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FOREWORD

The Committee on Operation and Maintenance of Nuclear Power Plants (O & M Committee)
was formed in June 1975 when the N45 Committee was disbanded. The N45 Committee was
established by the American National Standards Institute (ANSI) and was officially known as
the Committee N45 on Reactor Plants and Their Maintenance. The N45 Committee was chartered
to promote the development of standards for the location, design, construction, and maintenance
of nuclear reactors and plants embodying nuclear reactors, including equipment, methods, and
components. ASME assumed the secretariat of several of the N45 committees that related to the
requirements contained in Sections III and XI of the ASME Boiler and Pressure Vessel Code
(hereinafter referred to as the BPV Code).

The charter of the O & M Committee, as approved by the ASME Board on Nuclear Codes and
Standards, is as follows: To develop, revise, and maintain Codes, Standards, and Guides applicable
to the safe and reliable operation and maintenance of nuclear power plants.

The O & M Committee was given responsibility to review Section XI and determine where
O & M standards could replace current Section XI requirements. The major areas in Section XI
identified as requiring O & M standards development were Article IWP, Inservice Testing of
Pumps, and Article IWV, Inservice Testing of Valves. To facilitate development of standards in
these areas, Section XI, Subgroup on Pumps and Valves, was transferred to the O & M Committee in
1979 as the O & M Working Group on Pumps and Valves under the Subcommittee on Performance
Testing. A new Section XI, Working Group on Pumps and Valves, was established in 1984 to
review the O & M standards on pumps and valves to assure that they will be acceptable to
Section XI.

The O & M Committee operated with two Subcommittees that were responsible for the develop-
ment of all standards within the Committee. The charters for the two Subcommittees were adopted
in October 1975 by the O & M Main Committee.

(a) Subcommittee on Vibration Monitoring. The following was the charter of this Subcommittee:

(1) Describe acceptable types and accuracies of vibration-measuring devices for the types
of vibration to be measured.

(2) Discuss fixed and removable measuring devices for long-term and periodic testing.

(3) State minimum objectives of vibration-monitoring systems to include ability to detect
cross-structural dynamic instabilites, as well as steady-state vibration response of significant
levels.

(4) Include discussion of conditions under which vibration monitoring will be conducted
(cold or hot functional) and methods for correlating data with the hot functional condition.

(56) Describe minimum acceptable types and numbers of readout devices.

(b) Subcommittee on Performance Testing. The following was the charter of this Subcommittee:

(1) Identify, develop, maintain, and review codes and standards that are considered necessary
for the reliable operation and maintenance of nuclear power plant equipment, particularly as
they relate to start-up and periodic performance and functional testing and monitoring of systems
and components.

(2) The above includes the establishment of test objectives, test intervals, test methods, test
data requirements, as well as the analysis and acceptability of test results and the course of action
to be pursued when test results are unacceptable.

Five separate standards published in 1981 and 1982 were consolidated into a single publication,
ASME/ANSI OM-1987.

The ASME Board on Nuclear Codes and Standards recognized that O & M is the appropriate
committee to establish inservice testing requirements (IST) and voted to proceed with making
the O & M Standard stand on its own, with the objective of eventual deletion of IST from Section
XI of the BPV Code when appropriate. A transition was implemented in which Parts 1, 4, 6, and
10 of ASME/ANSI OM-1987 (with the three published Addenda: OMa-1988, OMb-1989, and
OMc-1990) were incorporated into ASME OM Code-1990, Code for Operation and Maintenance
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of Nuclear Power Plants. Parts 2, 3, 5, 7, 8, 13, and 16 were incorporated into ASME OM-5/G-1990,
Standards and Guides for Operation and Maintenance of Nuclear Power Plants. The transition did
not result in technical changes to the existing IST requirements.

This publication was developed and is maintained by the ASME Committee on Operation and
Maintenance of Nuclear Power Plants. The Committee operates under procedures accredited by
the American National Standards Institute as meeting the criteria of consensus procedures for
American National Standards. A previous edition, OM-5/G-1994, was published in 1995.
OM-5/G-1997 was approved by the ASME Board on Nuclear Codes and Standards and was
subsequently approved by the American National Standards Institute on January 30, 1997.

The OM-S/G-2003 edition consists of the 2000 Edition, the 2001 and 2002 Addenda, and other
corrections and revisions. OM-5/G-2003 was approved by the ASME Board on Nuclear Codes
and Standards and was subsequently approved by the American National Standards Institute
on June 4, 2003.

OM-S/G-2007 was approved by the ASME Board on Nuclear Codes and Standards and was
subsequently approved by the American National Standards Institute on August 17, 2007.
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PREPARATION OF TECHNICAL INQUIRIES
TO THE COMMITTEE ON OPERATION AND
MAINTENANCE OF NUCLEAR POWER PLANTS

INTRODUCTION

The ASME Committee on Operation and Maintenance of Nuclear Power Plants meets regularly
to conduct standards development business. This includes consideration of written requests for
interpretations and revisions to operation and maintenance standards and guides and develop-
ment of new requirements as dictated by technological development. The Committee’s activities
in this latter regard are limited strictly to interpretations of the requirements or to the consideration
of revisions to the present requirements on the basis of new data or technology. As a matter of
published policy, ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction,
proprietary device, or activity and, accordingly, inquiries requiring such consideration will be
returned. Moreover, ASME does not act as a consultant on specific engineering problems or on
the general application or understanding of the Standard requirements. If, based on the inquiry
information submitted, it is the opinion of the Committee that the inquirer should seek assistance,
the inquiry will be returned with the recommendation that such assistance be obtained.

All inquiries that do not provide the information needed for the Committee’s full understanding
will be returned.

” o

INQUIRY FORMAT

Inquiries shall be limited strictly to interpretations of the requirements, or to the consideration
of revisions to the present requirements on the basis of new data or technology.

Inquiries shall be submitted in the following format:

(a) Scope. The inquiry shall involve a single requirement or closely related requirements. An
inquiry letter concerning unrelated subjects will be returned.

(b) Background. State purpose of the inquiry, which would be either to obtain an interpretation
of the Standard requirement or to propose consideration of a revision to the present requirements.
Provide concisely the information needed for the Committee’s understanding of the inquiry (with
sketches as necessary), being sure to include references to the applicable standard or guide,
edition, addenda, part, appendix, paragraph, figure, and/or table.

(c) Inquiry Structure. The inquiry shall be stated in a condensed and precise question format,
omitting superfluous background information, and, where appropriate, composed in such a way
that “yes” or “no” (perhaps with provisos) would be an acceptable reply. This inquiry statement
should be technically and editorially correct.

(d) Proposed Reply. State what it is believed that the Standard or Guide requires. If, in the
inquirer’s opinion, a revision to the Standard or Guide is needed, recommended wording shall
be provided.

(e) The inquiry shall be submitted in typewritten form; however, legible, handwritten inquiries
will be considered.

(f) The inquiry shall include name and mailing address of the inquirer.

(¢) The inquiry shall be submitted to the following address: Secretary, Committee on Operation
and Maintenance of Nuclear Power Plants, The American Society of Mechanical Engineers, Three
Park Avenue, New York, NY 10016-5990.

vi
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PREFACE

ORGANIZATION OF THIS DOCUMENT

This document is arranged into Standards and Guides,
subdivided into Parts as follows:

Standards

Part 2

Part 3

Part 12

Part 16

Part 21

Part 24

Part 25

Part 26

Guides
Part 5

Part 7

Part 11

Part 14

Part 17

Part 19
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Performance Testing of Closed Cooling
Water Systems in LWR Power Plants
Requirements for Preoperational and Initial
Start-up Vibration Testing of Nuclear Power
Plant Piping Systems

Loose Part Monitoring in Light-Water Reac-
tor Power Plants

Performance Testing and Inspection of Die-
sel Drive Assemblies in LWR Power Plants
Inservice Performance Testing of Heat
Exchangers in Light-Water Reactor Power
Plants

Reactor Coolant and Recirculation Pump
Condition Monitoring

Performance Testing of Emergency Core
Cooling Systems in Light-Water Reactor
Power Plants

Determination of Reactor Coolant Tempera-
ture From Diverse Measurements

Inservice Monitoring of Core Support Barrel
Axial Preload in Pressurized Water Reactor
Power Plants

Requirements for Thermal Expansion Test-
ing of Nuclear Power Plant Piping Systems
Vibration Testing and Assessment of Heat
Exchangers

Vibration Monitoring of Rotating Equipment
in Nuclear Power Plants

Performance Testing of Instrument Air Sys-
tems in Light-Water Reactor Power Plants
Preservice and Periodic Performance Testing
of Pneumatically and Hydraulically Oper-
ated Valve Assemblies in Light-Water Reac-
tor Power Plants
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ix

Part 23  Inservice Monitoring of Reactor Internals

Vibration in PWR Power Plants

Parts 2,3, 5,7, 8,13, and 16 were previously published
in ASME/ANSI OM-1987 up to and including the
OMCc-1990 Addenda and were incorporated into ASME
OM-S/G-1990.

Parts 1, 4, 6, and 10 from ASME/ANSI OM-1987, up
to and including the OMc-1990 Addenda, were incorpo-
rated into ASME OM Code-1990, as follows:

OM Code
Designation

Previous
OM-1987 Designation

Appendix 1 Part 1 Requirements for Inservice
Performance Testing of
Nuclear Power Plant
Pressure Relief Devices

Examination and Perform-
ance Testing of Nuclear
Power Plant Dynamic
Restraints (Snubbers)

Inservice Testing of
Pumps in Light-Water
Reactor Power Plants

Inservice Testing of Valves
in Light-Water Reactor
Power Plants

Subsection ISTD Part 4

Subsection ISTB Part 6

Subsection ISTC Part 10

CORRESPONDENCE

Suggestions for improvement of this document or
inclusion of additional topics should be sent to the fol-
lowing address: Secretary, Committee on Operation and
Maintenance of Nuclear Power Plants, The American
Society of Mechanical Engineers, Three Park Avenue,
New York, NY 10016-5990.

ADDENDA SERVICE

This edition of ASME OM-5/G includes an automatic
addenda subscription service up to the publication of
the next edition. The addenda subscription service will
include approved new Parts, revisions to the existing
Parts, and issued interpretations. The interpretations
will be included as part of the addenda service, but are
not part of the Standard or Guide.
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ASME OM-S/G-2007
SUMMARY OF CHANGES

Following approval by the ASME Committee on Operation and Maintenance of Nuclear Power
Plants and ASME, and after public review, ASME OM-S/G-2007 was approved by the American
National Standards Institute on August 17, 2007.

ASME OM-5/G-2007 consists of OM-S/G-2003, OMa-S/G-2004, and OMb-5/G-2005; editorial
changes, revisions, and corrections; as well as the following change identified by a margin

note, (07).
Page Location Change
145 Part 24, 9.2.4 Equation corrected by errata
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PART 2 (STANDARDS)

ASME OM-S/G-2007

PART 2
Performance Testing of Closed Cooling
Water Systems in LWR Power Plants

1 INTRODUCTION
1.1 Scope

This Part establishes the requirements for preservice
and inservice testing to assess the operational readiness
of certain closed cooling water systems (CCWS) used
in LWR power plants.

The CCWS covered are those required to perform a
specific function in shutting down a reactor to the safe
shutdown condition, in maintaining the safe shutdown
condition, or in mitigating the consequences of an
accident.

This Part establishes test methods, test intervals,
parameters to be measured and evaluated, acceptance
criteria, corrective actions, and records requirements.

1.2 Owner’s Responsibility

This Part requires development of a testing program
that verifies CCWS perform in accordance with the sys-
tem design basis over the life of the plant. Establish this
program with the following parts:

(a) Establish system testing boundaries (para. 4).

(b) Identify performance requirements from licensing
and design basis documentation (para. 5).

(c) Identify testable characteristics that represent per-
formance requirements (para. 6).

(d) Establish test acceptance criteria for each charac-
teristic (para. 7).

(e) Develop test procedures that include test accept-
ance criteria and test frequencies, and perform required
testing, inspections, and engineering analysis (para. 8).

(f) Evaluate test data, document results, and imple-
ment corrective action as appropriate (paras. 9 and 10).

Apply the appropriate quality assurance requirements
to this program.

Review industry operating experience as an input to
the development of this program. Operating experience
provides valuable insight into the CCWS performance
requirements, performance characteristics, and test per-
formance that should be considered throughout the vari-
ous phases of program development.

Develop a test program within the bounds of the
plant’s design basis; do not violate the plant’s design
basis as a result of testing under this Part. Consider the
required test conditions and the potential consequences
of the testing when developing the test program.

Develop the test program to minimize the impact to
plant risk while the test is being performed. In the event
that a specific test within the program would be imprac-
tical, cause detrimental interactions, or conflict with the
design basis, engineering evaluation or analysis is
allowed in lieu of the specific test. Refer to para. 8 for
additional guidance.

Procedures or test programs established for other pur-
poses may be used to satisfy testing requirements of this
Part to the extent that they meet the requirements of
this Part.

2 DEFINITIONS

These definitions are provided to ensure a uniform
understanding of selected terms used in this Part.

acceptance criteria: specified limits placed on characteris-
tics of an item, process, or service defined in codes,
standards, or other required documents.

accuracy: the closeness of agreement between a measured
value and the true value.

actuation levels: a response to defined plant conditions
that will control or actuate a desired set of components.

characteristic: a variable or attribute that can be verified
by direct measurement or data reduction.

closed cooling water system (CCWS): a closed intermediate
heat transfer system between supported structures, sys-
tems, and components and the ultimate heat sink.

component: an item such as a vessel, pump, valve, piping
products, or core support viewed as an entity for pur-
poses of reporting or analyzing.

design bases: information that identifies the specific func-
tions to be performed by a structure, system, or compo-
nent of a facility, and the specific values or ranges of
values chosen for controlling parameters as reference
bounds for designs.

process heat exchanger: a CCWS heat exchanger that rejects
heat to the ultimate heat sink.

response time: time elapsed from when the process
exceeds a setpoint until the component achieves the
required response.

serviced heat exchanger: a heat exchanger in a supported
system that rejects heat to the CCWS.
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support system: those other systems that are necessary
for a given system to perform its intended function.

system: an assembly of components whose functions and
limitations are defined in design or system specification
documents.

3 REFERENCES

ASME OM-5/G-2000, Part 21, Inservice Testing of Heat
Exchangers

ASME OMb-5/G-2002, Part 25, Performance Testing of
Emergency Core Cooling Systems in Light Water
Reactor Power Plants

5;4 ESTABLISH SYSTEM TESTING BOUNDARIES

* (a) Figure 1 shows a simplified CCWS flow diagram
“and identifies some major components. Components of
“the typical CCWS may include the following:
‘ (1) CCWS process pumps

(2) control, isolation, throttling, and relief valves

(3) motor controllers, controls, and protective
relays

(4) CCWS surge tank(s)

(5) instrumentation components and control loops
including all interlocks and alarm functions

(6) CCWS process heat exchangers and serviced
component heat exchangers

(7) CCWS process piping and associated hangers,
restraints, and supports

(8) water quality monitoring and control
equipment

(9) filters

(b) Establish the system test boundaries for CCWS
testing. The testboundaries shall include all CCWS func-
tions described in para. 1.1. The test boundary shall
include all equipment required to perform the CCWS
function of transferring heat from the supported struc-
tures, systems, and components to the ultimate heat
sink. This test boundary includes the interfacing heat
exchangers for the heat sources and heat sinks for CCWS.
Typical functions include the following:

(1) decay heat removal

(2) containment heat removal

(3) pump and pump driver cooling

(4) room cooler heat removal

(5) chilled water system cooler heat removal

(6) containment high-energy penetration heat
removal

(7) reactor support structure cooling

(8) system realignments including isolation of
nonessential loops or branches

(9) heat removal and flow for nonessential loads
that are not isolated, such as fuel pool cooling, sample
coolers, and evaporators
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Testing of nonessential loads is only required to the
extent of verifying that they do not adversely impact
the performance of those portions of CCWS within the
scope of this Part. Establishing the test boundary shall
consider the interaction of nonessential components of
the CCWS that may affect CCWS operation by isolation,
leakage, or adding heat loads.

Testing of systems that support CCWS operation, such
as chemical addition, makeup, engineered safety fea-
tures actuation system (ESFAS), or emergency core cool-
ing system (ECCS) actuation logic, is not within the
scope of this Part. At the owner’s option, portions of
CCWS not in the scope of this Part may be tested in
accordance with this Part.

5 IDENTIFY SYSTEM PERFORMANCE
REQUIREMENTS

Identify system performance requirements within the
established test boundaries. Input parameters derived
from safety analyses and design basis documentation
define the performance requirements. Examples include
required heat removal rates from serviced loads,
required flow rates to serviced loads, heat exchanger
performance, surge tank makeup, system fluid losses,
system fluid temperature, and time to reach full pumped
flow after system actuation.

Performance requirements shall be consistent with the
plant licensing and design bases, including relevant
licensing commitments that limit, modify, or clarify sys-
tem operating requirements. Use source information
that defines system performance requirements. Source
information may include the following:

(a) nuclear steam supply system design specifications

(b) architect/engineer specifications

(c) Final Safety Analysis Report (FSAR)/ Updated
Safety Analysis Report (USAR)

(d) Safety Evaluation Report/Supplemental Safety
Evaluation Reports

(e) design basis documentation

(f) vendor correspondence

In some cases, it is not practical to directly test each
of the performance requirements. In these instances,
develop testable system characteristics in accordance
with para. 6 that can be used to verify performance
requirements.

6 IDENTIFY TESTABLE CHARACTERISTICS THAT
REPRESENT PERFORMANCE REQUIREMENTS

(a) Identify testable characteristics that can be used
to confirm system performance requirements are met.
Use source information that defines system characteris-
tics. Source information, in addition to that identified
in para. 5, includes

(1) design calculations
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Fig. 1 CCWS Typical Flow Diagram
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(2) system descriptions
(3) plant system specific drawings
(4) preoperational tests
(56) design change documentation
(b) System characteristics are variables or attributes
that can be determined by direct measurement or data
reduction. The system characteristics include compo-
nent characteristics, instrumentation and control charac-
teristics, and logic characteristics that impact system-
level performance.
System characteristics associated with CCWS opera-
tion are
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(1) system and branch line flows for each system
alignment

(2) total CCWS heat rejection capacity

(3) system operating pressures at component eleva-
tions where conditions could approach saturation

(4) system operating temperatures

(5) maintaining system operation during system
transients such as pump trip in parallel pump operation

(6) pressure differential between the CCWS and the
heat sink system is in the appropriate direction

(7) CCWS operation in response to ESFAS or ECCS
actuation with and without offsite power
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The values of some system characteristics cannot be
directly measured but can be calculated. Examples are
pump total dynamic head and heat removal rate.

6.1 Component Characteristics

Component characteristics that affect system-level
performance shall be included as system characteristics.
An example is pump performance required to deliver
design flow to the supported components within a
defined time interval after an initiating event. Addi-
tional system characteristics are flow for serviced and
process CCWS heat exchangers and heat removal for
CCWS process heat exchangers.

System characteristics associated with CCWS compo-
nents are as follows:

(a) CCWS pump and driver

(1) net positive suction head (NPSH) for pump per-
formance under system conditions with the least NPSH
margin

(2) pump total dynamic head (TDH) versus flow

(3) pump response time (time to reach rated flow)

(4) pump drivers do not trip under flow conditions
with the least margin to trip

(5) pump driver (as found) power requirements at
all flow conditions are within design assumptions for
normal and emergency power

(6) pump performance under parallel pump
operation

(b) process heat exchangers

(1) amount of heat required to be transferred

(2) system pressure drop through the heat
exchanger

(3) heat exchanger outlet temperature

6.2 Instrumentation and Control Characteristics

Instrumentation and control (I & C) characteristics
that affect system-level performance shall be included
as system characteristics. These include indication and
control of system parameters such as flow, pressure,
level, temperature, and component status.

6.3 CCWS Logic Characteristics

CCWSlogic characteristics shall be included as system
characteristics. CCWS logic is any permissive or inter-
lock that actuates or aligns CCWS fluid systems or
mechanical components. CCWS logic does not include
ESFAS or ECCS actuation logic. Below are examples of
CCWS logic.

(a) logic intended to start standby pumps on flow or
pressure demand

(b) logic that causes CCWS components to actuate via
an ESFAS or ECCS actuation signal

(c) logic for system realignment to accident mode
from any nonsafety or secondary operating mode

(d) logic that actuates surge tank makeup on low level
and pressure control
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(e) logic for heat exchanger bypass or temperature
control

(f) logic associated with control of manually operated
components

7 ESTABLISH ACCEPTANCE CRITERIA FOR
TESTABLE CHARACTERISTICS

Establish acceptance criteria for each system charac-
teristic derived in accordance with para. 6. Each system
characteristic has analysis limits that are documented
in the plant design or licensing basis. Develop test
acceptance criteria from these limits that account for

(a) differences between analysis and test considering
system configuration and boundary or process fluid con-
ditions. Since system testing under accident conditions
may be impractical, acceptance criteria must be devel-
oped by associating practical test conditions to accident
analysis limits. For example, the heatload from initiating
events may not be achievable during test conditions.

(b) test instrument loop accuracy. Accomplish this by
adjusting either the measured data or the analysis limits.
Refer to Appendix B, para. B-4 of ASME OM-S/G Part 25
[Reference 3(b)] for an example of this adjustment pro-
cess for pump TDH versus flow. Refer to Appendix C of
ASME OM-5/G Part 25 for guidance on test instrument
accuracy.

8 DEVELOP TEST PROCEDURES AND PERFORM
TESTING, INSPECTIONS, AND ENGINEERING
ANALYSIS

Develop and approve test procedures to verify that
acceptance criteria derived in accordance with para. 7
are met. Organizations responsible for maintaining the
design basis shall participate in developing test accept-
ance criteria and procedures. Use available operating
experience information; industry and government
agency experience reports and databases give additional
insights into system operation and testing.

Perform testing at plant conditions as close as practical
to those expected during system operation. Identify test
conditions that are different from conditions with least
margin (e.g., temperature and pressure) when testing at
least-margin conditions is not practical or could poten-
tially damage equipment. Perform analysis to account
for differences between least-margin and test conditions.

Consider the required test conditions, detrimental
interactions, and potential consequences of testing when
developing the test procedure. Evaluate the risk impact
of testing, in accordance with existing plant risk manage-
ment programs, and schedule the test performance to
minimize the impact to plant risk. Portions of the system
test may be performed at different plant operating
modes consistent with managing plant risk.

This Part does not require simultaneous testing of
all system components, subsystems, and their support
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systems. A logical combination of several separate tests
is acceptable, however, integrate the testing where prac-
tical. For example, the thermal and hydraulic perform-
ance on the CCWS process heat exchangers can be
determined under different conditions and combined
by evaluation to demonstrate acceptable system per-
formance. If separate tests are used to collect data for
specific characteristics, analyze these test results to cor-
relate them to results that would have been obtained
under simultaneous testing. Ensure all interfaces are
properly tested and verified. Operation of the supported
(first line) systems may not be necessary. Credit for other
testing, such as component testing performed under
guidance from other standards, can be used to demon-
strate proper system performance.

Data from plant transients or inadvertent system actu-
ations may be used if necessary analyses and supporting
documentation are available. If the system is in continu-
ous operation throughout the full range of reactor opera-
tion, performance adequacy can be determined by
monitoring of the system instrumentation. Normal peri-
odic data logging by various means provides trend data
for evaluation of heat exchanger fouling, pump wear
characteristics, or branch flow changes.

Engineering evaluations may be performed if inte-
grated testing is not practical. Consider the required test
conditions and the potential consequences of the testing
in the evaluation of practicality. Use testing rather than
evaluation wherever possible.

This Part does not identify nonsystem-level testing of
components, instrumentation, and controls. It is
assumed that applicable codes and standards that define
such testing have been implemented. Verifying test
acceptance criteria in accordance with this Part does
not provide relief from meeting more limiting criteria
associated with such codes and standards.

If tests are performed at conditions different from
those assumed in the calibration process for the instru-
ments, recalibrate the instruments for the test conditions,
use alternate instruments, or adjust the data to compen-
sate for this difference.

8.1 Preservice Testing

Develop and conduct tests to measure system per-
formance. The test results are used to determine if sys-
tem, component, I & C, and logic characteristics meet the
associated acceptance criteria. The following paragraphs
provide requirements for preservice testing of some of
the CCWS system characteristics described in para. 6.

8.1.1 Preservice Test Prerequisites. Identify prereg-
uisites to preservice testing to ensure that the system
is functional. Perform prerequisites in any order and
overlap component and logic testing sufficiently to ver-
ify proper installation. Verify that the following prereq-
uisites, at a minimum, have been met prior to
performance of the preservice tests:
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(a) Electrical systems have been tested, including pro-
tective devices.

(b) CCWS logic has been verified to function properly
without actual starting of major components.

(¢) Control, alarm, and indication instrumentation
loops have been calibrated.

(d) System flushing has verified system cleanliness.

(e) Temporary construction components such as
strainers and jumpers have been removed or have been
evaluated as required to support testing.

(f) Required pipe supports have been installed.

(g) System and components have been filled and
vented.

(h) System pressure tests have been completed
satisfactorily.

(i) Valves stroke when operated by control switches.

(j) Pump and motor checkouts have been completed
per vendor recommendations, including proper rotation
checks.

(k) Valve lineups are complete and will ensure that
pump minimum flow and runout is met and any flow
limits on heat exchangers will not be exceeded.

(I) Required chemical control has been established.

(m) Required support systems are available to sup-
port system testing.

8.1.2 Preservice Performance Test. Develop and
conduct tests to measure system performance. The test
results are used to determine the system, component,
I & C, and logic characteristics meet the associated
acceptance criteria. The following paragraphs provide
requirements for preservice testing of some of the CCWS
system characteristics described in para. 6.

During pump operation, monitor the system for unac-
ceptable noise, vibration, or cavitation. During all speci-
fied modes of system operation, check that hot support
settings are within allowable limits after thermal
expansion.

Verify that the CCWS is in the normal system standby
alignment or operation. Simulate an emergency actua-
tion signal. Verify that all valves realign to the required
accident position and that the associated CCWS pumps
are operating. Verify system flow balancing for heat
transfer requirements is maintained.

Operate CCWS in each required cooling water align-
ment and pump combination as allowed by plant design.
Test each CCWS train as close as practical to design
conditions, however, all heat loads are not required to
be in service simultaneously. Verify that the required
flow is achieved on each branch or serviced component
of CCWS.

Address the following requirements for each applica-
ble operating mode:

(a) Test integrated CCWS operation in conjunction
with other systems that could interact with CCWS dur-
ing accident conditions. For example, branch flows that
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are not isolated need to be considered for flow diversion
and heat load addition.

(b) Test for adequate NPSH and acceptable pressure
drops in suction lines and valves from the sources to
the pump suction under maximum flow conditions.

(c) Verify automatic start of standby pumps and auto-
matic alignment of standby heat exchangers.

(d) Verify that a single or multiple pump trip in a
system using pumps operating in parallel will not result
in an electrical overload trip of the operating
pump/motor, runout conditions on a pump, or NPSH
problems for the remaining pump(s).

(e) Verify that for the set throttle valve positions or
restriction orifice sizes that any pump combinations will
not result in

(1) inadequate or excess flow conditions to serviced
components
(2) pump flow less than minimum required flow

(f) Verify that system response to design transients,
including loss of offsite power, is adequate.

(1) The system realigns without loss of function due
to voiding, water hammer, or draining of the surge tank.

(2) Stroke times of boundary valves are within
design requirements to ensure that system operation is
not compromised for postulated design transients.

(g) Verify operation of bypass temperature or pres-
sure control systems, including surge tank pressure con-

“trol systems, where provided.

(h) Check hot side to cold side pressure differential for
‘the CCWS process heat exchangers to ensure pressure
- differential is within the design limit and in the appro-
priate direction.

(i) Verify proper operation of manually controlled
components.

(j) Verify proper operation of automatic surge tank
makeup functions. Demonstrate manual makeup where
credited. Verify that level instrumentation and alarms
function properly to allow appropriate response to a
loss of surge tank level.

(k) Verify system leakage, including pressure bound-
ary and isolation valves, is within design assumptions.

Perform final system flow balancing with available or
simulated heat loads. Heat loads not available during
this test should be estimated and allowed for in the
system flow balancing. Repositioning throttle valves or
resizing flow orifices could significantly affect the flow
balance or previous test results. Perform the applicable
flow testing when such modifications have been made.

Verify CCWS process heat exchangers are tested in
accordance with ASME OM-S/G Part 21

[Reference 3(a)]. Using the results of the Part 21 testing
and the testing in this Part, perform an evaluation to
confirm that the CCWS under least margin operating
conditions will meet design basis assumptions. If the
evaluation results in required changes to the system,
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then reperform the appropriate tests of this Part or
Part 21.

8.1.3 Preservice Test Interval. Perform preservice
tests prior to plant fuel load. Portions of the preservice
testing may be deferred if required conditions for testing
cannot be met until after plant fuel load. Base deferral
of the testing on engineering evaluation to determine
the impact on plant safety. Perform deferred testing as
soon as practical after the required plant conditions have
been met.

8.2 Inservice Testing

Develop and conduct tests to measure system per-
formance. The test results are used to determine the
system, component, I & C, and logic characteristics meet
the associated acceptance criteria. The following para-
graphs provide requirements for inservice testing of
some of the CCWS system characteristics described in
para. 6.

8.2.1 Inservice Performance Test. Verify that the
CCWS is in the normal system alignment. Simulate an
emergency actuation signal. Verify that all valves realign
to the required accident position and that the associated
CCWS pumps are operating. Verify system flow balanc-
ing for heat transfer requirements is maintained.

Operate CCWS in the accident alignment with each
required cooling water branch and pump combination
as allowed by plant design. Test each CCWS train as
close as practical to design conditions, however, all heat
loads are not required to be in service simultaneously.
Verify that the required flow is achieved on each branch
or serviced component of CCWS.

Address the following requirements for each applica-
ble operating mode:

(a) Test integrated CCWS operation in conjunction
with other systems that could interact with CCWS dur-
ing accident conditions. For example, branch flows that
are not isolated need to be considered for flow diversion
and heat load addition.

(b) Test for adequate NPSH and acceptable pressure
drops in suction lines and valves from the sources to
the pump suction under maximum flow conditions.

(c) Verify automatic start of standby pumps and auto-
matic alignment of standby heat exchangers.

(d) Verify that a single or multiple pump trip in a
system using pumps operating in parallel will not result
in an electrical overload trip of the operating
pump/motor, runout conditions on a pump, or NPSH
problems for the remaining pump(s).

(e) Verify that for the set throttle valve positions or
restriction orifice sizes that any pump combinations will
not result in

(1) inadequate or excess flow conditions to serviced
components
(2) pump flow less than minimum required flow
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(f) Verify that system response to design transients,
including loss of offsite power, is adequate.

(1) The system realigns without loss of function due
to voiding, water hammer, or draining of the surge tank.

(2) Stroke times of boundary valves are within
design requirements to ensure that system operation is
not compromised for postulated design transients.

