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• Thermal and electrical incipient faults or faults will create combustible gases

• So will stray gassing

• Paper degradation

• Gases created that are combustible
o Hydrogen

o Carbon monoxide

o Methane

o Ethane

o Acetylene

o Propane and Propene

o Butane and Butene

© 2026 Doble Engineering. All Rights Reserved. 2

Introduction 
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• Gases partition from the insulating liquid into the gas space based on temperature, 
pressure, and the Ostwald solubility coefficients at the prevailing temperature

• Even in transformers equipped with conservators containing bladders, gases can 
accumulate beneath the bladder as a bubble.

• Formation and migration of these gases to the headspace presents no significant 
concern, and transformer operators have successfully managed this phenomenon for 
more than 120 years

• However, in rare cases, combustible gases can accumulate to concentrations exceeding 
the Lower Explosive Limit (LEL), resulting in potential hazards to both equipment and 
personnel.
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Accumulation of Gases
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Fire Triangle
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Combustion and Explosion Scenarios

More Listed in the Paper
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Explosion
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Part 1 of the Fire Triangle

FUEL
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• LEL (Lower Explosive Limit): The minimum concentration of a specific gas that will 
combust, given the presence of sufficient oxygen and an ignition source.

• UEL (Upper Explosive Limit): The maximum concentration of a specific gas above which 
combustion will not occur, even if oxygen and an ignition source are present.
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Lower and Upper Explosive Limits
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LEL and UEL Examples
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Gas Partitioning – Ostwald Solubility Coefficients

Provided information at 70°C, can calculate at any temperature
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• Convert LEL percentage to µL/L in gas space: Direct percentage conversion based on 
1,000,000 µL/L

• Calculate equivalent concentration in oil: Multiply the gas space concentration by the 
Ostwald coefficient

• Formula:

• µL/L in oil = (µL/L in gas space) × Ostwald coefficient
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Conversion Process
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Examples

© D
ob

le 
Eng

ine
eri

ng



© 2026 Doble Engineering. All Rights Reserved. 13

LELs in Oil
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LELs for Alternative Liquids
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DGA Example – Mineral Oil

© D
ob

le 
Eng

ine
eri

ng



• Unmeasured Gases: Routine DGA does not measure all combustible gases, including 
propane, propene, butane, butene, and others, which can contribute to the total 
flammability percentage.

• Literature Variability: Some variability exists in published LEL values for gases listed in 
Table 2 across various literature sources.

• Temperature Effects: Calculations assume 20°C; actual operating temperatures may 
differ significantly.

• Pressure Effects: Pressure variations can influence LEL values and gas partitioning 
behavior.

• Safety Recommendation: As a precautionary measure, Doble Engineering Company 
recommends exercising caution once the cumulative flammability percentage reaches or 
exceeds 85%, providing a safety margin for the factors listed above.
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Factors to Consider

© D
ob

le 
Eng

ine
eri

ng



© 2026 Doble Engineering. All Rights Reserved. 17

Doble TCG Calculator

Go To 
Spreadsheet
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Part 2 of the Fire Triangle

OXYGEN
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Limiting Oxygen Concentration (LOC)

Any free-breathing transformer, LTC, or OCB will have sufficient oxygen to support 
combustion, as these systems have direct contact with atmospheric air containing 
approximately 21% oxygen.
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• Fuel Requirement (from Table 5): Minimum of 2,232 µL/L of hydrogen in mineral oil to 
meet the LEL in the gas space

• Oxygen Requirement (from Table 8): Approximately 7,160 µL/L of oxygen in mineral oil 
to support combustion

• Ignition Source: Heat or spark of sufficient energy to initiate the reaction

• All three elements must be present simultaneously in the gas space for combustion to 
occur.
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Hydrogen as an Example
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Part 3 of the Fire Triangle

INGNITION OR HEAT SOURCE
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• Open Flames: Maintenance activities, welding operations, or external fires

• Mechanical Sparks: Generated by tools, equipment, or mechanical failures

• Electrical Arcs: From equipment operation, particularly in OLTCs and OCBs during 
switching operations

• Static Electricity: Electrostatic discharge (ESD) from unbonded or ungrounded systems

• Lit Cigarettes or Smoking Materials

• Hot Surfaces: Equipment surfaces that have reached a gas’s autoignition temperature

• Electrical Test Equipment: Devices that generate heat or arcing during diagnostic 
procedures
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Ignition Possibilities
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Example During Electrical Testing

Start at 1:15
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• The ignition or heat source must be located above the oil surface.  Arcs or discharges 
occurring beneath the oil will not cause combustion in the gas space.

• Static discharges during oil processing represent one of the most hazardous situations 
for combustion and explosion.  Unbonded hoses, drums, tanks, and ungrounded 
systems can accumulate electrostatic charges that may suddenly discharge, potentially 
causing not only combustion but violent explosions.

• 2006 Reference provides valuable information on safe pumping practices, splash-filling 
hazards, and methods to avoid static discharge. 

• Comprehensive tutorial on this subject was presented in 2016, which is available on the 
Doble Resource Center for additional information.
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Additional Information
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Autoignition Temperatures for Gases
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• Hot Spots in Transformers: Localized areas of excessive heating due to faults

• Contact Making and Breaking: In OLTCs or OCBs during switching operations

• Fault Locations: At the point of incipient electrical or thermal faults

In most cases, heat dissipates rapidly before reaching the gas space, significantly reducing 
the temperature by the time it could interact with combustible gases.  Consequently, 
autoignition rarely poses a threat under normal operating conditions.  However, 
exceptions exist, and each situation must be evaluated individually.
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High Temperatures
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• Three Elements Required: Flammability/combustion or explosion requires the 
simultaneous presence of fuel (combustible gases above LEL), oxygen, and an ignition 
source.  The absence of any single element prevents combustion.

• Gas Partitioning Behavior: Gases partition predictably between liquid and gas phases 
according to their Ostwald solubility coefficients, which vary with temperature, 
pressure, and insulating liquid type.

• Flammability Assessment: The cumulative flammability/combustibility percentage, 
calculated from DGA results and LEL values, provides a quantitative method for 
assessing fuel availability.  A safety threshold of 85% is recommended to account for 
unmeasured gases and environmental variables.
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Conclusions
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• Equipment-Specific Risks:

o Free-breathing equipment always has sufficient oxygen for combustion if fuel and 
ignition are present

o Sealed equipment may lack sufficient oxygen, depending on seal integrity and liquid 
type

o Ignition sources must be above the oil surface to initiate combustion in the gas space

• Static Discharge Hazards: Oil transfer operations present significant risks due to static 
electricity generation.  Proper grounding, bonding, and degassing procedures are 
essential safety measures.

• Temperature and Pressure Considerations: Operating conditions significantly affect 
explosive limits, and standard values should be adjusted accordingly for accurate risk 
assessment.
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Conclusions
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• Regular DGA monitoring to track combustible gas accumulation

• Possible degassing operations when approaching flammability thresholds (case by case 
basis)

• Proper grounding and bonding during oil handling

• Elimination of ignition sources in areas with elevated combustible gas concentrations

• Use of inert gas blanketing for storage containers and during maintenance (Caution: 
Asphyxiation may occur)
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Risk Mitigation
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Any Questions?
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