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Abstract: A series of test procedures to provide uniform methods for investigating the effects of 
operating temperature on the life expectancy of liquid-immersed transformers or insulation systems 
is provided. The test procedures are intended to provide data for the selection of a limiting hottest-
spot temperature for rating purposes, provide data which may serve as the basis for a guide for 
loading, and permit the comparative evaluation of a proposed insulation system with reference to a 
system that has proven to be acceptable in service.

Keywords: aging, distribution transformers, IEEE C57.100™, life tests, liquid immersed, power 
transformers, sealed tube, test procedures, thermal evaluation
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers. 
These notices and disclaimers, or a reference to this page (https://​standards​.ieee​.org/​ipr/​disclaimers​.html), 
appear in all standards and may be found under the heading “Important Notices and Disclaimers Concerning 
IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards 
Documents

IEEE Standards documents are developed within IEEE Societies and subcommittees of IEEE Standards 
Association (IEEE SA) Board of Governors. IEEE develops its standards through an accredited consensus 
development process, which brings together volunteers representing varied viewpoints and interests to 
achieve the final product. IEEE Standards are documents developed by volunteers with scientific, academic, 
and industry-based expertise in technical working groups. Volunteers are not necessarily members of IEEE 
or IEEE SA and participate without compensation from IEEE. While IEEE administers the process and 
establishes rules to promote fairness in the consensus development process, IEEE does not independently 
evaluate, test, or verify the accuracy of any of the information or the soundness of any judgments contained in 
its standards.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all warranties, 
express or implied, concerning this standard, including but not limited to the warranties of merchantability, 
fitness for a particular purpose and non-infringement. In addition, IEEE does not warrant or represent that the 
use of the material contained in its standards is free from patent infringement. IEEE standards documents are 
supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE Standard does not imply that there 
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to 
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and 
issued is subject to change brought about through developments in the state of the art and comments received 
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other 
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by any 
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or 
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate, 
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, 
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE 
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; 
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, 
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR 
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE 
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND 
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event that 
an IEEE standard is translated, only the English version published by IEEE is the approved IEEE standard.
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Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board Operations 
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall 
not be considered to be, nor be relied upon as, a formal position of IEEE. At lectures, symposia, seminars, 
or educational courses, an individual presenting information on IEEE standards shall make it clear that the 
presenter’s views should be considered the personal views of that individual rather than the formal position 
of IEEE, IEEE SA, the Standards Committee, or the Working Group. Statements made by volunteers may not 
represent the formal position of their employer(s) or affiliation(s).

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of 
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, consulting 
information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with 
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is 
important that any responses to comments and questions also receive the concurrence of a balance of interests. 
For this reason, IEEE and the members of its Societies and subcommittees of the IEEE SA Board of Governors 
are not able to provide an instant response to comments, or questions except in those cases where the matter 
has previously been addressed. For the same reason, IEEE does not respond to interpretation requests. Any 
person who would like to participate in evaluating comments or in revisions to an IEEE standard is welcome 
to join the relevant IEEE working group. You can indicate interest in a working group using the Interests tab in 
the Manage Profile and Interests area of the IEEE SA myProject system.1 An IEEE Account is needed to access 
the application.

Comments on standards should be submitted using the Contact Us form.2

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with 
the provisions of any IEEE Standards document does not constitute compliance to any applicable regulatory 
requirements. Implementers of the standard are responsible for observing or referring to the applicable 
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in 
compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and 
data ownership in the context of assessing and using the standards in compliance with applicable laws and 
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They 
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include 
both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the 
promotion of engineering practices and methods. By making these documents available for use and adoption 

1Available at: https://​development​.standards​.ieee​.org/​myproject​-web/​public/​view​.html​#landing.
2Available at: https://​standards​.ieee​.org/​content/​ieee​-standards/​en/​about/​contact/​index​.html.
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by public authorities and private users, neither IEEE nor its licensors waive any rights in copyright to the 
documents.

Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license to 
photocopy portions of any individual standard for company or organizational internal use or individual, non-
commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center, 
Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400; https://​www​.copyright​
.com/​. Permission to photocopy portions of any individual standard for educational classroom use can also be 
obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time 
by the issuance of new editions or may be amended from time to time through the issuance of amendments, 
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the 
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years old 
and has not undergone a revision process, it is reasonable to conclude that its contents, although still of some 
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they have 
the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through 
the issuance of amendments, corrigenda, or errata, visit IEEE Xplore or contact IEEE.3 For more information 
about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.4 Search for standard number and 
year of approval to access the web page of the published standard. Errata links are located under the Additional 
Resources Details section. Errata are also available in IEEE Xplore. Users are encouraged to periodically 
check for errata.

Patents

IEEE Standards are developed in compliance with the IEEE SA Patent Policy.5

Attention is called to the possibility that implementation of this standard may require use of subject matter 
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the 
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has 
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE 
SA Website at https://​standards​.ieee​.org/​about/​sasb/​patcom/​patents​.html. Letters of Assurance may indicate 
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation 
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair 
discrimination to applicants desiring to obtain such licenses.

