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1.1 Scope –  Mike Franchek, Rowland James
This guide includes guidelines for the following: insulating oil maintenance and diagnostics, oil reclamation, testing methods for the determination of remaining insulation (paper) life, and upgrades of auxiliary equipment such as bushings, gauges, deenergized tap changers (DETCs), load tap changers (LTCs) (where applicable), and coil reclamping. The goal of this guide is to assist the user in extending the useful life of a transformer.

1.1 Scope 
Recommended guidelines for the following transformer attributes are contained in this document. Those are, insulating oil maintenance and diagnostics, oil reclamation; testing methods for the determination of remaining insulation (paper) life, coil reclamping. Also included are upgrades of auxiliary equipment such as bushings, gauges, deenergized tap changers (DETCs) and load tap changers (LTCs) (where applicable). The goal of this guide is to assist the user in extending the useful life of a power transformer.

1.2 Purpose Mike Franchek, Rowland James
Up to now, there have been no formal guidelines for evaluation and reconditioning of transformers. Users that do have evaluation and reconditioning programs may have only specific practices they use, but may not be aware of other activities and processes that are available to them. The purpose of this guide is to develop a comprehensive document that will aid users in selecting the proper direction for their unique needs
1.2 Purpose

The purpose of this guide is to develop a comprehensive document that will aid users in selecting the proper direction for their unique needs
2. Normative references    - Paul Boman, Bruce Fairris

3. Definitions, acronyms, and abbreviations 

3.1 Definitions -Dick Amos, David Harris

3.2 Acronyms and abbreviations 

BIL
basic impulse level

DETC
deenergized tap changer

DGA
dissolved gas analysis

DP 
degree of polymerization

FAL
furfural

FRA
frequency response analysis

LTC
load tap changer

LTI
liquid temperature indicator 

MSD
molecular sponge dryout

PCB
polychlorinated biphenyl 

PD
partial discharge

RIV
radio influence voltage

RPRR
rapid pressure rise relay

WTI
winding temperature indicator
3.2 Acronyms and abbreviations Kipp Yule, Eric Davis
BIL
basic impulse level

DETC
de-energized tap changer Add (Off Circuit Tap Changer per IEC)
DGA
dissolved gas analysis

DP 
degree of polymerization

FAL
furfural  (possibly add change to furfuraldehyde
FRA
frequency response analysis

LTC
load tap changer (or OLTC -  On Load Tap Changer)
LTI
liquid temperature indicator  (also called OTI  for Oil Temperature Indicator)
MSD
molecular sponge dryout

PCB
polychlorinated biphenyl 

PD
partial discharge

RIV
radio influence voltage

RPRR
rapid pressure rise relay

WTI
winding temperature indicator  (typical Hot Spot Temperature)

Additions

ODAF
 Oil Directed Air Forced (transformer cooling method) 
4.0 Risk assessment 

4.1 Impact on the system Joe Watson
· Will the transformer meet future load projections? 

· Is there any change in impedance needed to limit fault duty or improve regulation?

· Does transformer design quality impact system reliability?
4.1 Impact on the system 

· Will the transformer meet future load projections? 

· Is there any change in impedance needed to limit fault duty or improve regulation?

· Does transformer design quality impact system reliability?
· Can loads be redirected through other transformers in the power system if the transformer is removed from service and what seasonal or long-term impact will that have on those transformers?

4.2 Vintage - Ewald Schweiger

4.3 Vacuum Withstand Capability - Joe Watson

4.4 Paper and pressboard Mike Franchek

4.5 Accessibility and spare parts availability -Peter Zhao

4.6 Operational history - James Gardner

4.7 Type of construction - Dick Amos

4.8 Failure history - Paul Boman

4.9 Grounding Gary Hoffman, Dev Walia
Grounding is an important part of transformer protection. In the event of a ground fault on one phase, a solidly grounded system can minimize overvoltage conditions on the unfaulted phases and reduce overall stress on the insulation. A phase-to-ground fault may result in a short-circuit current that exceeds the three-phase short-circuit duty and may, therefore, necessitate grounding the transformer through an impedance in order to limit fault current. However, the transformer neutral insulation level would need to be checked against elevated voltages in the case of impedance grounding.
4.9 Grounding 

Grounding is an important part of transformer protection. In the event of a ground fault on one phase, a solidly grounded system can minimize overvoltage conditions on the unfaulted phases and reduce overall stress on the insulation. A phase-to-ground fault may result in a short-circuit current that exceeds the three-phase short-circuit duty and may, therefore, necessitate grounding the transformer through an impedance in order to limit fault current. However, the transformer neutral insulation level would need to be checked against elevated voltages in the case of impedance grounding.
If the transformer was re-painted, the ground pads should be masked to prevent the pads from being painted as paint may interfere with the integrity of the bonding cables attached to the pad. Further, the integrity of the grounding of the control cabinet should be verified against Clause 5.13 and 5.15 of IEEE Std C57.148. Control cabinet grounding is especially important Intelligent Electronic Devices (IED’s) as electronic temperature monitors are installed in the control cabinet as poor grounding will adversely affect the proper operation of this equipment.
4.10 Operating environment - Jane Verner

No changes recommended

4.11 Failure Mechanisms - Shuzhen Xu

Failure mechanisms in transformers include excessive moisture and oxygen in the insulating oil and paper, creep, fatigue, corrosion, erosion, mechanical wear, and thermal and dielectric breakdown.

· Moisture in the insulating oil and paper reduces the dielectric strength of these components. 

· Oxygen and moisture in the oil and paper increases the rate of degradation of both components. 

· Creep is a loss of electrical insulation strength along a surface between components at different electrical potential. 

· Fatigue relates to structural metal fracture in a brittle manner. 

· Corrosion results as a chemical reaction to the surrounding environment, whereas erosion forms surface deterioration and results in increased leakage current or partial discharge (PD). 

· Mechanical wear results from severe or prolonged material stress. 

· Dielectric breakdown is the failure of an insulating system to prevent destructive unintended current flow across the insulating space between live parts or between a live part and ground. Dielectric failure is a common failure occurrence and can have a profound effect on useful life. Contamination, thermal aging, repetitive excessive voltage stress, and mechanical deformation hasten dielectric breakdown. Contamination and thermal aging can be monitored through diagnostic testing. Voltage stress can be controlled by design of transformer protection and operating philosophy. Severe or excessive voltage stress can lead to dielectric breakdown of the insulation.
4.11 Failure Mechanisms
Failure mechanisms in transformers include excessive acidity, moisture and oxygen in the insulating oil and paper, creep, fatigue, corrosion, erosion, mechanical wear, and thermal and dielectric breakdown.

· Moisture in the insulating oil and paper reduces the dielectric strength of these components and leads to bubble formation. 

· Oxygen, acidity, overheating and moisture in the oil and paper increases the rate of degradation of both components. 

· Creep is a loss of electrical insulation strength along a surface between components at different electrical potential. 

· Fatigue relates to structural metal fracture in a brittle manner. 

· Corrosion results as a chemical reaction to the surrounding environment, whereas erosion forms surface deterioration and results in increased leakage current or partial discharge (PD). 

· Mechanical wear results from severe or prolonged material stress. 

· Dielectric breakdown is the failure of an insulating system to prevent destructive unintended current flow across the insulating space between live parts or between a live part and ground. Dielectric failure is a common failure occurrence and can have a profound effect on useful life. Contamination, aging, excessive moisture level, repetitive excessive voltage stress, and mechanical deformation hasten dielectric breakdown. Contamination, moisture and  aging can be monitored through diagnostic testing. Voltage stress can be controlled by design of transformer protection and operating philosophy. Severe or excessive voltage stress can lead to dielectric breakdown of the insulation.
4.12 Problems with determining component failure probability as a function of condition assessment    - Shuzhen Xu

The most accurate failure probability data include consideration for equipment of the same manufacturer, age, and design and are calculated from a large population over a long time period. Users may have data on their own equipment that improves accuracy of failure probability values. Methods of calculating these data are explained in Lewis [B25], Billington and Allan [B5], and Pukite and Pukite [B35]. Risk assessments and failure probabilities are most accurate when applied to large populations of equipment where the positive and negative error range tends to average and cancel out. 
4.12 Problems with determining component failure probability as a function of condition assessment    

The most accurate failure probability data include consideration for equipment of the same manufacturer, age, operation, maintenance practice and design and are calculated from a large population over a long time period with good representative samples. Users may have data on their own equipment that improves accuracy of failure probability values. Methods of calculating these data are explained in Lewis [B25], Billington and Allan [B5], and Pukite and Pukite [B35]. Risk assessments and failure probabilities are most accurate when applied to large populations of equipment where the positive and negative error range tends to average and cancel out. 