(g) Verify operation of bypass temperature or pres-
sure control systems, including surge tank pressure con-
trol systems, where provided.

(h) Check hot side to cold side pressure differential for
the CCWS process heat exchangers to ensure pressure
differential is within the design limit and in the appro-
priate direction.

(i) Verify proper operation of manually controlled
components.

(j) Verify proper operation of automatic surge tank
makeup functions. Demonstrate manual makeup where
credited. Verify that level instrumentation and alarms
function properly to allow appropriate response to a
loss of surge tank level.

(k) Verify system leakage, including pressure bound-
ary and isolation valves, is within design assumptions.

() Verify proper CCWS heat exchanger performance
using methods described in ASME OM-S/G Part 21
[Reference 3(a)].

8.2.2 Inservice Test Interval

(a) Establish a 5-year + 25% initial baseline test inter-
val for the CCWS inservice testing described in para.
8.2. After each test, establish the subsequent test interval
based on evaluation of the test results performed in
accordance with para. 9. If the test interval is extended,
the maximum allowable interval is 10 years.

(b) Test process heat exchanger heat removal capabil-
ity at the interval described in ASME OM-S/G Part 21
[Reference 3(a)].

(c) Perform the applicable portions of para. 8.2 prior
to returning the system to service following replacement,
repair, maintenance, or modification to CCWS compo-
nents or systems that could affect the ability to meet
system performance requirements defined in para. 5.
Examples of such changes include the following:

(1) replacing valve or valve internals

(2) changing valve throttled position, including
limit switch stop settings

(3) resizing system restriction orifices

(4) replacing or trimming the pump rotating
element

(5) changing system logic
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(6) changing the CCWS flow path
(7) heat exchanger tube plugging
(d) Credit may be taken for testing performed in
accordance with other test programs meeting the
requirements of this Part.

9 EVALUATE TEST DATA

Evaluate the test data against the acceptance criteria
established in accordance with para. 7. If test results
fail to meet acceptance criteria, take corrective action.
Corrective action shall consist of either of the following;:

(a) Perform appropriate remedial actions on the non-
conforming component or system, followed by retest.

(b) Perform evaluations to disposition the affected
components or nonconforming systems portion. These
evaluations shall include refining the analysis on which
the acceptance criteria are based such that the measured
data meets the revised acceptance criteria and corres-
ponding revision of the design, design basis, and licens-
ing basis. Establish the revised acceptance criteria with
sufficient margin to ensure acceptable performance until
the next system test.

(c) Evaluate the test data to project future system per-
formance by considering

(1) margin between acceptance criteria and system
test results

(2) system performance data trending

(3) modification and maintenance history

(4) internal and external system service conditions
(for example biofouling, corrosion, erosion, and wear)

(5) frequency of operation

If the evaluation determines that satisfactory perform-
ance is ensured until the next system test, then consider
extending the test interval. If the evaluation determines
satisfactory performance until the next system test is
not ensured, then either restore margin or reduce the
test interval to ensure acceptable performance until the
next system test.

10 PREPARE DOCUMENTATION

Document the basis for establishing test boundaries,
identifying system performance requirements and testa-
ble characteristics, establishing acceptance criteria, and
developing test procedures. Include in the basis a discus-
sion of test scope decisions including any overlap with
other test programs. Retain testing program procedures,
results, deficiencies, evaluations, and corrective actions.
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PART 3
Requirements for Preoperational and Initial Start-up
Vibration Testing of Nuclear Power Plant Piping Systems

1 SCOPE

This Part establishes the requirements for preservice
and initial startup testing to assess the vibration of cer-
tain piping systems used in light-water reactor (LWR)
power plants. This Part may serve as a guide to assess
vibration levels of applicable piping system during plant
operation. The piping covered is that required to per-
form a specific function in shutting down a reactor to
the safe shutdown condition, in maintaining the safe
shutdown condition, or in mitigating the consequences
of an accident. This Part establishes test methods, test
intervals, parameters to be measured and evaluated,
acceptance criteria, corrective actions, and records
requirements.

2 DEFINITIONS

These definitions are provided to ensure a uniform
understanding of selected terms used in this Part.

ASME B31: ASME Code for Pressure Piping.
ASME BPV Code: ASME Boiler and Pressure Vessel Code.

Design Specification: the document provided by the
Owner, as required by NCA-3250 or NA-3250 of the
ASME BPV Code, Section III, for the component/sys-
tem, which contains requirements to provide a complete
basis for the construction of the component/system.

design verification: the process of reviewing, confirming,
or substantiating a design by one or more methods to
provide assurance that the design meets the specified
design input.

duplicate: a system built on the basis of a previously used
and proven design for which test results are available.

hot shimming: the process of adjusting support and
restraint clearances in the hot condition.

initial start-up testing: test activity performed during or
following initial fuel loading, but prior to commercial
operation. These activities include fuel loading, precriti-
cal tests, initial criticality tests, low power tests, and
power ascension tests.

maintenance/repair/replacement: actions taken to prevent
or correct deficiencies in the system operation.

normal operating conditions: the service conditions the
system would experience when performing its intended
function.
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operational testing: test activities performed subsequent
to initial start-up testing, e.g., testing performed during
commercial operation of the plant.

Owner: the organization legally responsible for con-
structing and/or operating a nuclear facility including,
but not limited to, one who has applied for or who has
been granted a construction permit or operating license
by the regulatory authority having lawful jurisdiction.

peripheral equipment: device(s) used in the setup, check-
out, or on-site calibration of other VMS devices.

physical units: the engineering units that quantitatively
represent the measured variable (e.g., if the measured
variable is displacement, the physical units can be
inches, mils, feet, or meters).

preoperational testing: test activities performed prior to
initial fuel loading.

processing equipment: device(s) used for further handling,
reformatting, or manipulation of the transducer output
to reduce it to manageable or intelligible information.

prototype: system built on the basis of an original design
for which there are no previous system test results
available.

quality assurance: all those planned and systematic
actions necessary to provide adequate confidence that
an item or facility will perform satisfactorily in service.

record drawing set: the set of drawings that define the
system’s layout and support configuration at the time
the system is placed in service for testing.

recording and display equipment: recording equipment
devices are used for storing signals in a form capable
of subsequent reproduction. Display equipment devices
are used to obtain a visual representation of a signal
(conditioned and/or processed transducer output).

shell-wall vibration: radial vibration of a pipe wall, which
typically occurs at high frequencies, characterized by
axial and circumferential lobate mode shapes and natu-
ral frequencies.

signal conditioner: device(s) used to modify or reformat
the transducer output to make it intelligible to or com-
patible with processing equipment.

steady-state vibrations: repetitive vibrations that occur for
relatively long periods of time during normal plant
operation.
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Fig. 1 Typical Components of a Vibration Monitoring System (VMS)
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system: an assembly of piping subassemblies and compo-
nents whose limits and functions are defined in its
Design Specification.

system interconnections: all cables, wires, or mechanical
linkages used between the devices comprising the VMS.

system specification: that document that uniquely
describes the VMS. The system specification shall con-
tain the information specified in para. 7.2.

test conditions: the conditions experienced by the system
when undergoing tests.

test hold points: events in the test program usually associ-
ated with system operating conditions for which test
information is to be collected, e.g., with the reactor at
X% power and with the system at full flow.

test specification: the document(s) prepared by the Owner
or his assignee that meet(s) the requirements set forth
in para. 3 of this Part.

transducer: a device that converts shock or vibratory
motion into an optical, mechanical, or, typically, an elec-
trical signal that is proportional to a parameter of the
experienced motion.

transient vibrations: vibrations that occur during rela-
tively short periods of time and result in less than 10°
stress cycles. Examples of transient sources of vibration
are pump actuation and pump switching, rapid valve
opening or closing, and safety relief valve operation.

Vibration Monitoring System (VMS): the system com-
prised of all instrumentation or test equipment used to
measure and record the vibration data. It is assumed to
have as input the monitored variable (i.e., displacement
velocity and acceleration) at the measurement location.
The system output is a signal analogous to the measured
variable and readily convertible to appropriate physical
units. A typical VMS is shown in Fig. 1.
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3 GENERAL REQUIREMENTS

The Owner shall determine the portions of piping
systems to be tested and shall classify these systems
into the vibration monitoring groups defined below. The
minimum general requirements for the classification by
groups are provided in para. 3.1; however, the Owner
may place a system into a more stringent vibration moni-
toring group (VMG).

Vibration conditions are classified into steady-state
and transient vibration categories. A system may be
classified into one vibration monitoring group for
steady-state vibrations and into another group for tran-
sient vibrations. The testing requirements, acceptance
criteria, and recommendations for corrective action
associated with these categories are provided below. The
vibration testing and assessment of vibration levels may
be conducted during preoperational and initial start-up
testing or during plant operation in accordance with the
requirements of the test specification.

For preoperational, initial start-up, and operational
testing, a test specification shall be prepared that will
include, as a minimum, the following items:

(a) test objectives

(b) systems to be tested (including boundaries)

(c) pretest requirements or conditions

(d) governing documents and drawings

(e) precautions

(f) quality control and assurance (including required
documentation and sign-offs)

(g) acceptance criteria

(h) test conditions and hold points

(i) measurements to be made and acceptable limits
(including visual observations)

(j) instrumentation to be used (including instrument
specifications)

(k) data handling and storage

(I) system restoration
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The test specifications shall be written in a manner
to ensure that the objectives of the tests are satisfied and
that results obtained are accurate or conservative. Prior
to testing, an inspection of components and supports
shall be made to verify correct installation according to
the record drawing set, specifications, and appropriate
codes.

When test results are to be correlated to specific analy-
sis, test conditions and measurements should be suffi-
ciently specified to ensure that the parameters and
assumptions used in the analysis are not violated. The
correlation between test and analysis should confirm
the validity of the analysis and should indicate that
the analytical results are conservative. If the test results
indicate that the analysis is not adequate or when the
measured data from the test indicates that the actual
forcing function is not conservatively covered by the
forcing functions used in the analysis, the analysis
should be reconciled.

The vibration monitoring requirements and accept-
ance criteria are defined in para. 3.2. If the test data
exceeds the value specified in the hold point section of
the test specification, two options are available: further
testing or evaluation to a more rigorous method or cor-
rective action taken, as described in para. 8.

Cognizant engineering personnel shall participate in
the development of test specification requirements,
selection of instrumentation, establishment of accept-
ance criteria, review, evaluation, and approval of test
results.

Selection of the locations of measuring devices and
the type of measurements to be made shall be based on
piping stress analysis, response of a similar system, or
experience gained through testing of the subject system
and shall reflect any unique operational characteristics
of the system being tested. Evaluation of the test data
shall consider characteristics of the measuring devices
used.

3.1 Classification

Piping system vibrations are classified into two cate-
gories, steady-state and transient, as defined in para. 2.
Within each applicable category, the piping system shall
be classified into one of the three vibration monitoring
groups according to the criteria presented in paras. 3.1.1
and 3.1.2.

Piping systems that are inaccessible for visual obser-
vation or measurement using portable devices, as a
result of adverse environmental effects during the condi-
tions listed in the test specification, shall be classified
into either VMG 1 or VMG 2.

In addition to the requirements presented in paras.
3.1.1 and 3.1.2, the safety or the power generation func-
tion, or both, of the system should also be considered
when classifying the system into the vibration monitor-
ing groups.
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3.1.1 Steady-State Vibration

3.1.1.1 Vibration Monitoring Group 1. The moni-
toring program required for systems evaluated in this
group typically involves sophisticated monitoring
devices and extensive data collection to accurately
determine vibratory pipe stresses or other specified com-
ponent limitations.

Determination of mode shapes, modal response mag-
nitudes, and total system response is possible using
these evaluation techniques. When accurate measure-
ment of the system response characteristics is required,
the techniques and devices implied by the requirements
for this vibration monitoring group shall be employed.

All portions of piping systems that experience steady-
state vibrations and meet one of the following require-
ments shall be classified in VMG 1 and shall meet the
acceptance criteria of para. 3.2.1:

(a) piping systems that exhibit a response not charac-
terized by simple piping modes (e.g., piping shell-wall
vibrations, as defined in para. 2)

(b) piping systems for which the methods of VMG 2
and VMG 3 are not applicable based on limitations given
in paras. 4 and 5

3.1.1.2 Vibration Monitoring Group 2. The meth-
ods and devices employed in the evaluation of VMG 2
provide a means of measuring and assessing the piping
vibration at a given location.

All portions of piping systems that meet one of the
following requirements shall be classified in VMG 2 and
shall meet the acceptance criteria specified in para. 3.2.2:

(a) all piping systems that may exhibit significant
vibration response based on past experience with similar
systems or similar system operating conditions

(b) piping systems for which the method of VMG 3
is not applicable

3.1.1.3 Vibration Monitoring Group 3. The visual
method employed in the evaluation of VMG 3 is most
fundamental and provides the most simplified means
for determining whether any significant vibrations exist
in the system. Evaluation of vibration levels using this
method is based on experience and judgment and pro-
vides an acceptable basis for assessment. If firm quanti-
tative assessments are required, the methods in VMG 1
or VMG 2 should be employed.

All portions of piping systems that meet one of the
following requirements shall be classified in VMG 3 and
shall meet the acceptance criteria specified in para. 3.2.3:

(a) systems falling in VMG 1 or VMG 2 classification
for which measurements or prior test data are available
on prototype or duplicate systems and for which the
minimum unacceptable vibrations are observable

(b) portions of ASME Classes 1, 2, 3, and ASME B31
piping systems that are not expected to exhibit signifi-
cant vibrational response based on past experience with
similar systems or system operating conditions
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Table 1 System Tolerances

Allowable Units
System Design Parameters Tolerance Range Customary Sl
System flow [Note (1)] +10% gpm m>/s
Head [Note (2)] +10% psi kPa
Thermal capacity Q -10% Btu/hr Cal/hr
[Note (3)]
Overall heat transfer coefficient -10% Btu/hr-ft?-°F Cal/hr-cm?-°C
[Note (4)]
NOTES:

(1) The upper limit of flow is that which will not produce unacceptable vibration in the heat exchangers

in any system flow mode.

(2) The upperlimit of head is determined by limiting pressure drop across heat exchanger in any flow mode.

(3) Q = UAAT where U = overall heat transfer coefficient; A = surface area of heat exchanger, ft?> (cm?);
and AT = log mean temperature difference, °F (°C).

(4) Thelower U limitis indicative that surface fouling may cause unacceptable thermal capacity in the future.

3.1.2 Transient Vibration. Table 1 presents some
examples of transient conditions to which systems may
be subjected.

3.1.2.1 Vibration Monitoring Group 1. Portions of
piping systems that experience transient vibrations and
meet the following requirements shall be classified in
VMG 1 and shall meet acceptance criteria specified in
para. 3.2.1. Systems that from past plant operation expe-
rience are known to experience significant dynamic tran-
sient conditions due to the inherent nature of component
design, system operation, or system design features, for
which a transient analysis is not performed.

3.1.2.2 Vibration Monitoring Group 2. Portions of
piping systems that experience transient vibrations and
meet the following requirements shall be classified in
VMG 2 and shall meet acceptance criteria specified in
para. 3.2.2. Systems that are designed and analyzed for
known anticipated dynamic loading conditions and for
which the applied loading (i.e., fluid or mechanical) is
based on methodology that is known to conservatively
predict the transient forcing function and corresponding
structural response.

3.1.2.3 Vibration Monitoring Group 3. All portions
of piping systems that experience transient vibrations
and meet the following requirements shall be classified
in VMG 3 and shall meet the acceptance criteria specified
in para. 3.2.3. Systems that undergo transient vibrations
during their operating life (e.g., systems subjected to
pump start-up transients, valve opening, or closure) and
that by past experience with similar systems or system
operating conditions are not expected to exhibit signifi-
cant vibrational response.

3.2 Monitoring Requirements and Acceptance
Criteria

Special attention should be given to the precautions
listed in para. 4.3.

13
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The acceptance criteria presented in this paragraph
are based on the following list of assumptions. The
Owner may invoke less stringent criteria provided suffi-
cient justification is given. More stringent criteria shall
be invoked if these assumptions are deemed inappropri-
ate for the system under review.

(a) Assumptions

(1) Vibrations cause maximum stresses within the
elastic range; therefore, no penalty for plastic cycling is
incurred.

(2) Thermal transient effects, if they exist during
the vibration incident, have already been considered in
the piping system evaluation.

(3) The membrane stresses caused by pressure fluc-
tuations alone are insignificant in comparison to the
stresses caused by the vibratory moments.

(4) The usage factor from the vibration incident
does not significantly affect the cumulative usage factor
calculated for other predefined transient conditions.

(5) Strain-controlled fatigue curves of the
BPV Code, Section III represent the S-N fatigue charac-
teristics for the material and loading considered.

3.2.1 Vibration Monitoring Group 1

3.2.1.1  The vibration response of Group 1 sys-
tems shall be evaluated using the methods and devices
listed in para. 6 of this Part.

3.2.1.2  For steady-state vibration, the maximum
calculated alternating stress intensity S, should be lim-
ited as defined below.
(a) For ASME Class 1 piping systems

GKy Sal
Sa = —— M<—

where
C, = secondary stress index as defined in ASME
BPV Code, Section III
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local stress index as defined in ASME BPV
Code, Section III

maximum zero to peak dynamic moment load-
ing due to vibration only, or in combination
with other loads, as required by the system
Design Specification

0.8 S4, where S, is the alternating stress at 100
cycles in psi (MPa) from ASME BPV Code,
Section III, Fig. 1-9.1; or S, at 101! cycles from
ASME BPV Code, Section III, Fig. 1-9.2.2. The
user shall consider the influence of tempera-
ture on the Modulus of Elasticity.

section modulus of the pipe

allowable stress reduction factor: 1.3 for materi-
als covered by ASME BPV Code, Section III,
Fig. 1-9.1; or 1.0 for materials covered by
ASME BPV Code, Section III, Fig. 1-9.2.1 or
1-9.2.2

K

(b) For ASME Classes 2 and 3 piping and ASME B31

C2K2
Z

e
T«

Saie =

where
CK;
i =

2i

stress intensification factor, as defined in
ASME BPV Code, Section III, Subsections
NC and ND or ASME B31

- If significant vibration levels are detected during the
test program that have not been previously considered
in the piping system analysis, consideration should be
given to modifying the Design Specification to reverify
applicable code conformance.

3.2.1.3  For transient vibrations, the maximum
alternating stress intensity should be limited to the value
defined below. Before determining the allowable maxi-
mum alternating stress intensity, an estimate should be
made of the equivalent number of maximum anticipated
vibratory load cycles (n).

(a) For ASME Class 1 piping systems, the maximum
alternating stress intensity shall be limited to the value
that will not invalidate the design basis. If the transient
event was not previously considered in the design basis,
the event shall be evaluated. The unused usage factor
shall be determined from

U, =1-U

where
U = cumulative usage factor from ASME Class 1
analysis, which excluded vibratory load

The maximum allowable equivalent vibratory load
cycles shall be calculated from

Copyright ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS

14

ASME OM-S/G-2007

Using N,, the maximum alternating stress intensity
St shall be limited to S, where
S, = allowable alternating peak stress value from
ASME BPV Code, Section III, Fig. 1-9.1, 1-9.2.1,
or 1-9.2.2.

For transient vibrations that were not previously ana-
lyzed and for which it is not appropriate to evaluate the
load separately, a new fatigue analysis may be required
in accordance with Section III of the ASME BPV Code.

(b) For ASME Classes 2 and 3 and ASME B31 piping,
the stresses shall be evaluated in accordance with the
requirements of para. 3.2.1.2(b). Alternatively, the appro-
priate ASME code shall be used to evaluate the stresses
for transient vibration.

3.2.2 Vibration Monitoring Group 2

3.2.2.1 The vibration response of Group 2 sys-
tems should be measured using one or more of the
vibration monitoring devices specified in para. 5.

3.2.2.2 For steady-state vibration, the piping
vibratory responses of VMG 2 piping shall be evaluated
in accordance with the allowable deflection or velocity
limits given in para. 5. These limits are based on meeting
the stress requirements of para. 3.2.1. If adequate quanti-
tative data cannot be obtained or unacceptable vibration
response is indicated by the methods and devices listed
in para. 5, the methods and devices of para. 6 may
be used.

3.2.2.3 For transient vibration, the criteria of
para. 3.2.2.2 for steady-state vibration may be used as
a screening tool but may be overly conservative. If these
limits are exceeded, the criteria of para. 5.2.3 or the
criteria of para. 3.2.1.3 shall be employed.

3.2.3 Vibration Monitoring Group 3

3.23.1 The vibration response of Group 3 sys-
tems shall be determined by the methods and devices
listed in para. 4.

3.2.3.2 If an acceptable level of steady-state or
transient vibration is noted, no further measurement or
evaluation is required. The observer shall be responsible
for assessing whether the observed vibration level is
acceptable. The basis for determining whether the vibra-
tion level is acceptable shall be consistent with the limits
specified in para. 3.2.1.

3.2.3.3  If the level of vibration is too small to be
perceived and the possibility of damage is judged to be
minimal, the system is acceptable.

The judgment as to acceptability can be made only
by the evaluation of all the following facts as to their
effects on the piping stress:

(a) vibration magnitude and location

(b) proximity to “sensitive equipment”

(c) branch connection behavior

Not for Resale
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(d) capability of nearby component supports
Any unique operational characteristics of the system
shall be considered in the evaluation.

3.2.3.4 If an acceptable assessment of the
observed deflections cannot be made, the acceptability
of vibration must be based on measured data.

3.2.3.5 If unacceptable vibration levels are indi-
cated by the methods and devices listed in para. 4, the
methods and devices of para. 5 may be used.

3.2.4 Qualitative Evaluations. Piping system
response must be acceptable based on qualitative evalu-
ations, in addition to meeting the quantitative accept-
ance criteria defined in para. 3.2. Qualitative evaluations
are based on observed response of the piping that
address potentially detrimental conditions not explicitly
quantified by the acceptance criteria of para. 3.2. Judg-
ments on the acceptability of the observed responses
shall be based on comparisons to known acceptable
responses. Nonmandatory Appendices G and H provide
additional guidance on the use of qualitative
evaluations.

4 VISUAL INSPECTION METHOD
4.1 Objective

The acceptability of piping systems in VMG 3 to with-
stand the effects of steady-state and transient vibrations
can be evaluated by observation. Different techniques
and simple devices that can be employed in the evalua-
tion as well as some of the possible problems that could
be encountered during the preoperational phase and
startup of systems are described below.

4.2 Evaluation Techniques

The location or locations of maximum deflection can
be ascertained by observation. The magnitude of the
displacement may be estimated by the use of simple
measurement devices (e.g., rules, optical wedge, and
spring hanger scale). When simple measurement devices
are used, the precautions of Nonmandatory Appendix
A shall be observed. As an aid in developing judgment
of the acceptability of observed displacements, simple
beam analogies may be used.

4.2.1 Steady-State Vibration. During the preopera-
tional and start-up testing phases of a plant, the piping
systems shall be observed during their various modes
of operation, as defined in the test specification. The
acceptability of the observed vibration shall be deter-
mined in accordance with para. 3.2.3.

4.2.2 Transient Vibration. During the preopera-
tional and start-up testing phases of a plant, the piping
systems in VMG 3 shall be observed during the transient
events as defined in the test specification. The test may
be repeated, if necessary, to make the observations at
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different points. The acceptability of the observed
response shall be based on para. 3.2.3.

4.3 Precautions

Below are a few precautions and specific items that
should be reviewed.

4.3.1 Vents and Drains. Local vents and drains typi-
cally have one or two isolation valves that act as concen-
trated masses. If they have not been braced, careful
attention should be given to vibration in this area.

4.3.2 Branch Piping. Minor mainline vibration may
cause branch piping vibration of significant magnitude
remote from the branch connection. These lines shall be
reviewed together with the system being qualified.

4.3.3 Multiple Pump Operation. Incases where there
are several pumps that operate in parallel, the most
significant vibration will occur when some combinations
of the pumps are operating. These combinations shall
be reviewed together with the system being qualified.

4.3.4 Sensitive Equipment. Vibrations that can
affect the functionality, operability, and structural capa-
bility of sensitive equipment, such as pumps, valves,
and heat exchangers, should be closely reviewed.

4.3.5 Welded Attachment. Special consideration
shall be given to the areas near the welded attachment
in the piping system subjected to vibration. If the welded
attachment configuration is such that it could cause local
moments in the pipe due to vibration, the effects of local
stress should be considered.

5 SIMPLIFIED METHOD FOR QUALIFYING PIPING
SYSTEMS

5.1 Steady-State Vibration

There are simplified methods for the evaluation of
steady-state vibration of piping systems that will deter-
mine if the vibration exceeds an acceptable level. These
methods apply to systems that are undergoing steady-
state vibration and are accessible for a number of vibra-
tion measurements at various points in the piping sys-
tem. Piping systems that are not suitable or adaptable
to these methods may be evaluated by procedures
defined in para. 6.

5.1.1 Displacement Method

5.1.1.1 General Requirements. The simplified
method requires that vibratory displacement should be
determined at representative points on the piping sys-
tem. The piping system shall be subdivided into suffi-
cient subsystems or vibratory characteristic spans
containing appropriate or conservative boundary condi-
tions as described in detail in para. 5.1.1.6(a).

5.1.1.2 Instrumentation. A hand-held or tempo-
rarily mounted transducer that is suitable for making
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Fig. 2 Deflection Measurement at the Intersection
of Pipe and Elbow

Tangent line

pipe and elbow \ P
K 5

¢
L A

In plane
deflection

Out of plane
deflection

Pipe center line

Fig. 3 Single Span Deflection Measurement

Characteristic K = 0.003
span
L |

multiple measurements of displacement should be used.
For example, an accelerometer may be used with veloc-
ity and displacement of the acceleration signal obtained
by single and double integration, respectively. The pre-
cautions on measurement techniques should be
observed (para. 7). It is recommended that response
frequencies and their relative amplitudes be determined
as an aid in verifying the appropriateness of the charac-
teristic span model selected and to assist in determining
the source of vibration.

5.1.1.3 Deflection Measurement of Process Pip-
ing. Measurements are taken along the piping to mea-
sure peak deflection points and to establish node points
of minimum deflection. The node points establish the
characteristic span lengths. Node points (zero deflection
points) are generally found at restraint points, but could
be located between constraints on long runs of piping.
The deflection limit can be determined from the informa-
tion presented in Figs. 2 through 9.

5.1.1.4 Deflection Measurement of Branch Piping.
Branch piping is attached to process piping and has a
smaller diameter than the process piping. Three of the
potential problems that can exist are described below.
(a) Branch piping can be excited at or near its resonant
frequency by motion of the process piping, fluid pulsa-
tion, or other sources. This problem is characterized by

ASME OM-S/G-2007

Fig. 4 Cantilever Span
Deflection Measurement

-7 K =0.027

Characteristic
span

Fig. 5 Cantilever Span/Elbow Span in Plane
Deflection Measurement

din plane deflection
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Fig. 6 Cantilever Span/Elbow Guided Span in Plane
Deflection Measurement

din plan[a deflection
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¢

Fig. 7 Span/Elbow Span Out-of-Plane Deflection
Measurement, Span Ratio < 0.5
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=
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span L L, Lessthan0.5
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NOTE: See Fig. 9 for K.

16

Copyright ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS

Not for Resale



ASME OM-S/G-2007

Fig. 8 Span/Elbow Span Out-of-Plane Deflection
Measurement, Span Ratio > 0.5

Characteristic
span L

NOTE: See Fig. 9 for K.

Fig. 9 Span/Elbow Span Out-of-Plane Configuration
Coefficient Versus Ratio of Spans

0.03
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v
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/
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high amplitude vibrations with a clearly defined fre-
quency and mode shape. The amplitude measured on
the branch pipe is generally much larger than the process
piping. Due to the phasing, the relative motion of the
branch pipe to the process pipe is closely approximated
by adding the displacement measurement of the process
pipe to the motion of the branch pipe. The deflection
limits defined in para. 5.1.1.5 are applicable.

(b) The attachment point of the branch pipe with the
process line displaces relative to a branch line support.
The deflection limits defined in para. 5.1.1.5 are applica-
ble when the deflections measured reflect relative
motion between points on the branch piping and can
be associated with a deflected shape.

(c) The process piping drives the branch piping at a
high acceleration level as a rigid body. This problem is
generally associated with a cantilevered mass. The peak
acceleration at the center of gravity of the branch piping
must be measured to establish the inertial force acting at
the center of gravity of the branch piping. The cantilever
mass and center of gravity of the branch piping must
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be conservatively estimated and a resultant stress calcu-
lated. The resultant stress should be compared with the
criteria listed in paras. 3.2.1.2(a) and 3.2.1.2(b).

Nonmandatory Appendix I provides guidance on
completing this evaluation.

5.1.1.5 Deflection Limits. The vibrational deflec-
tion limit of a piping system depends on a large number
of material and geometric considerations with many
combinations of the variables. One method of dealing
with this complexity is to subdivide the piping systems
into characteristic spans that can be physically defined
and modeled. A deflection measurement can then be
conservatively checked against an allowable deflection
limit calculated for that characteristic span. A break-
down of the characteristic spans for which allowable
deflection limits have been computed is given in para.
5.1.1.6.

Deflection limits are given in terms of a characteristic
span length, outside pipe diameter, and a configuration
coefficient. The characteristic span length and the config-
uration coefficient are established by subdividing the
piping system into a series of characteristic spans as
described in para. 5.1.1.6.

The configuration coefficient (R) and the nominal
vibration deflection (8,) values are based on an allowable
stress of 10,000 psi with stress indices equal to unity.
The allowable deflection limit 8,4y is shown in para.
5.1.1.5.1.

Where the user demonstrates analytically or by expe-
rience that the VMG 2 methods are inherently conserva-
tive by at least a factor of 1.3, & may be taken as 1.0.
The allowable deflection limit is then compared to the
measured value for piping vibration qualification.

5.1.1.5.1 Determination of Allowable Deflection
Limit. Nominal vibration deflection value
5, = K(L?/D,)/144
Allowable vibration deflection limit

Sallow = (Sel X 511)/(C2K2 X o, X 0[)

where

the outside diameter of the piping, the units
of D, and L are the same (e.g., both in feet
or both in meters)

the configuration coefficient determined
based on a nominal stress (§,) of 10,000 psi
(68.95 MPa)

the characteristic span of the vibrating pip-
ing segment

the allowable zero to peak vibration deflec-
tion limit based on the endurance limit
(Se1/ a) of the piping material and the appli-
cable peak stress indices (C;Kj)

5allow
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8, = anominal zero to peak vibration deflection
value based on a nominal stress (o) of
10,000 psi (68.95 MPa) and with no consider-
ation of peak stress indices

Paragraph 3.2.1.2 defines S, a, C,, and K.

5.1.1.6 Characteristic Span Models. It is recom-
mended that the measured deflection data be examined
to assist in determining the appropriate characteristic
span used to obtain the allowable deflection limit.