3Available at: https://​ieeexplore​.ieee​.org/​browse/​standards/​collection/​ieee.
4Available at: https://​standards​.ieee​.org/​standard/​index​.html.
5Available at: https://​standards​.ieee​.org/​about/​sasb/​patcom/​materials​.html.
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Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not 
responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries 
into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions 
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are 
reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the 
validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility. 
Further information may be obtained from the IEEE Standards Association.

IMPORTANT NOTICE

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure against 
interference with or from other devices or networks. IEEE Standards development activities consider research 
and information presented to the standards development group in developing any safety recommendations. 
Other information about safety practices, changes in technology or technology implementation, or impact 
by peripheral systems also may be pertinent to safety considerations during implementation of the standard. 
Implementers and users of IEEE Standards documents are responsible for determining and complying with 
all appropriate safety, security, environmental, health, and interference protection practices and all applicable 
laws and regulations.
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Introduction

This introduction is not part of IEEE Std C57.100™-2022, IEEE Standard for Test Procedure for Thermal Evaluation of 
Insulation Systems for Liquid-Immersed Distribution, Power, and Regulating Transformers.

This standard is intended to establish test procedures for evaluating the insulation systems of liquid-immersed 
transformers. The electrical insulation of transformers is subject to electrical, mechanical, and thermal stresses 
occurring in different parts of the structure. How long the insulation system is serviceable depends on the 
transformer design and the severity of the stresses acting on it, as well as on the materials themselves and the 
service environment. Therefore, the length of useful life of the insulation system depends on the way that its 
individual components are arranged, their interactions upon each other, the contribution of each component 
to the electrical and mechanical integrity of the system, and the way the transformer is manufactured and 
operated.

Experience has shown that the thermal life characteristics of composite insulation systems cannot be reliably 
inferred solely from information concerning individual component materials. To help confirm satisfactory 
service life, transformer designs need to be verified by service experience or accelerated life tests. Tests on 
complete insulation systems are necessary to confirm the performance of materials for their specific functions 
in the transformer.

In IEEE Std C57.100™-2011 [B18],6 significant changes were made to supplement the transformer model 
testing that were the basis for prior versions of this standard to allow for simplified testing of systems of 
insulation materials for transformers. This simplified testing was outlined in Annex A, Annex B and Annex C 
of IEEE Std C57.100-2011 [B18]. As a result of widespread use of these new methods, this revision has 
reorganized the testing to use these materials tests into the main part of the standard and to move the seldom 
used transformer model testing to normative annexes. In addition to the movement of the materials tests to the 
main body of this standard, there was a significant amount of work to enhance the methodology previously 
outlined in the Annex to take advantage of industry experience with these tests in the intervening time.

Further developments have also been added as annexes for this version to provide information on the basis for 
ratios of materials specified in the materials testing, the introduction of a new enamel wire test for evaluation 
as part of the insulation system, as well as conducting screening tests to help set up aging programs. Another 
addition to this document provides information as to how to modify insulation systems that have previously 
been tested according to this standard. Finally, Annex D was added to provide a test procedure for qualifying 
suppliers of thermally upgraded papers.

6The numbers in brackets correspond to those of the bibliography in Annex H.
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IEEE Standard for Test Procedure for Thermal Evaluation of Insulation 

Systems for Liquid-Immersed Distribution, Power, and Regulating 

Power Transformers 

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or 

environmental protection. Implementers of the standard are responsible for determining appropriate 

safety, security, environmental, and health practices or regulatory requirements. 

This IEEE document is made available for use subject to important notices and legal disclaimers. 

These notices and disclaimers appear in all publications containing this document and may be 

found under the heading “Important Notice” or “Important Notices and Disclaimers Concerning 

IEEE Documents.” They can also be obtained on request from IEEE or viewed at 

http://standards.ieee.org/IPR/disclaimers.html. 

1. Overview 

1.1 Scope 

This standard applies to the insulation systems used in all liquid-immersed distribution and power 

transformers. This standard provides test procedures to evaluate the thermal aging characteristics of 

insulation systems used in liquid-immersed distribution or power transformers. The dielectric liquid 

is part of the insulation system. 

1.2 Purpose 

The objective of this test procedure is to establish uniform methods for investigating the effects of 

operating temperature on the life expectancy of liquid-immersed transformer insulation systems. 

The results of these test procedures are expected to be as follows: 

a) Provide the basis for the selection of a limiting hottest-spot temperature for rating 

purposes 
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b) Provide life curves that may serve as the basis for a guide for loading 

c) Permit the comparative evaluation of a proposed insulation system with reference to an 

industry- proven system (IPS) that has been shown to be acceptable in service 

1.3 Word usage 

The word shall indicates mandatory requirements strictly to be followed in order to conform to the 

standard and from which no deviation is permitted (shall equals is required to).7, 8 

The word should indicates that among several possibilities one is recommended as particularly 

suitable, without mentioning or excluding others; or that a certain course of action is preferred but 

not necessarily required (should equals is recommended that). 

The word may is used to indicate a course of action permissible within the limits of the standard 

(may equals is permitted to). 

The word can is used for statements of possibility and capability, whether material, physical, or 

causal (can equals is able to). 

2. Normative references 

The following referenced documents are indispensable for the application of this document (i.e., 

they must be understood and used, so each referenced document is cited in text and its relationship 

to this document is explained). For dated references, only the edition cited applies. For undated 

references, the latest edition of the referenced document (including any amendments or corrigenda) 

applies. 