4.13 Modified event tree matrix and fault tree diagram Kipp Yule, Joe Watson
The modified event tree matrix in Table 1 shows how a typical power transformer can be modeled to help identify the root causes of failures. This matrix can then produce a fault tree diagram for system average failure probabilities. The typical event tree breaks the equipment down into components and sub-components, and then lists the failure modes and causes. This modified event tree also contains the Symptoms and Tests or Tools to detect the individual sub-component failures. 
4.13 Modified event tree matrix and fault tree diagram

Several methods can be used to estimate the reliability of transformers or similar equipment. The modified event tree matrix in Table 1 is one method and shows how a typical power transformer can be modeled to help identify the root causes of failures. This matrix can then produce a fault tree diagram for system average failure probabilities. This matrix can then produce a fault tree diagram for system average failure probabilities. The typical event tree breaks the equipment down into components and sub-components, and then lists the failure modes and causes. This modified event tree also contains the Symptoms and Tests or Tools to detect the individual sub-component failures. 
5. Diagnostic tests 

5.1. Dissolved gas analysis - Brian Sparling

5.2 Oil quality assessment (physical tests) - Brian Sparling

5.3 Furan analysis - Brian Sparling

5.4 Power factor Gary Hoffman
· Capacitance C2 is measured during the power factor test and is used as a benchmark, especially when measured during the initial installation of a brand new bushing never exposed to moisture or humidity. Deviation of the C2 measurement from the nameplate on future power factor tests could also be used to determine whether there has been moisture intrusion in the potential tap or near the flange. However, this result does not necessarily determine the internal condition of the bushing core.
· Capacitance C2 is measured during the power factor test and is used as a benchmark, especially when measured during the initial installation of a brand new bushing never exposed to moisture or humidity. Deviation of the C2 measurement from the nameplate on future power factor tests could also be used to determine whether there has been moisture intrusion in the potential tap or near the flange. However, this result does not necessarily determine the internal condition of the bushing core.
During the reconditioning process, consideration should be given to adding on-line bushing monitoring as on-line monitoring provides the ability to detect a bushing problem well in advance of periodic testing. Besides the fact that on-line bushing monitoring continuously tests the degredation of bushing power factor at an earlier stage it also tests the bushing at its operating voltage which is often substantially higher than voltages used to conduct periodic tests. Testing at operating voltage has been shown to be more effective in allowing early discovery of degredation of power factor [B47].
5.5 Frequency response analysis - Charles Sweetser Brian Sparling

5.6 Partial Discharge detection -Gary Hoffman

5.7 Infrared inspection - Brent Sargent

5.8 Degree of polymerization - (DP) Brian Sparling

5.9 Vibration/noise - Joe Watson, Gary Hoffman

The human ear is a valuable tool in assessing equipment condition. However, the use of noise is subjective. Site checks are, therefore, best carried out with regular visits by the same qualified personnel. They can become accustomed to the usual sounds heard so that any new or unusual sounds or noises may be obvious to them. 

5.9 Vibration/noise 

Users should be fully aware of the serious consequences of a catastrophic failure of an energized power transformer or components like load tap changers or bushings. Noises may be caused by insignificant conditions, but they may also be early indications of conditions that could cause a failure and should always be monitored and investigated using methods that will minimize the risk of failure and injury. 
The human ear is a valuable tool in assessing equipment condition. However, the use of noise is subjective. Site checks are, therefore, best carried out with regular visits by the same qualified personnel. They can become accustomed to the usual sounds heard so that any new or unusual sounds or noises may be obvious to them. 
5.91 Internal noise

…..

Broken leads and/or their supports can be responsible for a change in sound levels and tones, especially if the natural frequency of these structures is close to a harmonic of the system power frequency.

5.91 Internal noise

Broken or loose lead supports or tank wall shields and supports can be responsible for a change in sound levels and tones, especially if the natural frequency of these structures is close to a harmonic of the system power frequency.
5.92 External noise
Fans and pumps should be manually energized to ensure proper operation. Any significant noises (e.g., grinding, rubbing, scraping) should be noted and investigated further. 

5.92 External noise
Fans and pumps should be manually energized to ensure proper operation. Any significant noises (e.g., grinding, rubbing, scraping, vibration or loose fan guards) should be noted and investigated further.
6. Condition assessment and reconditioning 

6.1 Core and coil assembly - Eduardo Garcia

….

6.1.1 Core and coil inspection 
At the time this guide was published, the only recognized method for evaluating coil-clamping adequacy was an internal inspection. Reclamping the winding is one of the most constructive measures to extend transformer life. For life extension, an inspection should be done to observe loose blocks, key spacers, and wedge blocks. If loose blocks or key spacers are discovered, reclamping should be considered in order to regain the forces needed for through faults. 
6.1 Core and coil assembly - Eduardo Garcia

…

6.1.1 Core and coil inspection

At the time this guide was published, the only recognized method for evaluating coil-clamping adequacy was an internal inspection. Reclamping the winding is one of the most constructive measures to extend transformer life. For life extension, an internal inspection should be done to observe loose blocks, key spacers, and wedge blocks. If loose blocks or key spacers are discovered, reclamping should be considered in order to regain the forces needed for through faults. 
….

Hydraulic jacks, pumps, and hoses are normally utilized for reclamping and reblocking. A good practice is to employ new hydraulic equipment for this task and to substitute the hydraulic fluid with transformer oil. In the event of pump, jack, or hose leaks, the transformer will not be contaminated by hydraulic oil. (Even with new hydraulic equipment, it should be thoroughly flushed with transformer oil in order to remove any hydraulic fluids.)

….

6.1.1 Core and coil inspection

Hydraulic jacks, pumps, and hoses are normally utilized for reclamping and reblocking. A good practice is to employ new hydraulic equipment for this task and to substitute the hydraulic fluid with transformer oil. In the event of pump, jack, or hose leaks, the transformer will not be contaminated by hydraulic oil. (Even with new hydraulic equipment, it should be thoroughly flushed with transformer oil in order to remove any hydraulic fluids.) If an oil leak from the hydraulic jack is detected while applying the pressure, even if you changed the hydraulic oil to transformer oil, it’s advisable to retain the oil that has been leaked by contention means. This oil coming from the leak could have metallic parts that can affect the performance of the transformer.
6.1.3 Reblocking and reclamping of transformer coils—core type transformers

…. Using a clamping pressure of 3447 kPa and 2189 cm2 equals a total force of about 77 tonnes.

Or, using a clamping pressure of 500 psi and 339 in2 equals a total force of 169 500 lb or 85 tons.  

…..

Using a clamping pressure of 3447 kPa and 2189 cm2 equals a total clamping force of about 77 tonnes.

Or, using a clamping pressure of 500 psi and 339 in2 equals a total clamping force of 169 500 lb or 85 tons.  
….

Over the years, it is likely that the fault level at the substation may change. For situations where the fault level has increased, it is also necessary to evaluate whether the existing blocks per circle in the winding(s) are adequate. Should it be otherwise, appropriate measures are required to enhance the blocks in the winding(s).
….

Over the years, it is likely that the fault level at the substation may change. For situations where the fault level has increased, it is also necessary to evaluate whether the existing blocks per circle in the winding(s) are adequate. Should it be otherwise, appropriate measures are required to enhance the blocks in the winding(s).

I think this paragraph should be removed; to enhance the block in the windings is a major task that need to be calculated and done by a skilled personnel.
….

Improper connection of a shield can be detected through on-line monitoring of dissolved gases. However, at the time this guide was published, the only recognized method for evaluating shield integrity was an internal inspection. For life extension, an inspection should be done to observe for the conditions mentioned.

….

Improper connection of a shield can be detected through on-line not necessary to be on-line monitoring of dissolved gases. However, at the time this guide was published, the only recognized method for evaluating shield integrity was an internal inspection. For life extension, an inspection should be done to observe for the conditions mentioned.

6.2 Tap changers David Harris - Bill Henning

Retrofilling - Patrick McShane

6.3 Bushings and arresters - Peter Zhao, Saurabh Gosh
6.3.1Bushings— external inspection

Bushings are a critical part of all transformers, and their suitability for service is an important aspect of a transformer’s evaluation. The methods for assessing a bushing’s condition are well understood with the most common methods being power factor, dielectric loss, and capacitance measurements made while the transformer is off line and infrared inspections performed while energized. On-line power factor and capacitance techniques are relatively new and are gradually gaining acceptance.

