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Abstract: Recommendations are given for reactors intended for series connection, in both
transmission and distribution systems, to control power flow under steady-state conditions and/or
limit fault current under short-circuit conditions. Dry-type air-core reactors covered by this
standard are self-cooled by natural air convection. With some restrictions, other reactors,
including filter reactors, shunt capacitor reactors (used with shunt capacitor banks), and
discharge current-limiting reactors (used with series capacitor banks) are also covered.
Keywords: air-core reactors, discharge current-limiting reactors, dry-type air-core reactors, dry-
type reactors, filter reactors, harmonic filters, IEEE C57.16, reactors, series capacitor bank
applications, series-connected reactors, series reactor applications, shunt capacitor bank
applications, shunt capacitor reactors
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Notice and Disclaimer of Liability Concerning the Use of IEEE Documents: IEEE Standards documents are
developed within the IEEE Societies and the Standards Coordinating Committees of the IEEE Standards Association (IEEE-
SA) Standards Board. IEEE develops its standards through a consensus development process, approved by the American
National Standards Institute, which brings together volunteers representing varied viewpoints and interests to achieve the final
product. Volunteers are not necessarily members of the Institute and serve without compensation. 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.

Use of an IEEE Standard is wholly voluntary. IEEE disclaims liability for any personal injury, property or other damage, of
any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly resulting from the
publication, use of, or reliance upon any IEEE Standard document.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and expressly disclaims
any express or implied warranty, including any implied warranty of merchantability or fitness for a specific purpose, or that
the use of the material contained in its standards is free from patent infringement. IEEE Standards documents are supplied "AS
IS."

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. Every IEEE standard is subjected to review at least every ten years. When a document is
more than ten 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 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.

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 should be considered the approved IEEE standard.

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 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 his or her views should be considered the personal views of
that individual rather than the formal position of IEEE.

Comments on Standards: Comments for revision of IEEE Standards documents are welcome from any interested party,
regardless of membership affiliation with IEEE. However, IEEE does not provide 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 to ensure 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 Standards Coordinating Committees are not able to provide an instant
response to comments or questions except in those cases where the matter has previously been addressed. Any person who
would like to participate in evaluating comments or revisions to an IEEE standard is welcome to join the relevant IEEE

working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854

USA

Photocopies: Authorization to photocopy portions of any individual standard for internal or personal use is granted by The
Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center.
To arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood Drive,
Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual standard for educational
classroom use can also be obtained through the Copyright Clearance Center.
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Introduction

This introduction is not part of IEEE Std C57.16-2011, IEEE Standard for Requirements, Terminology, and Test Code
for Dry-Type Air-Core Series-Connected Reactors.

The work to revise IEEE Std C57.16-1996, IEEE Standard Requirements, Terminology, and Test Code for
Dry-Type Air-Core Series-Connected Reactors, was carried out by the Dry-Type Reactor Working Group,
reporting to the Dry-Type Transformers Subcommittee of the IEEE Transformers Committee. Several
important objectives for the revision led to the current document:

a) Test code has been updated to reflect current test equipment technology and current application
considerations.

b) An informative annex has been added to provide guidance and background information on the
impact of reactors on the transient recovery voltages (TRV) seen by circuit breakers. In simple
terms, one of the purposes of using a current-limiting reactor is to protect the circuit breaker from
fault current beyond its short-circuit rating; however, in applying the current-limiting reactor, the
TRV capability of the circuit breaker might be exceeded. One of the most common forms of
mitigation is to use capacitors. These capacitors are very often in the scope of supply of the reactor
manufacturer. This is the primary rationale for including Annex F in this standard. On a secondary
basis, the material in the annex is included only to provide guidance and to “caution” and is not
meant to “supersede” information in the referenced switchgear standards. In fact, another purpose
of the annex is to direct readers to the appropriate switchgear documents.

Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard does not imply 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.

Copyrights

This document is copyrighted by the IEEE. It is made available 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 this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE 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. 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 the IEEE-SA website or contact the IEEE at the address listed
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previously. For more information about the IEEE Standards Association or the IEEE standards
development process, visit the IEEE-SA website.

Errata
Errata, if any, for this and all other standards can be accessed at the following URL:

http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

Interpretations

Current interpretations can be accessed at the following URL:
http://standards.ieee.org/findstds/interps/index.html.

Patents

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 http://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.

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 for 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 nondiscriminatory. 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.
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IEEE Standard for Requirements,
Terminology, and Test Code for Dry-Type

Air-Core Series-Connected Reactors

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 series-connected dry-type air-core single-phase and three-phase outdoor or indoor
reactors of distribution and transmission voltage class that are connected in the power system to control power
flow under steady-state conditions and/or /imit fault current under short-circuit conditions. Dry-type air-core

reactors covered by this standard are self-cooled by natural air convection.

With some restrictions, this standard is applicable to filter reactors, shunt capacitor reactors (used with shunt
capacitor banks), and discharge current-limiting reactors (used with series capacitor banks). Annex A, Annex

B, and Annex C are included to provide guidance.

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 21:57:53 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.16-2011


http://www.avadocuments.com/doc/ieee-c57-16-2011
http://www.avadocuments.com/doc/ieee-c57-16-2011

This standard does not apply to devices such as

a) Shunt reactors (see IEEE Std C57.21
Shunt ReactorsRated-Over-500-kVA)-T™-2008)"

b) Arc suppression coils

¢) Neutral grounding devices (see IEEE Std 32™-1972 (Reaff 1990y, HEEE StandardRequirements—Ferminology;
and-Test Procedures—for Neutral Grounding Deviees|[B21])

LInformation on references can be found in Clause 2.

2 Numbers in brackets correspond to the numbers in the bibliography in Annex G.

d) Line resonant reactors
e) High-voltage direct current (HVDC) smoothing reactors (IEEE Std 1277™-2010 [B23])
f) Forced cooled reactors;—and

g) Line traps and radio interference (RI) filter reactors (ANSI C93.3-1995)-

1.2 Purpose

The purpose of this standard is to define the requirements and test code for series-connected dry-type aircore

reactors _and, with some restrictions, filter reactors, shunt capacitor reactors, and discharge current limiting

reactors.
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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.

ANSI €93.3-1995, American National Standard—Requirements for Power-line Carrier Line Traps.’

ANSI S1.4-1983, American National Standard Specification for Sound Level Meters (includes supplement
ANSI S1.4a-1985).

