum storage time of
3 months witho