The most common technique for assessing a bushing’s condition is power factor and capacitance measurement. Measurements of the main insulation (C1) are made by applying a test potential to the center conductor and measuring to the test or potential tap, using an ungrounded specimen test technique. The tap insulation (C2) is measured by the grounded specimen test method with the high-voltage terminal of the bushing connected to the guard circuit. The test/potential tap is measured to the ground flange using a guard test connection. Test results are then compared to nameplate values or previous tests. Increases or decreases from reference values are usually an indication of contamination and/or deterioration of the insulation system. Limits for the maximum permissible change tend to be manufacturer and type specific; however, a doubling of the initial power factor value warrants either more frequent monitoring or replacement. A 10% change in capacitance also warrants replacement.
…

Abnormally high or low bushing oil level should also be investigated and may justify further testing to find cause or resulting damage. The detection of oil bubbling or internal corona should also be addressed according to the manufacturer’s recommendations.
6.3.1Bushings— external inspection

Bushings are a critical part of all transformers, and their suitability for service is an important aspect of a transformer’s evaluation. The methods for assessing a bushing’s condition are well understood with the most common methods being power factor (dielectric loss), and capacitance measurements made while the transformer is off line and infrared inspections performed while energized. On-line power factor and capacitance techniques are relatively new and are gradually gaining acceptance.

The most common technique for assessing a bushing’s condition is power factor and capacitance measurement. Measurements of the main insulation (C1) are made by applying a test voltage to the center conductor and measuring to the test or voltage tap, using an ungrounded specimen test technique. The tap insulation (C2) is measured by the grounded specimen test method with the high-voltage terminal of the bushing connected to the guard circuit. The test/voltage tap is measured to the ground flange using a guard test connection. Test results are then compared to nameplate values or previous tests. Increases or decreases from reference values are usually an indication of contamination and/or deterioration of the insulation system. Limits for the maximum permissible change tend to be manufacturer and type specific; however, a doubling of the initial power factor value warrants either more frequent monitoring or replacement. A 10% change in capacitance also warrants replacement. It is important to note that changes in C2 test values for bushings with test taps may indicate a change in the bushings environment not necessarily the condition of the bushings itself. The following check list should be followed if suspect test values are received:
· Make sure the test set-up is correct

· Make sure the test set works properly;

· Make sure all groundings are properly done;

· All bushing flanges must be directly grounded through the “Guard” or ground lead

· Make sure there are no sharp wire strands sticking up in the energized test circuit that could cause corona;

· Clean & dry the bushing external insulator surface.
· Clean & dry the bushing voltage/test tap area;

· All voltage/test tap covers should be closed except for the bushing under test;

· Make sure the transformer oil is clean

· Do not test a bushing in the crate.

….

Comparison of the three transformer bushings oil levels should be made. Abnormally high or low bushing oil level should also be investigated and may justify further testing to find cause or resulting damage. The detection of oil bubbling or internal corona should also be addressed according to the manufacturer’s recommendations.
6.3.2 Bushings—internal inspection

The primary function of a bushing is to provide insulation for the energized conductor that passes through the grounded transformer tank wall or cover. The bushing also provides support to the lead that is connected at the bottom end on the oil side or to the lead that passes through the bushing in the draw-lead applications.

Inspect each bushing for loose connections, burning, or indication of overheating. If a bushing has a draw-lead, inspect the exposed portions of the lead for burning or indications of overheating. The oil side of the bushing should be inspected for cracks, chips, mechanical damage, surface imperfections, or signs of tracking.. Inspect the top of the core and coil assembly for pieces that may have come from the bushing including strands/shavings of copper conductor. 

Some insight into the physical condition of a bushing below the flange may be indicated by the most recent voltage tap (or test tap) power factor test, commonly referred to as the “C2 [bushing] power factor.” A decrease in C2 power factor to a value below the factory nameplate value or a notable decrease since the last field test may indicate surface contamination of the porcelain below flange and should be investigated during the internal inspection. If stains or films are present on the surface of the bushing, further investigation is recommended. Bushings with test taps may or may not have C2 values on their factory name plates. The C2 test results for these types of bushings can be greatly affected by external factors such as the transformer tank. Comparison of the C2 test results should be made while the bushing is in the same environment for both tests.

If there are springs present to maintain pressure on gasket surfaces of a bushing, check that each spring is in place and maintaining positive pressure by visual inspection, and if applicable check manually for movement of a spring that would indicate that the spring is no longer compressed.

If there is a corona shield present, inspect the shield for signs of arcing or pitting.

Some vintage bushings may contain polychlorinated biphenyls (PCB) as a main ingredient. This factor should be considered as the PCBs may leak from the bushing while in service, particularly if heated during an event associated with the transformer.

6.3.2 Bushings—internal inspection

The primary function of a bushing is to provide insulation for the energized conductor that passes through the grounded transformer tank wall or cover. The bushing also provides support to the lead that is connected at the bottom end on the oil side or to the lead that passes through the bushing in the draw-lead applications.

Inspect each bushing for loose connections, burning, or indication of overheating. If a bushing has a draw-lead, inspect the exposed portions of the lead for burning or indications of overheating. The oil side of the bushing should be inspected for cracks, chips, mechanical damage, surface imperfections, or signs of tracking. Inspect the top of the core and coil assembly for pieces that may have come from the bushing including strands/shavings of copper conductor. 

Some insight into the physical condition of a bushing below the flange may be indicated by the most recent voltage tap (or test tap) power factor test, commonly referred to as the “C2 [bushing] power factor.” A decrease in C2 power factor to a value below the factory nameplate value or a notable decrease since the last field test may indicate surface contamination of the porcelain below flange and should be investigated during the internal inspection. If stains or films are present on the surface of the bushing, further investigation is recommended. Bushings with test taps may or may not have C2 values on their factory name plates. The C2 test results for these types of bushings can be greatly affected by external factors such as the transformer tank. Comparison of the C2 test results should be made while the bushing is in the same environment for both tests.
If there are springs present to maintain pressure on gasket surfaces of a bushing, check that each spring is in place and maintaining positive pressure by visual inspection, and if applicable check manually for movement of a spring that would indicate that the spring is no longer compressed.

If there is a corona shield present, inspect the shield for signs of arcing or pitting.

Some vintage bushings may contain polychlorinated biphenyls (PCB) as a main ingredient. This factor should be considered as the PCBs may leak from the bushing while in service, particularly if heated during an event associated with the transformer.
6.3.3 Bushing replacement

Each bushing should be inspected and tested (e.g., power factor test) to determine whether a specific problem justifies its individual replacement. If any of the bushings are of a design that is known to be of unusually high risk, consideration should be given to replace them all, while the transformer is out of service, in order to avoid an unplanned forced outage in the future. 

6.3.3 Bushing replacement

Each bushing should be inspected and tested (e.g., power factor test) to determine whether a specific problem justifies its individual replacement. Final determination of any electrical test results should be made with the bushing removed from the transformer to eliminate any influence of the transformer in the bushing test values. If any of the bushings are of a design that is known to be of unusually high risk, consideration should be given to replace them all, while the transformer is out of service, in order to avoid an unplanned forced outage in the future. As an alternative, bushings can be refurbished also if conditions and economics permit.  
6.3.4 Bushing current transformers

The primary function of bushing current transformers is to provide a current input to protection devices. The function of bushing current transformers may be tested externally by examining the current transformer saturation, turns ratio, and accuracy and by performing high potential testing of the insulation. The physical condition of bushing current transformers is confirmed by an internal inspection of the transformer. 

Bushing current transformers should be centered on the bushing and bushing leads with no signs of shifting or deformation. They should not touch the bushing or bushing leads. The mounting hardware should hold the bushing current transformers firmly in place and be in good condition with no loose parts or connections. The bushing current transformer leads should also be held firmly in place and routed along the tank wall. The insulation should be examined for signs of burning, overheating, or abrasions. Current transformer circuit terminal contacts in the control cabinet should be examined for any looseness or burning.
6.3.4 Bushing current transformers

The primary function of bushing current transformers is to provide a current input to protection devices. The function of bushing current transformers may be tested externally by examining the current transformer saturation, turns ratio, and accuracy and by performing high voltage testing of the insulation. The physical condition of bushing current transformers is confirmed by an internal inspection of the transformer. 

Bushing current transformers should be centered on the bushing and bushing leads with no signs of shifting or deformation. They should not touch the bushing or bushing leads. The mounting hardware should hold the bushing current transformers firmly in place and be in good condition with no loose parts or connections. The bushing current transformer leads should also be held firmly in place and routed along the tank wall. The insulation should be examined for signs of burning, overheating, or abrasions. Current transformer circuit terminal contacts in the control cabinet should be examined for any looseness or burning.

6.4 Tanks, gaskets, etc - Eric Davis, Greg Stem

Gasket material must be compatible with the transformer insulating fluids. Otherwise, failure of the gasket occurs and leaks develop.

Gasket material must be compatible with the transformer insulating fluids. Otherwise, failure of the gasket occurs and leaks develop.  Nitrile (Buna-N) or Fluorocarbon (Viton) materials are preferred.
….

The gasket material should be checked for chemical and thermal degradation. These types of degradation result in softening or hardening of the material, and it may show cracks. These defects may be caused by improper material selection or manufacturing.
….