ANSI S1.11-1986 (Reaff-1993), American National Standard Specification for Octave-Band and Fractional-
Octave-Band Analog and Digital Filters.
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IEC 60076-10:2005, Power transformers—Part 10: Determination of sound levels.*

IEEE Std 1™-2000 +986—Reaff1992)— (Reaff 2011), IEEE Recommended Practice—General Principles for

Temperature

Limits in the Rating of Electrical Equipment and for the Evaluation of Electrical Insulation-(ANSH. >

IEEE Std 4™-1995, IEEE Standard Techniques for High-Voltage Testing-(ANSH-.

IEEE Std 693™-2005, IEEE Recommended Practice for Seismic Design of Substations. IEEE Std 18-1992 824T™.
2004, IEEE Standard for Shunt-Series Capacitor Banks in Power Capaeitors(ANSH Systems.

IEEE Std C57.21™-2008, IEEE Standard Requirements, Terminology, and Test Code for Shunt Reactors Rated
Over 500 kVA.

IEEE Std C57.98™-1993 (Reaff 1999). IEEE Guide for Transformer Impulse Tests. NEMA CC 1-2009, Electric

Power Connection for Substations.’
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3 ANSI publications are available from the Sales-Department—American National Standards Institute;H—West-42nd-Street—3th-Floor, New
YeorlksNY10036-USA (http://www.ansi.org/).

*IEC publications are available from the International Electrotechnical Commission (http:/www.iec.ch/). IEC publications are also available in

the United States from the Sales Department-American National Standards Institute (http://www.ansi.org/).
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* The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, Inc.

® IEEE publications are available from the Institute of Electrical and Electronics Engineers (http://standards.ieee.org/).

" NEMA publications are available from Global Engineering Documents (http:/global.ihs.com/).
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3. Definitions

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

Dictionary: Glossary of Terms & Definitions® should be referenced for terms not defined in this clause.

3.1 Types of dry-type air-core series reactors

air-core reactor: A reactor that does not include a magnetic core or magnetic shield.

indoor reactor: A reactor that, because of its construction, shall be protected from the weather.

outdoor reactor: A reactor of weatherproof construction.

three-phase dry-type air-core reactor: A reactor made up of single-phase devices that are stacked and
magnetically coupled. Depending on the application, the self-inductance may be modified to compensate for

mutual coupling effects.

3.2 Series reactor applications

bus tie reactor: A current-limiting reactor for connection between two different buses or two sections of the same

bus for the purpose of limiting and localizing the disturbance due to a fault in either bus.

current-limiting reactor: A reactor connected in series with the phase conductors for limiting the current that can
flow in a circuit under short-circuit conditions; or under other operating conditions, such as capacitor

switching, motor starting, synchronizing, arc stabilization, etc.
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duplex current-limiting reactor: A center-tapped reactor used in two circuit branches fed by a common circuit

and wound in—sueh—a—way—as—to—employ— so that negative coupling is employed under normal operating

conditions to reduce circuit impedance and positive coupling is employed under fault conditions to increase circuit

impedance.

feeder reactor: A current-limiting reactor connected in series with a feeder circuit, for the purpose of limiting and

localizing the disturbance due to faults on the feeder.

high-voltage power flow control reactor: A transmission class reactor connected in series with the transmission

system in order to optimize power flow by altering the line reactance.

insertion reactor: A reactor that is connected momentarily across the open contacts of a circuit interrupting

device for synchronizing and/or switching transient suppression purposes.

load balancing reactor: A series-connected reactor used to correct the division of current between parallel-
connected transformers or circuits that have unequal impedance voltages under steady-state and short-circuit

conditions.

motor starting reactor: A current-limiting reactor used to limit the starting current of a machine.

NOTE—Various technical publications are available that cover the application of series reactors and can be consulted to

provide more background information, application considerations, case studies, etc.’

8The IEEE Standards Dictionary: Glossary of Terms and Definitions is available at http:/shop.ieee.org.

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

standard.

3.3 Rating
rating of a series reactor: The current that a series reactor can carry at its specified reactance together with any
other defining characteristics, such as system voltage, basic impulse insulation level (BIL), short- circuit current

(thermal and mechanical) duty, and frequency.
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3.4 Current

mechanical short-circuit rating: The maximum asymmetrical (peak) fault current that the reactor is capable of

withstanding with no loss of electrical or mechanical integrity.

rated_continuous current: The maximum root-mean-square (rms) power-frequency current in-amperes—that-ean-be
carried for a specified duty that can be continuous, or short time, or intermittent. atrated-frequency-without-exeeeding

rated short-time overcurrent: The root-mean-square (rms) power-frequency current, of magnitude greater than the

continuous current rating, that can be carried for a specified period of time. and;—depending—on—the—ambient
E%i}ip EiEltl:l{ %’ E}iElt ii}e‘) i%SlﬂlE i{i éEfi{}%d less Ei tk}e i%ElEEEf,S S%i iE% life'

thermal short-circuit rating: The maximum steady-state short-circuit root-mean-square (rms) current that can be
carried for a specified time, the reactor being approximately at rated temperature rise and maximum ambient at the
time the load is applied without exceeding the specified temperature limits and within the limitations of established

standards.

3.5 Duty

continuous duty: A requirement of service that demands operation at a substantially constant current for an

extended period of time.
duty: A requirement of service that defines the degree of regularity of the current through the reactor.

intermittent duty: A requirement of service that demands operation for alternate periods of current loading

and rest, such alternate intervals being definitely specified.
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periodic duty: A type of intermittent duty in which the current loading conditions are regularly recurrent.

short-time duty: A requirement of service that demands operation at a substantially constant current for a short

and definitely specified time.

varying duty: A requirement of service that demands operation at intermittent current loading; and for periods of

time, both of which may be subject to wide variation.

3.6 Voltage

nominal voltage (of a system): A nominal value assigned to a system or circuit of a given voltage class for the

purpose of convenient designation.

NOTE—The term nominal voltage designates the line-to-line voltage, as distinguished from the line-to-neutral voltage. It applies

to all parts of the system or circuit.

rated system voltage: The voltage of a series reactor to which operational and performance characteristics are
referred. It corresponds to the nominal line-to-line or phase-to-phase system voltage of the circuit on which the

reactor is intended to be used.
voltage to ground: The voltage between any live conductor of a circuit and the earth.

