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Infrared Imaging of Oil and Gas Insulated Electrical Substation Equipment
Jay Bowen 

ABSTRACT
Substation maintenance technology has since the early 1970’s incorporated infrared camera technology as a high Return on Investment (ROI) methodology. An inspection made with an infrared thermography camera can detect abnormal thermal patterns in and around the equipment in a substation and specifically those that are insulated and cooled with gases and oils. Thermography can prove to be a challenge to interpret, but with training and experience the paybacks are substantial. An effective IR thermography program is only as good as the individuals using the IR camera. Appropriate levels of training should be given to the IR thermographer to allow for proper data capture and diagnosis of oil and gas insulated equipment.

A well-managed infrared thermography program fosters more effective maintenance planning as well as helps to avoid catastrophic equipment failures, possible injury to personnel, unscheduled downtime, environmental issues and associated costs.

INTRODUCTION

This paper discusses and showcases examples of imagery and interpretation which will serve to introduce and explain this technology.

Discussion
The discussion of infrared scanning oil and gas insulated equipment generally centers around pattern recognition and measurement of surface temperatures.
An experienced thermographer must have knowledge of the equipment being utilized (the IR camera) in order to image and obtain radiometric information. Issues such as the temperature measurement limits, accuracy and the relationship between spot size and distance are all very important considerations fundamental in high quality thermal inspections.

The thermographer also must have inherent knowledge of the internal workings of the equipment being imaged. Knowing the inner workings of a Load Tap Changer (LTC) and how it operates is essential to diagnosing the normal thermal patterns associated with oil heated by the Sun versus from those generated by an internal problem in the LTC.

Additionally, the thermographer must have a good of knowledge of the physics of heat transfer as applied to this equipment so that an understanding of the delay of the insulating medium can be taken into account. By this we mean that an internal problem inside of a large oil filled transformer and the resulting pattern on the exterior can have many origins and will be largely diffused by the oil in the transformer tank. Without a complete understanding of the entire system – camera and the object the thermographer being scanned – a complete and competent diagnosis is often not possible. 
In other words, the camera is no better than the operator using it!
Taking actual wording from a specification for thermography as a maintenance practice for transformers we can see some ambiguous language that requires some further explanation:
“Unusually high external temperatures or unusual thermal patterns of

transformer tanks indicate problems inside the transformer, such as

low oil level, circulating stray currents, blocked cooling, loose shields,

tap changer problems, etc.” 1

· What does an unusual thermal pattern on a transformer tank really mean? 

· How did it get there?  

· What anomaly would create such a pattern?

· What internal construction would create this pattern under normal conditions?

In the case of gas insulated equipment we find many similarities to oil insulated equipment and again many factors that influence interpretation.
When we look at the list of issues for oil and gas insulated equipment we understand that many of the failures are caused by heating effects. Oil analysis is based on gases and particles that entered the medium from overheating and destructive events such as partial discharges and arcing. 

[image: image9.png]HYDROGEN
(H2)

METHANE
(CHg)

ETHANE
(CHe)

ETHYLENE
(C2Ha)

ACETYLENE [ |

(C2H2)

COMBUSTIBLE GAS GENERATION VS.
APPROXIMATE OIL DECOMPOSITION TEMPERATURE

r

65°C

150°C

PARTIAL DISCHARGE (NOT TEMPERATURE DEPENDENT)

RANGE OF NORMAL OPERATION

HOT SPOTS

(OF INCREASING
TEMPERATURE)

CoHg>CHy

CaHpoHs /

TRACE —}

CaH2>10% of CoHg— |

ARCING
[e——
CONDITIONS

8

R

GAS GENERATION (NOT TO SCALE)