The gasket material should be checked for chemical and thermal degradation. These types of degradation result in softening or hardening of the material, and it may show cracks. These defects may be caused by improper material selection or manufacturing.
Gaskets that are confined in grooves should be made following proper design criteria for gasket compression and groove volume fill.
6.4.1 Tank condition
Editorial comments by Eric Davis ….to be incorporated into draft revision.
6.4.2 Maintenance

Question - How do we verify the proper operation of this shut-off valve?  Do we need to address it?

Possible solution…install .threaded, non-galvanized pipe cap
6.5 Gauges, indicators and relays - Jim Graham, Gary Hoffman, Roland James

6.6 Controls, alarms and annunciators - Gary Hoffman, Jim Graham, Rowland James

6.6.2 Bypass, bank selector, and mode switches

Bypass switches turn cooling apparatus on and off independent of the LTI or WTI. Bank selector switches select the order in which cooling stages are operated so that operating times may be equalized. Mode switches have manual and automatic positions that determine the source of control. These switches may be rotary or toggle switches. They may or may not have a locking feature.

6.6.2 Bypass, bank selector, and mode switches

Bypass switches turn cooling apparatus on and off independent of the LTI or WTI. Bank selector switches select the order in which cooling stages are operated so that operating times may be equalized. Mode switches have manual and automatic positions that determine the source of control. These switches may be rotary or toggle switches. They may or may not have a locking feature.

Should the bank selector switches be found to need repair or replacement, consideration should be given to implementing this functionality through an Electronic Temperature Monitor (ETM) for LTI and WTI. This functionality will not require future operator intervention and provide even wear on fan and pump motor bearings.
6.6.4 Time delay controls

Mechanical delay devices should be operated over the full range of delay settings to ensure adjustability and delay period accuracy. At the expiration of the set delay period, interruption or making of the circuit should be instantaneous. Contact resistance should be checked when visual inspection of contact condition is not possible.
6.6.4 Time delay controls

Mechanical delay devices should be operated over the full range of delay settings to ensure adjustability and delay period accuracy. At the expiration of the set delay period, interruption or making of the circuit should be instantaneous. Contact resistance should be checked when visual inspection of contact condition is not possible.
Should the existing time delay controls are found to need repair or replacement, consideration should be given to replacing the timer functionality contained in a Electronic Temperature Monitor used for LTI and WTI.
6.7 Pumps - Greg Stem, Dick Amos

6.7.1 External inspection

Visual inspection of the transformer oil-cooling loop components should be performed as regularly as prudent, but should not exceed 12 mo. Pumps should be manually energized to ensure proper operation. Any significant noises (e.g., grinding, rubbing, scraping) should be noted, investigated further, and corrected. Flow gauges should indicate full flow without fluctuation. All areas including piping, valves, and surrounding ground area must not show evidence of oil leakage. Pump nameplate data should be reviewed to determine age, style, or model. Pumps equipped with a bearing condition monitor should have readings taken annually to ensure bearing integrity. 
Visual inspection of the transformer oil-cooling loop components should be performed as regularly as prudent, but should not exceed 12 months.  Pumps should be manually energized to ensure proper operation and correct rotational direction.  Any significant noises (e.g., grinding, rubbing, scraping) should be noted, investigated further, and corrected.  Flow gauges should indicate full flow without fluctuation.  Current draw should be checked and compared to the pump nameplate “Full Load Amps” value.  All areas including piping, valves, and surrounding ground area must not show evidence of any oil leakage.  Pump nameplate data should be reviewed to determine age, style, or model.  Pumps equipped with a bearing condition monitor should have readings taken annually to ensure bearing integrity.

6.7.2 Internal inspection
….

Disassembly of the pump should not be attempted by a novice. Extensive experience is required to ensure that bearing and rotor clearances and other critical criteria are maintained. Disassembly of a pump that is still under warranty may likely void the manufacturer’s warranty. 
…. CAUTION:   Disassembly of the pump should not be attempted by a novice only be performed by the pump OEM (or equivalent).  Extensive experience is required to ensure that bearing and rotor clearances and other critical criteria are maintained.  Disassembly of a pump that is still under warranty may likely void the manufacturer’s warranty. 
6.7.3 Reconditioning of pumps

Transformer oil pumps are vital to the reliability and performance of power transformers. Reconditioning of a pump should not be attempted by anyone other than the original equipment manufacturer or a fully qualified pump remanufacturing facility. Failure to maintain clearances, bearing and thrust collar materials, surface finish requirements, and alignment of pump rotating components can result in premature failure of the pump and potential introduction of metallic components into the transformer insulation system.

Pumps with ball bearings are particularly vulnerable to in-service failure. Therefore, any pumps with ball bearings older than the equivalent of 5 yr continuous duty should be considered for replacement by pumps with sleeve bearings. All original sleeve bearing pumps that have been in service for an equivalent of 10 yr or more of continuous duty should be inspected and checked to determine viability for continued operation and possibly be remanufactured or replaced. For very large and/or critical installations, an internal bearing condition monitor system could be considered (if not already installed) to monitor the life of pump bearings. 
The work identified in 6.7.3.1 through 6.7.3.6 should be performed for each of the systems in the pump.

6.7.3 Reconditioning Remanufacturing or New Replacement of pumps
Transformer oil pumps are vital to the reliability and performance of power transformers.  Reconditioning Remanufacturing of a pump should not be attempted by anyone other than the original equipment manufacturer or a fully qualified pump remanufacturing facility.  Failure to maintain clearances, bearing and thrust collar materials, surface finish requirements, and alignment of pump rotating components can result in premature failure of the pump and potential introduction of metallic components into the transformer. insulation system.
Pumps with ball bearings are particularly vulnerable to in-service failure.  Therefore, any pumps with ball bearings older than the equivalent of 5 yr years of continuous duty should be considered for replacement by pumps with sleeve bearings.  All original sleeve bearing pumps that have been in service for an equivalent of 10 yr years or more of continuous duty should be inspected and checked to determine viability for continued operation and possibly be remanufactured or replaced.  For very large and/or critical installations, an internal bearing condition monitor system could be considered (if not already installed) to monitor the life of pump bearings. 
The work criteria identified in 6.7.3.1 through 6.7.3.6 should be performed followed for each of the systems in the a remanufactured or new replacement pump.
6.7.3.1 Thermal system
Ensure positive oil flow for pump motor winding cooling to minimize the temperature rise to 5 °C over the temperature of the motor windings.
6.7.3.1 Thermal system

Ensure positive oil flow circulation within the pump motor for pump motor winding cooling - to minimize the maintain a maximum motor end temperature rise to 5 °C of 10 °F over the pumped oil temperature. of the motor windings.
6.7.3.2 Mechanical system
Convert to a sleeve bearing system by rebuilding the pumps with a new reengineered shaft, thrust collars, and journal thrust bearings (high-quality bearing bronze); or replace the pumps with ones having appropriate sleeve bearings.

The lubrication system for the bearings should utilize radial oil feeder grooves in the thrust bearing surface and provisions for adequate lubrication of the journal surfaces.

If the impeller is found in a worn or damaged condition, it should be replaced with a new impeller that has been properly balanced. Shaft, rotor, and impeller assemblies weighing more than 16 kg (~ 35 lb) should be dynamic balanced to 1 mil or less.

Thrust bearings should have a nominal 6.35 cm (2.5 in) diameter face as a minimum. The journal bearings should be set in position, indexed respective to each other, and line reamed to ensure proper alignment. Thrust collars should have a diameter equal to the diameter of the face of the thrust bearing.

6.7.3.2 Mechanical system
Convert If remanufacturing or replacing a pump with new, it is desirable to use a bronze sleeve bearing system by rebuilding the pumps with a new reengineered high strength steel shaft, hardened steel thrust collars, and high-quality bearing bronze journal / thrust bearings. (high-quality bearing bronze); or replace the pumps with ones having appropriate sleeve bearings.
The lubrication system for the bearings should utilize radial oil feeder grooves in the thrust bearing surface and provisions for adequate lubrication of the journal surfaces.

The bearings must be designed to assure proper lubrication of the thrust bearing and journal bearing surfaces by the use of oil feeder grooves.
If the impeller is found in a worn or damaged condition, it should be replaced with a new impeller that has been properly balanced. Shaft, rotor, and impeller assemblies weighing more than 16 kg (~ 35 lb) should be dynamic balanced to 1 mil or less.

The shaft / rotor / impeller assembly should be dynamically balanced.
Thrust bearings should have a nominal 6.35 cm (2.5 in) diameter face as a minimum. The journal bearings should be set in position, indexed respective to each other, and line reamed to ensure proper alignment. Thrust collars should have a diameter equal to the diameter of the face of the thrust bearing.