NOTE—Where safety considerations are involved, the voltage to ground that may occur in an ungrounded circuit is usually the

highest voltage normally existing between the conductors of the circuit, but in special circumstances higher voltages may occur.
3.7 Losses and impedance at system frequency

3.7.1 Losses

3711 “effective “equivalent” resistance: The value of resistance of a series reactor obtained by dividing the total

losses—as-defined-in-3-7+-2losses—items-a);-b)—and-¢e); by the current squared at power frequency. Syronyn-—ae
resistanee

See: losses.
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losses: These-The losses that are incident to the carrying of current. They include

a) The resistance and eddy-current loss in the winding due to load current.

b) Losses caused by circulating current in parallel windings.

¢) Stray losses caused by magnetic flux in other metallic parts of the reactor, in the reactor support structure, and in

the reactor enclosure when the support structure and the enclosure are supplied as an integral part of the reactor

installation.

NOTE 1—The losses produced by magnetic flux in adjacent apparatus or material not an integral part of the reactor or its

enclosure (if supplied) are not included.

NOTE 2—For three-phase stacked reactors, the losses are those of each individual single-phase reactor and not the average

value or total value of the three-phase reactors with three-phase excitation.

3.7.2 Impedance

impedance: The phasor sum of the reactance and effective resistance, expressed in ohms.

impedance voltage drop: The product of the rated ehms~impedance and the rated current of a series reactor.

per-unit reactance: On a rated current base, a dimensionless quantity obtained by referencing the magnitude of

the reactance to the rated system line-to-neutral voltage divided by the rated current of the reactor.

NOTE—Per-unit reactance can also be defined on an arbitrary megavoltampere (MVA) base.

rated inductance: The total installed inductance at a specified frequency. It may consist of mutual as well as self-

inductance components.

rated reactance: The product of rated inductance and rated angular frequency that provides the required reduction

in fault current or other desired modification to power circuit characteristics.
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reactance: The product of the inductance, in henries, and the angular frequency of the system.

reactance voltage drop: The component of voltage drop in quadrature with the current.

resistance voltage drop: The component of voltage drop in phase with the current.

NOTE—If the coupling is high in a three-phase stacked reactor, the resistive voltage drop and reactive voltage drop of one

reactor may be significantly affected by the adjacent reactor.

4. General requirements
4.1 Service conditions

4.1.1 Usual service conditions

Series reactors conforming to this standard shall be suitable for operation at standard rating provided that the site-

related conditions in the following subclauses are met.

4.1.1.1 Ambient temperature

Ambient temperature is the temperature of the air surrounding the reactor. For the purposes of this standard, it
is assumed that the temperature of the cooling air (ambient temperature) does not exceed 40 °C and the average

temperature of the cooling air for any 24 h period does not exceed 30 °C."°

4.1.1.2 Environmental and application-related service conditions

Reactors for outdoor application shall be designed for conditions such as rain, freezing rain (ice), snow, fog and
ultraviolet (UV) ray exposure. The purchaser should, in the specification, attempt to quantify or qualify
environmental conditions, including type and level of pollution. The reactor should also be designed to withstand,
without damage or loss of service life, mechanical loads such as electromagnetic forces during short circuits, wind
loading, and stresses caused by thermal expansion and contraction due to ambient temperature and current loading
variations. Wind speed data, including gust factors, should be specified by the purchaser. In the case of indoor
application, the purchaser should specify the type and level of pollution from the environment and the indoor

ambient temperature range.
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4.1.1.3 Altitude

The altitude does not exceed 1000 m (3300 ft).

4.1.2 Unusual service conditions and other conditions that may affect design and application

Unusual service conditions may require that particular consideration be given to the construction or operation
of the equipment, and these should be brought to the attention of those responsible for the specification,

manufacture, application, and operation of the equipment. Among such unusual conditions are the following:

' 1t is recommended that the average temperature of the cooling air be calculated by averaging 24 consecutive hourly readings. When the outdoor
air is the cooling medium, the average of the maximum and minimum daily temperature may be used. The value that is obtained in this manner

is usually slightly higher than the true daily average.

a) Application at higher ambient temperatures or at higher altitudes than specified in 4.1.1.

NOTE—Standard equipment may be applied at higher ambient temperatures; or at higher altitudes than specified, but the

performance will be affected.

b) Restriction of air flow to the reactor that could affect its self-cooling by natural air convection.

c) Exposure to foreign materials, such as damaging fumes or vapors; farm fertilizers and weed sprays; excessive

dust, abrasive or magnetic dust; explosive mixtures of dust or gases; steam, excessive moisture, or dripping water;

salt air or spray, etc.

d) Exposure to abnormal vibration, shock, or tilting.

e) Exposure to temperatures below —40 °C.

f) Exposure to unusual transportation or storage conditions.
g) Unusual space limitations.

h) Operating duty, difficult or irregular maintenance, abnormal harmonic content, unbalanced voltage, special

insulation requirement, etc.

i) Unusual operating requirements, such as might result from the absence of surge-arrester protection, lack of

magnetic shielding, etc.
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NOTE—If a series reactor is not fully shielded magnetically, consideration should be given to its location relative to other
apparatus and to metallic structures; in order to minimize heating effects of stray fields at normal current and reaction forces
under short circuit. The manufacturer can evaluate the suitability of an installation if provided with details of the surrounding

structure.
j) Operation of system with one phase conductor grounded.

NOTE—This should be considered as an emergency operating condition, and the duration should be limited to the time

reasonably required to isolate the fault.

4.2 Insulation
4.2.1 Insulation between turns

Dry-type air-core series reactors have no magnetic core; therefore, the primary internal insulation is solely the
winding turn-to-turn insulation system. In the case of open-style dry-type reactor designs, the insulation between
turns is provided by air and the materials utilized to separate the turns. In the case of dry-type reactors with fully
encapsulated windings, the insulation between turns is usually a solid dielectric material. The material utilized to
encapsulate such a reactor is primarity—employed, in part, to provide environmental protection and mechanical
strength. In selecting appropriate materials to be utilized as turns insulation on the conductors, it is necessary to
evaluate dielectric properties, mechanical properties, and multifactor aging characteristics under operating
conditions. Encapsulation materials are evaluated in a similar fashion. Amount, type, and method of application
of materials employed are a function of manufacturing considerations, specification requirements, service

(application) requirements, and site or environmental conditions.