APPROXIMATE OIL DECOMPOSITION
TEMPERATURE ABOVE 150°C





Figure 1

Load Tap Changer

Figure 1 is an IR image identified during a training class where the LTC tank was as warm as the main tank, which is unusual.  As the thermographers approached the above transformer they could hear sounds, above the normal hum of the transformer, similar to frying bacon so they exiting the area and informed the plant of the issue.  Subsequent Dissolved Gas Analysis (DGA) identified high levels of acetylene.
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Oil and Temperature
Figure 2
Knowing that heat generation is the leading symptom of equipment issues, IR thermography becomes a powerful tool when diagnosing a cause.
The problem still lies in the approach of patterns and actual data (measurements) that are useful. When we image a transformer we need to understand that the heat seen on the outside came from the inside by conduction of the fluid in direct contact with the side wall. Some patterning will be caused by internal convection of the fluids as the warmer less dense fluid rises to the top of the tank and the cooler falls to the lower. But also the internal supports will sometimes appear as the core heat is conducted via the metal supports to the exterior. The metal is a better conductor of heat than the fluid. IR cameras cannot image through steel as it is opaque to infrared radiation.  If equipment is externally mounted on the side of the enclosure then imaging the beneath those points is not possible.  Any problems behind a mounted panel may therefore be missed.
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Oil Filled Transformer Operating Normally
Figure 3
The conditions that make the healthy transformer in Figure 3 appear this way are the loading on the transformer, the cooling effect of the environment and the cooling method of the fluid (such as pumps that circulate fluid throughout the tank). The thermographer must understand all of this at the time of inspection and communicate this to whoever should be told.
The proper procedure is to image the equipment and look for asymmetrical heating on the tank.  The designer of the transformer or breaker specifically addressed cooling of the component. The questions asked include where did this heat originate and how did it get here? In Figure 4 a winding is overheating causing a mount welded to the side of the tank to conduct that energy to that exterior point. The direct side wall temperature is caused by internal heating. This is an indirect and insulated situation. There can be instances of small side wall rise and arcing faults where temperatures are over the melting point of the metals. The hot spot is 86.9 ºC on the outside of the tank.  How hot is it on the inside?  It would be difficult to accurately determine but certainly much hotter.  Figure 2 provides the standard temperature versus gas generation relationship.  If a dissolved gas analysis (DGA) that indicated the presence of high levels of ethylene, an internal hot spot (not detectable by the IR camera) in excess of 350 ºC must be present.
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Oil Filled Transformer with Anomaly
Figure 4
Finding the fluid level to verify gauges or confirm cooling problems is a useful function of thermography. It does have some limits when the tanks are in a warm environment and the fluid has expanded into the accumulator. Those transformers that have gas covers can still be imaged as the gas and the fluid will have different heat capacities.  
The transformer in Figure 5 is convectively cooled, at near full load.  Very clearly the oil level is just below the inlet to the radiator bank and only one fin is receiving oil.  The level gauge reads “normal”.
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Oil Filled Transformer – Low Oil but Gauge Read “Normal”
Figure 5
Low oil in naturally cooled transformers isn’t as always easy to detect as in the case of Figure 5.  A more typical situation is one such as in Figure 6 where again the gauge indicated a “normal” level.
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Oil Filled Transformer – Blocked Radiators or Low Oil?

Figure 6
The particular question on this transformer was if the banks of fins were blocked or if it was another low oil condition.  The best method is to take an IR image and then wait several hours and then take another image.  Load, ambient temperature and/or weather conditions will likely have changed and if the transformer is low on oil the thermal pattern will also have changed.  Different fins or banks may be warmer or cooler.  If the thermal pattern remains the same for a long period then the bank or fin is likely blocked.
Obtaining the external tank temperature and trending this over time, while accounting for loading and environmental conditions, can lend itself to small tank temperature rises that have no other explanation. This is the hardest of the IR analyses as trending with many variables can lead to misinterpretation of results.  Understanding that tank temperature is directly attributed to the core and windings and their functionality can lead to verification of other testing or initiate more diagnostics.
Oil insulated equipment is relatively simple to image whereas gas insulated SF6 breakers and switches are not. These present a unique problem in that the casing is typically bare stainless steel and this type of surface does not present efficient heat transfer by radiation. This means an IR camera has a difficult imaging issue for detecting the heat on these equipment types. The heat transfer in these cases is also unique in that the SF6 is 6 times less conductive than air. Therefore any heating on the surface compared to a similar breaker or switch would be considered abnormal.  That being said, Figure 7 shows an SF6 breaker with an internal heating problem revealed by an IR camera.
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SF6 Breaker with Internal Connection Problem

Figure 7
CONCLUSION 

The goal of any maintenance program is to extend the functional life of equipment and thus prevent and reduce the number of unplanned outages. Station transformers and substation transformers have great reliability but that comes with huge costs when failure occurs. EPRI estimates the cost of a substation transformer failure in the 50 million dollars range when failure was not averted. This included substantial damage to the substation and also to the environment.
Thermography has been a proven time tested cost effective tool for troubleshooting and maintenance of substation equipment. 
The primary reason thermography has been successful is due to the quality of the thermal imaging equipment available and the knowledge of those conducting the inspections.  To continue this success,  each company should recognize the aforementioned conditions and also that an IR camera is not a “point and shoot” instrument that provides an instant answer!  The application of the camera in the hands of well-trained individuals is what generates success.
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The oil level is clearly just below the inlet to the radiator
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