Use of pumps built with ball bearings is not recommended for transformer service because of the poor lubricating characteristics of the transformer insulating fluid.
6.7.3.3 Sealing system

All gaskets should be of a confined gasket groove design and should be constructed of fluorocarbon (or nitrile (Buna-N)) elastomer with a hardness of 60 or 70 durometers. All gasket seals should be replaced. All o-ring seals should be replaced with new fluorocarbon (or nitrile (Buna-N)) o-rings with a hardness of 60 durometers. Compression set specifications should be in accordance with ASTM D395. Gasket sizing should be recommended to fill approximately 90% of the retaining groove at 25% to 33% compression.
6.7.3.3 Sealing system

All gaskets should be of a confined gasket groove design and should be constructed of using fluorocarbon (viton) or nitrile (Buna-N)) elastomeric material with a hardness of 60 or to 70 durometers.  All gasket seals should be replaced.  All o-ring seals should be replaced with new fluorocarbon (viton) or nitrile (Buna-N)) o-rings with a hardness of 60 durometers.  Compression set specifications should be in accordance with ASTM D395.  Gasket sizing should be recommended to fill approximately 80% to 90% of the retaining groove at 25% to 3335% compression.

If remanufacturing a pump, all gaskets should be replaced.
6.7.3.4 Fluid system
Any remanufactured pump should duplicate the original pumps hydraulic performance criteria, including capacity flow, total dynamic head, speed, and electrical power requirements.
6.7.3.4 Fluid system
Any remanufactured or new replacement pump should duplicate the original pump’s hydraulic performance criteria, including capacity flow, total dynamic head, rotational speed, and electrical power requirements.
6.7.3.5 Electrical system
Remanufactured motors should be disassembled, tested, and rewound with Class F or higher insulation. New windings should be double-dipped and baked with an epoxy varnish. New (12 gauge minimum) motor leads should be installed. The electrical connector should be replaced and installed with new seals.

6.7.3.5 Electrical system
Remanufactured Pump motors should be disassembled, tested, and rewound rated with Class F or higher insulation. New Motor windings should be double-dipped and baked with an epoxy varnish. New (12 gauge minimum) motor leads should be installed. The electrical connector should be replaced and installed with new seals. and power cord / conduit system be designed to assure that no migration of moisture is possible into the electrical connection point.  Power cords or conduit should be replaced that show any signs of cracking or deterioration from weather or aging. 
6.7.3.6 General requirements

The user should consider performance testing of new or remanufactured pumps. Any performance test should use only transformer oil as the pumped fluid, and the results should be recorded. The performance test should include flow conditions throughout the performance curve. The following are the minimum tests required on the remanufactured transformer oil pumps:

a) Measure motor resistances ohms in all phases from A to B, A to C, and B to C.

b) Measure and record the inside diameter on the front and rear bearing.

c) Measure and record motor endplay.

d) Install electrical connector and cord assembly, and conduct insulation resistance test of motor (minimum insulation resistance – 200 MΩ).

e) Perform dc high potential and surge test.

f) Perform leak test on the pump with oil during performance test for 30 min.

g) Document pump performance data for a minimum of three flow conditions ranging from shutoff to end-of-curve using the actual performance tests for each pump. The following data should be included for each flow condition:

1) Suction pressure

2) Discharge pressure

3) Total dynamic head

4) Flow rate in liters per minute (gallons per minute)

5) Voltage (actual)

6) Current of each phase under load conditions

6.7.3.6 General Inspection / Testing requirements
The user should consider performance testing of new or remanufactured pumps.  Any performance test should use only transformer oil as the pumped fluid, and the results should be recorded.  The performance test should include flow conditions throughout the performance curve.  The following are the minimum tests required on the remanufactured transformer oil pumps:

h) Measure motor resistances (ohms) in on all phases from (A to B, A to C, and B to C).
i) Measure and record the inside diameter on the front and rear bearing.

j) Measure and record motor endplay.

b)   Install electrical connector and cord assembly, and conduct Measure insulation resistance test of motor (minimum insulation resistance – 200 MΩ).

c)    Perform dc high potential and surge test.

d)    Measure “no load” motor amps.
k) Perform leak test on the pump with oil during performance test. for 30 min.
l) Document pump performance data for a minimum of three flow conditions ranging from shutoff to end-of-curve using the actual performance tests for each pump. The following data should be included for each flow condition:

1) Suction pressure

2) Discharge pressure

3) Total dynamic head

4) Flow rate in liters per minute (gallons per minute)

5) Voltage (actual)

6) Current of each phase under load conditions
6.7.4 Pumping of natural ester-based insulating fluids

Careful consideration should be given when applying a forced oil cooling system (circulating pumps) to a transformer filled with any natural ester-based insulating fluid.  Particularly in cold start-up conditions, the fluid becomes excessively viscous (as compared to typical mineral based fluids) and may overload the pump motor or trip out electrical controls.  

6.8 Radiators, coolers, and fans - Greg Stem, Dick Amos

6.8.1 Radiators and fans

Visual inspection of the transformer oil-cooling loop components should be performed as regularly as prudent, but should not exceed 12 mo. Fans should be manually energized to ensure proper operation. Any significant noises (e.g., grinding, rubbing, scraping) should be noted, investigated further, and corrected. Fan blade guards must meet government safety standards. Obvious airflow obstruction through coolers via debris should be noted and cleaned. Periodic infrared imaging of the coolers/radiators should be taken to ensure proper oil flow and cooler/radiator heat transfer. All areas including piping, valves, and surrounding ground area must not show evidence of oil leakage. Typical leakage points will include all pipe flange connections, valve stems, pump electrical connections, radiator/cooler headers, etc. 

Any missing, failed, or defective fans should be repaired or replaced. If the transformer’s future expected service includes normal loading beyond nameplate kilovoltamperes, considerations should be given to increasing the number of fans as part of the reconditioning of the transformer. However, any cooling revisions should be developed by someone with specific knowledge of the transformer’s cooling design. 

6.8.2 Forced oil coolers

Forced oil and air coolers can be found on almost all generator step-up transformers and mobile transformers and on some substation transformers. These coolers depend upon both the full air flow from their fans and full oil flow from their associated pumps in order to provide the amount of cooling required to dissipate the transformer losses. Without both the fans and pumps operating, these coolers are essentially nonfunctional. Depending on the environmental conditions where the transformer is in service, after about 20 yr in service, the coolers deteriorate to the extent that they approach their end of life. One or more of the conditions described in 6.8.2.1 through 6.8.2.4 may hasten the end of life for these coolers.

6.8.2.2 Water spraying

Some users spray their transformers with water during emergency overload conditions. The transformer design engineers of the original equipment manufacturer may utilize the transformer tank surface and the cooling system (radiators or coolers) to help radiate the losses that are generated. Unfortunately, when the sprayed water evaporates, the tank wall and cooler surfaces are coated with layer after layer of mineral deposits, and possibly dirt, depending upon the quality of the water. This condition reduces the overall heat transfer capability of the cooling system. Once the minerals are baked on the surface, they are virtually impossible to remove, and the overall life of the transformer is reduced. 
6.8.1 Radiators and fans

Visual inspection of the transformer oil-cooling loop components should be performed as regularly as prudent, but should not exceed 12 mo. Fans should be manually energized to ensure proper operation. Any significant noises (e.g., grinding, rubbing, scraping) should be noted, investigated further, and corrected. Fan blade guards must meet government safety standards. Obvious airflow obstruction through coolers via debris should be noted and cleaned. Periodic infrared imaging of the coolers/radiators should be taken to ensure proper oil flow and cooler/radiator heat transfer. All areas including piping, valves, and surrounding ground area must not show evidence of oil leakage. Typical leakage points will include all pipe flange connections, valve stems, pump electrical connections, radiator/cooler headers, etc. 

Any missing, failed, or defective fans should be repaired or replaced. If the transformer’s future expected service includes normal loading beyond nameplate kilovoltamperes, considerations should be given to increasing the number of fans as part of the reconditioning of the transformer. However, any cooling revisions should be developed by someone with specific knowledge of the transformer’s cooling design. 

6.8.2 Forced oil coolers

Forced oil and air coolers can be found on almost all generator step-up transformers and mobile transformers and on some substation transformers. These coolers depend upon both the full air flow from their fans and full oil flow from their associated pumps in order to provide the amount of cooling required to dissipate the transformer losses. Without both the fans and pumps operating, these coolers are essentially nonfunctional. Depending on the environmental conditions where the transformer is in service, after about 20 yr in service, the coolers deteriorate to the extent that they approach their end of life. One or more of the conditions described in 6.8.2.1 through 6.8.2.4 may hasten the end of life for these coolers.

6.8.2.1 Thermal degradation of the cooler tube bundle

Thermal degradation of the cooler tube bundle occurs when the finned surface is fouled or clogged with debris from airborne particles. This condition might be remedied with the use of high-pressure spray cleaning. Care needs to be taken to avoid deformation of cooling fins by high-pressure spraying because this action may constrict the air flow paths intended by the supplier. Other forms of thermal degradation occur when there is mechanical damage or deformation of the fins or when there is a general deterioration of the fins due to corrosion (which then helps to hold debris inside the tube bundle). The end result is that any of these conditions reduces the air flow and heat transfer capability of the coolers and causes the transformer to operate at higher temperatures. Overheating of the transformer windings resulting from fouled coolers causes excessive thermal aging of the insulation, which reduces the overall life of the transformer.