4.2.2 Insulation between terminals

The distance between input and output terminals, the winding length, the electrode configuration of the winding
ends, and the dielectric properties of the winding surface shall be such that the reactor can withstand the steady-

state operating voltages, short-time, and transient overvoltages applied between the terminals.
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4.2.3 Insulation to ground and between phases

The support insulators provide the primary insulation to ground and, if applicable, between phases of a dry- type air-
core series reactor. These are selected based on system voltage considerations, special transient overvoltage

requirements, and site environmental conditions (e.g., pollution, altitude).

4.3 Operation at altitudes in excess of 1000 m (3300 ft)

Standard equipment may be applied in locations having an altitude in excess of 1000 m (3300 ft), but the dielectric

strength of air-insulated parts and the current-carrying capacity will be reduced. For instance, the effect of decreased

air density due to high altitude is to decrease the flashover voltage for a given distance. See IEEE Std 419957
C37.100.1-2007 [B13] for use-of-a-correction—factor-with-sphere—gaps guidance.

4.3.1 Dielectric strength of air-insulated parts

The dielectric strength, at altitudes greater than 1000 m (3300 ft), of air-insulated parts of a given insulation class
should be multiplied by the proper altitude correction factor, as given in Table 1, to obtain the dielectric strength at
the required altitude. For example, the dielectric strength of a series reactor that depends in whole or in part upon air

for its insulation decreases as the altitude increases.

Table 1—Dielectric strength correction factors for altitudes greater than 1000 m (3300 ft)

Altitude
- T Altitude correction factor for
dielectric strength
1000 3300 1.00
1200 4000 0.98
1500 5000 0.95
1800 6000 0.92
2100 7000 0.89
2400 8000 0.86
2700 9000 0.83
3000 10 000 0.80
3600 12 000 0.75
4200 14 000 0.70
4500 15000 0.67
INOTE—An altitude of 4500 m (15 000 ft) is considered a maximum for standard reactors.
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4.3.2 Operation at rated continuous current

It is recognized as good practice to use reactors of standard temperature rise at rated current at altitudes greater

than 1000 m (3300 ft) provided the average temperature of the cooling air does not exceed the values in Table

2 for the respective altitudes. Standard temperature limits will not be exceeded.

Table 2—Maximum allowable 24 h average temperature of cooling air to permit a dry-type air-core

series reactor to carry rated continuous current

Altitude
0
Insulation index

(°C) 1000 m (3300 ft) 2000 m (6600 ft) 3000 m (9900 ft) (4000 m (13 200 ft)
105 30 27 24 21

130 30 26 22 18

155 30 24 18 12

180 30 23 16

220 30 22 15

INOTE—Recommended calculation of average temperature is described in Footnote 9 (see page 6).

4.3.3 Operation at less than rated continuous current

It is recommended that, when reactors of standard temperature rise in standard ambient temperatures are used at

altitudes greater than 1000 m (3300 ft), the current to be carried be reduced below rating by 0.3% for each 100 m

(330 ft) that the altitude is above 1000 m. If this is done, the standard temperature rise will not be exceeded.

7 Informationaboutreferencescan be found-in Clause 2
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5. Rating

5.1 Basis of rating

The rating of a series reactor shall include the following:

a) Rated reactance (in ohms or percent)
b) Voltage drop

c) Rated system voltage

d) Rated continuous current

e) Mechanical and thermal short-circuit current

f) Number of phases

g) Power frequency
h) Basic impulse insulation level (BIL)

1) Rated inductance

5.2 System frequency

The reference system frequency for series reactors used in this standard in North America is 60 Hz.

NOTE—As this standard is used outside North America, 50 Hz may be the operating frequency. In this case, calculations should
be modified accordingly.

5.3 Reactance rating

Most currently available dry-type air-core series reactors are custom designed; thus the end user should specify

the exact reactance required.
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5.3.1 Reactance voltage drop

The reactance voltage drop of a series reactor at its rated current is obtained by multiplying the rated reactance

by the rated current.

5.4 Voltage rating

Custom-designed dry-type air-core series reactors are available for any system voltage rating—including the

standard ones listed in Table 6 (in Clause 9). The rated voltage of the series reactor should be equal to or greater

than the highest expected operating voltage that will be seen by the reactor in service.

5.5.5-Continuous—current-rating

5.5.1 Specification of continuous current rating

Currently—available- Custom-designed dry-type air-core series reactors allow the end user to specify the exact

current rating required, including special duty cycles.

NOTE—If harmonic current content is significant, it should be taken into consideration in arriving at the continuous current

rating of the series reactor.

5.6 Short-circuit current rating

5.6.1 Mechanical and thermal short-circuit current rating

Series (current-limiting) reactors shall have a thermal and mechanical short-circuit current rating. The thermal
and mechanical short-circuit rating shall be specified by the purchaser. Typically, the short-circuit rating is
determined from the calculated current when any type of fault occurs at the load side terminals with a
minimum of 105% of rated system voltage present as measured at the supply side terminals of the reactor.
Anticipated system voltages of greater than 105% shall be specified and accounted for, as operation of reactors at
a higher system voltage than that used for the short-circuit calculation imposes a severe short- circuit duty that
may be beyond the mechanical strength of the reactor. It should also be emphasized that system impedance, at

the location in the system where the reactor is to be installed, should be considered in arriving at the short-circuit

rating of the current-limiting reactor in order to achieve an economic design that fully meets all system
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requirements. This approach, however, may result in designs that are specific to the particular system location

and are not interchangeable. The mechanical short-circuit current rating is based on the worst-case assumption of
a simultaneous three-phase fault and the resulting offset peak current. The degree of offset is a function of
system damping. The magnitude of the thermal short-circuit current rating is obtained from system fault
calculations and the duration is a function of system operating policy including number of “autorecloses” of

the breaker, etc. Some useful formulas and a sample calculation follow.

Reference formulas include Equation (1) through Equation (4).