Characteristic spans are broadly classified into two
categories by the piping restraints. A single-end restraint
with one end free forms the first category, and restraint
of both ends of a characteristic span forms the second
category. The categories are then subdivided into combi-
nations of a single span and two spans joined by a 90 deg
elbow. Deflections are measured in the plane of the
elbow and out of the plane of the elbow as shown in
Fig. 2. The rotational constraint at restraint points is
assumed to be fixed for a conservative computation of
the allowable deflection limit. An outline of the basic
characteristic spans is given below. For any configura-
tion not covered below, a conservative K factor may be
established by the user, provided equivalent conserva-
tism is maintained.
(a) Single-end restraint, cantilever

(1) cantilever single span (Fig. 4)

(2) cantilever span, elbow, span

(a) deflection in plane of elbow, end span free
(Fig. 5)

(b) deflection in plane of elbow, guided end span
(Fig. 6)

(b) Restraint at both ends
(1) single span

(a) single span (Fig. 3)

(b) single span with elbow restraint [special case
of para. 5.1.1.6(b)(1)(a) or limit case of para.
5.1.1.6(b)(2)(a)]

(2) span, elbow, span

(a) maximum deflection measured out of plane
of elbow between restraint point and elbow of long span;
ratio of short span to long span is less than 0.5 (Fig. 7
with configuration coefficient K from Fig. 9)

(b) maximum deflection measured out of plane
of elbow at intersection of long span and elbow; ratio
of short span to long span is between 0.5 and 1.0 (Fig. 8
with configuration coefficient K from Fig. 9)

5.1.2 Velocity Method

5.1.2.1 General Requirements. The method
requires consecutive measurements of velocity at vari-
ous points on the piping system to locate the point that
is exhibiting the maximum vibratory velocity. Once this
point is located, a final measurement of the maximum
velocity (Vmay) at that point is made and compared with

ASME OM-S/G-2007

an allowable peak velocity (V,jow) as given in para.
5.1.2.4. The criterion for acceptability is

Vmax < Vallow

5.1.2.2 Instrumentation. The instrument used
should be portable and capable of making a number of
consecutive velocity measurements at various points on
the piping. The instrument should be capable of indicat-
ing a trace of the actual velocity-time signal from which
the maximum velocity can be read. This may be achieved
by readout devices such as a cathode-ray tube or a paper
chart recorder. Alternatively, the instrument could have
a holding circuit that would result in a meter reading
of the maximum velocity.

5.1.2.3 Procedure. Initial measurements are to be
taken at points on the piping that appear to be undergo-
ing the largest displacements. These will normally corre-
spond to points of the highest velocity. At each such
point, measurements can be taken around the circumfer-
ence of the pipe to find the magnitude of the maximum
velocity. Measurements may be confined to directions
perpendicular to the axis of the pipe at that point.

The maximum velocity should be obtained only from
the actual velocity-time signal. The readout of the signal
should be of sufficient duration to ensure a high proba-
bility that the maximum velocity has in fact been
obtained for that point in that direction.

5.1.2.4 Allowable Peak Velocity.
for allowable velocity is

The expression

Ci1Cy B(Se)

Vallow = CiCs aGoK,

where
Valow = allowable velocity, in./sec (mm/s)
B = 3.64 x 107 to obtain V,j, in in./sec when
S is in units of psi
B = 1.34 to obtain V., in mm/s when S is in
units of MPa

Se, Co, Ky, and « are defined in para. 3.2.1.2. The
secondary stress index C, and the local stress index K,
are associated with the point of maximum stress and
not necessarily with the point of maximum velocity.

This velocity criterion is consistent with the deflection
criterion for a fixed end beam at resonance in the first
mode.

C; = a correction factor to compensate for the effect

of concentrated weights along the characteris-
tic span of the pipe (see Fig. 10)

Cs = acorrection factor accounting for pipe contents

and insulation

1
( Wr WINS) "

1.0+W+ W
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where
Cy correction factor for end conditions different

from fixed ends and for configurations dif-

ferent from straight spans

1.0 for a straight span fixed at both ends, but

conservative for any practical end conditions

for straight spans of pipe

1.33 for cantilever and simply supported

pipe span

0.74 for equal leg Z-bend

0.83 for equal leg U-bend

correction factor to account for off-resonance

forced vibration, equal to the ratio of the first

natural frequency of the piping span to the

measured frequency for ratios between 1.0

and 2.0. For ratios greater than 2.0, the Cs

factor is herein undefined. For ratios less

than 1.0, the Cs correction factor equals 1.0.

weight of the pipe per unit length, Ib/ft

(kg/m)

weight of the pipe contents per unit length,

Ib/ft (or kg/m)

the weight of the insulation per unit length,

Ib/ft (or kg/m)

1.0 for pipe without insulation and either

empty or containing steam

Cs

We

Wins

Nonmandatory Appendix D presents examples of cor-
rection factors C; and C, for typical piping spans along
with a combination of these factors to provide an initial
screening method.

5.1.2.5 Precautions. The basic relationship
between the allowable velocity and stress is developed
from the assumption that the vibratory mode shape
matches the mode shape at the first natural frequency.
The user is cautioned against indiscriminate use of the
velocity criteria without considering velocity, ampli-
tude, frequency, and mode shape of the vibration. The
Cs correction factor modifies the basic relationship to
account for off-resonant forced vibrations.

If the piping span is vibrating at frequencies below
the first mode natural frequency, then it is inappropriate
to use the velocity criteria without the Cs correction
factor since the stresses calculated will be nonconserva-
tive, by approximately the ratio of the span natural fre-
quency to the measured forced response frequency, for
frequency ratios between 1.0 and 2.0.

For example, if the span natural frequency was 20 Hz
and was vibrating at 10 Hz, the stresses predicted from
a velocity measurement would be nonconservative by
a factor of two, without the Cs correction factor.

For multispan systems, commonly encountered in
power plant piping, caution must be exercised when
evaluating stresses caused by resonant excitation from
adjacent spans. A determination must be made of the
individual span natural frequencies before the decision
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Fig. 10 Correction Factor C;

1.0

0.9

0.8

Correction factor C;

Ratio of concentrated weight to characteristic span weight

to use the velocity criteria method can be justified. If
the ratio of the first natural frequency of the span to the
measured frequency is less than or equal to 2.0, then
the velocity method may be used. Values for this ratio
greater than 2.0 have not been addressed by this Part.

5.2 Transient Vibration

Another method for the evaluation of vibration of the
piping systems is for those subjected to transient loads
for which the expected response under the anticipated
transient loads is determined by analysis. Piping sys-
tems that are not suitable or adaptable to these methods
shall be evaluated by the methods of para. 6.

5.2.1 General Requirements. This method requires
that a dynamic analysis of the piping system subjected
to the expected transient loads has been performed
yielding the system dynamic responses. Furthermore,
the analytical responses must be shown to be conserva-
tive through comparison of the analytical responses with
those measured during testing. The simplified method
requires that dynamic response of piping, at selected
locations, be measured. A minimum of two separate
remote locations selected for the data points should be
based on the analysis performed. In addition, fluid pres-
sure may be measured. The necessary parameters to be
measured and their locations shall be included in the
test specification.

The criteria for acceptability of the measured data are
given in para. 5.2.3. If the criteria specified in para. 5.2.3
are not met, additional evaluation of the piping systems
based on the measured data shall be made to justify the
acceptance. This may include reanalysis of the piping
system based on measured data.
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5.2.2 Instrumentation. Appropriate instruments as
recommended in para. 7 shall be used for obtaining the
piping system responses.

5.2.3 Measurements and Criteria for Acceptance.
The measured responses shall be compared to the analyt-
ically obtained response of the system. If the analysis
indicates larger responses than those measured and the
general requirements of para. 3 concerning analysis ver-
sus test conditions have been met, then the vibratory
response of the system is acceptable.

5.3 Inaccessible Piping (for Both Steady-State and
Transient Vibration Evaluation)

For inaccessible piping systems requiring monitoring,
the search procedure for maximum response location
is not required. The locations of anticipated maximum
response at which measurement devices are to be
applied shall be defined. Adequate precautions shall be
taken to verify that the assumptions used for the selec-
tion of anticipated maximum response locations are con-
sistent with the installed system response.

6 RIGOROUS VERIFICATION METHOD FOR
STEADY-STATE AND TRANSIENT VIBRATION

Another method is required when the portion of the
system is evaluated in VMG 1 or when the methods of
paras. 4 and 5 are not applicable or are overly conserva-
tive. This method is also intended for application to
systems where the dynamic characteristics indicate that
the system modes are primarily a result of rocking of
massive equipment (such as pumps and heat
exchangers). The primary objective of this verification
is to obtain an accurate assessment of the vibrational
stresses in the piping system from the measured vibra-
tional behavior.

Two acceptable techniques for implementing this
method are given in paras. 6.1 and 6.2 along with corres-
ponding requirements. Paragraph 6.1 is supplemented
by Nonmandatory Appendices B and C, which describe
several methods of implementing this technique. Other
techniques may be used provided that they are demon-
strated to be conservative.

6.1 Modal Response Technique

6.1.1 General Requirements. This method requires
that the modal displacements and natural frequencies
of the system be identified from the test data.

The method also requires that a modal analysis of the
system be performed yielding analytically determined
natural frequencies and mode shapes and modal stress
vectors (or bending moments) corresponding to the
mode shape vectors. The analysis and test natural fre-
quencies and mode shapes of the piping system shall
be correlated and the analytical stress vectors shall then
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be used to determine the actual state of stress in the
piping due to the measured modal displacements.

6.1.2 Test Requirements. The piping system shall
be instrumented sufficiently to enable identification of
the natural frequencies and modal displacements. It is
not necessary to ensure that the measurements are taken
at the location of maximum vibration. The instrumenta-
tion may be capable of measuring acceleration, displace-
ment, or velocity according to the guidelines of para. 7.
Locations of instruments shall correspond closely to
points included in the analytical model of the system.

The system shall be exercised through the conditions
defined in test specifications. A sufficient amount of data
shall be recorded to allow appropriate data processing as
described in para. 6.1.3.

6.1.3 Data Processing. Steady-state vibration data
shall be reduced to obtain the zero-to-peak displacement
in each of the predominant vibrational modes of the
system. Methods of determining the modal displace-
ments are available, and two of these are discussed in
Nonmandatory Appendix B. When using either of the
two methods described in Nonmandatory Appendix B,
special attention should be given to separately identify
closely spaced modes that may exist in the system.

6.1.4 Test and Analysis Correlation. The measured
modal frequencies and modal displacements of the pip-
ing system shall be correlated to analytically obtained
modal frequencies and mode shapes for all major con-
tributing modes. As a minimum, the test and analytical
mode shapes shall correlate with respect to the predomi-
nant modal direction; the relative magnitudes of the
modal components need not be in exact agreement. In
addition, the corresponding modal frequencies of the
test and analysis shall be in reasonable agreement.

6.1.5 Evaluation of the Measured Responses. The
measured modal displacements of the piping and the
correlated analytical results shall be used to obtain an
accurate assessment of the vibrational stresses (or
moments) in the piping system. A method for obtaining
the vibrational stress in the piping using the measured
piping displacements and the information from the
modal analysis of the system is given in Nonmandatory
Appendix C. The resulting vibrational stresses shall be
evaluated according to the acceptance criteria of para.
3.2.1.2.

6.2 Measured Stress Technique

Strain gages can be used to directly determine stresses
in the piping system during steady-state or transient
vibration. This Section outlines the general requirements
in the use of strain gages. Several precautions associated
with the use of strain gages are presented in Nonmanda-
tory Appendix A. These precautions should be consid-
ered prior to defining the test program.
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6.2.1 General Requirements. The piping system
shall be instrumented on straight pipe with a sufficient
number of gages near points where maximum stresses
in the piping system are expected to occur. Strain gages
shall be located remote from points of stress concentra-
tion, when used for determining nominal bending
moment.

6.2.2 Evaluation of the Measured Responses. The
experimentally obtained strains at the instrumented
points in the piping system shall be converted to a three-
component moment set and evaluated using the accept-
ance criteria of para. 3.2.1.2.

INSTRUMENTATION AND VIBRATION
MEASUREMENT REQUIREMENTS

Recognizing the ongoing advancement of data acqui-
sition techniques, the guidelines presented here for the
specification of the instrumentation and recording
equipment, necessary to meet the minimum monitoring
requirements associated with VMG 1, VMG 2, and
VMG 3, are not intended to propose methods or tech-
niques. Rather, they set forth the criteria necessary to
ensure that the data taken by any method is accurate
and repeatable and within the equipment capabilities.
Nonmandatory Appendix A contains guidelines and
precautions for typical vibration monitoring systems
and can be used as a basis for the specification of the
system to be used during testing.

Figure 1 shows typical components of a vibration
monitoring system.

7

7.1 General Requirements

The system and techniques used for the vibration
monitoring of all piping systems covered by this Part
shall meet the minimum requirements described below.

7.1.1 System Specification
(a) A vibration monitoring system (VMS) specifica-
tion shall be written and included in or referenced by
the test specification. The VMS specification shall
include the following:
(1) functional description
(2) list of equipment (manufacturer, model number,
serial number)
(3) equipment calibration records
(4) equipment specifications
(5) installation specifications
(b) For the VMS, as well as for each device comprising
the VMS, the following information and minimum
requirements shall be contained in the equipment speci-
fication, when applicable:
(1) inputs and outputs: units and full-scale range
of each
(2) accuracy: specified as a percentage of full-scale
physical units
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(a) VMS minimum requirement: greater than 10%
of applicable value of acceptance criteria for the mea-
sured variable

(3) minimum measurable value

(a) VMS minimum requirement: less than 80% of
applicable value of acceptance criteria for the measured
variable

(4) range: full-scale capability with accuracy speci-
fication

(a) VMS minimum requirement: 20% greater than
the applicable value of the acceptance criteria for the
measured variable

(5) frequency response: minimum and maximum fre-
quencies within specified accuracy

(a) VMS minimum requirement: frequency
response range shall extend one-half octave above and
below the maximum and minimum significant fre-
quency range of the measured variable

(6) calibration data: specific requirements in para.
712

(7) other specifications: any other specifications
unique to the measurement system or important for the
accurate measurement of the variable (e.g., temperature
compensation and mounting requirements)

Manufacturer’s specifications are acceptable for each
device comprising the VMS; however, care should be
exercised to ensure that the application, mounting, and
interfacing conditions do not affect or invalidate the
manufacturer’s specifications. This is especially impor-
tant in transducer mounting and electrical loadings.

An example of the specification is given in Table 2.

7.1.2 Calibration. All equipment used as part of the
VMS shall have current calibration documents. These
shall be attached to or made part of the system specifica-
tion. On-site checkout of the VMS shall be performed
and documented to verify that the as-installed VMS is
functioning according to the system specification.

7.1.3 Repeatability. Capability of the VMS to pro-
vide consistent results shall be demonstrated. This can
be achieved by taking several consecutive measure-
ments of a stationary variable during pretest setup and
checkout. The results of these consecutive measurements
should be within minimum accuracy requirements of
the VMS specification.

7.1.4 Peak Versus rms Measurement. The accept-
ance criteria in this Part are based on zero-to-peak piping
deflections; therefore, the VMS used must result in actual
zero-to-peak measurements. If the instrumentation used
yields rms measurements, then conservative methods
must be used to convert the rms measurements to zero-
to-peak values.
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Table 2 Examples of Specifications of VMS Minimum Requirements
Measured Variable — Displacement

Minimum
Acceptance Measurable Full-Scale Other: Max. Piping
Criteria, Accuracy, Value, Range, Frequency of Temperature,
mils (mm) mils (mm) mils mils (mm) Response, Hz °F (°C)
10 (0.254) +1 (0.0254) <8 12 (0.30) 0.5-60 250 (121)
100 (2.54) +10 (0.254) <80 120 (3.0) 0.5-20 300 (149)
8 CORRECTIVE ACTION stress analysis shall be reviewed and, as necessary,

Corrective action is required to reduce piping
vibrational stresses to acceptable values when piping
steady-state or transient vibration exceeds the accept-
ance criteria of para. 3.2. Possible corrective actions
include: identification and reduction or elimination of
the excitation mechanism or vibration source; structural
modifications to detune resonant piping spans; and
changes in operating procedures to eliminate trouble-
some operating conditions.

If corrective restraints, circumferential stiffeners, for
example, or system modifications are required to make
the piping system acceptable, then the piping system
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reconciled.

After corrective action is completed, postmodification
testing shall be performed to determine if the vibrations
have been sufficiently reduced to satisfy the acceptance
criteria. Testing may involve determining the vibration
response of the system during specific operating modes
to verify adequacy of modifications implemented to con-
trol vibration.

Vibration excitation mechanisms and piping
responses along with possible additional testing, analy-
sis, and corrective actions are discussed in Nonmanda-
tory Appendix E.
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PART 3
NONMANDATORY APPENDIX A
Instrumentation and Measurement Guidelines

The purpose of this Appendix is to provide guidelines
for the selection of devices and components of a vibra-
tion monitoring system (VMS). Recognizing that the
instrumentation comprising the VMS will depend on
the method chosen for the measurement program (VMG
1, 2, or 3), this Appendix provides suggestions, exam-
ples, and precautions for the instrumentation and tech-
niques that might be employed for each method.

It is not the intent of this Appendix to be used in place
of state-of-the-art techniques for vibration monitoring.

A-1 VISUAL METHODS (VMG 3)

The visual inspection method allows the use of senses,
such as touch, to determine acceptability. For example,
with sufficient experience vibration amplitude can be
perceived fairly accurately for frequencies from 2 Hz
to 30 Hz by feeling the pipe vibrate. Estimates of the
amplitudes of the lower frequency vibrations can be
obtained with a scale.

Simple aids, such as those suggested in Part 3, para.
4.2, can be used for estimating the amplitude of displace-
ment for piping classified under VMG 3 when precise
results are not required. Even so, the user should be
cautioned against attempting to use these simple aids
under circumstances where erroneous estimates could
be obtained. For example, low amplitude [< 30 mils
(<0.76 mm)] vibrations at relatively high frequencies
(>20 Hz) would be difficult to quantify with a spring
hanger scale. Likewise, low frequency (<5 Hz) vibra-
tions are usually difficult to read with an optical wedge
because the eye’s persistence of vision is inadequate to
perceive a distinct intersection between the dark and
light regions of the wedge.

It is the intent of the visual methods to identify those
vibrations that are obviously acceptable. If doubt exists
as to acceptability after the visual inspection methods
are employed, then the methods of para. A-2 of this
Appendix should be employed.

A-2 ELECTRONIC MEASUREMENT METHODS
(VMG 2 AND VMG 1)

The following discussions regarding hardware selec-
tion and methodology are applicable to both VMG 1
and VMG 2 monitoring requirements.

23

A-2.1 Transducers

A-2.1.1 Accelerometers. One transducer for vibra-
tion measurement is the piezoelectric accelerometer. The
advantages of the accelerometer include a capability for
high-temperature operation, physical durability and
reliability, ease and stability of calibration, intrinsic low
noise, linearity over a wide dynamic range, small mass,
and ease of application for absolute measurement.

A servo accelerometer that has excellent
low-frequency response characteristics can also be used.
Its advantages are a high output signal and frequency
response down to direct current (dc).

Some accelerometer characteristics are of particular
importance for piping measurements.

(a) Variation of Sensor Output With Temperature. If the
change in output from room temperature to operating
temperature exceeds 10%, a correction factor deter-
mined from the Manufacturer’s Data Sheet should be
applied.

(b) Variation of Sensor Output With Frequency. This
variation depends on the type of accelerometer, the
mounting technique used, and whether its output signal
is fed into a charge-sensitive amplifier or a voltage-
sensitive amplifier. Variation of output may be as high
as 3% per decade in frequency. If the variation exceeds
10% over the frequency band being measured, data
should be corrected in accordance with the Manufactur-
er’s Data Sheet.

(c) Maximum Temperature of Operation. Under no cir-
cumstances should the maximum operating tempera-
ture specified by the Manufacturer be exceeded.
However, direct attachment to the pipe surface is usually
feasible because accelerometers with maximum temper-
ature ratings of at least 650°F (345°C) are readily avail-
able. Thermally insulated mounts may also be used, if
necessary, to reduce the temperature at the acceler-
ometer.

The accelerometer characteristics, such as frequency
response and associated electronic circuitry, should be
compatible with the required measurement goals.
Proper scaling and band-pass filtering should be
employed to aid the analyst in obtaining vibration data
within the requirements of Part 3, para. 7.

Two intrinsic shortcomings of acceleration measure-
ments that may cause difficulties in plant piping applica-
tions are low-level, high-impedance output and poor
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signal-to-noise (S/N) ratio at low frequencies, particu-
larly following the double integration required to obtain
displacement.

Should these shortcomings prohibit the use of acceler-
ometers, the user may be able to achieve better perform-
ance with the high-output, low-impedance devices
described below.

A-2.1.2 Velocity Transducers. Velocimeters (or
velocity pickups) are transducers designed to respond
directly to velocity. They usually consist of a moving
coil or moving magnet arranged so that the electrical
output generated is proportional to the rate at which
the magnetic field lines are cut by the moving element,
and hence its velocity. The main advantage of these
electrodynamic transducers over accelerometers is their
high-level, low-impedance output, thereby making their
signals relatively immune to electromagnetic noise
pickup. Their chief disadvantages are their larger size
and their somewhat restricted useful linear band width.
Contamination from background at low frequencies lim-
its their usefulness in providing displacement indica-
tions, since the necessary integration tends to amplify
low-frequency noise selectively.

A-2.1.3 Displacement Transducers. Examples of
direct-sensing displacement transducers applicable to
piping vibration measurements are the eddy current
probe (or proximity probe), the linearly variable differ-
ential transformer (LVDT), hand-held vibrometer, and
the lanyard gage potentiometer. All sense absolute dis-
placement relative to a fixed reference and, therefore,
have frequency response and S/N curves that are uni-
form all the way to zero frequency (dc). This is their
chief advantage, along with high electrical output and,
hence, immunity to extraneous noise. An attendant dis-
advantage, however, is that they must be mounted firmly
to some structure that is stationary relative to the vibrat-
ing system whose displacement is to be measured. This
is often difficult to accomplish in an operating plant
environment. Other disadvantages of these transducers
are the following;:

(1) some have a lower high-frequency response

(b) limited range of displacement over which the
transducer responds linearly and without hysteresis

(c) need for special accompanying electronics (oscilla-
tor‘demodulator) and cabling

(d) insome cases, high noise, offset errors, and limited
(quantized) displacement resolution

A-2.1.4 Special Transducers. Other instrumentation
(e.g., LASER vibrometers that detect the Doppler shift
accompanying motion of the target) is commercially
available for those special situations requiring unusually
high measurement accuracy or where physical access to
the vibrating structure prohibits use of the transducers
already described. Such devices are too specialized to
warrant further description in this document.
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A-2.1.5 Strain Gages. The use of strain gages
(nin./in.) at selected points in the piping system pro-
vides data that can be used for comparison to acceptance
criteria. The type of gages normally used on the piping
systems are either the weldable or the bondable types.
The temperatures and radiation level typical of power
plant environments may limit the use of bondable gages.
Weldable gages that will operate for all temperature and
radiation levels typical of nuclear power plant environ-
ments are available. The usual requirement is that the
state of stress at points on the piping system can be
determined from strain gage readings. This implies the
use of an appropriate theory relating strains to stresses.
The validity of the final results depends on the validity
of any relationships used in reducing the data.

The user of strain gages must be aware of some prob-
lems encountered by the use of these devices, especially
for the measurement of static strains. These problems
are associated with temperature compensation, bond
stability, instrument stability and moisture, radiation,
and high-temperature environments. The user should
employ state-of-the-art techniques to circumvent these
potential problems.

A-2.2 Cables

Since cable noise can distort the vibration signals from
sensors, low-noise cable should be used between the
sensor and the signal conditioner. The cable should have
temperature characteristics adequate for the expected
environment.

If cable connectors are used, precautions should be
taken to avoid the introduction of moisture at these
locations, since, in general, long cable runs [>100 ft
(>30.48 m)] between the transducer and the signal con-
ditioning unit may produce high-noise pickup or signal
attenuation. A remote preamplifier (or remote charge
converter) may be required to avoid these difficulties.
The transducer and cable Manufacturer’s Data Sheets
should be consulted for details.

A-2.3 Signal Conditioner

A-2.3.1 General Requirements. The signal condi-
tioner should have proper electronic characteristics for
the selected transducer.

For accelerometer signal conditioning, integrating cir-
cuits yielding velocity and displacement outputs from
the acceleration signal may be included in the signal
conditioner. Gain normalization for direct incorporation
of accelerometer output scale factor (as supplied by the
Manufacturer) is an important feature because all out-
puts can then be designed to read out directly in absolute
velocity and displacement units.

A-2.3.2 Frequency Range. A working range from
0 Hz to 300 Hz will cover practically all piping
applications.
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A-2.3.3 Vibration Scale Range. The signal condi-
tioner should typically be able to measure velocities
from 1072 in./sec to 102 in./sec (0.254 mm/s to
25.40 mm/s) and displacements from 107* in. to 10 in.
(0.00254 mm to 254 mm).

To provide accurate measurements over the wide
amplitude ranges specified above, the signal conditioner
should provide several fixed-gain adjustments or inter-
mediate full-scale ranges.

A-2.3.4 Filtering. Switch-selected, low-frequency
cutoff limits should be provided to eliminate extremely
low-frequency signals and unwanted noise.

Low-pass filtering should be available at the upper
end of the vibration band to eliminate unwanted high-
frequency noise.

Band-pass filtering may often be desirable to reduce
interference among sinusoidal amplitude distributions,
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or pulselike with high-crest factors, and sometimes mix-
tures of all three. Therefore, the proper amplitude func-
tion (rms, peak, peak-to-peak) should be carefully
selected, and should be consistent with the acceptance
criteria for the measured variable.

A-2.4 Auxiliary Equipment

An oscilloscope for viewing the waveforms of the
acceleration, velocity, and displacement outputs from
the signal conditioner is desirable in most cases. A real-
time frequency analyzer and an analog FM tape recorder
(for data preservation and/or additional offline study
and processing) are also useful, optional equipment.
A strip chart recorder or oscillograph can also be used
to provide a permanent record of the analog meter
indication.
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PART 3
NONMANDATORY APPENDIX B
Analysis Methods

This Appendix describes two methods of obtaining
modal displacements of the piping system from the mea-
sured total displacement time history. It is recommended
to be used in conjunction with Part 3, para. 6.1.

B-1 FOURIER TRANSFORM METHOD'

The recorded acceleration, velocity, or displacement
time histories can be converted to a spectral density
function using Fast Fourier Transform techniques. The
spectral density should be computed in the frequency
range that contains the expected predominant system
response. A sufficient number of spectral averages
should be made to ensure that the density function has
converged. Integration of the density function over dis-
crete frequency bands around the predominant modal
responses yields the rms modal response. These can
readily be converted to peak-to-peak response through

! The user of this method is referred to the latest revision of
ANSI S210, Methods for Analysis and Presentation of Shock and
Vibration Data.
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consideration of the statistical properties of the
response.

In addition to the modal responses, the spectral den-
sity function will indicate the system response at deter-
ministic frequencies associated with shaft and blade
passing frequencies of rotating equipment that excite
the piping system.

The piping displacements at these frequencies should
be determined. The piping displacements at these fre-
quencies should be absolutely summed with the modal
displacement of the piping system mode that is nearest
to the deterministic frequency or that closely resembles
the displaced configuration at the deterministic fre-
quency.

B-2 OTHER METHODS

Alternative methods may be employed, such as modal
superposition, provided that the method used is demon-
stratively conservative and the test analysis correlation
requirements of Part 3, para. 6.1.4 are met.
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PART 3
NONMANDATORY APPENDIX C
Test/Analysis Correlation Methods

This Appendix presents a method for converting mea-
sured modal displacements of the piping system to
bending stress (or bending moments) through the use
of analytically obtained modal characteristics." It is rec-
ommended to be used in conjunction with Part 3,
para. 6.1.

C-1 TEST/ANALYSIS CORRELATION

The modal displacements at each measurement point,
obtained in Part 3, para. 6.1.3, should be tabulated and
normalized to an appropriate value (such as the maxi-
mum displacement) in that mode. The relative sign of
each displacement can be obtained by computing the
phase between measurement points using Fourier
Transform techniques. This yields a normalized mode
shape and modal frequency obtained by test that can
be compared to analytically obtained normalized mode
shapes and frequencies. The test and analytical results
should be correlated according to the requirements of
Part 3, para. 6.1.4.

C-2 EVALUATION OF THE MEASURED RESPONSES

Having achieved a correlation of test/analysis results,
the analytically obtained modal moments or stresses in

! Tt is assumed in this method that the stress vector includes the
stress indices as defined in Part 3, para. 3.2.1.2. Alternatively, the
modal bending moments in the piping (obtained from the modal
analysis of the piping) can be converted to stress using the equation
for S, defined in Part 3, para. 3.2.1.2.
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the system piping can be determined using the actual
modal responses obtained from the test data. This can
be done in the following way.

The measured modal displacement at point j in mode
i (denoted by Di]-T) is divided by the corresponding ana-
lytical displacement (DlvjA), yielding the modal response
factor Ky, as shown below.
K, = 21

Theoretically, all K within a mode should be the same
if perfect correlation of test and analytical mode shapes
has been achieved. Realistically, however, the K will
vary. Therefore, for each mode the maximum Kj; is cho-
sen as the modal response factor for mode i (denote as
Kj). The maximum Kj should be chosen from among
those Kj; in the direction of predominant modal motion
to reduce unnecessary conservatism. Having obtained
the modal response factors (K;) for each mode, the test
stress vector (SjT) for each mode should be calculated
by premultiplying the analytical stress vector! (SjA)lv by
the modal response factor:

The modal stress vectors thus obtained should be com-
bined by an appropriate conservative method to obtain
the total stress in the piping.
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PART 3
NONMANDATORY APPENDIX D
Velocity Criterion

This Appendix describes a method for establishing a
velocity criterion for screening piping systems. Using
these procedures, piping systems requiring further anal-
ysis can be determined. This Appendix is to be used in
conjunction with Part 3, para. 5.1.2.4.

D-1 VELOCITY CRITERION

The expression for allowable peak velocity from Part
3, para. 5.1.24 is

CiCy B(Se))
C3C5 aCsz

allow —

where

correction factor that compensates for the
effect of concentrated weights. If concen-
trated weight is less than 17 times the weight
of the span for straight beams, L-bends,
U-bends, and Z-bends, a conservative value
of 0.15 can be used for screening purposes.
stress indices as defined in the ASME Code;
CoK; < 4 for most piping systems
correction factor accounting for pipe con-
tents and insulation; for contents and insula-
tion equal to the weight of the pipe, the
value would be 1.414; in most cases it is less
than 1.5

correction factor for end conditions different
from fixed ends and for configurations dif-
ferent from straight spans

1.33 for cantilever and simply supported
beam

0.74 for equal leg Z-bend

0.83 for equal leg U-bend

0.7 as conservative value for screening
purposes

correction factor that is used when mea-
sured frequency differs from the first natural
frequency of the piping span; for frequency
ratios less than 1.0, the value is 1.0

see Part 3, para. 3.2.1.2

see Part 3, para. 5.1.2.4

Gk,

Gs

Cs

Cs

Sel, &

B
D-2 SCREENING VELOCITY CRITERION

If conservative values of the correction factors are
combined, a criterion can be derived that should indicate
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safe levels of vibration for any type of piping configura-
tion. Using this criterion, piping systems can be checked
and those with vibration velocity levels lower than the
screening value would require no further analysis. Pip-
ing systems that have vibration velocity levels higher
than the screening value do not necessarily have exces-
sive stresses, but further analysis is necessary to establish
their acceptability.