 

 

7The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe 

unavoidable situations. 

8The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact. 
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ASTM D828, Standard Test Method for Tensile Properties of Paper and Paperboard Using Constant-

Rate-of- Elongation Apparatus.9 

ASTM D982, Standard Test Method for Organic Nitrogen in Paper and Paperboard. 

ASTM D1676, “Standard Test Methods for Film-Insulated Magnet Wire. ” 

ASTM D3487, Standard Specification for Mineral Insulating Oil Used in Electrical Apparatus. 

ASTM D5374, Standard Test Methods for Forced-Convection Laboratory Ovens for Evaluation of 

Electrical Insulation. 

ASTM D5423, Standard Specification for Forced-Convection Laboratory Ovens for Evaluation of 

Electrical Insulation. 

IEC 60450, Measurement of the average viscometric degree of polymerization of new and aged 

cellulosic electrically insulating materials.10 

IEC 60814, Insulating liquids—Oil-impregnated paper and pressboard—Determination of water by 

automatic coulometric Karl Fischer titration. 

IEC TS 62332-1, —Electrical Insulation Systems (EIS)—Thermal evaluation of combined liquid and 

solid components—Part 1: General  requirements. 1 

 

 

 

9ASTM publications are available from the American Society for Testing and Materials (https://www.astm.org/) 

10IEC publications are available from the International Electrotechnical Commission (https://www.iec.ch/). IEC publications are also 

available in the United States from the American National Standards Institute (http://www.ansi.org). 

1 IEC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3, 

rue de Varembé, CH-1211, Genève 20, Switzerland/Suisse (http://www.iec.ch). IEC publications are also available in the United 

States from the Sales Department, American National Standards Institute, 25 West 43rd Street, 4th Floor, New York, NY 10036, USA. 
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IEEE Std C57.12.00™, IEEE Standard for General Requirements for Liquid-Immersed Distribution, 

Power, and Regulating Transformers. 11,12 2, 3 

IEEE Std C57.12. 80 90™, IEEE Standard Terminology Test Code for Power and Liquid-Immersed 

Distribution, Power, and Regulating Transformers. 

IEEE Std C57.91™, IEEE Guide for Loading Mineral-Oil-Immersed Transformers and Step-Voltage 

Regulators. 

ISO 1924-2, Paper and board—Determination of properties—Part 2: Constant rate of elongation 

method (20 mm/min).13 

3. Definitions, acronyms, and abbreviations 

3.1 Definitions 

For the purposes of this document, the following terms and definitions apply. The IEEE Standards 

Dictionary Online: Glossary of Terms & Definitions should be consulted referenced for terms not 

defined in this clause. 14 4 

candidate system (CS): the yet to be qualified system under thermal evaluation to determine its 

thermal class. It shall be composed of: 

11 2IEEE publications are available from The Institute of Electrical and Electronics Engineers (http://standards.ieee.org//), 445 Hoes 

Lane, Piscataway, NJ 08854, USA (http://standards.ieee.org/). 

12 3The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers, 

Inc. 

13ISO publications are available from the ISO Central Secretariat (https://www.iso.org/). ISO publications are also available in the 

United States from the American National Standards Institute (https://www.ansi.org/). 

14IEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE Account is required for access to the 

dictionary, and one can be created at no charge on the dictionary sign-in page. 

4 The IEEE Standards Dictionary: Glossary of Terms & Definitions is available at http://shop.ieee.org/. 
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a) A functionally equivalent solid insulation material to the cellulose pressboard tested in 

the industry- proven system (IPS). 

b) A functionally equivalent solid insulation material to the thermally upgraded kraft paper 

tested in the IPS. 

c) An electrical insulating liquid. 

d) Same size and type of core steel as tested in the IPS. 

e) Same size and type of conductor as tested in the IPS. 

In addition, the CS insulation materials physical properties (e.g., thickness, density), and mechanical 

properties (e.g., starting tensile strength) shall be as close as possible to those of the IPS. Materials 

with similar physical characteristics and mechanical properties, as well as functional equivalence in 

application, offer a fair comparison between a CS and the IPS. Modifications to an already qualified 

CS shall be addressed by the guidance in Annex C. 

industry-proven insulation system (IPS): Decades of operating equipment manufactured using an 

insulation system including thermally upgraded kraft paper, cellulose cellulosic pressboard, 

Polyvinyl Formal (PVF) coated magnet wire, and mineral oil has shown that a minimum life 

expectancy of at least 20.5 years (180 000 h hours) may be assumed if the hottest-spot temperature, at 

rated load as defined in IEEE Std C57.12.00, is maintained. Important to life expectancy of this 

proven insulation system is includes a manufacturing process that includes proper , which provides 

initial drying of to a moisture content of 0.25% to 0.50% moisture by weight, and after processing, 

the solid insulation, proper processing of the liquid insulation, and proper sealing of the equipment 

to reduce system will be sealed to prevent the ingress of air (oxygen) and moisture. 

The minimum life expectancy curve from IEEE Std C57.12.00 to be used for comparison purposes is 

repeated here by Equation (1) and displayed in Figure 1. 
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where 

LIFE is the life in hours 

e is the base of natural logarithms 

T is the aging temperature in °C 

 

Figure 1—Minimum life expectancy curve for liquid-immersed 

distribution and power transformers as defined in IEEE Std C57.12.00, 65 

°C average rise, 80 °C hottest-spot rise 

In addition to the insulation materials mentioned earlier, aging tests performed using this standard 

shall include core steel and conductor material as part of the IPS as well, to provide basic 

representation of the primary materials contained in the active part. 