Y 2
= v.) {1)
MVA
. 1 1
Xz=,) - ] @
MVA, MVA,
v {1 1)
X, =—+% ———J (3)
N3\ Tscs L5
[o=V4A , V., 1 )

NEE T AN S

NOTE—The equation for Xj is correct only for the special case where the system resistance R is zero. In actual systems,
R is finite. However, the system resistance can be ignored if the R/X ratio is small enough. For an R/X ratio of 0.05 or an X/R

ratio of 20 (about the middle of Table 8 in 10.2.2), the error is about 0.1%.

where

MVA is the three-phase symmetrical system fault level, in megavoltamperes

MVApgis the three-phase symmetrical system fault level on the source side of a series reactor
MVA ,is the three-phase symmetrical system fault level on the load side of a series reactor
X is the total, per-phase, system equivalent series reactance, in ohms

X is the reactance of series reactor, in ohms

Vsis the system line-to-line root-mean-square (rms) voltage, in kilovolts
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Iscis the rms short-circuit current, in kiloamperes
Igcpis the per-phase, system fault current, in kiloamperes, excluding the use of a series reactor-—aité

Isc41s the per-phase, system fault current, in kiloamperes, including the use of a series reactor

A sample calculation is as follows:

a) Rated system voltage is equal to 13.8 kV;.

b) Fault level is equal to 100 MVA at 105% of rated system voltage;. ¢) Reduce fault level to 50 MVA at 105% of

rated system voltage.

The existing system series reactance is_calculated using Equation (5).

_ (13.8x1.05)

f =210 (3
100

The total series reactance required to limit fault level to 50 MVA and accounting for a nominal operating

overvoltage of 105% is calculated using Equation (6).

138 x1.05)
X, = [’f—ﬂr —4200 (6)
]

Therefore, the required value of the series reactor reactance is calculated using Equation (7).

Xp=420-2.1=2.10Q (7)
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The symmetrical rms fault-current rating of the reactor is calculated using Equation (8).

U38x105), 1 _50ya ;

I =
o J3 42

5.6.2 Short-circuit mechanical stresses

Under short-circuit conditions, the electromagnetic forces and associated stresses in the windings and ancillary
components of dry-type air-core reactors can reach values tens to hundreds of times those seen under steady-state
operating conditions. Forces and stresses are proportional to the square of the magnitude of the current. Windings
are subjected to simultaneous hoop and compressive forces. Input and output current-carrying bus or cable
(including the terminals to which they are attached) shall withstand “vectoral” loads that vary with the spatially
changing pattern of the dry-type air-core reactor’s magnetic field. The reactor’s mechanical clamping structure and

support elements are exposed to direct acting forces (if they carry current) as well as reaction forces.

5.6.3 Mechanical short-circuit current rating

The mechanical short-circuit current rating shall be expressed as maximum erestpeak asymmetrical amperes. The
maximum peak of an asymmetrical current shall be determined by the purchaser through system knowledge and
the use of Equation (9) in 10.2.2. If not specified by the purchaser, the maximum peak asymmetrical current shall

be considered as 2.55 times the rms symmetrical current (/= 2.55 X ..

NOTE—This is consistent with IEC 60076-6:2007 [B9].

The mechanical short-circuit current rating shall be verified by a design test and/or calculation. The method of

calculation is to be agreed upon by the manufacturer and the purchaser.
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5.6.4 Thermal short-circuit current rating

Series (current-limiting) reactors shall have a thermal short-circuit current rating of magnitude based on the rms
symmetrical fault current as specified in 5.6.1. The duration should be specified by the purchaser and should
typically take into consideration system protection practices such as breaker interrupting time, breaker autoreclose

sequence, etc.

The thermal short-circuit current rating shall be expressed in rms symmetrical amperes.

Typical values for the duration of the thermal short-circuit current rating are 1 s, 2 s, or 3 s. The actual required
duration should be specified by the purchaser. If not specified by the purchaser, the duration of the thermal short-

circuit current shall be considered to be 3 s.

NOTE—Duration of short-circuit current can impact the cost of a current-limiting reactor; therefore, it is in the purchaser’s

best interest to specify a realistic value of time.

The thermal short-circuit current rating shall be verified by a design test and/or calculation. The calculation

method is found in 11.7.

5.6.5 Enclosures

When reactors are used in enclosures, a number of precautions should be observed. Such precautions

include at least the following. For fiberglass enclosures, large metallic auxiliary parts (e.g., ventilation screens)

shall be grounded se-as in order to avoid shorted loops that could be subject to heavy current flow and damaging
forces under short-circuit conditions. Metal enclosures shall be designed using the principles of sectionalization
and isolation in order to avoid overheating under steady-state operating conditions and permanent distortion,

excessive temperature, or sparking under short-circuit conditions.

NOTE—The design of enclosures for use with air-core series reactors requires extensive engineering expertise and proper
coordination with the reactor design. It is, therefore, recommended that the design of enclosures be left to the reactor
manufacturer. Manufacture of the enclosures should also be left to the reactor manufacturer unless design details are

supplied.
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6. Tests

6.1 Routine, design, and other tests for series reactors

Tests for dry-type series reactors are listed in Table 3.

Table 3—Routine, design, and other tests for dry-type series reactors

Test classification
Routine  [Design (Other
Resistance measurement The dc resistance measurement shall be made on all
units. X
Impedance measurement The impedance measurement shall be made on all units.
X
Total loss measurement Total losses shall be measured on all eeunts-units. X
Temperature rise test This test is performed on one unit out of a number of
units of the same design. X
[Applied voltage test The applied voltage test shall be made only on support
insulators when specified. X
[Radio influence voltage This test is performed for nominal system voltages
(RIV) test 230 kV and above only when specified. X
Turn-to-turn test This test is performed for nominal system voltages of
34.5 kV and below. X
Test classification
Test When performed Routine [Design Other
Lightning impulse test
Nominal system voltage The lightning impulse test shall be performed on all
greater than 34.5 kV units. X
— Nominal system voltage  [The lightning impulse test shall be performed only when
at or below 34.5 kV specified.
X
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Switching impulse test The switching impulse test shall be made on the support
structure (insulators) of series reactors rated 230 kV or X

labove only when specified.

Chopped-wave impulse test [The chopped-wave impulse test shall be made on series

. X
reactors only when specified.
[Audible sound test [Units shall be tested only when specified. X
Seismic verification test The seismic verification test shall be made on series
X

reactors only when specified.

Short-circuit test One unit of a design shall be tested only when specified. X

6.1.1 Routine tests

A routine test is a test made on each and every unit of a specific design and is primarily a verification of quality.

Routine tests shall be made on all series reactors in accordance with the requirements of Table 3.

6.1.2 Design tests
A design test (also referred to as a type test) is a test carried out on a single unit of a specific design and is

primarily a verification of the ability to meet in-service application requirements. Design tests shall be made on

alk-series reactors in accordance with the requirements of Table 3.

6.1.3 Other tests

A test designated as “other” is a test performed on one or all units of a specific design if requested by the purchaser.