6.8.2.2 Water spraying

Some users spray their transformers with water during emergency overload conditions. The transformer design engineers of the original equipment manufacturer may utilize the transformer tank surface and the cooling system (radiators or coolers) to help radiate the losses that are generated. Unfortunately, when the sprayed water evaporates, the tank wall and cooler surfaces are coated with layer after layer of mineral deposits, and possibly dirt, depending upon the quality of the water. This condition reduces the overall heat transfer capability of the cooling system. Once the minerals are baked on the surface, they are virtually impossible to remove, and the overall life of the transformer is reduced. 

6.8.1 Radiators and fans

Visual inspection of the transformer oil-cooling loop components should be performed as regularly as prudent, but should not exceed 12 months. Fans should be manually energized to ensure proper operation. Any significant noises (e.g., grinding, rubbing, scraping) should be noted, investigated further, and corrected. Fan blade guards must meet government safety standards. Obvious airflow obstruction through coolers via debris should be noted and cleaned. Periodic infrared imaging of the coolers/radiators should be taken to ensure proper oil flow and cooler/radiator heat transfer. All areas including piping, valves, and surrounding ground area must not show evidence of oil leakage. Typical leakage points will include all pipe flange connections, valve stems, pump electrical connections, radiator/cooler headers, etc. 

Any missing, failed, or defective fans should be repaired or replaced. If the transformer’s future expected service includes normal loading beyond nameplate kilovoltamperes, considerations should be given to increasing the number of fans as part of the reconditioning of the transformer. However, any cooling revisions should be developed by someone with specific knowledge of the transformer’s cooling design. 

6.8.2 Forced oil coolers

Forced oil and air coolers can be found on almost all generator step-up transformers and mobile transformers and on some substation transformers. These coolers depend upon both the full air flow from their fans and full oil flow from their associated pumps in order to provide the amount of cooling required to dissipate the transformer heat losses. Without both the fans and pumps operating, these coolers are essentially nonfunctional. Depending on the environmental conditions where the transformer is in service, after about 20 yr years in service, the coolers deteriorate to the extent that they approach their end of life. One or more of the conditions described in 6.8.2.1 through 6.8.2.4 may hasten the end of life for these coolers.

6.8.2.2 Water spraying

Some users spray their transformers with water during emergency overload conditions. The transformer design engineers of the original equipment manufacturer may utilize the transformer tank surface and the cooling system (radiators or coolers) to help radiate the heat losses that are generated. Unfortunately, when the sprayed water evaporates, the tank wall and cooler surfaces are coated with layer after layer of mineral deposits, and possibly dirt, depending upon the quality of the water. This condition reduces the overall heat transfer capability of the cooling system. Once the minerals are baked on the surface, they are virtually impossible to remove, and the overall life of the transformer is reduced. 

Acceptance Testing - Rowland James, Alan Peterson

7. Degassing and moisture removal 

7.1 Recirculation method -Derek Baranowski

7.1
Recirculation method

Recirculation of insulating oil is performed on a transformer to increase the dielectric strength of the transformer internal insulation system. It is the most common field method for drying and/or reimpregnating the cellulose insulation. Recirculation is not normally required for the majority of new medium or large power transformer installations. A recirculation process on new or aged transformers should not exceed the mechanical or thermal design limitations of the transformer or the transformer’s ancillary equipment. A recirculation process may be performed for the following reasons:

m) The transformer manufacturer may require a recirculation process for the installation of a new transformer. When recirculation is required, the manufacturer should provide the process criteria along with limiting mechanical and thermal criteria as part of the instruction literature.

n) The transformer manufacturer may require a recirculation process on a new transformer for the following additional reasons:

1) The transformer has been out of oil for a period of time that will require reimpregnating the cellulose insulation. The period of time and recirculation criteria should be determined by the original manufacturer and the user based on all available information on the existing insulation condition. 

2) It has been determined that the cellulose insulating materials absorbed an unacceptable amount of moisture during shipment or storage.

o) The end user may determine a recirculation process is necessary for one of the following reasons:

1) To reimpregnate the cellulose insulating materials after being out of oil for a prolonged period of time. 

2) To remove excessive moisture from the transformer insulating system (cellulose and/or oil).

7.1.1
Important factors

The most important factors in recirculation are temperature, vacuum, and set time (often referred to as absorption). These factors are required to remove moisture from the transformer oil, remove moisture from the cellulose insulation, and/or to reimpregnate the cellulose insulation. The intent is to heat, filter, and degasify the oil while circulating the oil through the transformer tank under vacuum. After heating the cellulose, the oil is drained from the tank, and vacuum is applied to the exposed, heated cellulose insulation. Final oil filling may occur after using one or more of the following methods to determine dryness:

p) A designated period of vacuum time

q) Monitoring of oil quality, vacuum, and moisture extraction

r) Measuring the amount of extracted water

s) Monitoring the internal tank relative humidity/dew point

An insulation power factor measurement is recommended after the required transformer set time (reimpregnation of the cellulose insulation) in oil. See Table 6 for recommended set times. The insulation power factor measurement should be the final verification on the integrity of the insulation system. 

Table 6—Recommended minimum set time (i.e., absorption) after final oil fill

	Voltage class 
(kV)
	Minimum set time 
(hr)

	69
	48

	138
	48

	230
	48

	345
	60

	500
	72

	765
	96


NOTE—Extended set times may be required if the core and/or coil assembly was out of the oil for a prolonged period. 

7.1.2
Field instructions

The following are generic field instructions for recirculation and transformer set time before energization. In addition to the CAUTION notes provided with the items below, the manufacturer’s instruction literature should be consulted for other electrical, mechanical, or thermal design limitations that may prohibit the use of this or other recirculation field processes. Mechanical and thermal recommendations for the recirculation process are as follows:

t) General equipment recommendations are as follows (specifications may vary based on the size of the transformer and ambient temperatures):

1) Degasification trailer capable of circulating 113 lpm (30 GPM) @ 70 °C, 190 kW heating capacity. Trailer intake filter 5.0 μm, trailer discharge filter 0.5 μm.

2) Vacuum pump with 4.25 m3/min to 8.5 m3/min (150 CFM to 300 CFM) capacity or greater with attainable blank off pressure of 0.02 Torr or less. An additional option is a booster pump with a capacity of 34 m3/min to 38 m3/min (1200 CFM to 1350 CFM).

3) Positive displacement pump 151 lpm (40 GPM) for oil discharge from the main transformer tank.

4) Optional monitoring and test equipment: on-line total dissolved gas monitor, on-line hygrometer or standard dew point equipment, test equipment for monitoring winding resistance, cold trap for cryogenic-vacuum processing, moisture content and dielectric strength oil test equipment, oil power factor tester, and insulation power factor tester.

u) Oil entrance into the transformer tank should be through the top main cover or at the top main tank walls as close to the cover as possible. 

CAUTION

If ambient temperatures are 5 °C or less, the oil should be heated gradually and directed so that it does not splash on bushing porcelain. Failure to comply with this requirement may result in breakage of bushing porcelains due to thermal shock. 

v) Vacuum connections should be at the top of the transformer tank as far away as possible from the oil entrance. 

CAUTION

Review the transformer instruction literature to be sure that the main transformer tank, auxiliary tanks, terminal boards between walls and all ancillary items can withstand designated full vacuum 103 kPA (15 psi) at elevated temperatures. Epoxy or nonmetallic terminal boards may not be able to withstand full vacuum at elevated temperatures. Ancillary devices such as fault pressure relays or monitoring devices may require removal or valving-off if not able to withstand full vacuum.

Conservator tanks with rubber bladders may be designated as being capable of withstanding full vacuum. Vacuum applied to the conservator tank may damage or weaken the rubber bladder. 

If external bushing connections are made, be certain there is sufficient slack in the external line connections to allow for bushing movement caused by the flexing of the transformer cover and/or walls. Failure to relieve this stress at the bushing connection may result in bushing seal damage and a loss of oil. 

w) Oil discharge from the main transformer tank should be from the bottom of the tank. A positive displacement oil pump should be used at the tank discharge valve within 1.5 m (5 ft) of the tank wall. Vacuum should be maintained at the best possible level with the lowest possible oil level in the transformer tank to maintain oil discharge without pump cavitation. A minimum oil head of approximately 0.9 m (36 in) is required to maintain oil flow 151 lpm (40 GPM) under full vacuum with a positive displacement pump. Table 7 provides recommended vacuum levels for recirculation and final oil fill. The vacuum level will initially be affected by the oil quality and moisture level in the oil. Ideally, the oil level in the main tank should be below all major insulation. 

x) Additional recommendations for the oil circulation and vacuum dry process include the following:

1) Prior to vacuum and oil circulation, close all valves to cooling equipment. Close all valves to ancillary items that will not withstand full vacuum.