The following correction factors are considered to be
conservative values and should be applicable to most
piping configurations; however, the conservatism for
extremely complex piping configurations cannot be
attested.

G =015
GK, = 4
G =15
Cy = 07
Cs = 1.0
Se/a = 7,690 psi (53 MPa)
Vo = (0.15)(0.7)(0.00364)(7,690)

(1.5)(1.0)(4)
0.5 in./sec (12.7 mm/s) — screening vibra-
tion velocity value

D-3 USE OF SCREENING VIBRATION VELOCITY
VALUE

A screening vibration velocity value of 0.5 in./sec
(12.7 mm/s) has been established that can be used in
conjunction with Part 3, para. 5.1.2.4. Piping systems
with peak velocities less than 0.5 in./sec (12.7 mm/s)
are considered to be safe from a vibratory stress stand-
point and require no further analysis. If vibrational
velocities greater than 0.5 in./sec (12.7 mm/s) are mea-
sured, then further analyses are required to determine
acceptability.

The first step to take if vibration velocities are greater
than 0.5 in./sec (12.7 mm/s) is to determine more accu-
rate values of the correction factors C;, C3, C4, Cs, and
the stress indices C,K; so that the applicable velocity
criteria for the piping system in question can be
established.

Not for Resale



ASME OM-S/G-2007

PART 3 (STANDARDS)

PART 3
NONMANDATORY APPENDIX E
Excitation Mechanisms, Responses, and Corrective Actions

E-1 EXCITATION MECHANISMS AND PIPING
RESPONSES

Piping vibrational response can be in the form of beam
or shell-wall vibration. Each of these responses affect
piping differently, and therefore the corrective action
required for each should address the specific type of
vibration being experienced. Examples of commonly
encountered excitation mechanisms and piping
responses are given in paras. E-1.1 and E-1.2,
respectively.

E-1.1 Excitation Mechanisms

Piping vibration excitation mechanisms are pressure
pulsations in the fluid or gas being transported by the
piping or vibrations mechanically transmitted by
attached or adjacent equipment.

Examples of potential sources of low-frequency vibra-
tion are control valve oscillations, turbulence caused by
high flow velocities, flashing, and cavitation. These
sources can be reduced by valve control system modifi-
cations such as the addition of damping, routing or
pipe size changes to reduce turbulence, and the use of
breakdown orifices or anticavitation valve trim to reduce
flashing or cavitation.

Examples of high-frequency vibration sources are
pump- or compressor-induced pressure pulsations pro-
duced by a control valve in a gas or steam system and
vortex shedding at flow orifices in a water system. Modi-
fications such as using a mulffler, pulsation dampener or
suction stabilizer, noise reduction valve trim, or adding
multistage orifices are examples of how the vibration
source can be reduced.

Pressure disturbances or pulsations are transmitted
through the fluid the same way that sound is transmitted
through air. Pressure pulsations can be amplified if the
pulsation frequency is at or near a piping acoustical
frequency; this resonant condition increases the poten-
tial for detrimental piping vibration. Acoustic frequen-
cies are a function of the speed of sound in the fluid or
gas and are inversely proportional to the piping length.

A common excitation mechanism is vortex shedding
at flow discontinuities. Vortex shedding causes pressure
pulsations at the distinct frequency ranges. If the shed-
ding frequency is close to a piping acoustical natural
frequency, then resonance can occur and the pulsations
would be amplified. Modifying the discontinuity, e.g.,

29

flow orifice of side branch opening, can reduce the vortex
shedding and shift the shedding frequency, thereby
avoiding resonance. If this cannot be done, then modifi-
cations can be made to change the acoustic frequencies
of the piping. Acoustic modifications include changes
in pipe lengths to raise or lower its acoustical natural
frequency, and the addition of a muffler, pulsation
dampener, or suction stabilizer.

E-1.1.1 Cavitation. Cavitation is often the cause of
piping vibration and also produces noise, pressure, fluc-
tuations, erosion damage, and loss of flow capacity. How
it occurs, its progression, and the involvement of piping
components are described below. A case history is also
provided that demonstrates how detrimental cavitation
can occur at off-normal operating conditions.

E-1.1.1.1 Commentary. Vapor cavities are formed
when liquid pressure falls below its vapor pressure,
which can occur at pressure-reducing orifices and flow
control valves. Cavitation occurs when a vapor cavity
collapses as it is subjected to pressure greater than its
vapor pressure. This can occur when a vapor cavity
moves downstream of the orifice or valve. Collapse of
the cavities produces pulsations, which can cause pipe
vibration, surface erosion, and accelerated corrosion."?

Cavitation sounds different depending on its severity.
It can vary from a cracking sound to a sound resembling
gravel being transported through a pipe. At severe levels
it can be damaging to hearing.

When the vapor cavities collapse next to a pipe or
component surface, erosion and corrosion can occur.
Cavitation erodes the protective oxidized surface, which
allows corrosion to accelerate. Recent pipe failures and
leakages have led to research to monitor and remedy
the offending conditions.?

Components in piping systems, which contribute to
the pressure decrease necessary to cause cavitation, are
valves, orifices, nozzles, pumps, and elbows. Damage
can be reduced by keeping the cavitation level low,

1 Olson, D. E., “Piping Vibration Experience in Power Plants,”
Pressure Vessel and Piping Technology (1985), A Decade of
Progress, Book No. H0030, The American Society of Mechanical
Engineers (ASME).

2 Wachel, J. C., et al, “Piping Vibration Analysis,”
Turbomachinery Symposium (September 1990).

3 “Cavitation Erosion Model,” Electric Power Research Institute
Report, NATS RT-103193 (December 1993).
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removing the boundary from the cavitation zone, treat-
ing the boundary surface to make it resistant to damage,
dissipating the flow energy in stages, or ejecting air into
the separation regions.* The most certain treatment for
cavitation-produced pipe vibration is to reduce or elimi-
nate the source.

E-1.1.1.2 Case History — Cavitation at Orifices. The
chemical and volume control system (CVCS) in some
pressurized water reactor plants contains a single stage
stepdown orifice in the Letdown portion of the system.
The orifice has a bore of 0.25 in. and a length of approxi-
mately 24 in. The pressure drop across this orifice is
approximately 2,000 psig (from an upstream reactor
coolant system pressure of 2,250 psig to a downstream
pressure of about 250 psig). A back pressure of 200 psig
or larger is required to prevent cavitation from occurring
at the discharge end.

At one nuclear plant, the pressure at the discharge
end dropped to approximately 100 psig when a pressure
instrument drifted out of calibration. This condition was
discovered after nine months of operating under this
condition and the system was reconstituted to its design
conditions. However, this extended period of operation
outside the design differential pressure condition was
sufficient to cause cavitation and subsequent erosion at
the discharge end of the orifice. This erosion adversely
affected the fluid characteristics at the discharge end
causing continuous cavitation, which continued to
worsen even under design pressure conditions.

The cavitation excited the piping system. The vibra-
tion levels were sufficient to cause leaks in the socket
welded joints. The joints were repaired using similar
design details, but they continued to fail at ever increas-
ing rates as the orifice continued to erode due to the
continuing cavitation.

A review of plant records revealed that the previous
operation was outside the design back pressure require-
ment. An engineering evaluation indicated the potential
for cavitation and possible erosion of the orifice. The
cavitation and socket weld failures ceased after the ori-
fice was replaced.

E-1.2 Piping Responses

Piping beam vibration is the most commonly encoun-
tered response. This vibration results from excitation of
piping structural modes that cause piping to vibrate
similar to simple beams. This type of vibration is typi-
cally most predominant below 20 Hz although beam
vibration with frequencies up to 100 Hz or more is possi-
ble. Eliminating or reducing the vibration excitation
source is the most effective corrective action.
Low-frequency beam vibration can also be adequately
restrained through the addition of supports.

4 Tullis, J. P, “Hydraulics of Pipelines,” John Wiley and Sons,
New York (1989).
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Experience has shown that the most effective use of
restraints is obtained by supporting piping near bends
and at all heavy masses and piping discontinuities.
Vibrations of vents, drains, bypass, and instrument pip-
ing can be corrected by bracing the masses (valves,
flanges, etc.) to the main pipe to eliminate relative
vibrations.

Supports and structures used to restrain piping vibra-
tion must be capable of enduring the continuous vibra-
tion loadings that they are installed to restrain. This
vibration can result in excessive wear and fatigue of
components and supports not specifically designed for
vibration. Therefore, items installed for this purpose
must be able to withstand this vibration, or inspections
and replacements of these items should be scheduled.

High-frequency piping vibration results in small dis-
placement amplitudes, on the order of several mils or
less, and is commonly prevalent throughout a large por-
tion of a piping system. Therefore, the addition of sup-
ports is typically not an effective means of controlling
high-frequency vibration. For example, the free play
inherent in most supports would not restrain high-fre-
quency vibration.

Piping shell-wall vibrations typically occur at high
frequencies. For example, the lowest frequency shell
mode of vibrations for a 24 in. Schedule 40 pipe is 190 Hz.
Piping shell-wall vibration frequencies are proportional
to the pipe-wall thickness and are inversely proportional
to the pipe diameter. The most effective corrective action
for shell-wall vibration is to eliminate the vibration exci-
tation source. If the source cannot be adequately
reduced, then the shell wall vibration frequency must
be moved out of resonance, which could involve chang-
ing the pipe dimensions, such as using a heavier wall
pipe. Circumferential stiffeners may also be used to
increase the piping shell wall frequency. Constrained
layer damping can be added to reduce the dynamic
response and stress.

E-2 ADDITIONAL TESTING AND ANALYSIS

Root cause investigation may also involve more
detailed analysis and/or testing. These steps can be
taken to assist in determining the root cause of the vibra-
tion, or to reduce possible conservatism in the methods
used to determine vibrational stresses. For example,
vibration that exceeds the limits determined through
the simplified evaluation techniques given in Part 3,
para. 5 may be demonstrated to be within acceptable
limits when more detailed techniques are used. The
methods of Part 3, para. 5 were developed to be efficient
methods of qualifying the majority of piping; however,
conservative assumptions were made to simplify the
criteria. Therefore, by either more detailed analysis
and/or testing, higher vibrational displacements may
be justified. More detailed analysis may, for example,
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include the methods described in Part 3, para. 6 or finite
element modeling of a particular structure or compo-
nent. Detailed testing can involve the application of
strain gages to determine with a higher degree of accu-
racy the actual peak stress levels in the piping. Strain

Copyright ASME International
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gage testing may also be used, possibly in conjunction
with test and analysis correlation, to reduce conserva-
tism. A continuous monitoring data acquisition system
may also be temporarily used to determine system
vibrational response during plant operation.
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PART 3
NONMANDATORY APPENDIX F
Flow Chart — Outline of
Vibration Qualification of Piping Systems

Figure F-1, Flow Chart — Outline of Vibration Qualifi-
cation of Piping Systems, appears on the following page.
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PART 3
NONMANDATORY APPENDIX G
Qualitative Evaluations

For a piping system to be deemed acceptable, the
observed piping vibration must also be acceptable based
on qualitative evaluations made during the walkdown.
This is in addition to demonstrating acceptability based
on the quantitative measurements and calculations of
VMG 1, 2, or 3. Qualitative evaluations are made without
the aid of measurement data or made in addition to
measured data. Qualitative evaluations of observed pip-
ing responses are made based on comparisons to known
acceptable responses.

Qualitative evaluations are not acceptable if the
observed conditions are judged to have a detrimental
impact on the integrity of the piping system, i.e., the
capability to maintain pressure integrity or perform its
safety function. Conditions judged to affect only the
maintenance of the system, but not its integrity, can be
considered acceptable but should be flagged for future
corrective action and/or monitoring. Caution must be
used when touching high-temperature or high-energy
piping.

Qualitative evaluations rely primarily on observations
and judgments made during the piping walkdowns.
Observations include the use of perceptual (visual, tac-
tile, aural) inspections. This includes listening for abnor-
mal noises, for example, due to excessive cavitation or
component malfunction. In addition, the sense of touch
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can be used to determine the presence of high-frequency
vibration, i.e., it may not be possible to visually perceive
high-frequency vibrations, however, they are readily
detectable through the sense of touch.

Items addressed by qualitative evaluations include

(a) applicable assumptions and limitations of the
quantitative analysis techniques.

(b) potential detrimental effects of vibration on sup-
port wear and fatigue and pipe wall wear caused by
rubbing at supports.

(c) the potential effect of vibration on threaded con-
nections such as the loosening of nuts and bolts.

(d) component wear and corrosion, e.g., cavitation can
result in significant wear and corrosion.

(e) vibration effects on equipment and components.
Vibration can affect valve components such as attached
hydraulic and instrumentation tubing and valve yokes.
Vibration near a pump can be indicative of pump prob-
lems such as misalignment, cavitation, or imbalance.

(f) how limitations of the instrumentation affect the
accuracy of the vibration measurements.

(g) signal noise. The contribution of undesirable elec-
trical noise to the vibration signal.

(h) branch lines. Header vibration can adversely affect
branch piping, and pressure pulsations transmitted to
the branch piping can result in vibration throughout the
branch piping.
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PART 3
NONMANDATORY APPENDIX H
Guidance for Monitoring Piping Steady-State
Vibration Per Vibration Monitoring Group 2

H-1 PURPOSE

The purpose of this Appendix is to provide guidance
for monitoring and qualifying, using the displacement
acceptance criteria, steady-state piping vibrations per
the requirements of Vibration Monitoring Group 2,
VMG 2, of Part 3. This guidance is based on extensive
experience associated with field walkdowns and testing.

H-2 ASSUMPTIONS

These criteria assume that the stresses resulting from
the steady-state vibration of an entire piping system can
be conservatively estimated by dividing the system into
smaller piping spans with various end conditions and
using simple beam analogies to determine the deflection
limits. It is further assumed that the vibration between
node points and/or adjacent, parallel, seismically rigid
restraints is dominated by a single mode of vibration that
can be conservatively approximated by the fundamental
mode of a simple beam model.

The allowable stress amplitudes, S,, are in accordance
with Part 3, para. 3. These stress amplitudes are based
on 80% of the alternating stress intensity at 10° cycles
divided by a stress reduction factor of 1.3 for carbon
steels, and the minimum alternating stress intensity at
10'1 cycles for stainless steels. The values of alternating
stress intensity are taken from Fig. 1-9.1,1-9.2.1, or [-9.2.2
of the ASME BPYV, Section III, Appendix I. Note that the
assumptions stated in the ASME BPV Code for the use of
these curves must be followed, including the following;:

(a) The fatigue curves are not applicable at tempera-
tures above 700°F for carbon steel and 800°F for stain-
less steel.

(b) The fatigue curves use a modulus of elasticity of
30 X 10° psi for carbon steel and 28.3 x 10° psi for
stainless steel. Therefore, when an analysis is performed
to determine vibration-induced stresses using a modu-
lus of elasticity different than that used in the fatigue
curves, the calculated stresses shall be adjusted as speci-
fied in ASME BPV Code, Section III, NB-3222 4.

H-3 IMPLEMENTATION

A sample steady-state vibration monitoring proce-
dure is shown in Fig. H-1. The procedure begins with
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the least involved method of monitoring, and the moni-
toring methods and associated analyses become more
extensive as the measured vibration exceeds the criteria
of the various monitoring levels. The procedure requires
further action for evaluating vibrations that exceed all
levels of acceptance criteria. The procedure is discussed
in paras. H-3.1 through H-3.2.4.

H-3.1 Quantitative Evaluations

H-3.1.1 Determine Flow Modes to Be Monitored.
The first step in implementing the monitoring procedure
is to align the piping system in the flow mode(s) that
have been judged, based on a review of all the possible
operating modes of the system, to result in the most
severe vibrations. If the most severe mode(s) cannot be
determined from a review of the operating modes, the
system should be tested in several or all its operating
modes. Generally, the most severe steady-state vibra-
tions occur during maximum or minimum flow condi-
tions.

H-3.1.2 Inspect the Piping. Once the flow mode
is established, the piping is inspected for perceivable
vibration. Vibrations can be perceived not only by sight
but also by touch and by hearing. Therefore, all senses
should be alert when performing the walkdown, espe-
cially since lighting is usually not ideal and the piping
may not be easily accessible.

H-3.1.3 Take Measurements. Even if the vibration
appears to be minimal, at least one vibration measure-
ment should be taken to document system response and
provide a baseline for future reference. Equipment that
measures true peak-to-peak displacement is recom-
mended for measuring piping vibration, since the dis-
placement is proportional to the pipe mode shape and,
therefore, is proportional to the vibrational stress.

Equipment that measures root mean square (rms) dis-
placement indicates only an averaged stress. The rms
measurement cannot be readily converted to peak-to-
peak measurements, except for pure sinusoidal signals.
Since piping vibration is often quasirandom, equipment
that measures rms signals should not be used. The pre-
dominant frequency of the vibration is also important
and should be documented for baseline purposes and
for aiding in problem resolution.
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Fig. H-1 Monitoring and Qualification of Piping Steady-State Vibration

Align piping system for
applicable flow mode

Y

Inspect piping during
system operation

l Yes

Perceivable
vibration?

\/

Perform qualitative and
quantitative vibration
assessments

y

Measure Pk-Pk displacements
at locations where vibrations
are judged to be the worst

Y

Calculate allowable
displacement limits using

simple beam analogy

If greater than twice

Yes

Y

Piping qualified —
document at least one
vibration measurement
and any associated
calculations for each
flow mode

Normally, perceivable vibration exists at several loca-
tions on the piping system. Since it is usually not feasible,
or necessary, to take vibration measurements at every
location, measurements are taken at locations where the
vibration is judged to be the worst on the basis of produc-
ing the highest vibrational stresses and/or on the basis
of the qualitative evaluation.

The worst vibration does not always correspond to
thelocation of the maximum displacement. For example,
a displacement measured in a stiff portion of the piping
system could be more severe than a large displacement
measured in a more flexible portion of the system if the
former results in a higher stress. Note that experience
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allowable, avoid
operation in

applicable mode
No

Measured
displacement less
than allowables?

Y

Perform simplified
computer analysis to
determine pipe stresses

Yes

Vibration
acceptable per
qualitative
assessment?

Pipe
stresses
acceptable?

Yes

Recommend

No ———> . .
corrective action

in monitoring piping vibration is required to accurately
judge the locations of worst vibration and acquire a
“feel” for the severity of vibration in general.

H-3.1.4 Evaluate Measurements. Once the locations
of the worst vibrations are determined, the measured
displacements are evaluated by applying the criteria
presented in para. H-4. Documentation of the measure-
ment should include the vibration location, magnitude,
direction, and frequency, all the calculations performed,
and the acceptability of the vibration.

The criteria in para. H-4 are simplified for easy appli-
cation and, because of their simplicity, yield smaller
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allowable displacements than more detailed analyses
would. Knowledge of piping structural dynamics and
stress analysis is required to ensure the criteria are
applied in a conservative manner.

H-3.1.5 Excess Vibration. If the measured displace-
ment (VMG 2) exceeds the allowable displacement from
para. H-4, further analysis is required to evaluate the
vibration. When the allowable displacement is exceeded
by more than a factor of 2, operation of the system in
the offending mode flow should be avoided until further
analyses or corrective action can be performed. Note
that, based on experience, the simplified displacement
allowables determined using the simple beam analogies
of VMG 2, have typically been found to be conservative
by atleast a factor of 2, when compared to more detailed
evaluations. This assumes the correct application of the
criteria.

When the allowable displacement limit is exceeded,
a simplified computer analysis can be performed. The
purpose of this analysis is to reduce the conservatism
inherent to the allowable displacement criteria by more
accurately modeling the piping configuration and
determining the piping deflected shape and pipe
stresses.

The peak stresses from the simplified computer analy-
sis are compared with the applicable allowable stress
amplitude from Part 3, para. 3. If the allowable stress
amplitude is exceeded, further action is recommended
to resolve the vibration problem. Examples of recom-
mended actions are shown in Table H-1. The most cost-
and time-effective action is chosen for resolving the
vibration problem.

H-3.2 Qualitative Evaluations

The objective of the qualitative evaluations is to
address vibration causes and effects that are not quanti-
fied by the vibration measurements and evaluation tech-
niques. For a piping system to be determined acceptable,
the observed piping vibration must be acceptable based
on a qualitative evaluation. This is in addition to demon-
strating acceptability based on quantitative measure-
ments and calculations.

Note that for the qualitative evaluation to be not
acceptable, the observed conditions must be judged to
have an immediate detrimental impact on the accept-
ability of the piping system. An example is severe cavita-
tion that is judged to likely result in damage to the
piping or components. Conditions that are judged not
to have an immediate detrimental impact can be consid-
ered acceptable but should be flagged for future correc-
tive action and/or monitoring. An example is vibration
resulting from imbalance in a pump. This may not be
an immediate concern, but should be flagged for future
corrective action or maintenance.

Qualitative evaluations rely primarily on the observa-
tions, experience, and judgments made by the individu-
als completing the piping walkdowns. Observations
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include the use of instrumentation plus the use of per-
ceptual inspections, listening for indicative noises, and
the sense of touch, which can be used to determine the
presence of high-frequency vibration. Caution must be
used when touching high-temperature or high-enerqy piping.

Qualitative evaluations assess the potential for detri-
mental vibration that may not be quantified by the vibra-
tion instrumentation. These evaluations also address the
limitations inherent to the assumptions and analysis
techniques used for quantifying the effects of the vibra-
tion on piping response.

Examples of the items that are addressed by the quali-
tative evaluations include the limitations of the vibration
instrumentation and the quantitative analysis tech-
niques and the effect of vibration on supports, equip-
ment, and branch piping. Some specific examples are
provided in paras. H-3.2.1 through H-3.2.4.

H-3.2.1 Vibration Instrumentation. Vibration instru-
mentation is designed to measure specific types and
ranges of vibration. The capabilities and limitations of
the instrumentation must be accounted for. For example,
accelerometers are typically not sensitive to
low-frequency vibration. If low-frequency vibration
(e.g., less than 3 Hz) is present, then different instrumen-
tation may be required to adequately quantify the
vibration.

Additionally, some instrumentation such as displace-
ment transducers, may have limited response to high-
frequency vibration. Therefore, if high-frequency vibra-
tion is present, different instrumentation (e.g., acceler-
ometers) may be required to obtain adequate
measurements.

The limitations of the signal conditioning together
with the data acquisition and reduction equipment must
also be considered. For example, the types of filters used
will affect the recorded data. Filters include high-pass,
low-pass, and anti-aliasing filters.

H-3.2.2 Quantitative Analysis Techniques. The
acceptance criteria provided in these guidelines are
based on the allowable stress limit for fatigue of the
piping material. The intent is to prevent a fatigue failure
of the piping. However, parameters in addition to pipe
fatigue stress can be important. These other factors are
evaluated as part of the qualitative evaluation. Other
factors include the capability of the support system to
withstand the vibration and the effect of vibration on
associated equipment and branch lines.

The simplified evaluation techniques are based on
the piping vibrating in beam modes. High-frequency
vibration may excite piping shell modes and can result
in vibration that cannot be adequately evaluated using
only beam mode analogies.

H-3.2.3 Piping Supports. Piping vibration can affect
pipe supports by causing wear, loosening of threaded
connections, and fatigue damage. These effects must be
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Table H-1 Recommended Actions for Piping Vibration Problem Resolution

Action Purpose

Example Retest Required

Perform detailed
analysis

Quantify stresses in localized
area; detailed analysis per-
formed to reduce conserva-
tism in simplified analysis

Perform detailed
testing

Quantify stresses in localized
area; detailed testing per-
formed to reduce conserva-
tism in simplified analysis

Perform test- analy-
sis correlation

Quantify pipe responses
throughout system by corre-
lating analysis input with
test data

Modify piping
and/or restraints

Reduce pipe stresses by
reducing vibration
amplitudes

Determine and
eliminate source
of vibration

Reduce pipe stresses by elim-
inating or altering excita-
tion forces

Finite element analysis of No
stresses in fitting and/or
piping structural stress
analyses to more accu-
rately quantify the vibra-
tional deflected shape
and corresponding
stresses

Installation of strain gages No

on piping

Use of dynamic pressure No
data for comparison with

input or as input to

hydraulic transient

analysis

Addition of rigid restraints Yes

Addition or modification of Yes
restricting orifice or valve
trim; change in operating

procedure

evaluated if the vibration is judged significant enough to
adversely affect the supports. Although the acceptance
criteria for the simple span analogies are based on piping
fatigue stress limits, the supports are obviously impor-
tant since damage or failure of a support could adversely
affect the vibrational response of the piping.

Quantitative evaluation of stress in the structural
members comprising the support should be completed
when significant vibrational loads are experienced.

The following are examples of qualitative evaluations
of supports that should be completed as appropriate:

(a) Inspection for loose or missing nuts at threaded
connections. Vibration, especially high-frequency vibra-
tion, tends to loosen threaded connections.

(b) Indications of wear at the interface of the piping
and components of guide-type supports. Vibration can
cause the piping to rub, potentially resulting in wear of
both the piping outside wall and support components.
For active restraints, especially snubbers, continuous
vibration can cause degradation of internals (e.g., wear).
Wear can also result between the clevis pin and clamp
or end bracket.

(c) Moved, rotated, or misaligned pipe clamps.
Moved, rotated, or misaligned pipe clamps can be indic-
ative of piping dynamic transients or significant steady-
state vibration.
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H-3.2.4 Equipment. Piping vibration can adversely
affect associated equipment such as pumps, valves, and
orifices. Inline instrumentation can also be adversely
affected. Qualitative evaluations are intended to also
address the potential for vibration damage to equip-
ment. Below are examples of items to consider.

(a) Cavitation results in piping vibration, which is
evaluated through quantitative techniques. However
cavitation can also cause wear, erosion, and pitting on
the internal surface of valves, downstream piping, and
orifices. The presence of significant cavitation, typically
accompanied by continual or intermittent loud noise,
may be reason to fail the qualitative evaluation, even if
the quantitative evaluation indicates acceptable results.

(b) Vibration can affect equipment components.
Vibration can affect components of the valve such as
attached hydraulic and instrumentation tubing and
valve yokes. The presence of high-frequency vibration
at a valve could also be indicative of resonance of the
valve internals.

(c) Vibration near a pump can be indicative of pump
problems such as misalignment, bearing wear, flow
recirculation, internal cavitation, or imbalance.

(d) Branch lines can be affected by vibration of the
header piping especially if the header vibration fre-
quency is near a structural natural frequency of the
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branch piping. Branch piping can also be affected by
the pressure pulses in the header being transmitted
through the branch. This is especially true if an acoustic
resonance of the branch piping is excited.

H-4 ALLOWABLE DISPLACEMENT LIMIT

The measured displacements obtained during the per-
ceptual monitoring procedure (para. H-3) are compared
with allowable displacement limits. The displacement
limits are calculated using the beam models and corres-
ponding equations given in Part 3, para. 5.1.1. These
beam models correspond to conservative representa-
tions of the actual piping response. Guidance on the use
of these models are provided in paras. H-4.1 and H-4.2.

H-4.1 Characteristic Span

Characteristic span is the span of piping (L, ft) that
is used in the allowable displacement limit equations to
obtain an allowable vibrational displacement (,j0w) and
is the length of pipe between adjacent vibrational node
points. If vibrational node points cannot be determined,
such as is the case with quasirandom vibration, a conser-
vative characteristic span should be determined by
using assumed node points. The location and orientation
of the seismically rigid supports (e.g., snubbers, rigid
struts, structural anchors, and equipment nozzles) can
be used as assumed node points. The assumed node
points are then used to determine the characteristic span.

Note that a conservative characteristic span is a length
of pipe that is shorter than the actual vibrating span of
pipe. As illustrated by the allowable displacement limit
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equations, the rate of decrease of 8,y is proportional to
the squared rate of decrease of the characteristic span (L).

H-4.2 Node Points

Node points are locations of zero pipe vibrational
displacement (6 = 0). Note that beam analogies that
have one or both ends assumed to be fixed or clamped
conservatively assume that node point locations experi-
ence zero rotation as well as zero displacement. Node
points are most readily found when the piping is vibrat-
ing predominantly in a single mode of vibration. Node
points will typically occur at seismically rigid restraints;
however, node points may also occur in the middle of
pipe spans. As discussed previously, assumed node
point locations may have to be used for determining
the characteristic span if actual node points cannot be
determined.

It should be noted that node points are not always
located at restraints. For example, snubbers limit vibra-
tional motion to a predetermined velocity or acceleration
value. If the piping is vibrating at a level below the
predetermined value (e.g., below 0.02 g for certain
mechanical snubbers or below 10 in./min velocity for
some hydraulic snubbers), the snubber will not restrain
the piping and the restraint location, therefore, need not
be considered as a node point.

In addition, some restraints may have gaps or free play
of sufficient magnitude to allow unrestrained piping
vibrations of a magnitude less than or equal to the
restraint gaps or free play. For piping vibrational dis-
placements of a magnitude less than or equal to the
restraint gaps or free play, the restraint locations need
not be considered as node points.
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PART 3
NONMANDATORY APPENDIX |
Acceleration Limits for Small Branch Piping

The intent of the acceleration method is to provide
screening acceleration limits as a supplement to the dis-

to the center of gravity of the masses that
make up Wr

placement limits discussed in Part 3, para. 5 for small Sa = alternating stress from Part 3, para. 3.2.1
branch piping (pipe sizes <2 in.) with significant masses Wr = the total weight in pounds (kilograms) of
cantilevered from header piping or equipment. This all lumped masses including valves, fittings,
method is intended to provide a conservative represen- flanges, the pipe itself, the pipe contents, and
tation of the vibrational stresses in the branch connection insulation
between the small branch piping and the header. z = section modulus of branch pipe, in.? (m%)
These limits can be used to screen out configurations = stress reduction factor from Part 3, para. 3.2.1
with acceptable vibration levels from those that may be € = unit conversion factor equal to 1.0 when the

unacceptable or may require more detailed evaluations
to demonstrate the acceptability of the vibration. This
method is intended to be a supplement to the displace-
ment methods provided in Part 3, para. 5.1.1 when high
accelerations are present.

Note that the limits resulting from this approach
should be conservative and exceeding these limits does
not necessarily indicate that the allowable stresses of
Part 3, para. 3 have been exceeded (see also precautions
below). For the vibration to pass these screening limits,
the' measured vibration must be below both the limits
determined by the methods of Part 3, para. 5.1.1 and
the criteria below. Alternatively more detailed testing
and/or analysis can be used to demonstrate that the
vibration stresses are below the limits of Part 3, para. 3.