H—is—usually—Such a test may be requested to demonstrate conformance to special application requirements as

opposed to the more general application requirements covered by design tests. When specified (as individual tests),

“other” special tests, as listed in Table 3, shall be made on series reactors.
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6.2 Where tests are to be made

All tests are to be made at the manufacturer’s plant, a recognized independent test laboratory, or other suitable

facility unless specified otherwise.
6.3 Test sequence

The listing of tests shown in Table 3 does not necessarily indicate the sequence in which the tests shall be made.

All tests are defined in and shall be made in accordance with Clause 11.

6.4 Test procedures

The test procedures of this standard describe accepted methods used in making the tests and specify the tests
that w-demonstrate performance to rating. They do not preclude the use of other equivalent or more effective

methods of demonstrating ratings based on agreement between manufacturer and purchaser.
7. Losses and impedance

7.1 Losses

7.1.1 Tolerance on losses

A tolerance on losses is utilized for two purposes: first, for commercial evaluation; and, second, to provide the

basis of a quality check.
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7.1.1.1 Tolerance on losses for commercial evaluation

As energy costs increase, losses become a more significant component of total operating cost and, as such, may
be evaluated by the purchaser. Therefore, compliance to guaranteed losses may become part of the commercial
contract. A tolerance on losses, e.g., to account—fer—instance; for measurement tolerances ete: or other
considerations, may be part of the contractual agreement. Additionally, the contract may specify guarantee
criteria such as maximum loss per unit, average loss for all units, total “package” losses, etc. In any case, this is

purely-a commercial matter between the purchaser and the manufacturer.

TFhe-enly-warning-that should-be-stressed-is—that From an engineering standpoint, if a unit exceeds guaranteed loss,

aside from the commercial implications (which are a matter between the manufacturer and the purchaser), it

is essential to demonstrate that temperature rise limits for the insulation system employed are not exceeded.

7.1.1.2 Tolerance on losses as the basis of a quality check

The losses on any individual reactor unit shall not differ from the average loss of all units of the same
design by more than 6%. For single-phase units, the average loss shall be calculated by using the measured
losses on each individual unit. For three-phase stacked reactors, the average loss for each phase shall be
calculated by using the per-phase losses measured on a three-phase basis on each individual coil of a three- phase

stacked reactor. For three-phase stacked reactors, the 6% tolerance on losses applies to units of the same phase.

If any of the individual units exceeds this tolerance, the manufacturer shall initiate an investigation in order to
find the cause of this deviation. In order for acceptance to be considered, the manufacturer shall demonstrate to
the purchaser, by either calculation and/or test, that the deviation will not impair the ability of the unit to meet

the other requirements of this standard, including the temperature rise limits.
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7.2 Impedance

7.2.1 Tolerance on impedance

Tolerances on impedance apply over a current range from zero to full short-circuit rating.
7.2.2 Impedance of a single-phase reactor

The impedance of a single-phase reactor, or of the minimum tap of a single-phase reactor having more than one
impedance rating, shall not vary more than +7% or —3% from its guaranteed value. The impedance for all other

connections shall not vary more than +10% or —3% from the guaranteed value.

7.2.3 Self-impedance of a three-phase reactor

The self-impedance of each phase of a three-phase reactor, or of the minimum tap of a three-phase reactor having
more than one impedance rating, shall not vary more than +7% or —3% from its guaranteed value. The self-

impedance for all other connections shall not vary more than +10% or —3% from the guaranteed value.
7.2.4 Voltage drop

The voltage drop across each phase of a three-phase reactor, or of the minimum tap of a three-phase reactor having
more than one rated voltage drop, with balanced three-phase rated current, shall be not more than 14% above or
3% below the guaranteed value. The voltage drop for all other connections shall be not more than 16% above or 3%

below the guaranteed value.
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7.2.5 Compensation for mutual impedance

When three-phase reactors are specified to be compensated for mutual impedance to provide balanced three-
phase voltage drops, the minimum self-impedance of any phase shall be not less than 75% of the guaranteed
value. Usually power systems are designed such that single-phase short-circuit currents are lower than three-
phase short-circuit currents. However, it should be recognized that single line-to-ground faults on a system with a
grounded neutral may result in fault currents in the lowest self-impedance phase higher than the three-phase fault
currents. If no system impedance is considered, fault currents in the lowest self-impedance phase can be as high as

1.33 times the three-phase fault currents.

NOTE—In the case of orders with multiple three-phase stacks, it is permissible to assemble only one three-phase stack and by

measurement obtain the coupling factor(s). These coupling factor(s) can be used to obtain the effective inductance (mutual

inductance included) per phase for the other reactors in three-phase stack configuration from single- phase self-inductance

measurements.

7.3 Impedance and losses test

Since dry-type air-core reactors have no iron core, the impedance and losses may be measured at any value of

current and the losses corrected to rated current. For temperature correction, refer to 11.4.2.

For three-phase stacked reactors, the loss measurement shall be performed on each individual single-phase reactor

when it is energized with single-phase current.

If a wattmeter is used to determine losses, then impedance can be calculated by simultaneously measuring current
and voltage and dividing the voltage by the current. Bridge methods allow the simultaneous measurement of

reactance (inductance) and equivalent resistance, from which impedance and losses can be calculated.
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8. Temperature rise
8.1 Considerations in establishing limits of temperature rise

8.1.1 Life of insulating materials

The life of insulating materials commonly used in dry-type series reactors depends largely upon the temperatures to

which they are subjected and the duration of such temperatures.

Since the actual temperature is the sum of the ambient temperature and the winding temperature rise, it is apparent

that the ambient temperature very largely influences the life of insulating materials used in dry- type series reactors.

Other factors upon which the life of insulating materials depends are as follows:

a) Dielectric stress and associated effects
b) Vibration or varying mechanical stress
¢) Repeated expansions and contractions
d) Exposure to moisture, contaminants, etc.

¢) Overloading (current) of the device

8.1.2 Insulating materials

Currently—A wide range of conductor insulating materials is available. Most materials utilized today are polymers,
which tend to be available in tape form, enamels or varnishes, and extrudable format. Selection of a conductor
insulation material may be a function of thermal requirements, voltage requirements, mechanical requirements, or
other service considerations. Because materials can exhibit different performance capabilities under various
operating conditions, individual materials or combination of materials can be used in reactors of different
temperature classes depending on the end application. It is for this reason that materials are no longer defined as
Class B, F, or H and are now assigned temperature indices. Each temperature index assigned to a material carries
the implied descriptors of temperature, number of serviceable hours at that temperature, and end-of-life criteria. In
general terms, an insulating material can be assigned more than one specific temperature index depending on the
end-of-life criteria and performance characteristics desired. Therefore, because materials can exhibit different
performance capabilities under various construction formats and operating conditions, the classification of a dry-
type reactor as being of a particular temperature class does not imply that each individual material used in its
construction is of the same thermal capability. The assignment of the temperature index of the insulation system

and of the associated “hot spot” temperature rise is the responsibility of the reactor manufacturer. Only experience
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or adequate acceptance tests provide a basis for defining the temperature limits for the insulation system.