To fully and specifically define all IPS materials to be used in the aging tests described in this 

standard, and in order to help produce consistent results across test laboratories, the IPS is further 

defined in Table 1. 
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Table 1—IPS materials to be used in thermal aging testing 

 
(New) 

*As measured by ASTM D982 or by the Dumas method. 

**Copper has a higher catalytic effect for insulation system degradation than aluminum. For this 

reason, copper shall be used in these insulation system tests rather than using aluminum. This does 

not prevent the use of aluminum conductor in transformers whose electrical insulation systems were 

tested using copper conductor. 

To further define and also qualify the thermally upgraded kraft (TUK) paper component of the IPS 

as being thermally upgraded, the TUK paper shall additionally meet the definition of thermally 

upgraded paper described in IEEE Std C57.12.80 and the qualification testing requirements 

described in Annex D. 

3.2 Acronyms and abbreviations 

BV breakdown voltage 

CS candidate system or candidate insulation system 

DP degree of polymerization 

IPS industry-proven system 

MD machine direction 

PVF polyvinyl formal 
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RS relative saturation 

RTI relative thermal index 

TUK thermally upgraded kraft 

4. Relative thermal index aging testing 

4.1 General 

The thermal class of a candidate system (CS) shall be determined by the test procedures defined in 

this standard, which establishes the thermal index associated with the maximum hottest spot 

temperature for which the insulation system is expected to provide normal life. The thermal index of 

a CS is determined relative to the IPS; thus, the test is generally referred to as a Relative Thermal 

Index (RTI) test. This RTI test procedure uses failure of the solid insulation during accelerated aging 

in the liquid insulation as a determining factor in defining the hottest spot temperature capability, or 

thermal index, of the insulation system, since solid insulation failure often defines the life of a 

transformer. The result of the RTI test is rounded down to the nearest value in Table 2 and is 

designated as the thermal index. The thermal class of the insulation system is then determined from 

the designated thermal index and is defined as 10 °C higher than the thermal index. The 10 °C 

higher difference between thermal class and thermal index is due to the difference in ambient 

temperatures. The thermal index is based on an average ambient of 30 °C, and the thermal class is 

based on the maximum ambient of 40 °C. See Table 2 for a list of potential insulation system thermal 

classes and the associated hottest spot temperatures and thermal indices. 
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Table 2—Potential insulation system thermal classes 

 
(New) 

4.2 Aging influences 

The primary aging factors employed in this procedure are temperature and time. Since few 

transformers operate for extended periods at constant temperatures, provision is made for thermal 

cycling in this procedure. For the transformer tests sealed tube test procedure and the dual 

temperature test described in Annex A and, Annex B and Annex C, cyclical loading is not part of the 

standard test method. 

It is recognized that other conditions, such as oxygen, moisture, pressure, headspace gas volume, 

amounts and ratios of materials, and mechanical stresses can also affect actual service life. In the 

aging tests described in this standard, these other conditions are either controlled or limited in order 

to achieve consistent results. 
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It is recognized that environmental conditions, such as corrosive atmosphere and excessive 

vibration, can affect actual service life. It seems appropriate to evaluate such extraneous influences 

separately from the effects of temperature, and they are therefore not included in this procedure. 

However, for all insulation system testing covered under this requirement, moisture content of the 

insulation system should be monitored at the beginning of the testing, as it should be representative 

of the upper limit of factory oil processing equipment (typically in the range of 0.25 to 0.50% 

moisture by weight of the solid). 

4.3 Minimum life expectancy 

The load on most transformers is cyclic, with both daily and annual cycles. For this reason, the peak 

thermal loading (which develops the highest temperature in the transformer windings) occurs on 

relatively few days during the year and for a relatively small portion of each of these days. Thus, the 

cumulative time at or above the rated hottest-spot temperature is considerably less than the total 

elapsed time. Further, it is generally agreed that thermal degradation of insulation is a function of 

both temperature and the length of time at that the temperature. Consequently, the life expectancy 

in actual service may potentially be differ greatly longer than from the life determined by the 

essentially continuous thermal exposures loading procedure prescribed in this standard. 

Experience and experimental evidence indicate that an insulation system capable of operating 180 

000 h hours, (approximately 20.5 years) at a constant rated hottest-spot temperature should give 

satisfactory life expectancy under the normal life expectancy loading operating conditions described 

in IEEE Std C57.12.00 and IEEE Std C57.91.15 the preceding paragraph. 

4.4 Criteria for end-of-life 

In a transformer, the life of an insulation system ends when the degradation of the solid insulation 

has progressed to a point such that it fails dielectrically, thermally, or mechanically. The point of 

failure is considered end-of-life. 