Significant vibrational stresses can occur when small
branch piping (pipe sizes < 2 in.) cantilevered to header
piping is driven as a rigid body at a high acceleration.
In these cases, allowable acceleration limits based on
the allowable stress amplitudes of Part 3, para. 3 can be
used to evaluate the vibrational stresses. The accelera-
tion limits discussed below provide a simplified method
for quickly determining acceleration limits for these
types of installations.

The equation for peak acceleration (a,) limits in units
of g is:

Selx,z

a X C2K2 X WTLE X €

ap =

U.S. Customary units specified below are
used and equal to 10.197 x — 10* when the
metric units specified in parentheses are used

EXAMPLE APPLICATION: A peak stress index (C,K; or 2i) equal
to 4.2, which corresponds to a girth fillet weld is incorporated into
the acceleration limit equation. The acceleration limit equation
should be changed accordingly when other values of C,K, are
applicable.

A ¥ in. Schedule 80 cantilevered branch line is accelerated by
a header pipe at a peak acceleration of 1.0 g (zero to peak). The
branch line contains a 15-lb valve that is 6 in. from the branch
connection. It is determined that Ly = 6 in. and Wy = 16.6 1b (see
Fig. I-1 for determination of Lg and Wr). Determine if the measured
acceleration falls within the simplified acceleration limit.

For carbon steels with a UTS < 80 ksi, the equation for allowable
acceleration in units of g is shown below. The equation below also
assumes that C,K, = 4.2.

1,830z
= Wi,

1,830z

. (1,830 x 0.0853)
AT Wilg

166 x 6)

157¢>10¢

The vibration is acceptable.

CAUTION: Acceleration measurements often result in large
overall values especially if high-frequency accelerations are pres-
ent. Itis important to note that these high-frequency accelerations
likely will not affect the piping as assumed by the criteria pro-
vided herein. The acceleration limit is based on the assumption
that the dynamic accelerations affect the piping equivalent to
static accelerations. Using this assumption for the

where high-frequency accelerations (where high frequency can be taken

Cy, K, = stress indices defined in Part 3, para. 3.2.1 as frequencies above the fundamental frequency of the small
L — . . branch line) may result in overly conservative results.

E = aconservative value for the effective length Some piping configurations and operating conditions, for

in inches (meters) from the branch connec-
tion (at the location of the girth fillet weld)
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example, instrument lines branching off process piping, can be
excited in higher-order modes (i.e., one or more node points exist
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Fig. -1 Determination of Ly and Wy

where
W = weight of pipe within length L
We = weight of contents within length Lg
W, = weight of insulation within length L¢
Wy Wy Wy, = weight of concentrated masses (valves, fittings, flanges, etc.)

Wye = weight of pipe, contents, and insulation outside length Lg to first rigid support or snubber in direction of vibration
between the branch connection and the measurement location). and do not affect the global structural vibration mode of the
This type of vibration is indicated by large accelerations small branch piping. The criterion presented in this Appendix
occurring along with small displacements at locations several is not applicable for this type of vibration; however, if used,
feet from the branch connection. In addition, local effects can the acceleration limit should be conservative. In general, more
result in high accelerations that are transmitted through the shell detailed analyses are required to evaluate the vibration.
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PART 12
Loose Part Monitoring in Light-Water Reactor Power Plants

1 INTRODUCTION
1.1 Scope

This Part establishes the requirements for loose part
monitoring in light-water reactor (LWR) power plants.
Loose part monitoring is required for the reactor vessel
and primary coolant system in a pressurized water reac-
tor (PWR) and the reactor recirculation system in a
boiling-water reactor (BWR). This Part establishes moni-
toring methods, intervals, parameters to be measured
and evaluated, and records requirements.

1.2 Overview

Loose part monitors (LPMs) provide a means for
detecting and evaluating metallic loose parts through
analysis of transient acoustic signals produced by loose
partimpacts. Installed systems use an array of externally
mounted accelerometers located where loose parts are
most likely to collect. Most systems include automatic
annunciation (audible and visual) of a potential loose
part, audio monitoring, and both automatic and manual
signal recording.

High false alarm rates have been the major generic
problem for LPMs and have reduced confidence in the
information obtained from LPMs. The origins of false
alarms are diverse and range from random variations
in background noise levels to metallic impacts not
caused by loose parts within the reactor coolant system.
This Part, therefore, recommends that system sensitivity
be set on the basis of background noise and to achieve
the maximum sensitivity commensurate with an accept-
able false alarm rate when the system has been installed
in accordance with this Part.

Paragraph 2 defines the terms used in this Part;
because loose part monitoring is unique, some terms
may deviate from definitions used in other Parts. Para-
graph 4 deals with loose part monitoring system instru-
mentation and its installation; it is intended that para.
4 serve as the basis for the design and installation of
new or replacement systems. Paragraph 5 presents the
basis for a comprehensive loose part monitoring pro-
gram and is intended for use with all current and future
systems.

2 DEFINITIONS

These definitions are provided to ensure a uniform
understanding of selected terms used in this Part.
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accelerometer: a transducer, typically piezoelectric, for
converting acceleration to an electrostatic charge.

active channel: an LPM channel used by the alarm annun-
ciator circuitry.

A/D: analog to digital.
ALARA: as low as reasonably achievable.

alarm condition: the LPM state indicating that the alert/
alarm processor has detected characteristics indicative
of a loose part.

alert/alarm processor: a device to process alert signals to
discriminate between a valid loose part event and a false
alarm.

alert level: a preestablished value against which the con-
ditioned transducer signal level is compared to indicate
the possibility of a loose part.

background noise: the combination of flow, structural, and
electrical noise.

baseline: reference data used for system performance
evaluation and signal analysis.

break frequency: the frequency at which the signal is atten-
uated by 3 dB relative to the passband.

BWR: boiling-water reactor.

calibration: a test during which known inputs are applied
to a component and corresponding output readings are
recorded to establish a baseline to compare with a pre-
viously established baseline or to adjust the component
within specifications.

collection region: a region within the primary reactor cool-
ant system in which loose parts tend to collect as a result
of localized low flow rates or mechanical obstructions.

delay time: the difference in time required for the acoustic
wave initiated by an impact to reach different loose part
Sensors.

dynamic range: the useful range of an electronic instru-
ment over which the signal information is not compro-
mised by instrument overload (distortion) or by
electronic background noise.

electrical noise: any spurious electrical signal that contam-
inates the transmission, measurement, or recording of
the desired signal.

false alarm: an alarm that occurs when there is no loose
part; two types are addressed by this Part.
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Type 1: a system alarm to a nonimpact signal such as
electrical noise.

Type 2: a system alarm to a metallic impact signal that
is not a loose part.

field cable: the signal cable connecting the remote charge
converter/preamplifier to the signal-conditioning and
processing equipment.

field equipment: that portion of the installed LPM not in
the control cabinet.

filter: a device for selecting signal components on the
basis of their frequency. It allows components in one
(or more) frequency band(s) to pass while attenuating
components in other frequency bands.

flow noise: acoustic energy generated by the flow of cool-
ant in the primary coolant system.

frequency domain: the characterization of a signal as a
function of frequency.

g: the unit of acceleration due to gravity at the earth’s
surface, which for engineering purposes is 32.17 ft/sec’
(9.81 m/s?).

hardline cable: coaxial or triaxial cable with one or more
metal sheaths insulated from the conductor by a mineral
oxide; this type of cable is used to transmit the acceler-
ometer signal to a charge conversion device in high
temperature, humidity, and/or radiation environments.

impact energy: the kinetic energy of an impacting object.

impact test: a test to determine system functionality and
response characteristics to a known metallic impact.

instrumented hammer: a hammer instrumented with a
transducer to convert the hammer impact force or energy
into an electrical signal.

IRIG: inter-range instrumentation group, a group estab-
lishing performance specifications for analog tape
recording equipment.

loose part: two types are addressed.

free: a metallic object that is disengaged and free to
drift.

captive: a constrained metallic part that can impact
nearby components.

LPM: loose part monitor.
LWR: light-water reactor.
OTSG: once-through steam generator.

passive channel: an LPM channel that is not used by the
alarm circuitry but that may readily be placed in service
if needed.

power spectral density: the real-valued continuous func-

tion of frequency, presented with frequency on the hori-

zontal axis and density on the vertical axis. The units

of density are those of the data squared per unit of
i frequency; for example, for acceleration data in g the
~ units would be g?/Hz.
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PSD: power spectral density.
PWR: pressurized water reactor.
RCP: reactor coolant pump.
RCS: reactor coolant system.

remote charge amplifier: a device that accepts the electro-
static charge output from a piezoelectric accelerometer
and produces an amplified voltage output; these devices
can accept a wider range of input resistance and capaci-
tance than a remote charge converter/preamplifier and
typically provide variable gain.

remote charge converter/preamplifier: a charge conversion
device that accepts the electrostatic charge output from
a piezoelectric accelerometer and provides a low imped-
ance output signal for transmission to control room elec-
tronics.

resonance: the condition in which the natural frequency
of a mechanical system is matched in frequency by an
external vibration stimulus, resulting in higher vibration
levels than would occur otherwise.

signal conditioner: a device that converts the signal trans-
mitted from the remote charge converter/preamplifier
to a form suitable for detection and recording; it may also
provide electrical power to a remote charge converter.

signal-to-noise (S/N) ratio: the ratio of signal amplitude
to noise amplitude.

slew rate: the maximum rate at which the output of an
electrical device can change while operating within its
linear range.

softline cable: coaxial or triaxial cable used to transmit
the charge signal from an accelerometer to a charge
conversion device; these cables, specially treated to mini-
mize triboelectric noise, are flexible but less resistant to
heat and radiation than hardline cables.

threshold detector: a circuit or device that monitors an
LPM channel and provides an indication when the signal
exceeds the alert level.

time domain: the characterization of a signal as a function
of time.

triboelectric noise: the charge signal generated by move-
ment of the signal cable.

white noise: a random signal characterized by constant
spectral density independent of frequency.

3 REFERENCES

The following is a list of publications referenced or
used in developing this Part.

ANSI S2.10-1971, American National Standard
Medthods for Analysis and Presentation of Shock and
Vibration Data

ANSI S2.11-1969, American National Standard for the
Selection of Calibrations and Tests for Electrical
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Transducers Used for Monitoring Shock and Vibration

Publisher: American National Standards Institute
(ANSI), 25 West 43rd Street, New York, NY 10036.

Regulatory Guide 1.133, Revision 1, Loose Part
Detection Program for the Primary System of Light-
Water Cooled Reactors, U. S. Nuclear Regulatory
Commission, 1981

Publisher: Superintendent of Documents, United States
Government Printing Office, Washington, DC 20402.

4 EQUIPMENT
4.1 General

This Section describes the major components of a loose
part monitoring system: the sensor array and its cabling;
the signal processing, detection, and data recording sub-
systems; analysis equipment; and documentation. Con-
cern for personnel radiation exposure and safety has
been included in developing system requirements.

Reactor coolant system background noise makes the
detection of loose parts difficult because it masks the
noise generated by loose part impacts; it is a composite
of noise from sources such as coolant flow and mechani-
cally and hydraulically generated vibration. Typically,
background noise extends over a very wide frequency
band but may have significant peaks in narrower fre-
quency bands.

Waveforms from impacts near an accelerometer are
significantly different in character than the background
noise, as demonstrated in Fig. 1. However, impacts far-
ther from the accelerometer (typified by the one shown
in Fig. 2) are more difficult to detect because characteris-
tics such as the impact shape become less distinct and
the amplitude is decreased.

Impact signals contain significant information about
the size of the impacting object and the impact force
and energy. The general range of loose partimpact signal
amplitude and frequency content for masses between
0.5 Ib and 30 Ib (0.23 kg and 13.61 kg) is shown in
Fig. 3. The composition and shape of both the component
struck and the impacting object further affect the impact
signal.

4.2 Field Equipment

This part of the system is composed of an externally
mounted accelerometer, a sensor cable, a remote charge
converter /preamplifier, and a field cable to the control
cabinet electronics. Alternatively, a remote charge ampli-
fier may be used instead of a remote charge converter/
preamplifier. See Fig. 4 for details. Field components
shall be selected to perform in the temperature/humid-
ity /radiation environments normally expected at the
chosen location.

4.2.1 Accelerometer. The general requirements for
piezoelectric accelerometers are as follows:
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(a) sensitivity: fixed, in the range 10 pC/g to 50 pC/g

(b) working range: 0.01 g to 100 g peak

(c) charge temperature response: less than +15% from
60°F to 625°F (15.6°C to 329.4°C)

(d) radiation resistance: vendor tested for use in a
nuclear environment

(e) operating temperature range: 60°F to 625°F (15.6°C
to 329.4°C)

(f) frequency response: flat within -5% to £10% from
5 Hz to 8 kHz, uniformly increasing response to the first
resonance (first resonance greater than 20 kHz)

(¢) electrical/mechanical: case isolated from signal
ground (see para. 4.3.6)

(h) calibration: performed by the manufacturer or rec-
ognized test/calibration laboratory using a procedure
that incorporates ANSI 52.11-1969

4.2.2 Accelerometer Mounting. There are two
acceptable mounting methods:

(a) direct mounting: stud mount the accelerometer
directly to the component as shown in Fig. 5.

(b) fixture mounting: stud mount the accelerometer
to a mounting fixture attached to a component by
mechanical means such as straps, clamps, or welds.
Accelerometers may be mounted to bolts that are then
inserted into existing threaded holes in primary coolant
system components. Figure 6 shows one example of
fixture mounting.

In no case shall accelerometers be magnetically
mounted because of the poor frequency response
obtained and the difficulty in maintaining a tight
mechanical connection.

4.2.3 Accelerometer Installation. Installation of
accelerometers shall conform to the following require-
ments.

(a) Use only the mounting studs provided by the
accelerometer manufacturer or mounts fabricated to the
manufacturer’s specifications to preclude accelerometer
damage and to ensure proper acoustic coupling.

(b) The manufacturer’s recommendations for sensor
installation shall be followed (including torque value).

(c) The mounting surface shall be finished to a surface
roughness of 125 pin. (3.2 wm) rms or better.

(d) Acoustic couplants shall not be used because they
degrade in the harsh environment.

(e) The mounting hole shall be perpendicular to the
mounting surface within +1 deg.

(f) Mounts shall be drilled and tapped so that the
stud does not bottom in its hole.

(g) The threads shall be visually verified to be clean.

(h) Drilled-and-tapped or weldment mounts shall
conform to ASME Code requirements.

(i) Clamped fixtures mounted on cylindrical surfaces
shall have a two-line contact surface similar to that
shown in Fig. 6.
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Fig. 1 Typical Broadband Sensor Response to Nearby Impact
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Fig. 2 Typical Broadband Sensor Response to More Distant Impact
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Fig. 3 Range of Loose Part Signal Amplitude and Predominant Frequency Content
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Fig. 5 Direct Stud Mount
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(j) Mounts and fixtures shall be designed to compen-
sate for thermal expansion so as to provide an approxi-
mately constant holding force throughout the operating
temperature range.

(k) Sensors shall be protected from mechanical dam-
age. Enclosures or covers of sufficient size for access and
maintenance shall be used for accelerometers mounted
external to mirror insulation. Mounting under mirror
insulation without an additional enclosure is acceptable.

(I) Enclosures and conduit shall be acoustically iso-
lated from the accelerometer and its mounting. Accept-
able acoustic isolation may include a flexible conduit.

(m) The area in the vicinity of the sensor shall be
inspected for loose metallic components (e.g., insulation,

\ Mounting block
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conduit

identification tags, and chains) that could impact on or
near a sensor. All loose components shall be restrained.

4.2.4 Accelerometer Locations — PWR. In PWR
applications, the recommended sensor locations for
detection and analysis of metallic impact signals in the
RCS are listed in Table 1. Care should be taken to select
locations that are accessible from permanently installed
ladders and platforms.

The three upper reactor vessel accelerometers shall be
located at approximately 120 deg intervals around the
top of the vessel or the reactor vessel head at an elevation
no higher than the lifting lugs. Lifting lug mounting, if
used, shall be such that it does not interfere with the
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Table 1 Recommended PWR Accelerometer
Locations

Location Number of Sensors

Reactor vessel, upper
Reactor vessel, lower

Steam generator (each)
Reactor coolant pump (each)

=W W W

lifting rod connected to the lug. The three lower reactor
vessel accelerometers shall be mounted to the incore
guide tubes within 18 in. (0.45 m) of the reactor vessel.
The accelerometers should be approximately 120 deg
apart and two-thirds the radial distance outward from
the vessel axis. In plants without lower vessel incore
guide tubes, the lower reactor vessel accelerometers
shall be mounted to the reactor vessel.

For U-tube steam generators, mount one accelerome-
ter above and one below the tube sheet in a vertical
array on the primary inlet side. The third accelerometer
shall be mounted on the shell near the top of the tube
bundle. Figure 7 shows a typical sensor array for U-tube
steam generators.

For OTSG, two accelerometers should be located near

the upper tube sheet, approximately 180 deg apart, and
one accelerometer should be located at the lower tube
. sheet. Figure 8 shows the recommended array for an
OTSG.
: Install one accelerometer on each reactor coolant
- pump. The sensor should be mounted to a lifting lug
or other location on the pump bowl. The location should
t be selected to avoid sensor damage during pump
maintenance.

4.2.5 Accelerometer Locations — BWR. For BWR
applications, the recommended sensor locations are
specified in Table 2.

Accelerometers mounted at the main steam outlet,
feedwater inlet, and recirculation water outlet elevations
shall be attached to convenient nozzles (such as instru-
ment taps) as close to the vessel as possible. When possi-
ble, avoid pipes and lines with flow during operation.
The locations selected shall have good acoustic coupling
to the reactor vessel and should be equally spaced
around the circumference. The three lower vessel accel-
erometers shall be mounted to the control rod drive
housings as near the reactor vessel as practical; they
should be approximately 120 deg apart and placed on
peripheral drive housings. Figure 9 shows the recom-
mended BWR sensor array.

Install one accelerometer on each recirculation pump.
The sensor should be mounted to a lifting lug or other
location on the pump bowl. The location should be
selected to avoid sensor damage during pump mainte-
nance. Install one accelerometer on each recirculation
loop discharge pipe near the recirculation header.
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4.2.6 Sensor Cable. The cable between the sensor
and the remote charge converter /preamplifier or remote
charge amplifier shall be of a type designed for use with
low level charge signals generated by accelerometers.
Low noise, hardline cable is required under thermal
insulation covering components and piping. High tem-
perature, low noise softline cable may be used outside
this region when the temperature is less than 400°F
(204°C). Hardline cable lengths greater than 20 ft (6.1 m)
are discouraged. Connection locations should permit
access for inspection and maintenance.

The sensor cable shall be completely enclosed in con-
duit. To prevent ground loops and to provide additional
acousticisolation, the hardline cable sheath and interme-
diate connectors shall be insulated with temperature-
and radiation-resistant material to avoid contact with
the conduit. Triaxial hardline cable affords additional
protection against ground loops. Protection against chaf-
ing of the cable and insulation at the conduit exit points
is required.

4.2.7 Remote Charge Converter/Preamplifier. The
remote charge converter shall be located as close as
possible to the accelerometer without surpassing the
temperature and radiation limitations (including radia-
tion from withdrawn incore detectors). The converter
shall be mounted inside a junction box to provide physi-
cal protection. Safe personnel access to the junction
boxes from permanently installed ladders and platforms
shall be provided. Remote charge converters shall meet
the following requirements:

(a) operational temperature: 60°F to 212°F (15.6°C to
100°C)

(b) gain: fixed, in the range 1 mV/pC to 10 mV/pC

(c) radiation resistance: vendor tested for use in a
nuclear environment

(d) frequency response: flat within +5% from 5 kHz
to 20 kHz

(e) input resistance and capacitance: compatible with
combined accelerometer/sensor cable values at maxi-
mum operating temperature

(f) input range: charge equivalent to at least 100 g
peak without overload

(g) electrical: installed so that both the signal and
reference are isolated from ground

(h) output: capable of driving the combined field
cabling and control cabinet electronics load at a signal
level of 100 g peak and 20 kHz without amplitude or
slew-rate limiting

4.2.8 Remote Charge Amplifier. Remote charge
amplifiers may be used outside containment and shall
not be used in containment unless they meet the environ-
mental requirements for remote charge converters.
Remote charge amplifiers shall meet the following
requirements:
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Fig. 7 Recommended Sensor Array for PWR With U-Tube Steam Generator
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(a) operational temperature: 60°F to 130°F (15.6°C to
54.4°C if used outside containment)

(b) gain: selectable, in the range 1 mV/pC to
10 mV/pC

(c) frequency response: flat within +5% from 5 kHz
to 20 kHz

(d) input resistance and capacitance: compatible with
combined accelerometer/sensor cable values at maxi-
mum operating temperature

(e) input range: charge equivalent to at least 100 g
peak without overload

(f) electrical: installed so that both the signal and ref-
erence are isolated from ground

(g) output: capable of driving the combined field
cabling and control cabinet electronic load at a signal
level of 100 g peak and 20 kHz without amplitude or
slew-rate limiting
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4.3 Control Cabinet Equipment

4.3.1 Signal Conditioner. The signal conditioner
shall incorporate the following features:

(a) Frequency response: flat within +5% from 5 kHz
to 20 kHz.

(b) Filters: 18 dB/octave or greater attenuation rate
with minimum stop band rejection of at least 60 dB.
Filters may be either fixed or selectable with the sug-
gested high-pass break frequency between 500 Hz and
2 kHz and the low-pass between 8 kHz and 12 kHz.

(c) Test connector providing unfiltered or selectable
filtered /unfiltered signal for analysis and recording.

(d) Dynamic range: signal level equivalent to at least
100 g peak in the least-sensitive range.

(e) Output shall be calibrated in units of g/V.
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Fig. 8 Recommended Sensor Array for PWR With Once-Through Steam Generator
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Table 2 Recommended BWR Accelerometer
Locations

Location Number of Sensors

Main steam outlet elevation
Feedwater inlet elevation
Recirculation water outlet elevation
Recirculation pump (each)
Recirculation discharge pipe (each)
Reactor vessel bottom

(O N I N )

(f) Over-range and under-range indication (unless
provided in either the detector or discriminator cir-
cuitry) or signal level indication.

(g) Convenient measurement of remote charge con-
verter /preamplifier bias voltage or current.

(h) Convenient indication of gain or range if exter-
nally adjustable.
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(i) Electrical compatibility with accelerometer and
charge converter.

(j) External controls affecting calibration and alarm
setpoints shall be designed to prevent inadvertent
movement.

4.3.2 Threshold Detector

(a) Each channel shall have a separate threshold
adjustment.

(b) Detector may use either absolute or variable level
detection techniques.

(c) Variable alert levels shall be proportional to the
magnitude of the band-limited background.

4.3.3 Alert/Alarm Processor

(a) Rejects alert patterns not meeting preestablished
criteria.

(b) Automatic alert reset if alarm criteria are not met.

(c) Visually indicates channel(s) in an alert condition.
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Fig. 9 Recommended Sensor Array for BWR
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(d) Indication of the first channel to alert.

(e) Audibly indicates that the system is in the
alarm state.

(f) Manual alarm reset in the control cabinet.

(g) Automatic initiation of data recording or storage
when the alarm condition is entered.

(h) Alarm indication to the plant annunciation/
computer system; the alarm shall be annunciated in the
control room on a unique (nonganged) alarm.

4.3.4 Recorder. The system shall be capable of auto-
matically recording the initiating event and for 2 min
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to 5 min after the event. The filtered signal shall be
stored in a format such that it can be electronically repro-
duced for further analysis. It may be necessary to use
both a transient recording device to capture the initial
event and a second device for continuous recording. The
continuous recording device may be either analog or
digital.
(a) Transient Recorder

(1) trigger data storage on alarm

(2) pretriggering to ensure capture of entire
waveform
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(3) data storage shall continue until the continuous
recorder is operating

(4) 50 kHz sampling rate per channel (minimum)

(5) 12 bit A/D converter (minimum)

(6) simultaneous recording of all signal channels
required in para. 4.2.4 or 4.2.5

(b) Continuous Analog Recorder

(1) frequency response: flat within +5% from 1 kHz
to 10 kHz, recommended to be flat within +10% from
1 Hz to 20 kHz (additional specification)

(2) simultaneous and continuous recording (for at
least 2 min) of the channels required by para. 4.2.4 or
425

(3) recorder configured to IRIG standards

(4) recording of a time code providing date and
time to the nearest second

(c) Continuous Digital Waveform Recording

(1) simultaneous and continuous recording (for at
least 2 min) of the channels required by para. 4.2.4 or
425

(2) 50 kHz sampling rate per channel (minimum)

(3) 12 bit A/D converter (minimum)

(4) recording of a time code providing date and
time to the nearest second

4.3.5 Audio Monitor. The audio monitor shall incor-
porate the following features:

(a) amplifier frequency response: flat within =1 dB
from 30 Hz to 15 kHz

(b) headphone output

(c) speaker frequency response: rated response from
100 Hz to 15 kHz

(d) switching capability to permit audio monitoring
of any LPM channel or previously recorded channel

(e) inputs shall be selectable to permit use of either
the signal conditioner unfiltered output or a normally
filtered output

(f) volume control independent of signal condi-
tioner gain

4.3.6 Cabling and Grounding. The LPM shall be
designed to provide adequate signal shielding and to
avoid ground loops. For systems using single-ended
remote charge converters/preamplifiers, the system
shall be installed with a single point ground at the con-
trol cabinet. The accelerometer, sensor cable, remote
charge preamplifier, and field cabling shall be electrically
isolated from building or safety grounds.

The field cabling shall be twisted, shielded-pair-type
or triaxial-type cable. The shield shall be electrically
isolated from both the signal and signal reference leads
and shall be grounded in the signal cabinet. Signal and
shield integrity shall be maintained through penetra-
tions, and only instrument-quality, low-level signal pen-
etrations shall be used. Channels monitoring a single
collection region shall be routed separately to minimize
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common-mode failure. Fiber optic cable may be used in
appropriate environments.

4.4 Analysis and Diagnostic Equipment

4.4.1 General. The instrumentation needed to per-
form the various analyses described in this Part include
a data recorder, a digital oscilloscope (or similar instru-
ment to capture transient waveforms), a frequency ana-
lyzer, and a printer/plotter to supply a hard copy of
analyzed data. Multifunction instruments that perform
one or more of these functions may be used in lieu
of individual instruments. This instrumentation can be
included in the control cabinet electronics and may be
used for diagnostics if analysis does not require remov-
ing the LPM from service.

4.4.2 Data Reproducer. Separate data reproduction
equipment compatible with para. 4.3.4 shall be available
for diagnostic analysis if the control cabinet recorder(s)
cannot be used for diagnostics without compromising
the LPM detection and alarm functions.

4.4.3 Waveform Analyzer. The waveform analyzer
shall have

(a) minimum of two channels

(b) variable sampling rate, with a maximum sampling
rate no less than 50 kHz per channel

(c) capability to store and display waveforms con-
taining no less than 4,000 points per channel

(d) capability to store and display captured transient
waveforms in adjustable time spans from at least
10 to 40 ms

(e) pre- and post-trigger capture feature

(f) 12 bit or higher A/D converter resolution

(g) ability to trigger on selected channel or on external
trigger

(h) adjustable trigger threshold

4.4.4 Frequency Analyzer. The frequency analyzer
shall have

(a) frequency range: 0 kHz to 25 kHz, min.

(b) 12 bit or higher A/D converter resolution

(c) summation averaging selectable in steps up to at
least 256 samples per average

(d) minimum resolution of 256 points in the frequency
domain or zoom capability with 1 Hz resolution

(e) automatic indication and selectable rejection of
overload signals

(f) ability to store frequency domain results for com-
parison to other data

(g) ability to process nonzero mean time value signals

4.4.5 Hard Copy. A printer or plotter that is capable
of producing annotated hard copy information from the
time and frequency domain analysis equipment.
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5 PROGRAM ELEMENTS

5.1 General

This Section is intended to assist nuclear utilities in
implementing a program to detect and diagnose loose
parts.

5.2 ALARA

An LPM program will require occasional work in radi-
ation areas. Those activities should be closely coordi-
nated with plant ALARA programs. In particular, the
following should be implemented.

(1) Equipment used in the LPM should be reliable to
minimize the need for maintenance.

(b) LPM containment components should be easily
replaceable to minimize exposure time during mainte-
nance.

(c) LPM components should be accessible from per-
manent ladders and platforms to reduce personnel time
in containment.

(d) Charge converters/preamplifiers should be
mounted in locations that serve to reduce personnel
exposure and to increase equipment reliability.

(e) Maintenance and calibration should be planned
and, if necessary, practiced outside containment to mini-
mize personnel time in containment.

(f) Test and replacement equipment should be
checked carefully for operability prior to entry into con-
tainment.

5.3 Precautions

High voltages may be encountered during procedures
specified in this Section; therefore, care must be taken
to protect both personnel and equipment from shock
hazards and electrostatic shock damage. Accelerometer
signal leads or cables attached to accelerometers should
be shunted to ground before connection to other equip-
ment. Personnel preparing specific procedures based on
this Part shall ensure that voltages produced by imped-
ance-measuring devices will not damage the compo-
nents under test.

5.4 Calibration

5.4.1 Initial Installation. Initial calibration of the
LPM electronics shall be performed prior to baseline
testing.

(a) Control Cabinet Electronics. Perform vendor-rec-
ommended calibration.

(b) Charge Converter/Preamplifier. Prior to installation,
verify the conversion ratio (mV/pC) and determine the
frequency response (over the range of 5 Hz to 20 kHz)
using a simulated charge input. The block diagram is
presented in Fig. 10.

(c) Sensor Cable. Measure the open-circuit resistance
and capacitance of the sensor cable (consult the cable
vendor for the correct procedure).
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(d) Sensor

(1) Verify sensor frequency response, amplitude
linearity, and sensitivity. Test instrument system accu-
racy shall be +5%. Sensor excitation may consist of either
a continuous frequency sweep at a single acceleration
value or discrete frequencies at a minimum of seven
points distributed over the sensor response range. Sensi-
tivity shall be verified at one or more of the manufactur-
er’s calibration frequencies (typically 100 Hz, 5 kHz, or
10 kHz). Amplitude linearity shall be determined by
measuring at 0.1 g and 10 g at approximately 5 kHz.
It is recommended that the method used be in accor-
dance with ANSI 52.11-1969.

(2) Measure the resistance and capacitance of the
sensor. To prevent component damage, consult the sen-
sor vendor for the correct procedure.

(3) If an accelerometer is dropped or physically
damaged, do not use it until it is retested by the continu-
ous sweep method and verified to be undamaged.

(4) After the sensor and cabling to the charge con-
verter/preamplifier have been installed, measure the
resistance and capacitance of the sensor/sensor cable
combination at the input to the charge converter.

(56) Once installed, never remove the sensor except
for replacement. Sensors shall not be replaced routinely.

(e) Field Cabling. With the field cabling disconnected
at the control cabinet and at the remote charge con-
verter /preamplifier, measure the cable properties (typi-
cal for twisted, shielded-pair cable) shown in Fig. 11.