8.1.3 Thermal rating of materials and systems

Individual insulation and encapsulation materials may be assigned a temperature index based on maintenance-of the
ability to retain a certain performance characteristic for a specified number of hours at a specified temperature.
However, in the case of dry-type air-core series reactors, it is not the performance characteristics of the constituent
materials by themselves that is of interest; it is the performance of the system. Therefore, in designing dry-type
air-core reactors for appropriate service life, it is not sufficient just to know the capabilities of the constituent

materials; it is the performance of the system of materials that is critical since individual materials in a system can

interact.

Although performance at temperature is one of the main evaluating criteria for materials, multifactor aging effects
also should be considered, especially for the overall system. The assessment of what the important interactive
aging mechanisms are is really in the jurisdiction of the manufacturer. Interactive aging mechanisms that might
have to be considered are temperature, electrical stress, thermal shock, mechanical load cycling, and environmental

criteria.

Multifactor aging studies to establish the long-term performance of insulation materials are usually carried out

based on principles in IEEE Std 1-+986 2000.

8.1.4 Limits of temperature rise and duty of current-limiting reactors

Because series reactors are used in series with other equipment on the power system, the current through the

reactor usually varies as the connected load changes. Therefore Unless there are special conditions, series reactors

do not operate at full rated current for much of their life.

Similar series-connected equipment (i.e., power line carrier wave traps; see ANSI C93.3-1995) typically have
higher allowable winding temperature rise values due to variation in duty. Conversely, shunt reactors inherently
have a very high continuous duty, with their current varying only with the applied voltage. Therefore, they have
lower maximum winding temperature rise limits (see IEEE Std C57.21-1996 2008) than series-connected

equipment, since the winding will be at maximum design temperature rise for most of its connected lifetime.

Therefore, duty is also a major factor in arriving at the temperature rise limits in Table 4 ef-this-standard (see 8.2.3).
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8.1.5 Experience factor in establishing temperature rise limits for dry-type air-core series reactors

Although knowledge of the thermal capabilities of the constituent materials in a dry-type-_air-core series reactor
can provide a basis for establishing the allowable temperature rise limit for the reactor, service experience is also a
significant determiner. This was an important criterion in arriving at the temperature rise limits in Table 4 ef-this
standard (see 8.2.3). For this reason, the average temperature rise limits and hot spot temperature rise limits in
Table 4 were arrived at both from the point of view of the temperature index of the insulation system and also
from the application experience (including duty) and service history obtained from the application of reactors
designed to identical temperature rise limits in the previous editions of this standard (ANSI C57.16-1958 and IEEE
Std C57.16-1996).

8.2 Limits of temperature rise

8.2.1 Standard limits of temperature rise

The standard limits of temperature rise of series reactors shall be as given in Table 4 (see 8.2.3). Specifically,
series reactors shall be designed so that the hottest-spot conductor temperature rise above the ambient

temperature when operated at rated current witt does not exceed the values given in Table 4.

8.2.2 Enclosed reactor

When a dry-type air-core reactor is enclosed, external parts that can be touched shall not exceed a 30 °C

temperature rise.

8.2.3 Temperature rise of reactor parts

The temperature rise above the ambient temperature of reactor parts in contact with the insulation or
encapsulation material, when operated at rated current, shall not exceed the values given in Table 4. The
temperature rise limit shall be based on the specific insulation temperature index of the insulation and
encapsulation materials, whichever is in contact with the metallic part. For procedures in determining

temperature rise, see 11.5.
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Table 4—Limits of temperature rise for continuously rated dry-type air-core series reactors

Average winding temperature rise
by resistance »**f
Insulation temperature index Hottest-spot winding
Item b O o adf
’ temperature rise ™ (°C)
(W)
1 105 55 85
130 80 110
155 100 135
180 115 160
220 140 200
2 Metallic parts in contact with or adjacent to the insulation shall not attain a temperature in excess of
that allowed for the hottest spot of the windings adjacent to that insulation.
3 Metallic parts other than those covered in item 2 shall not attain excessive temperature rises.

* Temperature rise is rise above ambient in degrees Celsius.

® A reactor with a specified temperature rise shall have an insulation temperature index that has been proven by experience or testing.

¢ The insulation temperature index in Table 4 is supplied as a reference and is based on the preferred temperature index for insulation
materials as defined in IEEE Std 1-2000. It should be noted that the preferred temperature index is the lowest value in a number range (of
temperatures) into which insulation materials can be placed. This results in an element of conservatism in the thermal performance

of an insulation system and thus constitutes part of the experience factors in assigning temperature rise limits.

4 The above average temperature rises and hot spot temperature rises are maximum upper limits. Hottest-spot winding temperature rise limits
are based on the accepted experience that series reactors are subject to significant variation in duty. The reference ambient

temperature is considered to be a 20 °C annual average ambient temperature in conjunction with the capability to operate in a 40 °C
maximum ambient when the 24 h average is 30 °C. Specified temperature limits may be lower due to such service considerations as high
average ambient temperature conditions, prolonged exposure to high ambients, indoor versus outdoor service, high continuous duty
(limited “load cycling”), and loading profile (specified overloads).

¢ The average winding temperature rise limits are based on the attempt to achieve an approximate 40% differential between hot spot rise
and average rise. However, it should not be construed that the difference between maximum hot spot rise and average rise is a hot

spot allowance. There are so many design variables involved that it is not possible to arrive at a meaningful single value. Nevertheless, it
should be stressed that the intent is that neither the average winding rise nor the hottest-spot winding rise should be exceeded. Since

it is generally hot spot temperature rise that determines the life of a reactor, the manufacturer and purchaser may agree that the average
temperature rise can be safely exceeded for some reactor designs provided the hot spot rise limit is respected and verified.