 

15Information on references can be found in Clause 2. 
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For the insulation system materials tests described in this standard, a wide variety of test parameters 

could be considered for evaluation, and correspondingly a wide variety of end-of-life criteria 

chosen. Examples of this wide variety are shown in IEEE Std C57.91 and include 50% tensile 

strength, 25% tensile strength, and 200 degree of polymerization (DP). Each of these example criteria 

demonstrate an absolute value for end-of-life, and likely would provide a different result in any 

aging program. Thus, in order to help avoid this potential confusion, in this standard, the test results 

from the aging conducted using the IPS determines the relative value for end-of-life criteria for the 

CS. The selected relative end-of-life criteria shall be reached by both the IPS and CS. 

This would mean that the end-of-life criteria for a solid insulation material (e.g., paper, film, 

pressboard) in the CS shall be compared to the functionally equivalent material in the IPS. For such 

solid insulation materials, tensile strength, expressed as percent retained tensile strength, is the 

recommended primary end- of-life test criteria. DP has traditionally been another test criterion for 

solid insulation materials; however, it is recommended to be only a secondary method because it 

cannot be performed on materials other than those composed of 100% cellulose, and because DP can 

only be indirectly but not precisely correlated to the mechanical strength of the material. Tensile 

strength is preferred as it is a direct measurement of the mechanical integrity remaining in the 

material. 

For the liquid insulation material in the CS and IPS, there are currently no specific thermal test end-

of-life criteria, but this topic is being studied and results may be appropriate to include in future 

versions of this standard. 

For wire enamels, which may also be evaluated as part of the insulation system, dielectric 

breakdown strength of twisted pair wires tested before and after thermal aging, following the ac 

breakdown voltage (BV) test as per ASTM D1676 (500 V/sec rate of voltage rise), is the 

recommended end-of-life criteria. Details of a specific modified test for use in determining the 

thermal class of enameled conductors used in liquid-immersed transformers may be found in Annex 

E, which summarizes a procedure described in Prevost, Levin, Greaves, and Biggie [B29]. 
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Evaluating the thermal capability of an insulation system and determining the relative thermal 

index (RTI) and thermal class can be performed by conducting a sealed tube aging test or a dual-

temperature aging test. Many laboratories are familiar with the sealed tube test, and Clause 5 

outlines a procedure for using this test for determining the thermal class of a CS. For insulation 

system testing where excessive liquid temperatures might be a concern, a dual temperature test as 

outlined in Clause 6 may be more appropriate. 

5. Sealed tube aging test 

5.1 Purpose 

The sealed tube (i.e., sealed vessel) aging test represents the most common test for thermal 

evaluation of insulation systems for liquid immersed transformers, due to its relative practicality, 

simplicity, and cost effectiveness. It allows for an effective way to perform a relative thermal 

endurance comparison between two insulation systems, and to qualify the thermal class of a CS 

relative to a known IPS. 

This sealed tube aging test further described in the remainder of this clause is followed by the three-

point test procedure outlined in Clause 7. 

5.2 General requirements 

The following general requirements apply to sealed tube aging tests: 

a) Tested insulation materials for any specific insulation system, either the IPS or CS, shall 

come from the same batches (liquids, papers, pressboards, etc.) where there are common 

materials in both systems. 

b) All other materials in the aging test vessels (transformer core steel, copper, enameled wire 

if used, etc.) shall be of the same type/grade and from the same source. 

c) The control aging test vessels (at aging time “0”) shall be processed and prepared in the 

same way as all other vessels, in order to get consistent initial un-aged results. 
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d) For each temperature tested, prepare at least one, but preferably two or more, additional 

aging test vessels, where the time to stop the aging test for those vessels is left to be 

determined based on the results of the tests on the vessels from the previous aging times. 

5.3 Test equipment 

5.3.1 Test vessels 

Test vessels used for sealed tube aging tests shall meet the following requirements: 

a) Test vessels shall be made of stainless steel, have a gasketed seal able to withstand the 

temperature and environment being tested, and be of at least one-liter capacity. 

b) Suggested test vessel design is a “2 liter” stainless steel container detailed in Figure 2, along 

with the associated hardware, including: lid with installed pressure relief valve, lid clamp, 

and single-use high- temperature sealing gasket compatible with the insulating liquid, as 

shown in Figure 3. 
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(New) 

Figure 2—Suggested test vessel design “2-liter” stainless steel container 

 

 

 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 18:07:08 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C57.100-2022

http://www.avadocuments.com/doc/ieee-c57-100-2022
http://www.avadocuments.com/doc/ieee-c57-100-2022


 

 

 

 
(New) 

Figure 3—“2 liter” stainless steel container with associated hardware, 

including lid with installed pressure relief valve, lid clamp, and single-

use high-temperature sealing gasket compatible with the insulating 

liquid 

c) During this test, it is normal to generate internal pressure; thus, a pressure relief valve is 

required for safety reasons. Pressures as high as 1380 kPa (200 lb/in2) have been recorded in 

test, so precautions should be taken in case the pressure relief valve fails. 

d) In addition to safety reasons, pressure relief valves also help to keep pressure inside the test 

vessels consistent, which has been shown to be an important factor in the consistency of 

accelerated aging test results. 
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e) In order to balance the benefits of controlled pressure, but not releasing pressure too often 

such that gasses and moisture potentially escape the test vessel, a nominal 70 kPa, ± 14 kPa 

(10 lb/in2, ± 2 lb/in2) pressure relief valve with high temperature sealing gasket compatible 

with the insulating liquid shall be used. The pressure relief valve shall be equipped with 

high temperature sealing gasket compatible with the insulating liquid and the aging 

temperatures. 

f) The ratio of the “total test vessel volume: total liquid & solid volume” shall be 1.2:1.0, at 

room temperature, for aging temperatures up to and including 200 °C, in order to set a 

consistent headspace gas volume in the vessels. For higher temperatures, the calculated 

thermal expansion of the liquid shall be considered, and the ratio adjusted accordingly. For 

example, the test vessel in Figure 2 called a “2 liter” vessel can practically hold a total 

volume of 2.3 L, so the combined volume of the liquid and solid materials for aging testing 

should be 2.3/1.2 = 1.92 L. 