2) Oil circulation through the tank should continue until the moisture and gas levels of the oil are acceptable and the cellulose insulation is heated sufficiently to facilitate moisture extraction under vacuum. 

3) When ambient temperatures are below 0 °C, an oil level greater than 0.9 m (36 in) may be necessary to act as a heat sink to obtain the desired temperatures. Thermal blankets on the exposed tank walls may also be necessary. 

4) Circulate 85 °C oil through the tank until the oil discharge temperature stabilizes at 50 °C or higher.

5) When oil discharge temperature stabilizes at 50 °C or greater, drain the oil to a level below the coil assemblies or drain complete. Apply vacuum as indicated in Table 7 based on one of the following options:

i) Designated period of vacuum time

ii) Monitoring of oil quality, vacuum, and moisture extraction

iii) Measuring the amount of extracted water

iv) Monitoring the internal tank relative humidity/dew point

6) Final verification of the dielectric strength of the insulation system should be an insulation power factor test. An acceptable insulation power factor value for a new transformer is < 0.5% or as specified by the manufacturer. See 6.1.6.2 and 6.1.6.8 in IEEE Std 62.

Table 7—Recommended vacuum levels for recirculation and final oil filling 
(insulation exposed)

	Voltage class 
(kV)
	Vacuum final oil filling
[μm  (mm Hg)]

	69
	2000 (2)

	138
	2000 (2)

	230
	2000 (2)

	345
	1000 (1)

	500
	1000 (1)

	765
	1000 (1)


7.1 Off Line De-Energized Processing methods
For non vacuum rated transformers:

There are two established methods used on non vacuum rated transformers. They are Hot Air Circulation and Hot Oil circulation.

1. Hot air method consists of removing all of the oil from the transformer, sealing the tank except for the air in and out connections, and circulating hot air (80 - 100°C) within the transformer tank. As the hot air picks up moisture from the active parts, is it becomes saturated and will not absorb any more moisture. At this point the saturated air must be purged with a supply of dry air.  This is typically done by bleeding in a constant stream of dry air and allowing the saturated air to escape. This method is very slow and care must be taken not to overheat the active parts as they are exposed to air. An alternative method is to use dry nitrogen in place of the dry air. Higher temperatures can be used because of the absence of air.

2. Hot oil method consists of heating the entire volume of oil to 75 - 95°C in the transformer and passing it through a vacuum degasified/dehydrator to remove the moisture from the oil and reheating the oil as it is returned to the transformer. The hot dry oil will pick up moisture from the surface of the active parts of the transformer and that moisture is removed from the oil using the vacuum dehydrator/degassifier. This is also a slow process because moisture deep within the active parts must migrate to the surface areas to be removed by the hot oil. Care must be taken to insure that the transformer is vented so that the degassed oil does not result in a vacuum be exerted on the tank. 

For vacuum rated transformers:

There are three established methods used on vacuum rated transformer. They are Hot oil Circulation followed by draining the oil and applying Vacuum, Hot Oil Spray and Vacuum, Hot Oil Spray with Low Frequency Heating and Vacuum.

1. Hot Oil Circulation with Oil Drain and High Vacuum process consists of heating the entire volume of oil in the transformer and continuously passing it through a vacuum degasified/dehydrator to remove the moisture from the oil and reheating the oil as it is returned to the transformer. The hot dry oil will pick up moisture from the surface of the active parts of the transformer and that moisture is removed from the oil using the vacuum dehydrator/degassifier. This recirculation process is continued until the inlet and outlet oil temperatures are within an acceptable Delta T. At this point a circulation countdown timer is started and the circulation process continues. At the end of the timed interval, the oil is drained from the transformer and vacuum is applied to remove the moisture from the active parts of the transformer. If the transformer is extremely wet, this process may need to be repeated.

2. Hot Oil Spray and Vacuum process consists of spraying hot degasified and dehydrated oil over the active parts of the transformer by placing a spray system in the tank, usually by using a manhole or inspection plate cover that has been modified to accept the spray system. The hot oil is sprayed in the top and drawn out at the oil drain connection. This typically requires an oil booster pump at the base of the transformer to assist in pumping the oil back to the processor. The oil is degasified, dehydrated, and reheated and returned to the spay system. Vacuum is also applied to the transformer and moisture is removed from the insulation as the hot oil heats it to a point of vaporization. 

3. Hot Oil Spray with Low Frequency Heating and Vacuum process consists of the addition of a Low Frequency Heating System used in conjunction with the Hot Oil Spray process. This provides an additional source of heat within the active parts and promotes the vaporization of moisture without having to wait for the hot oil to reach the interior of the insulation.

 Important factors

The most important factors in recirculation are temperature, vacuum, and set time (often referred to as absorption). These factors are required to remove moisture from the transformer oil, remove moisture from the cellulose insulation, and/or to reimpregnate the cellulose insulation. The intent is to heat, filter, and degasify the oil while circulating the oil through the transformer tank under vacuum. Completion of the drying process and final oil filling may occur after using one or more of the following methods to determine dryness:

y) A designated period of vacuum time

z) Monitoring of oil quality, vacuum, and moisture extraction

aa) Measuring the amount of extracted water

ab) Monitoring the internal tank relative humidity/dew point

An insulation power factor measurement is recommended after the required transformer set time (reimpregnation of the cellulose insulation) in oil. See Table 6 for recommended set times. The insulation power factor measurement should be the final verification on the integrity of the insulation system. 

Table 6—Recommended minimum set time (i.e., absorption) after final oil fill

	Voltage class 
(kV)
	Minimum set time 
(hr)

	69
	48

	138
	48

	230
	48

	345
	60

	500
	72

	765
	96


NOTE—Extended set times may be required if the core and/or coil assembly was out of the oil for a prolonged period. 

7.1.1
Field instructions

The following are generic field instructions for recirculation and transformer set time before energization. In addition to the CAUTION notes provided with the items below, the manufacturer’s instruction literature should be consulted for other electrical, mechanical, or thermal design limitations that may prohibit the use of this or other recirculation field processes. Mechanical and thermal recommendations for the recirculation process are as follows:

ac) General equipment recommendations are as follows (specifications may vary based on the size of the transformer and ambient temperatures):

1) Degasification trailer capable of circulating 30 – 40 GPM @ 145 - 165°F, 190 265 kW heating capacity. Trailer intake filter 0.5 μm, trailer discharge filter 0.5 μm.

2) Vacuum pump with 4.25 m3/min to 8.5 m3/min (150 CFM to 300 CFM) capacity or greater with attainable blank off pressure of 0.02 Torr or less. An additional option is a booster pump with a capacity of 34 m3/min to 38 m3/min (1200 CFM to 1449 CFM).

3) Positive displacement rotary tri screw or other low NPSH pump sized to match the processor flow rate for oil discharge from the main transformer tank.

4) Optional monitoring and test equipment: on-line total dissolved gas monitor, on-line hygrometer or standard dew point equipment, test equipment for monitoring winding resistance, cold trap for cryogenic-vacuum processing, moisture content and dielectric strength oil test equipment, oil power factor tester, and insulation power factor tester.

ad) Oil entrance into the transformer tank should be through the top main cover or at the top main tank walls as close to the cover as possible. 

CAUTION

If ambient temperatures are 5 °C or less, the oil should be heated gradually and directed so that it does not splash on bushing porcelain. Failure to comply with this requirement may result in breakage of bushing porcelains due to thermal shock. 

ae) Vacuum connections should be at the top of the transformer tank as far away as possible from the oil entrance. 

CAUTION

Review the transformer instruction literature to be sure that the main transformer tank, LTC, auxiliary tanks, terminal boards between walls and all ancillary items can withstand designated full vacuum 103 kPA (15 psi) at elevated temperatures. Epoxy or nonmetallic terminal boards may not be able to withstand full vacuum at elevated temperatures. Ancillary devices such as fault pressure relays or monitoring devices may require removal or valving-off if not able to withstand full vacuum.

Conservator tanks with rubber bladders may be designated as being capable of withstanding full vacuum. Vacuum applied to the conservator tank may damage or weaken the rubber bladder. 

If external bushing connections are made, be certain there is sufficient slack in the external line connections to allow for bushing movement caused by the flexing of the transformer cover and/or walls. Failure to relieve this stress at the bushing connection may result in bushing seal damage and a loss of oil. 

af) Oil discharge from the main transformer tank should be from the bottom of the tank. A positive displacement oil pump should be used at the tank discharge valve within 1.5 m (5 ft) of the tank wall. Vacuum should be maintained at the best possible level with the lowest possible oil level in the transformer tank to maintain oil discharge without pump cavitation. A minimum oil head of approximately 0.9 m (36 in) is required to maintain oil flow 151 lpm (40 GPM) under full vacuum with a positive displacement pump. Table 7 provides recommended vacuum levels for recirculation and final oil fill. The vacuum level will initially be affected by the oil quality and moisture level in the oil. Ideally, the oil level in the main tank should be below all major insulation. 

ag) Additional recommendations for the oil circulation and vacuum dry process include the following:

1) Prior to vacuum and oil circulation, close all valves to cooling equipment. Close all valves to ancillary items that will not withstand full vacuum.