Do not use more than 50 V in determining resistance.
Use either a bridge-type instrument or capacitance meter
verified to be accurate for measuring capacitance in long
cables.

5.4.2 Replacement. Perform the appropriate prein-
stallation and impact tests for any repaired or replaced
component. The impact location(s) shall be consistent
with the requirements set forth in para. 5.5.3 of this Part.
A single mass in the 3 Ib to 5 1b (1.4 kg to 2.3 kg) range
as specified in para. 5.5.4 is recommended.

5.5 Baseline Impact Testing

5.5.1 General. Data acquired in the baseline test
program are used in the analysis and diagnosis of anom-
alous noise in the reactor system. The baseline test pro-
gram should be implemented prior to initial LPM
operation, and is required after changeout of any compo-
nent upon which an LPM sensor is mounted.

The purpose of impact testing is

(a) to determine system sensitivity to impacts of
known energy or force at known locations

(b) to characterize transducer response to impacts
from objects of different masses at known locations

(c) to verify the capability to discriminate primary-
versus secondary-side impacts in steam generators and
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Fig. 10 Block Diagram for Charge Converter Calibration Tests

Signal Il [Note (1)] Charge Power N )
generator 11 converter supply [Note (2)]
O TP1 O TP2
Measuring
instruments

NOTES:
(1) 1000 pF typical; consult charge converter vendor for specifics.
(2) Use LPM signal conditioner if possible.

the capability to determine the approximate impact loca-
tion in the reactor coolant system

The impact amplitude shall be calculated using the
test weight mass and distance through which it falls if a
pendulum/drop method is used. The impact amplitude
can be measured electronically when using an instru-
mented hammer as the stimulus.

5.5.2 Plant Conditions. Impact testing should be
performed during cold shutdown; calibration at higher
temperatures is discouraged for safety reasons. Reactor
coolant system water levels should be as close to normal
operating levels as possible.

5.5.3 Impact Locations. At least two impact test
locations shall be selected and documented for each
natural collection region and the secondary side of each
steam generator. The impact locations shall not be within
3 ft (0.91 m) of any sensor. Since one impact point in
each collection region (except the reactor vessel bottom)
is intended to be used for periodic impact testing, ease
of access shall be considered.

5.5.4 Test Weights/Hammer Masses. A range of test
weights should be used to define channel response over
the monitored frequency band (refer to Fig. 3). Recom-
mended weights for the ball or hammer are 0.5 1b to
1.01b, 3 1b to 5 1b, and 10 Ib to 20 1b (0.23 kg to 0.45 kg,
1.4 kg to 2.3 kg, and 4.5 kg to 9.0 kg, respectively). For
each test weight at least three impact amplitudes should
be used. To prevent or minimize surface marring, the
test weights and hammer tips should be fabricated from
metal slightly softer than the surface to be struck.

5.5.5 Impact Test Analysis. Impact test data shall
be reduced and analyzed at the completion of the test
data acquisition program. The purpose of this analysis
is to determine the response to known metallic impacts
and to provide reduced reference data for use in
diagnostics.
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(1) Normalized response outputs shall be provided in
one or more of the following frequency domain formats:
(1) force hammer: frequency response function dis-
playing the ratio of acceleration (response) to force

(input).
(2) ball: auto spectral plots of each sensor response.

A digital Fourier transform method shall be used to
calculate the spectrum. Appropriate transform block
lengths or an exponential weighting function shall be
used to ensure that the amplitude of the signal at the
end of the transform data block is less than 10% of the
peak amplitude.

The analysis results should be in engineering units.
The preferred engineering units for spectral plots are
g?*/Hz or g/Hz'/? and for the frequency response func-
tion are g/Ib. The preferred units for PSD are g?/Hz.
Some PSD systems may also use units of g/(Hz)!"/2.

(b) The delay times between the wave arrival at differ-
ent sensor locations should be measured for all channels.
The measurements should be relative either to the sensor
closest to the impact point or to the instrumented
hammer.

(c) The primary signal frequency content should be
identified for impacts generated by each mass, and sen-
sor mounted and crystal resonances should be identified
for each sensor. The analysis displays shall extend to
less than 10 Hz.

Each LPM channel peak response shall be measured
for every impact. The corresponding peak input level
shall also be documented for each impact. Peak ampli-
tudes for multiple impacts at a single test condition
should be averaged. The average, high, and low values
for each sensor and test condition should be docu-
mented.

Prior to performing time domain analysis, low-pass
filter the signal to reduce the effect of the sensor reso-
nances. Time domain plots should be displayed with
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Fig. 11 Cable Properties
(Typical for Twisted-Shielded Pair Cable)
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time on the horizontal axis and signal magnitude on the
vertical axis. The signal magnitude shall be plotted in
g units, although units of volts are acceptable if the
waveform analyzer cannot perform engineering unit
conversions (in this case, the relationship between volt-
age and acceleration shall be noted on the plot).
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5.6 Initial LPM Setpoints

At the onset of initial RCS flow and as heatup prog-
resses, verify that the LPM channels are operable. This
may be done by measurement and trending of RMS
values and identification (and documentation) of major
structural resonance characteristics.

In the event of prolonged reactor startup or reduced
power operation, the LPM setpoints should be opti-
mized as conditions warrant. Within 2 weeks after reach-
ing full-power operation, a review of the major reactor
coolant system background noise should be complete.
At that time, LPM systems having adjustable bandpass
filters shall be adjusted for optimum noise rejection in
each channel. The low-pass break frequency should not
be less than 8 kHz nor the high-pass greater than 2 kHz,
except as necessary to reject interfering background
noises having an adverse effect on sensitivity or false
alarm rates; but, in no case shall the bandpass be reduced
to less than 5 kHz. Systems with fixed high- and low-
pass filters should use 1 kHz and 10 kHz as the respec-
tive high- and low-pass break frequencies. The final filter
settings shall be included in the system documentation
package.

Both absolute and variable (floating) threshold detec-
tor alert levels shall be set initially to three times the
long-term, band-limited background noise level at
power operation to 1 g or to the manufacturer’s recom-
mendation. Individual channel threshold levels (set-
points) shall be adjusted after reaching power operation
so that the system false alarm rate caused by Type 2
false alarms is approximately one event every 2 weeks.
After establishing the rate, verify that the threshold lev-
els necessary to achieve the rate are not so high as to
compromise sensitivity to potentially damaging loose
parts. For floating systems, this may be accomplished
by ensuring that the effective threshold setpoint (back-
ground level multiplied by the floating threshold ratio)
does not exceed 1 g. If the setpoint exceeds 1 g, the
system installation and/or the reason for excessive vari-
ation in the background noise should be investigated
and corrective action taken.

5.7 Heat-Up and Cool-Down Monitoring

During plant heat-up and cool-down, RCS noises dif-
ferent from those during normal operation will be pres-
ent. It is also a period of time during which the
probability of a loose part is greater than normal. There-
fore, during plant transient operation it is recommended
that the following actions be considered:

(a) Audibly monitor noises during RCP starts and
stops.

(b) Record data during the first RCP start, first shut-
down, and last shutdown of a cycle.

(c) Monitor each shift in accordance with para. 5.8.2.

Not for Resale



ASME OM-S/G-2007

5.8 Periodic Monitoring and Testing

Periodic monitoring of the RCS is an integral part of
an effective loose part program; periodic testing of an
LPM provides the basis for determining system opera-
bility. Both shall be performed on a shift, week, quarter,
and fuel cycle basis. System parameters measured or
observed during each test shall be documented on a
data sheet and included in the system documentation.
If during periodic testing the LPM or any LPM channel
is determined or suspected to be inoperable, corrective
action shall be initiated.

5.8.1 Startup. Background from each sensor shall
be recorded during initial startup of the system using
installed system recording capability. The data shall be
maintained in a retrievable format (e.g., disk, magnetic
tape). It is recommended that monitoring and recording
be done both during hot standby and within 100 hr of
reaching full-power operation.

5.8.2 Each Shift. With initiation of reactor coolant
flow, perform the following:

(a) Verify that the LPM power is on.

(b) Verify that the LPM is in a ready condition (e.g.,
recorder autostart enabled and inhibits off).

(c) Monitor sound from all active sensors. Each chan-
nel should be monitored for at least 30 sec. Noise consid-
ered to be anomalous should be documented and
evaluated.

5.8.3 Each Week. With the reactor in hot standby
or power operation, perform the following:

(a) Identify and document the channels that are being
actively monitored.

(b) Monitor sound from all active sensors. Each chan-
nel should be monitored for approximately 30 sec. Noise
considered to be anomalous should be documented and
evaluated.

(c) Document the status of user controllable set-points
(e.g., gains and filters) and verify that the switch settings
are as intended.

(d) Measure and document the background level of
each active channel using front panel test points or
meters, if provided.

(e) Perform vendor recommended self-test of the LPM
automatic alert and alarm circuitry.

5.8.4 Each Quarter. With the reactor in hot standby
or power operation and with all reactor coolant pumps
running, do the following.

(a) Perform the weekly test for all channels, both
active and passive (if present).

(b) Record background from each sensor shall be
recorded for trend analysis as specified in para. 5.8.5.
The data should be maintained in a retrievable format
(e.g., disk, magnetic tape).

(c) Compare spectra from each channel with data
from the two preceding quarterly functional tests. The
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comparison should include spectral response in the
range of the RCP blade-passing frequency, known struc-
tural resonances, broad-band flow noise, and accelerom-
eter-mounted resonance.

(d) Verify the performance of the installed LPM
recorder(s).

(e) Measure and document the voltage or current sup-
plied to each remote charge converter. Adjust the voltage
or current supply if recommended by the vendor and
document any changes made.

5.8.5 Each Fuel Cycle

(a) Ateachrefueling outage, any degradation of LPM
components shall be evaluated and documented. The
evaluation should be based on the following:

(1) trends in charge converter supply voltage or
current

(2) variations in the quarterly spectral data that
may be indicative of change in the overall response of
a channel

(3) the performance of vendor-recommended cali-
bration of LPM control cabinet electronics

Changes in spectral characteristics or trend informa-
tion shall be evaluated and documented. Unexplained
deviations shall be formally evaluated and corrective
action taken if appropriate.

(b) As an outage item to be performed immediately
prior to heatup, validate the operability of each channel
by performing an impact test(s). The impact location(s)
shall be consistent with the requirements set forth in
para. 5.5.3. A single mass in the 3 1b to 5 1b (1.4 kg to
2.3 kg) range as specified in para. 5.5.4 is recommended.

5.9 Alarm Response and Diagnostics

5.9.1 General. Actions should be taken to deter-
mine if the alarm has been caused by an actual loose
part and what the damage potential may be. Data in
the form of plots, graphs, and amplitudes should be
labeled and scaled in units consistent with those in
para. 5.5.5.

5.9.2 Alarm Response. Plant procedures shall
require operator response to all LPM alarms. Initial
alarm response shall include the following;:

(a) Verify that automatic data recording was initiated.

(b) Identify and document the unit/channel(s)
alarming.

(c) Reset the LPM.

(d) Listen to all channels.

(e) If the alarm cannot be reset or recurs within 5 min,
notify the shift supervisor.

(f) Log the signal conditioner gain or range for the
signals recorded if not provided automatically by the
system.

(g) Note the time of day, the plant condition, and any
significant plant operating changes that occurred before
the alarm.
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5.9.3 Diagnostics. LPM alarms that are indicative
of metallic impacting shall be further evaluated by
appropriate personnel. The objectives of diagnostic eval-
uation are to

(a) verify LPM channel operability.

(b) estimate the location of the metallic impact based
on consideration of delay time, amplitude, and wave
shape.

(c) estimate impact energy based on initial impact
test data.

(d) estimate impact mass based on the baseline test
data and measured signal properties including ampli-
tude and frequency content.

(e) review plant process data for anomalous behavior.

(f) review diagnostic results with plant operation
personnel.

5.9.4 Background Changes and Setpoint Adjust-
ments. Alarm diagnostics may indicate a change in
plant background characteristics rather than the pres-
ence of a loose part. When this process occurs, the LPM
alarm rate may in time increase to an unacceptable level.
Adjustments are permitted, but the threshold shall not
be increased without investigating the reason for the
change in the background. Any change in setpoints shall
be entered in the system documentation.
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6 DOCUMENTATION

The LPM operator shall maintain system documenta-
tion containing accurate and complete information per-
tinent to the system, its calibration, and any other
information that would affect measurements, judg-
ments, and calculations made during data analysis. The
documentation shall also include the information neces-
sary to quickly locate a particular sensor, charge con-
verter, or cable junction for maintenance, calibration,
or diagnostics. As a minimum, the following shall be
included:

(a) Vendor manuals and calibration data.

(b) As-built field drawings. Electrical drawings shall
include cabling and conduit drawings detailing penetra-
tions, conduit routing, and junction box locations.
Mechanical drawings shall include sensor locations, sen-
sor mount fabrication drawings, and charge converter/
preamplifier locations.

(c) Installed (in-containment) component identifica-
tion to include the device model and serial numbers and
types and lengths of cable used between the accelerome-
ter and the charge converter.

(d) Complete photographic documentation of the
sensor and charge converter installation (ALARA and
safety considerations may preclude this requirement in
some existing systems).

(e) The results of and procedures for all tests required
by this document.
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PART 16
Performance Testing and Inspection of
Diesel Drive Assemblies in LWR Power Plants

1 INTRODUCTION
1.1 Scope

This Part establishes the requirements for inservice
testing and inspection to assess the operational readi-
ness of certain diesel drive assemblies used in light-
water reactor (LWR) power plants. The diesel drive
assemblies covered are those required to perform a spe-
cific function in shutting down a reactor to the safe
shutdown condition, in maintaining the safe shutdown
condition, or in mitigating the consequences of an acci-
dent. This Part establishes inspection requirements,
parameters to be measured and evaluated, and record
requirements.

1.2 Purpose

The purpose of this Part is to provide the principal
inservice tests and monitoring requirements for diesel
drives to confirm that they meet their functional require-
ments as part of the overall nuclear power plant design.
This Part provides methods, intervals, and record
requirements for long-term diesel drive trend analysis
and evaluation. The inservice test requirements provide
the owner/operator guidance for establishing an effec-
tive inservice test and monitoring program to ensure
diesel drive system reliability is retained throughout the
life of the plant.

The owner/operator should maintain the diesel
engine and the associated driven equipment in accor-
dance with the recommended periodic maintenance of
the manufacturer or as developed by the respective die-
sel engine owners group.

1.3 Risk-Informed Analysis

The primary skid-mounted diesel drive in the nuclear
power plant is the emergency power diesel generator
system. It has been demonstrated in various probabilis-
tic risk assessment (PRA) models that the diesel genera-
tor system should be categorized as high safety
significant component (HSSC) in accordance with
ASME O & M Code Case OMN-3.!

! ASME O & M Code Case OMN-3 provides the requirements
for Safety Significance categorization of Components Using Risk
Insights for Inservice Testing of LWPR Power Plants.
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1.4 Subsystems Included in This Part

Figure 1 provides the simplified boundary for the
diesel engine and associated subsystems covered by this
Part. Since there are varieties of diesel makes, sizes,
applications, etc., each owner/operator must make the
final designation of the applicable diesel drive boundary.
This Part includes the driven equipment that operates
as a result of work or power developed by the engine
as the prime mover, for example, an electrical generator
or fire pump. Since the engine cannot be tested indepen-
dently of the driven equipment, the owner/operator
must consider the effects of inservice testing on the
driver equipment (the diesel engine and its subsystems).

Typical principal equipment for associated diesel
drive subsystems, as well as the driven equipment iden-
tified in Fig. 1, are listed below.

1.4.1 Lubrication Subsystem. Equipment includes
(where applicable) the following:

(a) lube oil sump and makeup tank

(b) suction strainers and foot valves

(c) discharge strainers

(d) filters

(e) transfer valves for duplex filter and strainer
arrangements

(f) pressure-regulating, relief, check, and thermostatic
valves

(g) standby heaters and thermostat

(h) engine-driven lube oil pumps

(i) circulating (primary or backup) and prelube/post-
lube pumps

(j) all piping, tubing, and associated components

(k) lube oil heat exchanger

(I) instrumentation and controls

(m) flexible hoses

1.4.2 Jacket Water and Intercooler Subsystem.
Equipment includes (where applicable) the following:

2 Figure 1 is a system boundary diagram that shows the compo-
nents of the diesel system. This is similar to the system boundary
identified by USNRC Regulatory Guide 1.9, Revision 3, Selection,
Design, Qualification, and Testing of Emergency Diesel Generator
Units Used as Class 1E Onsite Electric Power Systems at Nuclear
Power Plants. Even though some of these components may not be
physically located on the diesel skid, these components’ design
purpose of solely supporting the diesel qualify them as skid-
mounted equipment.
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Fig. 1 Boundary and Support Systems of Emergency Diesel Generator Systems
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(a) jacket water heat exchanger

(b) intercooler systems

(c) radiators and associated fan(s)

(d) governor oil heat exchanger

(e) standby heater and associated thermostat

(f) keep-warm water pump

(g) jacket water and intercooler pumps (primary or
standby)

(h) thermostatic valves and check valves

(i) standpipes and overflow, pressure cap, level indi-
cators, and expansion tanks

(j) piping, tubing, and associated components

(k) instrumentation and controls

(1) flexible hoses

1.4.3 Starting Subsystem. Equipment includes
(where applicable) the following:

(a) batteries/charging systems

(b) electric/pneumatic start motors

(c) air compressors (safety related only)

(d) air receivers; relief, check, and air-start solenoid
valves; and piping, tubing, and associated components

(e) pressure-reducing valves, shuttle valves, and pres-
sure regulators

(f) air dryers, strainers, filters, check valves, compres-
sor intercoolers and aftercoolers, and air dryer associ-
ated components

Cooling water
supply system

(¢) air start distributors and associated air injection
valves

(h) instrumentation and controls

(i) flexible hoses

1.4.4 Combustion Air Intake Subsystem. Equipment
includes (where applicable) the following:

(a) intake air filter

(b) intake air silencer

(c) intake air manifold and all piping, tubing, and
associated components

(d) mechanical blowers, superchargers, and scaveng-
ing pumps

(e) turbocharger (compressor)

(f) intercooler

() instrumentation and controls

(h) turbo boost system (nozzles, hoses, solenoid
valves, air receiver, and compressor)

1.4.5 Exhaust Subsystem. Equipment includes
(where applicable) the following:

(a) turbocharger (turbine)

(b) exhaust silencer and spark arrestor

(c) exhaust relief valve and stack

(d) exhaust manifold, piping, connectors, bellows,
and joints

(e) instrumentation and controls
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1.4.6 Fuel Oil Subsystem. Equipment includes
(where applicable) the following:

(a) fuel oil storage tank(s)

(b) fuel oil transfer pump(s), motor(s), and automatic
transfer valve(s)

(c) day tank(s)

(d) strainers, filters, and transfer valves

(e) booster pump(s) and associated drive belt(s)

(f) pressure-regulating, relief, check, and isolation
valves

(g) fuel oil headers, supply and return

(h) fuel injection pumps, spray nozzles, injectors, and
high-pressure injection tubing

(i) fuel control and shutdown system

(j) piping, tubing, and associated components

(k) instrumentation and controls

(1) flexible hoses

1.4.7 Crankcase Ventilation Subsystem. Equipment
includes (where applicable) the following;:

(a) vent pipe

(b) relief doors and valves

(c) crankcase vent fan, eductor, and pump, including
oil mist separator and oil return line

(d) crankcase and sump vent system

(e) piping, tubing, and associated components

(f) instrumentation and controls

(g) flexible hoses

1.4.8 Governor and Control Subsystem. Equipment
includes (where applicable) the following;:

(a) mechanical-hydraulic governor including associ-
ated linkages to fuel racks, hydraulic fluid, piping, tub-
ing, and associated components

(b) pneumatic, hydraulic, or electric governor booster

(c) electric governor, speed sensor, and electrome-
chanical interface

(d) engine fuel pump control linkage

(e) overspeed trip

(f) instrumentation and controls

1.4.9 Generator Subsystem. Equipment includes
(where applicable) the following:

(a) coupling to diesel engine

(b) generator (including strip heaters)

(c) protective shutdown system

(d) instrumentation and controls

1.4.10 Pump (Fire Pump, Auxiliary Feed Pump).
Equipment includes (where applicable) the following:
(a) coupling(s) within the drive train
(b) gearbox drive
(c) pumps
(d) instrumentation and controls
1.4.11 Ventilation System and Cooling Subsystem.

Equipment includes (where applicable) the following:
(a) filters
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(b) fans and motors
(c) vents, dampers, actuators, louvers, and ducts
(d) instrumentation and controls

1.4.12 Exciter and Voltage Regulator Subsystem.
Equipment includes (where applicable) the following:
(a) generator exciter
(b) voltage regulator system
(c) generator/exciter electrical connections
(d) other instrumentation and controls

1.4.13 Control and Protection Subsystem. Equip-
ment includes (where applicable) the following:
(a) devices for automatic and manual starting
(b) devices for load shedding
(c) synchronizing equipment
(d) fast transfer switches
(e) DC power supplies dedicated to the diesel engine

1.4.14 Diesel Generator Output Breaker. Equipment
includes (where applicable) the following;:

(a) output breaker and associated relaying

(b) control switches and auxiliary contact

1.5 Definitions

These definitions are provided to ensure a uniform
understanding of selected terms used in this Part. Sev-
eral additional terms, often not well defined elsewhere,
are included to help provide uniformity and clarity to
the nuclear power industry’s use of these terms as they
relate to the testing and maintenance of diesel drives.

abnormal condition: an engine condition defined by situa-
tions and applications as outside acceptable parameters,
as defined by the Manufacturer and users.

bar engine over: the act of rotating the engine slowly for
maintenance or inspection purposes.

barring device: an arrangement that provides for the slow
rotation of the engine.

blowdown: the act of blowing moisture and/or oil accu-
mulation from the engine cylinders through opened cyl-
inder petcocks. Also applies to blowing moisture from
the starting air receivers and air system.

continuous load/rating: the power output capability that
the diesel drive unit can operate for a period of time,
as specified by the manufacturer, with only scheduled
outages for maintenance.

cranking: the act of using external power sources (elec-
tricity or air pressure) to cause the engine’s crankshaft
to rotate without the engine sustaining operation with
its own combustion and before the engine provides
useful work.

diesel drives: the assembly or aggregate of assemblies of
one or more single or multiple diesel engines used as
prime movers.
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driven equipment: the equipment that operates as a result
of work or power developed by the engine as prime
mover, regardless of the receiving equipment’s use. For
example, an engine-driven pump that is using the
engine’s work to serve a plant need, such as a generator
or fire pump.

equilibrium temperature: the condition at which the diesel
engine jacket water and lube oil temperatures are both
within + 10°F (5.5°C) of normal operating temperatures
established by the engine manufacturer.

excessive vibration: a condition during operation where
an engine, or its component parts, vibrates more than
is generally accepted and where a condition exists that
is exceeding the acceptance criteria.

keep-warm system: system or systems that maintain jacket
water, fuel oil, and/or lube oil temperatures at warm
standby values recommended by the engine
manufacturer.

major maintenance: the maintenance that return the diesel
engine to operating status following an abnormal event.
Examples of such an event would be crank case explo-
sion and piston rod ejection. Such major maintenance
effort would be similar to the DR/QR of the TDI engines,
as being anything that requires the engine to be taken
down to the frame and completely rebuilt.

.maximum available load: the amount of load that is practi-
“cal for applying to the diesel engine for testing purposes
‘on an isolated bus. The maximum available load may
‘be at or below the continuous load rating of the diesel.

-standby condition: the condition at which the diesel
3engine jacket water, fuel oil, and lube oil systems are
maintained by the keep-warm system within the range
of temperatures established by the engine manufacturer.

2 POST-MAJOR MAINTENANCE CHECK

The owner/operator shall perform an initial check of
the engine’s systems, subsystems, and components to
ensure that the overall unit will operate as designed.
These checks include flushes, hydrostatic tests (if
required following major repair/replacement activities)
of fluid systems, visual checks, functional tests of sup-
port components and systems, and those additional tests
as recommended by the manufacturer.

3 TESTING

3.1 Post-Major Maintenance Testing

The owner/operator shall perform testing for post-
major maintenance for existing engines that are above
and beyond those normal maintenance-related tests
specified by the diesel engine manufacturer. These tests
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shall be performed as appropriate.’ Note that the reli-
ability tests for newly installed diesel generator sets
described in IEEE 387-1995, Section 7.3 do not apply
since new unit reliability will have been established dur-
ing initial type qualification testing. Appendix A lists
the checks and data that should be considered for
engines that have had major maintenance performed.

3.2 Periodic Tests

Performance of periodic diesel drive tests and moni-
toring operating parameters provides the owner/opera-
tor with an immediate determination of the engine
performance and material condition. The owner/opera-
tor shall perform periodic tests; the type and frequency
shall be in accordance with the respective plant Technical
Specifications or IEEE 387-1995, Section 7.4, Periodic
Testing. Note also that USNRC Regulatory Guide 1.9,
Revision 3, endorses testing guidelines set forth in IEEE
387. The periodic testing frequencies identified in this
Part are not requirements. They are identified as a matter
of convenience for the monitoring of operating parame-
ters and to coincide with plant testing programs.

3.3 Diesel Engine Analysis

(a) Diesel engine analysis is an effective tool in sup-

port of an inservice testing program because

(1) It provides the technical basis for developing a
performance-based maintenance program.

(2) It detects certain degraded engine material con-
dition or engine performance.

(3) It provides the basis for engine tuning adjust-
ments to improve power balance.

Diesel engine analysis involves recording specific
engine operating parameters during normal operation.
These engine operating parameters include engine cylin-
der pressure (both compressions and firing pressure),
vibration, and ultrasonic readings. All three readings
are recorded as a function of crankshaft position for
each cylinder, fuel injection pump, and injector. Cylinder
pressure is analyzed for specific quantitative values
(peak pressure, firing pressure angle, cycle variation,
etc.) and profiles during operation. Certain known
events (intake and exhaust valve closing and opening,
fuel injection) are reviewed to verify they occur at the
proper timing. Engine analysis is also used to balance
and tune the engine to ensure the power from each
cylinder is nearly equivalent.

(b) Benefits realized from diesel engine analysis
include

(1) Reduced Maintenance. Users of diesel engine
analysis experience reductions in maintenance costs by

3 This Part recommends the owner/ operator to follow the tests
as specified in IEEE STD 387-1995, IEEE Standard Criteria for
Diesel Generator Units Applied as Standby Power Supplies for
Nuclear Power Generating Stations, Section 7.3 Preoperational
Testing.
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eliminating periodic engine tear downs and part
replacements. This is achieved by performing specific
maintenance and/or repairs required on selected com-
ponents identified by engine analysis rather than period-
ically disassembling the entire machine and replacing
components unnecessarily.

(2) Increased Reliability. Long-term reliability
increases by reducing failures of newly installed engine
components and reducing maintenance-induced
failures.

(3) Increased Availability. Reduced time required for
maintenance activities permits the plant to increase die-
sel engine availability.

(4) Reduced Fuel Consumption. Asmuch as 3% to 5%
fuel savings can be realized by optimizing the cylinder
power balance and engine tuning.

INSERVICE TESTING OF COMPONENTS

The recommended, periodic, inservice testing of the
diesel drive components that were identified in para.
1.4 are described here. Because the diesel drive and
supporting components are operated periodically dur-
ing normal engine operational surveillance testing, it is
recommended that the necessary performance data be
monitored and trended to eliminate additional testing
for individual components. The environment that exists
during the periodic engine operation is indicative of
engine room conditions during extended engine opera-
tion. These conditions ensure that adequate demands
are being placed on the equipment, so that operating
data/information gathered is a valid indicator of compo-
nent performance and long-term degradation of the die-
sel drive can be identified and corrected. Given below
are the diesel drive subsystem components, the perform-
ance test (verifies function) and its frequency, and the
parameters to be monitored as applicable to station
requirement/design for the diesel system.

4

4.1 Lubrication Subsystem

(a) Lube oil sump and makeup tank

(1) Daily: check main engine and turbo lube oil
sump levels.

(2) Monthly during engine operation: check main
engine and turbo lube oil levels to identify degradation
prior to failure.

(3) Quarterly: perform lube oil analysis.

(b) Suction strainers and foot valves

(1) Monthly during engine operation: check main
engine and turbo lube oil pressure data as well as differ-
ential pressure across the strainers to identify degrada-
tion prior to failure.

(c) Discharge strainers

(1) Monthly during engine operation: check main
engine and turbo lube oil pressure data as well as differ-
ential pressure across the strainers to identify degrada-
tion prior to failure.
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(d) Filters

(1) Monthly during engine operation: check main
engine and turbo lube oil pressure data as well as differ-
ential pressure across the filters to identify degradation
prior to failure.

(e) Transfer valves for duplex filter and strainer
arrangements

(1) Monthly during engine operation: check for
external leaks as part of overall engine leak inspections
(monitor during engine operation when system is pres-
surized).

(f) Pressure-regulating, relief, and thermostatic
valves

(1) Monthly during engine operation: check main
lube oil pressure and temperature data to identify degra-
dation of these components prior to degradation of
engine performance.

(g) Standby heater and its associated thermostat

(1) Daily: check lube oil standby temperature to
identify degradation of these components prior to degra-
dation of engine performance.

(h) Pumps including engine driven, circulating (pri-
mary or backup)

(1) Monthly during engine operation: check main
lube oil pressure to identify degradation of the pump’s
performance.

(i) Circulating (primary or backup) and prelube/
postlube pumps

(1) Daily: check standby and operating tempera-
tures and pressures to identify degradation of the
pump’s performance.

(j) All piping, tubing, and associated components

(1) Daily: check for external leaks as part of overall
engine walkdown.

(2) Monthly during engine operation: check for
external leaks, as part of overall engine leak check, when
system is pressurized.

(k) Lube oil heat exchanger

(1) Monthly during engine operation: check and
trend heat exchanger lube oil inlet and outlet tempera-
tures to identify degradation within the heat exchanger.

(I) Instrumentation and controls

(1) Daily: verify engine parameters are within nor-
mal standby ranges.

(2) Monthly during engine operation: verify engine
operating parameters are within normal ranges.

(m) Flexible hoses

(1) Monthly during engine operation: visually
check hoses for signs of degradation such as age-induced
cracking or excessive wear around end fittings.

4.2 Jacket Water and Intercooler Subsystem

(a) Jacket water heat exchanger
(1) Monthly during engine operation: check and
trend service water flow rate, jacket water, and service
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water temperatures to identify degradation within the
heat exchanger.
(b) Intercooler systems

(1) Monthly during engine operation: monitor
exhaust temperatures and power output of the engine,
as well as intake manifold temperature, to identify loss
of system performance.

(c) Radiators and associated fan

(1) Monthly during engine operation: visually
check material conditions and monitor and trend tem-
peratures across the radiator to identify loss of system
performance.

(2) Semiannually: perform vibration check of the
fan.

(d) Governor oil heat exchanger

(1) Monthly during engine operation: check proper
governor control and operation to confirm satisfactory
condition of the heat exchanger.