Open test vessels, such as for simulating free breathing liquid preservation systems, are not included 

in this standard due to the safety hazard of testing liquids at temperatures above their flashpoints 

where additional oxygen is available. In the case of a sealed test, the amount of available oxygen is 

limited. 

NOTE—Oxygen is known to increase aging of insulation systems, so a test with air would be 

expected to be more severe than one sealed with nitrogen.16 

5.3.2 Ovens 

The following requirements apply for the ovens used in sealed tube aging tests: 

a) Type I ovens, as specified in ASTM D5423, shall be used. 

b) Ovens should be calibrated according to ASTM D5374. 

16Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to 

implement this standard. 
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c) The oven temperature uniformity shall be monitored to determine variability according to 

ASTM D5374. As outlined in ASTM D5423, the oven shall have a degree of uniformity of ±2.5 

°C at temperatures between 80 °C to 180 °C and of ±3 °C for temperatures from greater than 

180 °C to 300 °C. For aging temperatures above 300 °C please refer to the ASTM D5423 for 

the appropriate temperature uniformity. 

5.4 Test samples 

To standardize the ratio of materials used in sealed tube aging tests, one set of material ratios is 

provided in Table 3. An example calculation of material quantities for the suggested test vessel 

design “2-liter” stainless steel container, based upon the set of material ratios listed in Table 3, is 

listed in Table 4. 

Table 3—Single combined set of material ratios for sealed tube aging 

tests (by volume) 

 
(New) 

*Core steel and bare copper to liquid ratio not by volume, but rather by surface area (cm2): kg of 

liquid. 
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Table 4—Example calculation of material quantities for the new 

suggested test vessel design “2-liter” stainless steel container based on 

the ratios from Table 3 

 
(New) 

*Core steel and bare copper surface area are calculated from the given volume of liquid converted to 

weight of liquid using the following material density (g/cm3): IPS mineral oil. 0.895. 

The single set of material ratios in Table 3 is a combined representation of both power transformer 

and distribution transformer insulation systems. The reason for a single combined set of ratios, 

versus having separate distribution and power transformer material ratios as in the previous version 

of this standard, is that material ratios have a significant effect on the results. Therefore, having 

separate different ratios requires having separate different tests, which yield different results for the 

same system of materials. As the main purpose of this standard is to compare the thermal endurance 

of different insulation systems relative to each other, and not to have two different results for the 

same insulation system, one single combined set of material ratios shall be used. In addition, one set 

of ratios saves the time and effort to do two or more sealed tube aging tests on the same insulation 

system. 

In addition to the ratio of liquid to solid insulation being important, as was described in the previous 

version of this standard, the ratio of pressboard to paper has also been found to be important. 

Therefore, Table 3 prescribes a specific pressboard to paper ratio as well. A ratio for core steel and 

bare copper has also been included in Table 3. 
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The background for the selection of these specific ratios, including examples, maybe found in Annex 

F. 

As mentioned earlier, and in addition to the ratio of materials, the CS insulation materials physical 

properties (e.g., thickness, density), and mechanical properties (e.g., starting tensile strength) shall 

be as close as possible to those of the IPS. Materials with similar physical characteristics and 

mechanical properties, as well as functional equivalence in application, offer a fair comparison 

between a CS and the IPS. 

5.5 Test sample preparation and testing 

5.5.1 Solid insulation preparation 

Preparation includes pre-cutting of all solid insulation to required size for analysis after aging (e.g., 

cutting tensile specimens to required dimensions beforehand, as attempting to cut them after aging 

may negatively impact the results) and placing all the required solid materials into individual aging 

test vessels. 

5.5.2 Liquid insulation preparation 

Dry and de-gas insulating liquids using vacuum processing equipment. Criteria for final dried 

liquid water content as measured by parts per million (ppm) or relative saturation (RS) are: 

a) Mineral oil: less than 2 ppm (3.3% RS) after drying, and no more than 6 ppm (10% RS) after 

filling the aging test vessels. 

b) Natural ester liquid: between 25 ppm to 35 ppm (2.5% RS to 3.5% RS) after drying, and no 

more than 40 ppm (4% RS) after filling the aging test vessels. 

c) Synthetic ester liquid: between 30 ppm to 40 ppm (1.2% RS to 1.5% RS) after drying, and no 

more than 50 ppm (2% RS) after filling the aging test vessels. 

All of the above water concentration levels (ppm or RS) are values measured at room 

temperature. 
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5.5.3 Metal preparation 

Metal surfaces (e.g., core steel and bare copper) shall be cleaned with laboratory grade isopropyl 

alcohol (≥ 99% purity). 