T Consideration should be given to specifying reduced temperature rise limits for reactors utilized on generator lines, interties, etc. In these
types of applications, equipment is usually fully loaded most of the time, as opposed to more usual applications where equipment

is loaded based on varying duty (“load cycled”).
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8.2.4 Temperature rise of terminals

Table 5 gives the temperature rise limits for terminals.

Table 5—Temperature rise limits for terminals

Maximum value

Temperature rise at

ambient air temperature

Terminal description

Temperature
Connection, bolted or the equivalent °C) not exceeding 40 °C

[Bare-copper, bare-copper alloy or bare-aluminum alloy

I in air % ﬂ

Silver-coated or nickel-coated

- in air

Ju—
J—
()]
~
D

Tin-coated

—in air

_
N
A

For more information, see Braunovic [B3], [B4], and [B5]; Jackson [B25]; and IEC/TR 60943:2007 [B11].

NOTE—It should be recognized that the terminals of reactors, of necessity, come at the ends of the winding where the flux
density may be almost as high as it is inside the coil. Therefore, it is important, especially for high-current reactor units, to
use appropriate connectors, preferably those that present a streamlined geometry to the magnetic field. It is also critical
that the dimensions and the direction of approach of the user’s conductors do not increase the eddy losses; otherwise, the
temperature rise of the connection may be greatly increased. If the user’s conductor insulation is limited to a lower
temperature rise than that allowed for the reactor terminal, a section of bare conductor that radiates sufficient heat to provide

the desired temperature differential should be inserted by the user.
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8.3 Temperature rise tests

8.3.1 Test methodology

This test shall be made by passing rated continuous current through the reactor until the temperature rise
becomes constant and then determining the hottest-spot temperature rise, where practicable, together with the
average winding temperature rise. The temperature rise tests shall be made in a room that is essentially draft-

free.

When the available test power does not permit making the test at rated continuous current, then the
manufacturer should demonstrate to the user that reduced current testing produces sufficiently accurate results
when extrapolated to rated current level. The manufacturer should notify the user of reduced current level testing

during the proposal stage.

NOTE—For higher current rated units, knowledge of in-service terminal temperature rise may be of importance. In this case,
consideration should be given to performing the temperature rise test with the actual connectors to be used in service,
especially if they differ from those recommended by the manufacturer. If the connectors are not supplied by the manufacturer,
the end user should supply them. It is important te—ensure—that conditions for such a test truly reflect in-service operating

conditions, or erroneous results may be obtained. Test conditions should be agreed to by manufacturer and end user.

8.3.2 Hottest-spot determination

The hottest-spot temperature rise for dry-type series reactors shall be determined by thermometer or other devices

such as fiber-optic probes or temperature “stickers” where the use of thermocouples poses a hazard due to high

voltage.

8.3.3 Ambient temperature

Ambient temperature for an open reactor is the temperature of the air surrounding the reactor_and for an enclosed

reactor is the temperature of the air surrounding the enclosure.
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8.3.4 Methods of temperature determination

8.3.4.1 Thermometer method of temperature determination

The thermometer method consists of determining the temperature by mercury or alcohol thermometers, by
resistance thermometers, or by thermocouples, any of these instruments being applied to the hottest part of the

apparatus accessible to mercury or alcohol thermometers.

8.3.4.2 Resistance method of temperature determination

The resistance method consists of the determination of the temperature by comparison of the resistance of a winding

at the temperature to be determined; with the resistance at a known temperature.

9. Insulation levels and dielectric tests

9.1 Impulse insulation levels

The standard impulse insulation levels for series reactors are given in Table 6, column 2. These values are

expressed in terms of the peak value of a 1.2 x 50 us full wave.

Table 6—Insulation test levels for dry-type air-core series reactors

1 2 3 4 5 6 7
Rated system | BIL and full | Chopped-wave Time to Switching Turn-to-turn | Power-frequency
voltage (kV)* |wave test "2 (kV test chopping (us) | impulse test® |test voltage (kV| withstand test' (kV

peak) (KV peak) (kV peak) peak) rms

12 30 33 1.0 — 25 10

45 50 15 — 38 10

2.5 45 50 15 — 38 15

60 66 15 = S1 15

5.0 60 66 15 — S1 19

75 83 15 — 64 19

8.7 5 83 15 = 64 26

95 105 13 = 81 26
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1 2 3 4 5 6 7
Rated system | BIL and full | Chopped-wave Time to Switching Turn-to-turn | Power-frequency
voltage (kV)* |wave test ™8 (kV/ test chopping (us) | impulse test® [test voltage® (kV| withstand test' (kV

peak) (KV peak) (kV peak) peak) rms

15 95 105 1.8 — 81 34
110 120 2.0 — 94 34

25 150 165 3.0 — 128 50
345 200 220 3.0 — 170 70
46 200 220 3.0 — — 95
250 275 3.0 — — 95

69 250 275 3.0 — — 140
350 385 3.0 — — 140

115 350 385 3.0 291 — 173
450 495 3.0 375 — 173

550 605 3.0 450 — 173

138 450 495 3.0 375 — 207
550 605 3.0 460 — 207

650 715 3.0 540 — 207

161 550 605 3.0 460 — 242
650 715 3.0 540 — 242

750 825 3.0 620 — 242

825 900 3.0 685 — 242

230 750 825 3.0 620 — 345
825 900 3.0 685 — 345

900 990 3.0 745 — 345

345 1050 1155 3.0 870 — 518
1175 1290 3.0 975 — 518

500 1425 1570 3.0 1180 — 750
1550 1705 3.0 1290 — 750

1675 1845 3.0 1390 — 750

735 1950 2145 3.0 1550 — 830
765 2050 2255 3.0 1700 — 880

* A reduced insulation level may be applied across reactor terminals if the reactor is adequately protected by a surge arrester. This could be an
economical engineering solution for some series reactors installed on transmission systems such as current-limiting reactors, series capacitor
discharge reactors, etc. For such cases, the insulation level across the reactor shall be one of the above standardized levels and shall be at least
1.25 times the 8 x 20 us, 10 kA protective level of the surge arresters connected between terminals.

® In the case of dry-type air-core series reactors employed in a three-phase stack configuration, interphase insulators may have a higher BIL
rating than those at the base of the stack that provide only phase-to-ground insulation.

¢ Chopped-wave test level is defined as 1.1 x BIL (basic impulse insulation level) test level, including the appropriate “round-off.”

d Switching impulse test is applicable to the support insulator only and is defined for nominal system voltages 230 kV and higher.
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