(e) Standby heater and its associated thermostat

(1) Daily: check lube oil standby temperature to
identify degradation of these components prior to
engine degradation.

(f) Keep-warm water pump

(1) Daily: check proper standby jacket water tem-
peratures and pressures to confirm proper operation of
this pump.

(g) Jacket water and intercooler pumps

(1) Monthly during engine operation: check and
trend operating temperatures and pressures to identify
degradation of the pumps’ performance.

(h) Thermostatic valves

(1) Monthly during engine operation: check jacket
water temperature data to identify degradation of these
components prior to degradation of engine
performance.

(i) Standpipes and overflow, pressure cap, level indi-
cator, and expansion tanks

(1) Daily: check proper coolant level.

(2) Quarterly: perform cooling water chemical
analysis.

(j) Piping, tubing, and associated components

(1) Daily: check for external leaks as part of overall
engine leak inspections.

(2) Monthly during engine operation: check for
external leaks, as part of overall engine leak inspections,
when system is pressurized.

(k) Instrumentation and controls

(1) Daily: verify engine parameters are within nor-
mal standby ranges.

(2) Monthly during engine operation: verify engine
operating parameters are within normal ranges.

(I) Flexible hoses

- (1) Monthly during engine operation: visually
inspect hoses for signs of degradation such as age-
induced cracking or excessive wear around end fittings.
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4.3 Starting Subsystem

(a) Batteries/charging systems

(1) Monthly: check alarms and local indications to
determine any degradation of these power supplies.*

(b) Electric/pneumatic air start motors

(1) Semiannually: record timing and trending of
fast start testing to identify a degradation of the air start
system being used to start the engine.

(c) Air compressors (safety-related only)

(1) Daily: check air compressor oil level.

(2) Quarterly: record compressor run times to iden-
tify any degradation of this compressor.

(d) Air receivers; relief, check, and air-start solenoid
valves; and piping, tubing, and associated components/
receivers, covered under ASME Code

(1) Daily: manually blow down receivers unless
equipped with automatic blowdown equipment.

(e) Relief valves, covered in ASME OM Code,
Appendix I

(f) Check valves, covered in ASME OM Code,
Section ISTC

(g) Air-start solenoid valves

(1) Quarterly: verify lubricator operation and oil
level.

(2) Semiannually: record timing and trending of
fast start testing to identify a degradation of the air start
system being used to start the engine.

(h) Piping, tubing, and associated components

(1) Daily: check for external leaks as part of overall
engine leak checks.

(2) Monthly during engine operation: check for
external leaks, as part of overall engine leak checks,
when system is pressurized.

(i) Pressure-reducing and shuttle valves and
regulators

(1) Semiannually: record timing and trending of
fast start testing to identify a degradation of the air-
start system being used to start the engine.

(j) Air dryers, strainers, filters, check valves, compres-
sor intercoolers, and air dryer-associated components
(safety-related only)

(1) Quarterly: check/clean filters as applicable.

(2) Semiannually: monitor air dewpoint tempera-
tures and electrical current consumption during com-
pressor and dryer operation to identify degradation of
these components.

(k) Check valves (Code boundary), covered in
ASME OM Code, Section ISTC, Inservice Testing of
Valves in Light-Water Reactor Nuclear Power Plant

(I) Air-start distributors and associated air injection
valves

* The owners may follow the recommendation provided by
Institute of Electrical and Electronics Engineers (IEEE) 450-1995,
Maintenance, Testing , and Replacement of Large Lead Storage
Batteries for Generating Stations and Substations.
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(1) Semiannually: record timing and trending of
fast start testing to identify degradation of the air-start
system being used to start the engine.

(m) Instrumentation and controls

(1) Daily: verify engine parameters are within nor-
mal standby ranges.

(2) Monthly during engine operation: verify engine
parameters are within normal operating ranges.

4.4 Combustion Air Intake Subsystem

(a) Intake air filter

(1) Monthly during engine operation: monitor
appropriate pressures to help identify degradation of
air filters prior to degradation of engine performance.

(2) Every 18 to 24 months: check filters for
degradation.

(b) Intake air silencer

(1) Monthly during engine operation: monitor
appropriated pressures to identify degradation of these
components prior to degradation of engine
performance.

(c) Intake air manifold and all piping, tubing, and
associated components

(1) Monthly during engine operation: monitor
appropriated pressures to identify degradation of these
components prior to degradation of engine
performance.

(d) Mechanical blowers, scavenging pumps, and
superchargers

(1) Monthly during engine operation: monitor
appropriated pressures to identify degradation of these
components prior to degradation of engine
performance.

(e) Turbocharger (compressor)

(1) Monthly during engine operation: monitor
appropriated pressures to identify degradation of these
components prior to degradation of engine
performance.

(f) Intercooler

(1) Monthly after engine operation: verify for
intercooler leakage.

(2) Monthly during engine operation: monitor
engine inlet temperature as well as exhaust temperatures
to identify intercooler degradation prior to degradation
of engine performance.

(3) Every 18 to 24 months: perform intercooler
DP test.

(g) Instrumentation and controls

(1) Daily: verify engine parameters are within nor-
mal standby ranges.

(2) Monthly during engine operation: verify engine
operating parameters are within normal ranges.

4.5 Exhaust Subsystem

(a) Turbocharger (turbine)
(1) Monthly during engine operation: monitor and
trend turbocharger discharge temperature.
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(b) Exhaust silencer and spark arrestor
(1) Every 18 to 24 months: monitor and trend
exhaust back pressure and/or cylinder or turbocharger
exhaust temperatures to identify degradation of the
internals of these components.

(c) Exhaust relief valve and stack, covered under
ASME OM Code, Appendix I, Requirements for
Inservice Performance Testing of Nuclear Power Plant
Pressure Relief Devices

(d) Exhaust manifold, piping, connectors, bellows,
and joints

(1) Every 18 to 24 months: visually check, as part
of overall engine checks of these components, to verify
no cracks or excessive degradation has occurred.

(e) Instrumentation and controls

(1) Daily: verify engine parameters are within nor-
mal standby ranges.

(2) Monthly during engine operation: verify engine
operating parameters are within normal ranges.

4.6 Fuel Oil Subsystem

(a) Fueloil storage tank(s), covered under appropriate
ASME Code and local and state regulations and /or API
Standard®

(b) Fuel oil transfer pump(s), motor(s), and automatic
transfer valve(s)

(1) Quarterly (if system contains a backup pump,
every 18 to 24 months recommended): record day tank
fill times or flow rate to identify any degradation of
these components.

(c) Day tank(s), covered under appropriate ASME
Code and local and state regulations and/or API
Standard®

(d) Strainer(s), filter(s), and transfer valve(s)

(1) Monthly during engine operation: check fuel oil
pressure data as well as differential pressure across the
strainers and filters to identify degradation prior to
failure.

(e) Booster pump(s) and associated drive belt(s)

(1) Monthly during engine operation: check fuel oil
pump outlet pressure to identify degradation prior to
failure. Visually inspect drive belts.

(f) Pressure-regulating, relief, check, and isolation
valves

(1) Monthly during engine operation: check fuel oil
pressure data to identify degradation prior to failure.

(¢) Fuel oil headers, supply and return

(1) Monthly during engine operation: check for
external leaks during engine operation when system is
pressurized.

(h) Fuel injection pumps, spray nozzles, injectors, and
high-pressure injection tubing

5 The owners may follow the recommendations in American
Petroleum Institute (API) Standard 653-1995, Tank Inspection,
Repair Alteration, and Reconstruction.
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(1) Monthly during engine operation: monitor and
trend cylinder exhaust temperatures to identify degra-
dation prior to failure.

(i) Fuel control and shutdown system: see para. 4.8.
(j) Piping, tubing, and associated components

(1) Daily: check for external leaks as part of overall
engine leak checks.

(2) Monthly during engine operation: check for
external leaks, as part of overall engine leak checks,
when system is pressurized.

(k) Instrumentation and controls

(1) Daily: verify engine parameters are within nor-
mal standby ranges.

(2) Monthly during engine operation: verify engine
operating parameters are within normal ranges.

4.7 Crankcase Ventilation Subsystem

(a) Vent pipe

(1) Monthly during engine operation: monitor and
trend crankcase pressure (vacuum), or monitor alarms,
to identify degradation of these components.

(b) Relief doors and valves

(1) Monthly during engine operation: monitor and
trend crankcase pressure (vacuum), or monitor alarms,
to identify degradation of these components.

(c) Crankcase vent fan and pump, including oil mist
separator and oil return line

(1) Monthly during engine operation: monitor and
trend crankcase pressure (vacuum), or monitor alarms,
to identify degradation of these components.

(d) Crankcase and sump vent system

(1) Monthly during engine operation: monitor and
trend crankcase pressure (vacuum), or monitor alarms,
to identify degradation of these components.

(e) Piping, tubing, and associated components

(1) Daily: check for external leaks, as part of overall
engine leak checks, when system is pressurized.

(2) Monthly during engine operation: check for
external leaks, as part of overall engine leak inspections,
when system is pressurized.

(f) Instrumentation and controls

(1) Daily: verify engine parameters are within nor-
mal standby ranges.

(2) Monthly during engine operation: verify engine
operating parameters are within normal ranges.

4.8 Governor and Control Subsystem

(a) Mechanical hydraulic governor, including
hydraulic fluid, piping, tubing, and associated compo-
nents (including pneumatic, hydraulic, or electric gover-
nor booster)

(1) Daily: monitor oil level.

(2) Monthly during engine operation: verify proper
response to start and loading signals to ensure proper
operation of these components.
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(3) Every 18 to 24 months: verify the engine’s ability
to accept accident scenario loads during response time
testing to confirm proper operation.

(b) Electric governor, speed sensor and electrome-
chanical interface

(1) Monthly during engine operation: verify proper
response to start and loading signals to ensure proper
operation of these components.

(2) Every 18 to 24 months: verify the engine’s ability
to accept accident scenario loads during response time
testing to confirm proper operation.

(c) Engine fuel pump control linkage

(1) Monthly during engine operation: verify proper
response to start and loading signals to ensure proper
operation of these components.

(d) Instrumentation and controls

(1) Daily: verify engine parameters are within nor-
mal standby ranges.

(2) Monthly during engine operation: verify engine
operating parameters are within normal ranges.

4.9 Generator Subsystem

(a) Coupling to diesel engine
(1) Every 18 to 24 months: perform generator bear-
ing vibration checks and trending to verify the alignment
and the coupling have not degraded.
(b) Generator
(1) Daily: visually check air cooling ports and gen-
erator bearing oil level.
(2) Monthly: verify the proper operation of the strip
heater(s).
(3) Monthly during engine operation: verify the sta-
tor temperature is within normal range.
(c) Instrumentation and controls
(1) Monthly during engine operation: verify gener-
ator operating parameters are within normal ranges.

4.10 Pump (Fire Pump and Auxiliary Feed Pump)

(a) Coupling to diesel engine
(1) Every 18 to 24 months: perform generator bear-
ing vibration checks and trending to verify the alignment
and the coupling have not degraded.
(b) Pumps: testing covered under appropriate NFPA®
or ASME Code.

4.11 Ventilation and Cooling Subsystem

(a) Fans and motor
(1) Daily: monitor diesel room temperatures within
normal standby conditions.
(2) Monthly during engine operation: verify diesel
room ambient air temperatures are maintained within
normal operating ranges.

® The owners may use National Fire Protection Association Part
20-1999, Installation of Centrifugal Fire Pumps for the fire pump
testing requirement.
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(3) Quarterly: perform vibration checks and trend-
ing to verify these components are installed properly
and have not degraded.

(c) Vents and louver

(1) Monthly during engine operation: verify diesel
room ambient air temperatures are maintained within
normal operating ranges.

(d) Ducts

(1) Monthly during engine operation: verify diesel
room ambient air temperatures are maintained within
normal operating ranges.

(e) Instrumentation and control

(1) Daily: monitor diesel room temperatures are
within normal standby conditions.

(2) Monthly during engine operation: verify diesel
room ambient air temperatures are maintained within
normal operating ranges.

4.12 Exciter and Voltage Regulator Subsystem

(a) Generator exciter

(1) Monthly during engine operation: verify the
exciter’s ability to develop voltage to confirm proper
operation.

(2) Every 6 months: verify the exciter’s ability to
excite the generator to the required voltage within the
required time.

(3) Every 18 to 24 months: verify the engine’s ability
to accept accident scenario loads during response time
testing to confirm proper operation.

(b) Voltage regulator

(1) Monthly during engine operation: verify the
voltage regulator’s ability to control voltage and parallel
to the grid.

(2) Every 18 to 24 months: verify the voltage regula-
tor’s ability to accept accident scenario loads during
response time testing to confirm proper operation. Ver-
ify the voltage regulator’s ability to obtain required
power factor while carrying the required loads during
the endurance test.

4.13 Control and Protection Subsystem

(a) Devices for automatic and manual starting
(1) Monthly during engine operation: verify the
devices’ ability to start to confirm proper operation.
(2) Every 18 to 24 months: verify the devices’ ability
to start on automatic signals and diesel generator trips
or trip bypasses operate per design.
(b) Devices for load shedding and sequencing
(1) Every 18 to 24 months: verify the devices’ ability
to shed and sequence loads during testing to confirm
proper operation.
(c) Synchronizing equipment
(1) Monthly during engine operation: verify the
equipment’s ability to parallel with the grid to confirm
proper operation (if load banks are used for monthly
testing, verify every 18 to 24 months).
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(d) Overspeed trip device
(1) Every 18 to 24 months: verify overspeed trip
setpoint to confirm proper operation.
(e) DC power supplies dedicated to the diesel engine
(1) Monthly: check alarms and local indications to
identify any degradation of these power supplies.
(f) Other instrumentation and control
(1) Monthly during engine operation: verify the
engine for proper operation.

4.14 Diesel Generator Output Breaker

(a) Output breaker, control switches, auxiliary con- i
tacts and associated relays E
(1) Monthly during engine operation: verify the -
output breaker’s ability to parallel with the grid to con-
firm proper operation.

5 OTHER DIESEL DRIVE TESTING GUIDELINES

One of the primary focuses of this Part is the monitor-
ing and trending of periodic test results to confirm diesel
drive reliability. Subsequent to being placed into service
at a nuclear power plant, the diesel drive shall be tested
periodically to demonstrate the capability, availability,
and reliability to perform its design function is accept-
able. The following guidelines apply:

(a) Some of the periodic tests may be combined and
not necessarily performed individually.

(b) The tests do not necessarily have to begin from
standby conditions unless specified.

(c) All diesel drive protective trips and alarms should
be in operation during the testing.

(d) Periodic testing of the diesel drive unit should not
impair the capability of the unit to meet its functional/
design requirements in the event of an actual plant
emergency.

(e) All tests should be performed in accordance with
the manufacturer’s recommendations for reducing die-
sel engine wear, including the prelubing of the engine,
post-test cool down, and post-test lubrication.

(f) The periodic testing should involve operation of
the diesel engine for a minimum of 1 hr after the equilib-
rium (jacket water and lube oil) temperatures have been
reached or as specified by the plant Technical
Specifications.

6 ALARM AND SHUTDOWN DURING TESTS

During the testing of the diesel engine and its driven
component, the unit may encounter alarmed conditions.
Alarm limits (setpoints) are important, but the diesel
engine/generator may still be operable when alarm con-
ditions are encountered. Sometimes the diesel system
must be allowed to continue operating to evaluate the
alarm conditions. To properly support operations, the
owner should establish diesel shutdown limits to ensure
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the engine has not exceeded limits that may cause the
engine system to fail. Some example shutdown limits
are as follows:

(1) minimum main lubrication oil pressure

(b) maximum lube oil temperature (out of the engine)

(c) minimum fuel oil header (discharge) pressure

(d) maximum cylinder exhaust temperature

(e) maximum engine exhaust temperature

(f) maximum jacket water temperature out of the
engine

(¢) maximum engine speed

(h) maximum allowable generator
temperature

(i) crankcase vacuum pressure

(j) generator current output

Note that not all of the above example diesel engine
alarm and shutdown limits apply to every diesel engine
design or installation in nuclear power plants. As such,
it is up to the individual plant owner and its technical
specifications to apply the appropriate diesel drive
alarm and shutdown limits within its operating proce-
dures.

winding

7 ENGINE OPERATING DATA AND RECORDS

Diesel drives at nuclear power stations may experi-
ence relatively few operating hours during their normal
service life. These units must reliably respond to an
emergency start signal. Good record keeping, data eval-
uation, and trending are essential tools to properly eval-
uate engine performance and maintain this type of
reliability.
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7.1 Data/Records

Appendix B provides a sample data sheet to collect
periodic inservice test data. The user has the primary
responsibility for the development of plant-specific data
sheets. The user should consult the engine manufacturer
for the determination of critical operating parameters
for the specific diesel engine being evaluated.

7.2 Data Evaluation and Trending

Selected operating parameters should be plotted at
frequent intervals during operating periods to reveal
trends. Examples are given in Appendix C to illustrate
typical information that can be obtained through trends.
These examples illustrate effective data evaluation and
trending techniques. The objective is to review and trend
the performance of these parameters of engine perform-
ance against the manufacturers” accepted values.

7.3 Failure to Function (Root Cause)

An important aspect in maintaining diesel engine reli-
ability is the determination of root causes of a diesel
engine’s failure to perform its design function. An inade-
quate assessment of the failure will likely lead to repeat
failures. Therefore, it is important to know what caused
the engine to fail so that proper corrective measures
(both immediate and long-term) can be implemented.
Maintaining complete and adequate records of failures
and their root causes will enable the owner/operator to
prevent malfunctions and identify degraded compo-
nents listed in para. 1.4. Such records will highlight
repeated component failures that degrade diesel engine
performance and material condition.
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PART 16
NONMANDATORY APPENDIX A
Post-Major Maintenance Test Data

See Fig. A-1 below for test data form.

Fig. A-1 Post-Major Maintenance Test Data Form

Plant Unit
Engine No. Engine RPM
Date
Engine Load Percent
Engine Parameter 75 100 110
1 Load kW or hp
2 Ambient Air Temperature °F (°C)
3 Barometric Pressure In Hg
4 Run Duration hr
5 Jacket Water Temperature (IN/OUT) °F (°C)
6 Turbo Water Temperature (OUT) °F (°C)
7 Turbo Water Temperature (OUT) °F (°C)
8 Service Water Pressure (IN/OUT) psig
9 Service Water Temperature (IN/OUT) °F (°C)
10 Intercooler Water (IN/OUT) °F (°C)
1 Lube Oil Heat Exchanger Water (IN/OUT) °F (°C)
12 Jacket Water Heat Exchanger Water (IN/OUT) °F (°C)
13 Lube Oil Pump Outlet Pressure psig
14 Lube Oil Filter Pressure (INLET/OUTLET) psig
15 Lube Oil Header Pressure psig
16 Turbo Lube Oil Pressure (TO TURBO) psig
17 Rack Reading/Fuel Pressure
18 Lube Oil Temperature (INJOUT) °F (°C)
19 Exhaust Temperature Turbo (TO/FROM) °F (°C)
20 Combined Exhaust Temperature °F (°C)
21 Exhaust Back Pressure In H,0
22 Air Intake Pressure In Hg
23 Crankcase Vacuum In H,0
Turbocharger Lube Oil Brand and Type
Governor Lube Oil Brand and Type
Engine Lube Oil Brand and Type

71

Copyright ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS Not for Resale



PART 16 (STANDARDS)

ASME OM-S/G-2007

PART 16

NONMANDATORY APPENDIX B
Functional/Inservice Test Data

See Fig. B-1 below for test data form.

Fig. B-1 Functional/Inservice Test Data Form

Plant Engine No. Engine Serial No.
1 Engine Run Time Start/Stop Time
2 Ambient Air Temperature °F (°C)
3 Load kW
4 Barometric Pressure In Hg
5 Engine RPM
6 Service Water Pressure (IN/OUT) psig
7 Service Water Temperature (IN/OUT) °F (°C)
8 Jacket Water Heat Exchanger Temperature (INJOUT) °F
9 Jacket Water Pressure Pump Discharge Pressure psig
10 Jacket Water Temperature (IN) °F (°C)
11 Jacket Water Temperature (OUT) °F (°C)
12 Air Intercooler Water (IN) °F (°C)
13 Air Intercooler Water (OUT) °F (°C)
14 Lube Oil Heat Exchanger (IN/OUT) °F (°C) | | | |
15 Lube Oil Pressure Pump Outlet psig
16 Lube Oil Filter Pressure (INLET/OUTLET) psig | | | |
17 Lube Oil Pressure at Header psig
18 Fuel Oil Pressure Before/After Filter psig | | | |
19 Exhaust Temperature to Turbo °F (°C)
20 Exhaust Temperature from Turbo °F (°C)
21 Exhaust Pressure to Turbo In Hg
22 Turbo Exhaust Stack Pressure In H20
23 Pre-Turbo Air Intake Pressure In H20
24 Air Intake Manifold (Receiver) Pressure In Hg
25 Air Intake Manifold (Receiver) Temperature °F (°C)
26 Crankcase Vacuum In H20
27 No. 1 Injection Pump Rack Reading
28 Cylinder Exhaust Temperature
29 Cylinder No. 1/No. 2 °F (°C)
30 Cylinder No. 3/No. n [Note (1)] °F (°C)
31 Lube Oil Makeup gal
32 Fuel Oil Consumption gph
NOTE:
(1) nrepresents the total number of cylinders.
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PART 16
NONMANDATORY APPENDIX C
Data Trending Examples

See Figs. C-1 through C-5 on the following pages for
data trending examples.
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Fig. C-1 Typical Lube Oil System

Lube oil header

Lube oil figure
Lube oil pump [

Temperature control Lube oil strainer
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Test Date
Trend Plotting — Lube Oil Temperature T, and Lube Oil Pressure P,

NOTES:

(1) Low lube oil pressure with high lube oil temperature:
(a) faulty temperature control (three-way) valve
(b) restricted service waterflow

(2) High lube oil pressure with low lube oil temperature: data taken prior to engine reaching equilibrium temperature.
(3) Lube oil pressure is deteriorating. Investigation should be made as to cause, although the lube oil pressure is still above the mini-
mum. Possible causes:
(a) pressure drop across lube oil filter, or strainer is high
(b) lube oil pump relief valve faulty
(c) bearing failures
(d) lube oil system leakage
(e) lube oil dilute with fuel oil
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Fig. -2 Typical Jacket Water System
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T

Jacket water
heat exchanger

NIN

Jacket water pump

Jacket water temperature, upper limit

[Note (2)]

Jacket water temperature, lower limit

<0

Service water

Trend Plotting — Jacket Water Temperature to Engine, T;, and From Engine, T,

Test Date

(1) High AT across the engine. Possible causes, with T, — T3 = constant, are:

(@) air in system

(b) combustion gas to jacket water leak
(¢) restriction in jacket water system

(2) AT satisfactory, but temperature increasing. Possible causes:
(@) heat exchanger fouling
(b) faulty three-way temperature valve
(c) sea-water system restricted

(d) service water inlet temperature too high

(3) Normal operation conditions

Copyright ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS

75

Not for Resale



PART 16 (STANDARDS)

Fig. C-3
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Trend Plotting — Air Cooler Water Temperature to T; and From T, Cooler Pump Pressure P,

NOTES:

(1) Both temperatures rising; pressure remains constant:
(a) temperature control valve (three-way) failing
(b) restricted service water flow (7, — T; rising)

(2) Temperature rise across air cooler and decreasing pump discharge pressure: air in system.
(3) Temperature rise across air cooler and pump discharge pressure increasing: coolers becoming

clogged and requiring cleaning.

Copyright ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS

76

Not for Resale

Pressure, psi



ASME OM-S/G-2007

Fig. C-4 Typical Air/Exhaust System
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Trend Plotting — Air/Exhaust System
Inlet Air Pressure (Vacuum) — P, =
Air Manifold/Exhaust Back Pressure Po,—Py,=___
Combined Exhaust Temperature = T 3 =

NOTES:
(1) Gradually increasing inlet air vacuum: inlet air filters plug and require cleaning or changing.
(2) Gradually increasing combined exhaust temperatures may be caused by:

(a) exhaust/turbocharger flow restriction

(b) turbo deficiency

(©) low air flow caused by plugged air inlet filters

(d) injection timing change (retarded)

(e) faulty injection nozzle, not proper spray pattern

: (3) High combined exhaust temperatures. Possible causes:
(a) faulty injection nozzle, nozzle streams foul
(b) injection timing change (retarded)

(4) Increasing AP across engine. Possible causes:
(a) exhaust flow restrictions
(b) turbocharger deficiency

(5) Low AP along with low inlet air vacuum and low combined exhaust temperatures: could indicate the test load was low.
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Fig. C-5 Typical Fuel Oil System

v <
——— - o Day tank
A
< Relief valve
L Fuel oil filter |, — Orifice
d
I

@) []
o Ut

Maximum AP across filter

Injector pumps

Pressure Drop, psig

Test Date

Trend Plotting — Fuel Filter AP = P, — P,

NOTE:
(1) Pressure drop across filter increasing: filter needs cleaning or elements need replacement.
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ASME OM-S/G-2007

PART 21
Inservice Performance Testing of
Heat Exchangers in Light-Water Reactor Power Plants

1 INTRODUCTION
1.1 Scope

This Part establishes the requirements for preservice
and inservice testing to assess the operational readiness
of certain heat exchangers used in nuclear power plants.

The heat exchangers covered are those required to
perform a specific function in shutting down a reactor
to the safe shutdown condition, in maintaining the safe
shutdown condition, or in mitigating the consequences
of an accident.

This Part establishes test intervals, parameters to be
measured and evaluated, acceptance criteria, corrective
actions, and record requirements.

1.2 Exclusions

This Part does not address the following:

(a) flow-induced vibration

(b) structural integrity

(c) pressure-retaining capability

(d) erosion or corrosion

(e) other mechanical or structural performance
concerns

(f) effects of system performance on heat exchangers
(e.g., the system providing insufficient flow to a heat
exchanger)

(g) any related system testing (e.g., flow balance
testing)

(h) steam generators

1.3 Owner’s Responsibility

The Owner shall identify, based on individual plant
design basis, those heat exchangers that are considered
to be covered by this Part and shall prioritize those heat
exchangers in accordance with the guidance provided
in this Part. The Owner shall select the most appropriate
test or monitoring method and interval for each heat
exchanger, so identified, based on the criteria contained
in this Part.

The Owner shall be responsible for the operational
readiness of all safety-related heat exchangers by follow-
ing the program requirements as described in para. 5.1.

2 DEFINITIONS

These definitions are provided to ensure a uniform
understanding of selected terms used in this Part.
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accuracy: the closeness of agreement between a measured
value and the true value.

baseline data: data collected at specific operating condi-
tions that establish a basis to which subsequent data
may be compared.

baseline test: a performance test to establish baseline data.

bias error: the difference between the average of the total
population and the true value.

biofilm: a fouling layer consisting of microorganisms and
their by-products.

clean fluid: of the two fluids, the one that has the lesser
potential for fouling a heat exchanger.

component design limit: that value of heat exchanger per-
formance (usually specified by the manufacturer as the
design point) such that if exceeded, although not affect-
ing the operational readiness of the component, may
result in component degradation and component reli-
ability concerns.

confidence level: the relative frequency that the calculated
statistic is correct.

cooling fluid: any fluid (e.g., water, air, or oil) that serves
to carry heat away from the process fluid by the transfer
of heat through the heat exchanger.

correlational uncertainty: the uncertainty embedded in the
calculational process due to the mathematical models
employed (e.g., heat-transfer film coefficients).

coverage: the frequency at which an interval estimate of
a parameter may be expected to contain the true value.

design accident conditions: the set of conditions and con-
straints that are to be satisfied by the heat exchanger
for the heat exchanger to meet the safety requirements
of the system that it serves.

design basis: information that identifies the specific func-
tions to be performed by a structure, system, or compo-
nent of a facility, and the specific values or ranges of
values chosen for controlling parameters as reference
bounds for design.

design point: the set of operating conditions and con-
straints that are satisfied by the heat exchanger as speci-
fied in the heat exchanger specification sheet.
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exclusion criteria: the set of conditions that must be
avoided for a testing or monitoring method to be
effective.

film coefficient: the rate of heat transfer per unit area per
unit temperature differential across the boundary layer
between either the cooling or the process fluid and the
heat-transfer surface.

flow blockage: a reduction in heat-transfer surface or a
reduction in flow rate caused by fouling.

fouling fluid: of the two fluids, the one that has the greater
potential for fouling a heat exchanger.

fouling resistance: a resistance to heat flow caused by the
deposition of corrosive products, dirt, or other foreign
material on a heat-transfer surface.

heat duty: the heat transferred per unit of time from one
fluid to another.

inclusion criteria: the set of conditions that must be satis-
fied for a testing or monitoring method to be effective.

inservice test: a test to determine the operational readi-
ness of a structure, system, or component after first elec-
trical generation by nuclear heat.

instrument delay: the characteristic of measuring instru-
ments to give an indicated value that lags the actual
value during transient conditions.

instrument loop: two or more items working together to
provide a single output.

measurement error: the difference between the true value
and the measured value of a parameter. It includes both
bias and precision errors.

monitoring method: a method that is used to indirectly
evaluate heat exchanger thermal performance.

nominal result: the test result that is calculated using
average parameter values.

operability: a system, subsystem, train, component, or
device shall be operable when it is capable of performing
its specified safety functions. All necessary attendant
instrumentation, controls, electrical power, cooling or
seal water, lubrication, or other auxiliary equipment that
are required for the system, subsystem, train, compo-
nent, or device to perform its function(s) shall also be
capable of performing their related support function(s).

operational readiness: the ability of a component to per-
form its specified functions.

overall heat-transfer coefficient: the average rate of heat
transfer per unit area per unit temperature differential
between the cooling and process fluids under specified
fouling conditions.