5.5.4 Test vessel preparation 

Thoroughly clean test vessels from residual substances and debris and perform a final rinse with 

laboratory grade isopropyl alcohol (≥ 99% purity). 

5.5.5 Oven preparation 

Pre-heat aging test ovens to the respective required temperatures of the test. 

5.5.6 Solid insulation dry-out, test vessel liquid filling, sealing, and 

loading into oven 

The following procedure shall be used: 

a) Aging test vessels, minus covers, and gaskets shall be assembled with all required solid 

materials, i.e., solid insulation and metals, prior to the solid insulation being dried in order to 

approximate the treatment that is used for a full-scale transformer. 

b) The assembled aging test vessels shall be dried at 115 °C under hot air and/or vacuum until 

solid insulation materials reach a minimum water content of 0.1% and a maximum of 0.3% 

by weight as measured by the Karl Fischer method (modified IEC 60814, excluding the 

“degreasing” process). 

c) Dry covers and gaskets separately in an air circulating oven set to 115 °C for a minimum 8 h. 

d) Test vessels shall be removed from the drying oven shortly before the liquid filling 

procedure. 
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e) Complete preparation of assembled test vessels, liquid, and covers and gaskets in parallel 

immediately prior to liquid filling. 

f) The components shall remain at approximately the respective processing temperatures. 

g) Liquid filling procedure: 

1) Option #1: 

i) Remove already assembled test vessel from the air oven and immediately and 

continuously flush with dry nitrogen. 

ii) Fill test vessel with liquid while introducing nitrogen blanket for a minimum of 1 

min after filling, and until sealing. 

2) Option #2: 

i) Fill already assembled test vessel with liquid under vacuum using equipment 

designed to do this. 

ii) Remove filled test vessel from the vacuum oven and immediately and 

continuously flush with dry nitrogen for a minimum of 1 min, and until sealing. 

h) Sealing procedure: Seal test vessel with the gasket and cover. 

NOTE—Flushing with nitrogen should be done continually from the time the vessel is 

removed from the oven until the time it is sealed. 

i) Immediately place the test vessel into the pre-heated aging oven. Test vessels should be 

placed vertically, evenly spaced off the oven floor and apart from each other, and not 

touching the oven walls, in order to reduce uneven heating and hotspots. 

j) After the loading of all vessels into any one oven has been completed, register the time that 

the oven again reaches the set test temperature. This is the starting time for the test. 
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k) Control test vessels are not placed in the oven. Open control vessels for sampling after 24 h, 

but before 48 h after sealing the vessel. Follow the same procedure as outlined in 5.5.7 

starting with c). 

5.5.7 Sample extraction and testing 

After aging the vessel in the oven for the prescribed time and temperature, the following procedure 

shall be used to take and test samples: 

a) Remove test vessel from the oven. 

b) Wait until the test vessel reaches ambient temperature (minimum 24 h, but no later than 48 

h after removing from the aging oven) before opening and collecting the samples. 

c) Certain time critical tests, e.g., water content, shall be performed immediately after opening 

the test vessel. 

d) Tensile test samples shall be gently blotted using a dry cloth to remove excess liquid (do 

not chemically remove the liquid) and shall be placed at 23 ± 2 °C, 50 ± 2% RH condition, 

for a minimum of 24 h prior to testing. Tensile strength should be measured according to 

ISO 1924-2 or ASTM D828. As the quantity of available solid insulation tensile test samples 

depends on the test vessel size (per 5.3.1) and the standard material ratios (per 5.4), the 

preferred minimum number of tensile test samples is 10, or as many as are available for the 

given material in the test vessel used. For example, a 1-L test vessel may not allow 10 

pressboard tensile samples. 

e) Other tests, such as DP, are not time critical and may be tested afterwards. If DP is also 

tested as a secondary end-of-life criterion, DP should be measured according to IEC 60450. 

The minimum number of DP test samples is two per material tested. 

f) If necessary, hermetically sealed liquid samples shall be stored away from direct light at a 

temperature no higher than 25 °C for future testing. 

It is important to use the same test method for testing both the IPS and CS. 
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Annex C 

(normative) 

6. Materials testing—standard test procedure for  Dual-temperature 

sealed tube aging test of liquid-immersed transformer insulation 

6.1 Purpose of test 

Sealed tube testing as described in Clause 5 Annex B has been shown to be a simple, easy -to -

implement test, especially for solid and liquid components of similar thermal capability. When one 

of the components of the insulation system has a higher temperature capability than the rest of the 

system, aging at a single temperature as is conducted in the sealed tube test is constrained by the 

lower temperature component. For this reason, a dual- temperature sealed tube test was developed, 

and has been described in IEC TS 62332-1. 

This thermal evaluation test procedure utilizes a dual-temperature arrangement to independently 

control the hottest spot temperature of the conductor insulation from the top oil temperature of the 

insulation system. This allows different combinations of materials used in a liquid-immersed 

transformer power or distribution transformers to be evaluated because the evaluation temperatures 

are independent of each other and can be established based on the relative thermal capabilities of the 

individual components of the system (solid and liquid). 