2) Oil circulation through the tank should continue until the moisture and gas levels of the oil are acceptable and the cellulose insulation is heated sufficiently to facilitate moisture extraction under vacuum. 

3) When ambient temperatures are below 0 °C, an oil level greater than 0.9 m (36 in) may be necessary to act as a heat sink to obtain the desired temperatures. Thermal blankets on the exposed tank walls may also be necessary. 

4) Circulate 85 °C oil through the tank until the oil discharge temperature stabilizes at 50 °C or higher.

5) When oil discharge temperature stabilizes at 50 °C or greater, drain the oil to a level below the coil assemblies or drain complete. Apply vacuum as indicated in Table 7 based on one of the following options:

i) Designated period of vacuum time

ii) Monitoring of oil quality, vacuum, and moisture extraction

iii) Measuring the amount of extracted water

iv) Monitoring the internal tank relative humidity/dew point

6) Final verification of the dielectric strength of the insulation system should be an insulation power factor test. An acceptable insulation power factor value for a new transformer is < 0.5% or as specified by the manufacturer. See 6.1.6.2 and 6.1.6.8 in IEEE Std 62.

Table 7—Recommended vacuum levels for recirculation and final oil filling 
(insulation exposed)

	Voltage class 
(kV)
	Vacuum final oil filling
[μm  (mm Hg)]

	69
	2000 (2)

	138
	2000 (2)

	230
	2000 (2)

	345
	1000 (1)

	500
	1000 (1)

	765
	1000 (1)


7.2 
On-line oil dryout method - Derek Baranowski

On-line transformer moisture removal and management systems have become increasingly popular in many parts of the world. Europe, Australia, and Africa have several hundred units installed on up to 800 MVA, 765 kV transformers. 

The most common system is an absorption or molecular sponge dryout (MSD) process using ceramic sylo beads to remove moisture from the oil and paper insulation. The objective is to prolong the life of in-service transformer paper insulation by constantly maintaining a low-moisture content in the oil. The system is permanently installed on the transformer or on a nearby custom frame.

The MSD system is not intended to replace the factory vapor phase dryout system or the standard oil reconditioning systems.

The criteria in 7.2.1 through 7.2.4 should be considered.

7.2.1 Desired features

The following criteria describe the desired features of an MSD system:

· The system must not present any electrical risk to the transformer.

· The system must manage the moisture removal process to ensure that the paper is not completely dried out. Solid insulation that is excessively dried will be detrimentally affected from both the mechanical and dielectric standpoint.

· The system must not release moisture back into the oil when the filters become saturated.

· The filters should be capable of changeout while the transformer is under load.

· The system should not introduce oxygen into the transformer and should be equipped with a de-aerator. 

· On-line processing systems should maintain the transformer’s normal operating oil pressure and oil level at all times. A significant drop in the oil level may expose energized parts and lead to a flashover and failure. A change in oil temperature or pressure will change the equilibrium of any dissolved gasses and moisture in the transformer’s oil, and that change in equilibrium may cause bubbling and also lead to a flashover and failure.

7.2.2
Effectiveness

The following criteria relate to the effectiveness of an MSD system:

· Care should be exercised to ensure that the DGA analysis is not affected by any dryout system.

· Any on-line system that masks the trend of the dissolved gasses should not be used.

· The on-line system should dry out both the oil and paper insulation system and maintain the moisture content at or near factory levels.

7.2.3
Warranty integrity

The systems should not adversely affect the transformer manufacturer’s warranty. Rather, they should enhance it. 

7.2.4
Saturation measurement

MSD systems must have provision to permit measurement of the parts per million and temperatures at both the inlet and outlet points. When both readings are similar, it gives a clear indication that the filters are saturated.

7.2
On-line energized oil dryout method

On-line transformer moisture removal systems have become increasingly popular to extend the operating period of a transformer that has had an increase in moisture levels or may be gassing and needs to remain in service until a scheduled outage can occur. 

There are several systems readily available and use either an absorptive system or vacuum dehydration. Absorptive systems use a media that will remove the moisture from the oil as it passes through the media. These absorptive systems must either regenerate the absorptive material or have the absorptive elements replaced when they become saturated. The affinity oil has for moisture increases with temperature so the material used to absorb the moisture from the transformer oil must be suited for the operational conditions. As absorptive media can release captured moisture if the oil temperature reaches a point where the oil has more attraction for the moisture than the absorptive material, monitoring devices must be used to isolate the absorptive media when these conditions are present. 

Vacuum dehydrator / degassifer systems use vacuum to remove the moisture and the dissolved gasses. These systems do not trap the moisture in a absorptive media but exhaust the water vapor to atmosphere.  The system must be designed so that the vacuum used in the processor is never exerted on the energized transformer. Vacuum dehydrator type systems will also remove dissolved gasses along with moisture. The dissolved gasses are still generated if the transformer has a fault so DGA analysis of the oil can still be done. The gas ratios do not change, only their levels.
The criteria in 7.2.1 through 7.2.4 should be considered.

1.1.1. Desired features

The following criteria describe the desired features of an On Line Energized Oil Processor system:
· The system must not present any electrical risk to the transformer.

· The system must manage the moisture removal process to ensure that the paper is not completely dried out. Solid insulation that is excessively dried will be detrimentally affected from both the mechanical and dielectric standpoint.

· The system must not release moisture back into the oil when the filters become saturated.

· The filters should be capable of changeout while the transformer is under load.

· The system should not introduce oxygen into the transformer and should be equipped with a de-aerator. 

· On-line processing systems should maintain the transformer’s normal operating oil pressure and oil level at all times. A significant drop in the oil level may expose energized parts and lead to a flashover and failure. A change in oil temperature or pressure will change the equilibrium of any dissolved gasses and moisture in the transformer’s oil, and that change in equilibrium may cause bubbling and also lead to a flashover and failure.

1.1.2. Effectiveness

The following criteria relate to the effectiveness of an On Line Energized  system:

· User should be made aware that gassing level ratio’s will not change should the transformer exhib gassing tendencies before appling an On Line Energized System howere the gas levels will be at reduced levels with a vacuum type processing system.. Vacuum type systems can allow a transformer to stay in service by maintaining gassing levels at acceptable levels until a scheduled outage to fix or replace the unit can be performed.

· The on-line system should dry out both the oil and paper insulation system and maintain the moisture content at or near factory levels.

1.1.3. Warranty integrity

The systems should not adversely affect the transformer manufacturer’s warranty. Rather, they should enhance it. 

1.1.4. Saturation measurement

Absorbative type systemssystems must have provision to permit measurement of the parts per million and temperatures at both the inlet and outlet points. When both readings are similar, it gives a clear indication that the filters are saturated.

7.3 Refrigeration method - Derek Baranowski 

Another on-line transformer moisture removal system in common use around the world makes use of the refrigerating breather. This device makes use of the Peltier effect to freeze the moisture in the air space above the oil in a free breathing expansion vessel. A series of thermoelectric modules are used to alternately cool and heat the unit’s vertical central duct in an automatic continuously repeated cycle. As a result, the system extracts moisture as frost and ice and melts it to escape via a drain tube. It thus dries the air continually day and night without any moving parts and eliminates the need for regular maintenance. The dryness of the air in the expansion vessel (or conservator) causes moisture to migrate from the oil into the air for removal. The resulting dryness of the oil causes moisture to migrate from the insulation into the oil and hence into the air for removal. Although this process is slow and depends on thermal cycling of the transformer to move oil in and out of the conservator, it has been found to be an efficient, economical solution to maintaining dry insulation.
7.3 Refrigeration method

Another on-line transformer moisture removal system in common use around the world makes use of the refrigerating breather. This device makes use of the Peltier effect to freeze the moisture in the air space above the oil in a free breathing expansion vessel. A series of thermoelectric modules are used to alternately cool and heat the unit’s vertical central duct in an automatic continuously repeated cycle. As a result, the system extracts moisture as frost and ice and melts it to escape via a drain tube. It thus dries the air continually day and night without any moving parts and eliminates the need for regular maintenance. The dryness of the air in the expansion vessel (or conservator) causes moisture to migrate from the oil into the air for removal. The resulting dryness of the oil causes moisture to migrate from the insulation into the oil and hence into the air for removal. Although this process is slow and depends on thermal cycling of the transformer to move oil in and out of the conservator, it has been found to be an efficient, economical solution to maintaining dry insulation. A similar result can be achived by exchanging the moisture saturated gas with dry gas.
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