6.2 General requirements 

The following general requirements apply to dual-temperature sealed tube aging tests: 

a) Tested insulation materials for any specific insulation system, either the IPS or CS, shall 

come from the same batches, e.g., liquids, papers or pressboards, where there are common 

materials in both systems. 
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b) All other materials in the aging test vessels (transformer core steel, copper, enameled wire if 

used, etc.) shall be of the same type/grade and from the same source. 

c) The control aging test vessels (at aging time “0”) shall be processed and prepared in the 

same way as all other vessels, in order to get consistent initial un-aged results. 

d) For each temperature tested, prepare at least one, but preferably two or more, additional 

aging test vessels, where the time to stop the aging test for those vessels is left to be 

determined based on the results of the tests on the vessels from the previous aging times. 

6.3 Test equipment 

6.3.1 Aging vessels 

Each aging vessel is constructed out of stainless steel, the size to be determined by the size of the 

insulation test piece assembly. The cell volume should also consider the fluid expansion space 

required for the dielectric liquid at the top liquid temperature. The two ends of the cell shall be fitted 

with removable, sealable bolt-on covers. The test object is mounted within the aging vessel. 

Ports shall be provided for the following: 

— Liquid sampling 

— Pass-through of electrical circuits for heating the insulated conductor loop 

— Monitoring and control elements (such as thermocouples) 

— Rods for liquid heating 

— Gas blanketing and associated pressure relief system 

The design of the aging cell shall be configured to maintain the thermocouples controlling the liquid 

and the solid component of the test objects immersed in the liquid under all aging temperatures. 
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6.3.2 Heat sources 

In this dual-temperature sealed tube test, there are two independent sources of heat which replace 

the ovens used in the sealed tube test described in in Clause 5. The first source is in the insulated 

conductor loop though which circulates alternating current to generate heat, the temperature which 

is controlled to the hottest spot temperatures noted in the aging temperatures listed in Clause 7. For 

the dual nature of the test set up, the second heat source is a pair of immersion heaters mounted to 

one of the face plates of the aging vessel, with the temperature controlled independently to a level 

that is cooler than the insulated conductor loop. For example, in the experiment described in 7.2 (IPS 

end-of-life test), the conductor loop would be controlled at 150 °C, 165 °C and 180 °C for three sets of 

aging vessels each, but for all three, the top oil temperature shall be controlled at 105 °C. 

An over-temperature protection device shall be provided, responding to the temperature sensors in 

both the liquid and the test assembly in each cell. The sensors for the over-temperature protection 

shall be independent of the sensors for temperature control. 

6.3.3 Gas blanketing system 

A gas blanketing system shall be provided which simulates the insulation system used by 

transformer manufacturers. This can be a sealed nitrogen system, which maintains a gas blanket 

over the liquid in the cell for the purpose of eliminating the possibility of oxidation of the liquid, or 

it could be a system simulating a desiccated air system. In each case, the gas blanket in each cell shall 

be regulated to maintain a positive pressure. 

As with the sealed tube test described in Clause 5, in order to balance the benefits of controlled 

pressure, but not releasing pressure too often such that gasses and moisture potentially escape the 

test vessel, a nominal 69 kPa, ± 14 kPa (10 lb/in2, ± 2 lb/in2) pressure relief valve with high 

temperature sealing gasket compatible with the insulating liquid shall be used. 
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NOTE—At this point, industry experience with this test method has only conducted testing with a 

sealed nitrogen system, though due to the lower bulk liquid temperatures this method allows, 

alternative sealing methods might be possible. It would be expected that the transformer life tested 

using air as a sealing method would demonstrate shorter absolute life than one tested with nitrogen 

blanket, however what the effect on the relative performance of a CS versus the IPS is unknown. 

6.4 Test samples 

For the purpose of this test method, the limiting hottest spot temperature for the solid insulation is 

assumed to be present in conductor insulation. The insulated conductor loop shown in Figure 4 shall 

C.1 will be insulated with material to be used in the insulation system under evaluation, and shall 

will be evaluated as is was described in Clause 7 A.4.2. For this conductor insulation, elevated 

temperatures should be produced by circulating alternating current of rated frequency (50 Hz or 60 

Hz) through the conductor loop. To facilitate the technical evaluation of the conductor insulation, 

precut tensile strips should be installed in direct contact with the conductor loop so the strips are 

exposed to the controlled temperature of the conductor loop. For the insulating liquid, the top oil 

temperature shall be maintained at the same temperature for all of the hottest spot temperatures 

used for determining the life curve. This temperature shall then determine the maximum top oil 

temperature for the insulation system under evaluation. For the IPS industry-proven system, this 

temperature should be 105 °C, as outlined in Table 9 of IEEE Std C57.91-2011. 
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(Copyright © 1996 IEEE, McNutt, Prevost, and Whearty [B25]) 

Figure 4—Dual-temperature test set-up 

As with the sealed tube test procedure outlined in Clause 5, a uniform ratio of materials should be 

applied in both the IPS and CS evaluations. Because of the unique design of the test set-up for dual 

temperature testing, the precise ratios outlined in Table 3 may not be possible but could be used as a 

starting point in developing such a model incorporating the test piece assembly, with the insulated 

conductor loop as well as the bulk pressboard pieces. The ratios of materials selected in this case 

may be limited so that the thermal gradient required for the dual temperature control is reached. 

Once this set up has been established for the design that is limiting (likely the higher temperature CS 

model), this set up should be duplicated for the IPS evaluation. The actual ratio of materials used 

should be documented in the final test report. 
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