Owner: the organization legally responsible for the con-
struction and/or operation of a nuclear facility including
but not limited to one who has applied for, or who has
been granted, a construction permit or operating license
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by the regulatory authority having lawful jurisdiction.

parameter: a measured quantity (i.e., temperature, pres-
sure, or flow) used in calculating a test result.

precision error: the closeness of agreement between
repeated independent measurements of a single
parameter.

precision index: the sample standard deviation based on
N measurements.

preservice test: a test performed during the period after
completion of construction activities related to the com-
ponent and before first electrical generation by nuclear
heat or in an operating plant before the component is
initially placed in service.

process fluid: any fluid that supplies the heat to the heat
exchanger.

required action limit: that value of heat exchanger per-
formance such that, if corrective actions are not per-
formed prior to the next scheduled test or monitoring,
the system operability limit would be exceeded.

result sensitivity: the actual change in a result due to
changing the measurement parameter by its measure-
ment error.

system operability limit: the minimum thermal perform-
ance required of a heat exchanger so as to ensure the
operational readiness of its system.

temperature effectiveness: the ratio of the temperature
change of the tube side fluid to the difference between
the two fluid inlet temperatures (sometimes called tem-
perature efficiency). For plate-type heat exchangers, the
cooling fluid side can be considered as the tube side.

temperature of interest: a temperature that is chosen to be
monitored because of its dependency on the thermal
performance of a heat exchanger.

test conditions: the conditions experienced by a heat
exchanger undergoing a test.

testing method: a method that is used to quantitatively
evaluate heat exchanger thermal performance.

test point: the set of parameters retrieved from the heat
exchanger at a specific test condition.

test result: a value calculated from a number of
parameters.

total uncertainty: the estimated error limit of a test result
for a given coverage. Total uncertainty results from the
propagation of measurement errors and correlational
uncertainties through a calculational process and is sta-
tistically applied to the test result.

transport delay: the time required for the process fluid
to travel between the heat exchanger and the point of
measurement.
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Cameron Hydraulic Data, 16th edition (1984)
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NY 10016-5990; Order Department: 22 Law Drive,
P.O. Box 2300, Fairfield, NJ 07007-2300
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10016-5990; Order Department: 22 Law Drive, P.O.
Box 2300, Fairfield, NJ 07007-2300
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Chemistry, Vol. 30, (1938): 377-383 (use for single and
multipass shells, odd tube passes)

L. Jaw, “Temperature Relations in Shell and Tube
Exchangers Having One-Pass Split-Flow Shells,”
ASME Transactions, Journal of Heat Transfer (August
1964): 408-416 [use for divided flow shells]

Publisher: The American Society of Mechanical Engi-
neers (ASME), Three Park Avenue, New York, NY
10016-5990; Order Department: 22 Law Drive, P.O.
Box 2300, Fairfield, NJ 07007-2300

K. P. Singh and M. J. Holtz, “A Comparison of Thermal
Performance of Two and Four Pass Designs for Split
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Transfer, Vol. 103, No. 1 (February 1981): 169-172 [use
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Publisher: The American Society of Mechanical Engi-
neers (ASME), Three Park Avenue, New York, NY
10016-5990; Order Department: 22 Law Drive, P.O.
Box 2300, Fairfield, NJ 07007-2300

F.J. L. Nicole, “Exchanger Design: A General Approxi-
mate Explicit Equation,” ASME Transactions, Journal
of Heat Transfer (February 1975): 5-8 [use for cross-
flow shells]

Publisher: The American Society of Mechanical Engi-
neers (ASME), Three Park Avenue, New York, NY
10016-5990; Order Department: 22 Law Drive, P.O.
Box 2300, Fairfield, NJ 07007-2300

R. C. Lord, P. E. Minton, and R. P. Slusser, “Design of
Heat Exchangers,” Chemical Engineering (January 26,
1970): 96-116

ASME PTC 19.1-1998, Test Uncertainty

Publisher: The American Society of Mechanical Engi-
neers (ASME), Three Park Avenue, New York, NY
10016-5990; Order Department: 22 Law Drive, P.O.
Box 2300, Fairfield, NJ 07007-2300

H. W. Coleman and W. G. Steele, Experimentation and
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Publisher: John Wiley & Sons
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of Instrumentation Measurements for Power and Flow
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HVAC Systems: Testing, Adjusting, and Balancing
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tors” National Association
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Ventilating, and Air Conditioning Systems, 5th edi-
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Publisher: American Air Balance Council (AABC)

4 SELECTION AND PRIORITIZATION OF HEAT
EXCHANGERS

4.1 Heat Exchanger Selection

Those heat exchangers required to perform a specific
function in shutting down a reactor to the safe shutdown
condition, in maintaining the safe shutdown condition,
or in mitigating the consequences of an accident, shall
be selected for testing or monitoring, based on individ-
ual plant design basis. For the purposes of this Part,
steam generators shall be excluded from the selection
process.

4.2 Heat Exchanger Prioritization

Heat exchangers selected in para. 4.1 shall be priori-
tized for testing or monitoring based on the criteria of
paras. 4.2.1 through 4.2.3. These criteria shall be progres-
sively applied according to the interval defined in para.
5.4 to ensure that the requirement of para. 4.1 is met.

4.2.1 Fouling Potential. Ifaheatexchanger isserved
by a fluid that has a high potential for fouling, then that
heat exchanger should be given high priority.

CAUTION: For plate heat exchangers, even under similar ser-
vice conditions, differences in flow distribution due to variations
of plate pattern design may result in different fouling tendencies.

4.2.2 System Configuration. If there are two or more
heat exchangers in parallel and all are subjected to essen-
tially identical service conditions (i.e., essentially all the
same flow rates and heat loads, none stagnant for long
periods of time), then only one of the heat exchangers
needs to be given high priority initially. For identical
heat exchangers in series, the first one in the series (as
defined by the fouling fluid) should be given high prior-
ity initially, as it would be expected to collect the major-
ity of fouling deposits. If, however, the heat loads for
either parallel or series configurations are not identical,
then the one with the highest heat load should be given
high priority.

CAUTION: If heat exchanger geometries and tube plugging

levels are different, then tube velocities should be compared as
part of the prioritization process. Also, if the fouling fluid is on
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the shell side, even if the heat exchangers are identical, there is
less predictability of individual heat exchanger performance due
to potential structural problems and nonuniform fouling.

4.2.3 Thermal Performance. If there is reason to
believe that a heat exchanger is experiencing thermal
performance degradation (possibly due to structural or
mechanical problems), then the suspect heat exchanger
should be given high priority.

5 BASIC REQUIREMENTS
5.1 Program Requirements

A program shall be established to ensure the opera-
tional readiness of the heat exchangers covered by this
Part. This program shall consist of testing or monitoring
(or both), trending, establishing intervals and acceptance
criteria, performing uncertainty analysis and corrective
actions, and maintaining appropriate records and sup-
porting documentation. While testing is preferred, mon-
itoring may be used instead if sufficient technical
justification can be shown that testing is not feasible.

This program should incorporate periodic reviews in
which the test or monitoring methods and intervals are
evaluated to be the most appropriate for use in meeting
the intent of this Part and such that required action
limits are not exceeded. These reviews should consider
advances in testing and monitoring technologies,
operating histories of the heat exchangers, fouling rates,
changes in cooling fluid quality, heat load availability,
and previous test or monitoring results.

5.2 Preservice Requirements’

Preservice testing or monitoring shall be performed
on a heat exchanger in the clean condition prior to or
after installation in the plant.

Preservice testing or monitoring provides data and
results that should be used to establish a preservice
baseline for comparing with future inservice testing or
monitoring results. Preservice testing or monitoring
should be used to compare the as-designed heat
exchanger data provided by the vendor with the as-built
heat exchanger.

The preservice testing or monitoring method selected
should be the same as the inservice testing or monitoring
method. However, if the preservice testing or monitoring
method is different than the inservice testing or monitor-
ing method (i.e., a preservice testing or monitoring
method may be chosen specifically just to verify as-built
characteristics), then the inservice testing or monitoring
method shall also be performed as a part of, or in con-
junction with, the preservice testing or monitoring
method. This will provide a preservice baseline for com-
paring with future inservice testing or monitoring
results.

! The requirements of para. 5.2 are applicable only during the
period of time as specified in the definition of preservice test (see
para. 2).
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5.3 Inservice Requirements

Inservice testing or monitoring shall be performed to
satisfy the program requirements of para. 5.1.

Inservice testing or monitoring shall be performed
prior to performing any corrective action that would
impact the thermal performance of the heat exchanger
(i.e., cleaning) to determine the “as-found” condition of
the heat exchanger. This “as-found” condition is essen-
tial for establishing appropriate testing or monitoring
intervals.

Inservice testing or monitoring should be conducted
as soon as practicable following corrective action, unless
the effectiveness of the corrective action has been docu-
mented to be consistently repeatable.

Baseline inservice testing or monitoring shall be per-
formed as soon as practicable following structural
changes (excluding minor tube plugging) that make sig-
nificant permanent changes to the thermal characteris-
tics of the heat exchanger (i.e., modifying baffle plates).
This baseline inservice testing or monitoring shall be
conducted on a clean heat exchanger to provide a com-
parison with future inservice testing or monitoring
results.

5.4 Interval Requirements

Testing or monitoring intervals shall be established
such that the required action limits are not exceeded
(see para. 9.3 and Fig. 1). If the testing or monitoring
interval [I(test) in Fig. 1] exceeds the maximum testing
or monitoring interval, which assumes no corrective
actions are performed [I(max) in Fig. 1], then corrective
action shall be taken.

Intervals shall be established based on preservice (or
baseline inservice) testing or monitoring and subsequent
inservice testing or monitoring.

Intervals shall be adjusted as part of the program
review, based on fouling rate, type of fouling, opera-
tional requirements, heat load availability, etc., to guar-
antee satisfactory performance during the interval.

Intervals shall not exceed 10 years.

6 SELECTION OF METHODS

The appropriate testing or monitoring method shall
be selected for each heat exchanger in the program.

If test methods are chosen, they may be supplemented
with monitoring methods performed between the tests.
Monitoring methods may also be used to help determine
the need for testing.

Selection of the testing and monitoring methods
should be made by assessing their respective inclusion
and exclusion criteria, additional criteria related to test-
ing and monitoring conditions (see para. 7), and errors,
sensitivities, and uncertainties (see para. 8). The criteria
for each method should be applied to each of the heat
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exchangers selected until, through the process of elimi-
nation, the most appropriate method is selected (see
Fig. 2).

While the testing and monitoring methods presented
here should cover the majority of applications, there is
no intent to limit the program to these methods if more
appropriate testing and monitoring methods are devised
for particular applications.

6.1 Functional Test Method

6.1.1 Objective. The objective of the functional test
method is to provide an indication of thermal perform-
ance degradation of a heat exchanger over time by mea-
suring a temperature that is dependent on the thermal
performance of the heat exchanger and to compare that
temperature with established acceptance criteria (see
para. 9).

6.1.2 Descriptive Summary. The functional test
method will demonstrate directly that the heat
exchanger is capable of meeting its acceptance criteria
(see para. 9). It is applied to the temperature of the
component or area that the heat exchanger is designed
to cool (the “temperature of interest”) rather than to the
temperatures into or out of the heat exchanger itself.
Examples of temperatures of interest are motor or pump-
bearing temperatures, bearing oil temperatures, pump
room temperatures, and diesel jacket water tempera-
tures.

After meeting the inclusion and exclusion criteria, the
temperature of interest is then measured and compared
to the acceptance criteria for that heat exchanger. A
typical example is presented in Nonmandatory Appen-
dix C, para. C-1.

6.1.3 Inclusion Criteria. The functional test method
shall be considered if

(a) the acceptance criteria (see para. 9) of the heat
exchanger is stated explicitly in terms of a “temperature
of interest” (i.e., motor stator temperature for a motor
cooler).

(b) design accident flows and inlet temperatures can
be achieved during test conditions.

(c) the heat exchanger can be subjected to the same
(or greater) heat load that would be present under the
accident conditions (i.e., for a pump room cooler, the
pumped fluid temperature, any ventilation function,
and the motor load should be as they would be under
the accident condition).

(d) steady-state conditions (see para. 7.1) do exist.

6.1.4 Exclusion Criteria. There are no exclusion cri-
teria for the functional test method.

2 When operational restrictions prohibit the establishment of
design accident condition equipment heat load or process inlet
temperature for the conduct of this test, an equivalent heat load
may be applied by the use of portable heaters or other similar
means.
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Fig. 1 Intervals, Limits, and Parameter Trending (Typical)

Trended per performance parameter (with no uncertainty)

95% confidence interval (to account for measurement errors
and result sensitivities, i.e., to account for total uncertainty
in the test monitoring result)
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Fig. 2
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6.1.5 Required Parameter. The temperature of inter-
est shall be measured to quantitatively evaluate the heat
exchanger thermal performance using the functional test
method.

NOTE: The component of interest must be functioning within
the design basis during testing to ensure this method accurately
represents heat exchanger performance.

6.2 Heat-Transfer Coefficient Test Method (Without
Phase Change)

6.2.1 Objective. The objective of the heat-transfer
coefficient test method (without phase change) is to
determine the heat-transfer capability of a heat
exchanger when a phase change is not occurring at test
conditions.

6.2.2 Descriptive Summary. After meeting the
inclusion and exclusion criteria and measuring the
required parameters, a methodology is applied (a typical
example is presented in Nonmandatory Appendix C,
para. C-2) that will result in the calculation of a fouling
resistance for the heat exchanger and the determination
of the heat-transfer capability of the heat exchanger to
ensure operational readiness.

6.2.3 Inclusion Criteria. The heat-transfer coefficient
test method (without phase change) shall be
considered if

(a) the design basis specifies safety function (or
acceptance criteria, see para. 9) in terms of heat duty
(Btu/hr).

(b) sufficient accuracy (in accordance with para. 8) is
achievable at test conditions.

(c) a phase change does not occur at test conditions.

(d) steady-state conditions (see para. 7.1) do exist.

6.2.4 Exclusion Criteria. The heat-transfer coeffi-
cient test method (without phase change) shall not be
considered if

(a) the flow on the shell side traverses flow regimes
in going from the test condition to the design accident
condition and the resulting correlational inaccuracy can-
not be accounted for (see para. 8.6).

(b) the fouling rate is such that operability cannot be
maintained between tests (because heat loads are not
available; see paras. 5.4 and 9).

6.2.5 Required Parameters. At least five of the fol-
lowing six parameters [paras. 6.2.5(a) through (f)] shall
be measured to quantitatively evaluate the heat
exchanger thermal performance using the heat-transfer
coefficient test method (without phase change). The
sixth parameter may be calculated from the other five
(see para. 8.5). The accuracy of the calculated parameter
depends on the accuracy of the other five parameters
(see para. 8).

(a) cooling fluid inlet temperature

(b) cooling fluid outlet temperature
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(c) process fluid inlet temperature

(d) process fluid outlet temperature

(e) cooling fluid flow rate

(f) process fluid flow rate

Other relevant parameters may be measured to reduce
the total uncertainty in the calculated result.

6.3 Heat-Transfer Coefficient Test Method (With
Condensation)

6.3.1 Objective. The objective of the heat-transfer
coefficient test method (with condensation) is to deter-
mine the heat-transfer capability for heat exchangers
having condensation from steam-air mixtures (e.g., air
coolers or air-to-water heat exchangers) during test
conditions.

6.3.2 Descriptive Summary. After meeting the
inclusion and exclusion criteria and measuring the
required parameters, a methodology is applied (a typical
example is presented in Nonmandatory Appendix C,
para. C-3) that will result in the calculation of a fouling
resistance for the heat exchanger and the determination
of the heat-transfer capability of the heat exchanger to
ensure operational readiness.

6.3.3 Inclusion Criteria. The heat-transfer coefficient
test method (with condensation) shall be considered if

(a) the design basis specifies safety function (or
acceptance criteria, see para. 9) in terms of heat duty
(Btu/hr).

(b) sufficient accuracy (in accordance with para. 8) is
achievable at test conditions.

(c) condensation occurs during the test conditions.

(d) steady-state conditions (see para. 7.1) do exist.

6.3.4 Exclusion Criteria. The heat-transfer coeffi-
cient test method (with condensation) shall not be
considered if

(a) the flow on the shell side traverses flow regimes
in going from the test condition to the design accident
condition and the resulting correlational inaccuracy can-
not be accounted for (see para. 8.6).

(b) the fouling rate is such that operability cannot be
maintained between tests (because heat loads are not
available, see paras. 5.4 and 9).

6.3.5 Required Parameters. At least seven of the
following ten parameters [paras. 6.3.5(a) through (j)]
shall be measured to quantitatively evaluate the heat
exchanger thermal performance using the heat-transfer
coefficient test method (with condensation). Measure-
ment of the following parameter (a) is required:

(a) process fluid (steam-air mixture) pressure

In addition, at least five of the following six parame-
ters [(b) through (g)] shall be measured. The sixth param-
eter may be calculated from the other five (see para. 8.5).
The accuracy of the calculated parameter will depend on
the accuracy of the other five parameters (see para. 8).
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(b) cooling fluid inlet temperature

(c) cooling fluid outlet temperature

(d) process fluid (steam-air
temperature

(e) process fluid (steam-air mixture)
temperature

(f) cooling fluid flow rate

(g) process fluid (steam-air mixture) flow rate

In addition to the above, any one of the following
three parameters [paras. 6.3.5(h) through (j)] is required:

(h) process fluid (steam-air mixture) inlet relative
humidity

(i) process fluid (steam-air mixture) outlet relative
humidity

(j) process fluid (steam-air mixture) condensation
rate

Other relevant parameters may be measured to reduce
the total uncertainty in the calculated result.

mixture) inlet

outlet

6.4 Transient Test Method

6.4.1 Objective. The objective of the transient test
method is to determine the thermal performance of a
heat exchanger when steady-state conditions (see para.
7.1) cannot be achieved during the test.

6.4.2 Descriptive Summary. After meeting the
inclusion and exclusion criteria and measuring the
required parameters, a methodology is applied (an
example is presented in Nonmandatory Appendix C,
para. C-4) that will result in the calculation of a fouling
resistance for the heat exchanger and the determination
of the heat-transfer capability of the heat exchanger to
ensure operational readiness.

The transient test method refers to measuring the time
it takes for temperatures to change in response to a
transient heat load being placed on the heat exchanger.
The transient test method may be used where flow rates
or inlet temperatures (or both) vary during the test. An
example would be the cooling of the component cooling
water loop after its initial temperature has been allowed
to increase temporarily by stopping the cooling water
flow to the component cooling water heat exchanger.

6.4.3 Inclusion Criteria. The transient test method
shall be considered if

(a) the design basis specifies safety function (or
acceptance criteria, see para. 9) in terms of heat duty
(Btu/hr).

(b) sufficient accuracy (in accordance with para. 8) is
achievable at test conditions.

(c) an appreciable heat load is available such that the
temperature of the process fluid can be raised
temporarily.

(d) a phase change does not occur at test conditions.

6.4.4 Exclusion Criteria. The transient test method
shall not be considered if
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(a) the transient is a steep function of time, such that
the thermal inertia of the heat exchanger becomes signif-
icant (“steep” being defined as the left sides of egs. 1
through 3 in para. 7.1 being > 0.25Q).

(b) the value of thermal inertia (per para. 7.1) cannot
be calculated.

(c) the flow on the shell side traverses flow regimes
in going from the test condition to the design accident
condition and the resulting correlational inaccuracy can-
not be accounted for (see para. 8.6).

(d) the fouling rate is such that operability cannot be
maintained between tests (because heat loads are not
available, see paras. 5.4 and 9).

(e) significant condensation occurs at the test
conditions.

6.4.5 Required Parameters. At least seven of the
following eight parameters [(a) through (h)] shall be
measured to quantitatively evaluate the heat exchanger
thermal performance using the transient test method.
Measurement of the following six parameters [(a)
through (f)] is required:

(a) cooling fluid inlet temperature time history

(b) process fluid inlet temperature time history

(c) cooling fluid flow rate time history

(d) process fluid flow rate time history

(e) cooling fluid initial temperature profile inside the
heat exchanger

(f) process fluid initial temperature profile inside the
heat exchanger

In addition, at least one of the following two parame-
ters [(g) and (h)] shall be measured:

(¢) cooling fluid outlet temperature time history

(h) process fluid outlet temperature time history

Other relevant parameters may be measured to reduce
the total uncertainty in the calculated result.

6.5 Temperature Effectiveness Test Method

6.5.1 Objective. The temperature effectiveness test
method is used to predict the effectiveness of the heat
exchanger at a known reference point (design accident
condition, design point, test point, established using the
heat-transfer coefficient test method). This method
assumes that the process and cooling fluid mass flow
rates at the test point are essentially the same as those
at the reference point (within + 5%). This test method
is accomplished by collecting the process and cooling
fluid inlet and outlet temperatures at the test point,
choosing two temperatures at the reference point, and
calculating the remaining two temperatures at the
reference point.

6.5.2 Descriptive Summary. The temperature effec-
tiveness is the ratio of the temperature change of the
tube-side fluid to the difference between the two fluid
inlet temperatures (sometimes called temperature effi-
ciency). For plate-type heat exchangers, the cooling fluid
side may be considered to be the tube side.
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NOTE: The temperature effectiveness is defined with respect to
the tube-side terminal difference in the foregoing. Alternatively,
the effectiveness may be defined with respect to the shell-side
terminal difference; perform all required calculations in a consist-
ent manner.

After meeting the inclusion and exclusion criteria and
measuring the required parameters, the temperatures
that are measured are applied using a methodology (a
typical example is presented in Nonmandatory Appen-
dix C, para. C-5) that will result in the determination
of two of the four temperatures at the known reference
point, which can then be compared with the acceptance
criteria. This method is conservative if the design acci-
dent condition temperatures are higher than the test
condition temperatures because of the improved heat-
transfer coefficient at higher temperatures.

6.5.3 Inclusion Criteria. The temperature effective-
ness test method shall be considered if

(a) sufficient accuracy (in accordance with para. 8) is
achievable at test conditions.

(b) both test flows can be manipulated to within + 5%
of the design accident flows.

(c) design accident temperatures cannot be achieved
during test conditions (e.g., for pump room coolers).

(d) steady-state conditions (see para. 7.1) do exist.

6.5.4 Exclusion Criteria. If a phase change is
expected to occur at either the test or known reference
point, then the temperature effectiveness test method
shall not be considered.

6.5.5 Required Parameters. Six of the following
eight parameters [paras. 6.5.5(a) through (h)] shall be
used to quantitatively evaluate the heat exchanger ther-
mal performance using the temperature effectiveness
test method. Measurement of the following four parame-
ters [(a) through (d)] is required.

(a) cooling fluid inlet temperature at test conditions

(b) cooling fluid outlet temperature at test conditions

(c) process fluid inlet temperature at test conditions

(d) process fluid outlet temperature at test conditions

In addition, only two of the following four parameters
[(e) through (h)] shall be chosen:

(e) cooling fluid inlet temperature at the reference
point

(f) cooling fluid outlet temperature at the reference
point

(g) process fluid inlet temperature at the reference
point

(h) process fluid outlet temperature at the reference
point

Other relevant parameters may be measured to reduce
the total uncertainty in the calculated result.

6.6 Batch Test Method

6.6.1 Objective. The objective of the batch test
method is to determine the temperature effectiveness
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and the overall heat-transfer coefficient of a heat
exchanger by measuring the aggregate quantity of heat
removed by the heat exchanger in the batch mode from
a source of large thermal capacity (process fluid reser-
voir). It provides an alternative to the previous test meth-
ods when steady-state test conditions (see para. 7.1)
cannot be achieved.

The batch test method is accomplished by measuring
the initial process fluid and final process fluid reservoir
temperatures over a measured time period, while hold-
ing the cooling fluid inlet temperature constant. Using
the thermal capacity of the process fluid reservoir, the
temperature effectiveness and the overall heat-transfer
coefficient can be calculated.

NOTE: The description presented herein assumes the reservoir
to contain the process fluid. The test and the calculational proce-
dures will remain valid if the reverse condition exists (i.e., a cool
reservoir is being heated by the process fluid).

6.6.2 Descriptive Summary. After meeting the inclu-
sion and exclusion criteria and measuring the required
parameters, a methodology is applied (a typical example
is presented in Nonmandatory Appendix C, para. C-6)
that will result in the determination of the temperature
effectiveness and the overall heat-transfer coefficient of
the heat exchanger.

6.6.3 Inclusion Criteria. The batch test method shall
be considered if

(a) sufficient accuracy (in accordance with para. 8) is
achievable at test conditions.

(b) the temperature of the process fluid reservoir can
be measured as a function of time.

(c) the fluid in the process fluid reservoir is well
mixed.

(d) the heat exchanger is the sole medium for the
enthalpy change in the process fluid reservoir during
the test.

(e) steady-state conditions (see para. 7.1) do not exist.

6.6.4 Exclusion Criteria. The batch test method shall
not be considered if

(a) the flow on the shell side traverses flow regimes
in going from the test condition to the design accident
condition and the resulting correlational inaccuracy can-
not be accounted for (see para. 8.6).

(b) the fouling rate of the heat exchanger is such that
the overall heat transfer of the heat exchanger is changed
during the test.

(c) the fluid in the process fluid reservoir undergoes
a phase change.

(d) the flow rate or inlet temperature of the cooling
fluid is subject to variation during the test.

6.6.5 Required Parameters. The following six
parameters [(a) through (f)] shall be determined to quan-
titatively evaluate the heat exchanger thermal perform-
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ance using the batch test method. These six parameters
are required to calculate the temperature effectiveness:

(1) mass of the process fluid

(b) initial process fluid inlet temperature

(c) final process fluid inlet temperature

(d) time required to cool the process fluid

(e) cooling fluid flow rate

(f) cooling fluid inlet temperature

In addition, to calculate the overall heat-transfer coef-
ficient, the following parameter (g) shall be measured:

(g) process fluid flow rate

Other relevant parameters may be measured to reduce
the total uncertainty in the calculated result.

6.7 Temperature Difference Monitoring Method

6.7.1 Objective. The objective of the temperature
difference monitoring method is to provide an indication
of thermal performance degradation of a heat exchanger
over time by monitoring the relationship between the
temperature of interest and the inlet temperature of the
cooling fluid.

6.7.2 Descriptive Summary. In certain applications,
where the heat exchanger coolant temperatures fluctuate
(e.g., due to seasonal fluctuations in cooling fluid tem-
perature), an indication of heat exchanger thermal per-
formance may be obtained by monitoring the
temperature of interest and the exchanger cooling fluid
inlet temperature. With accumulated operating experi-
ence, a correlation between these temperatures may be
established that permits detection of changes in
exchanger performance through comparison of results
from successive tests.

After meeting the inclusion and exclusion criteria and
measuring the required parameters, the temperature of
interest and the cooling fluid inlet temperature are mea-
sured. Deviation of the measured temperature difference
from that predicted by the correlation for the measured
cooling fluid inlet temperature provides an indication
of heat exchanger performance change. An example is
presented in Nonmandatory Appendix C, para. C-7.

6.7.3 Inclusion Criteria. The temperature difference
monitoring method shall be considered if

(a) the equipmentloads and the process temperatures
and flows that create the heat load of the heat exchanger
of interest are of the same magnitude for each test in
the series.

(b) heatload and flows can be repeatedly attained for
each test in a series of tests.

(c) steady-state conditions (see para. 7.1) do exist.

6.7.4 Exclusion Criteria. If the degree of operating
margin is known to be small (in which case one of the
more rigorous “test” methods, combined with parame-
ter trending, may be required), then temperature differ-
ence monitoring method shall not be considered.
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6.7.5 Required Parameters. The following two
parameters [paras. 6.7.5(a) and (b)] shall be measured
to indirectly evaluate the heat exchanger thermal per-
formance using the temperature difference monitoring
method:

(a) cooling fluid inlet temperature

(b) temperature of interest

Other relevant parameters may be measured to reduce
the total uncertainty in the calculated result.

6.8 Pressure Loss Monitoring Method

6.8.1 Objective. The objective of the pressure loss
monitoring method is to monitor the pressure loss across
a heat exchanger, corrected for flow conditions.

6.8.2 Descriptive Summary. After meeting the
inclusion and exclusion criteria and measuring the
required parameters, a methodology is applied (a typical
example is presented in Nonmandatory Appendix C,
para. C-8) that will result in the calculation of a pressure
loss, corrected to the acceptance criteria flow rate, for
comparison with an acceptance criteria at that same flow
condition.

Increases in pressure loss observed in a trend can be
used as an indicator of the onset of flow blockage and
thus as an aid in determining inspection and cleaning
frequencies (refer to para. 6.10 and Nonmandatory
Appendix C, para. C-10). If the heat exchanger is of the
plate and frame type, this method may be the most
sensitive for monitoring performance.

Even if heat loads are available, when fouling rates
are high, pressure loss monitoring may provide a simple
way to monitor fouling without having to frequently
perform heat-transfer analysis.

6.8.3 Inclusion Criteria. The pressure loss monitor-
ing method shall be considered if

(a) the design basis specifies safety function (or
acceptance criteria, see para. 9) explicitly in terms of
pressure loss.

(b) the correlation between pressure loss and heat
transfer is known.

(c) the fouling characteristics (see Nonmandatory
Appendix B, para. B-11) are likely to create a flow
restriction.

6.8.4 Exclusion Criteria. The pressure loss monitor-
ing method shall not be considered if

(a) the heat exchanger fouling layer thickness is small
so as to preclude pressure loss from providing a reliable
indication of heat exchanger capability.

(b) the fluid being monitored is a liquid on the shell
side of a heat exchanger.

(c) the degree of operating margin is known to be
small (in which case one of the more rigorous “test”
methods, combined with parameter trending, may be
required).
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(d) the flow rate on the tube side traverses flow
regimes in going from the test flow rate to the acceptance
criteria flow rate.

6.8.5 Required Parameters. The following two
parameters [paras. 6.8.5(a) and (b)] shall be measured
to indirectly evaluate the heat exchanger thermal per-
formance using the pressure loss monitoring method:

(a) the monitored fluid flow rate

(b) the monitored fluid pressure loss

Other relevant parameters may be measured to reduce
the total uncertainty in the calculated result.

6.9 Visual Inspection Monitoring Method

6.9.1 Objective. The objective of the visual inspec-
tion monitoring method is to determine the condition
of the component in relation to its ability to transfer heat.

6.9.2 Descriptive Summary. This method assumes
that the heat exchanger being inspected will perform its
intended function if it is maintained within a preestab-
lished acceptably clean condition. After meeting the
inclusion and exclusion criteria and measuring the
required parameters, the heat exchanger is inspected
(typical inspection types and techniques are presented
in Nonmandatory Appendix C, para. C-9) and the ability
of the heat exchanger to meet its acceptance criteria is
evaluated based on the as-found condition of the
component.

The visual inspection monitoring method consists of
visually inspecting the heat exchanger periodically, usu-
ally by disassembly, allowing access to the internals of
the cooling fluid and process fluid sides. Also, corrective
action (e.g., cleaning) or additional inspections (e.g.,
eddy current testing or other NDE to determine integ-
rity) can be implemented based on the inspection results.
The inspection interval can be adjusted, based on
experience.

6.9.3 Inclusion Criteria. The visual inspection moni-
toring method shall be considered if

(a) it is not possible to test or monitor by one of the
previously described methods.

(b) there is sufficient access to the heat exchanger,
such that the evaluator is able to cover a representative
sample of the heat exchanger surface on the side most
likely to foul.

(c) it is understood by those doing the inspections
that the thickness of many biofilm layers is significantly
reduced when they are in a dry condition and the layers
can appear deceptively thin during an inspection when
in fact they may be significantly thicker in their normal
wet condition. Even wet fouling layers of only a few
thousandths of an inch can cause significant degradation
in heat transfer. These thicknesses would become even
more difficult to detect in their dry condition.

(d) a preestablished acceptably clean condition exists
to which the “fouled” observation may be compared
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(since a visual inspection cannot quantitatively evaluate
heat exchanger performance).

6.9.4 Exclusion Criteria. The visual inspection mon-
itoring method shall not be considered if

(a) unacceptable fouling would not be readily detect-
able by visual inspection (i.e., biofilms or very low allow-
able fouling resistances).

(b) the degree of operating margin is known to be
small (in which case one of the more rigorous “test”
methods, combined with parameter trending, may be
required).

6.9.5 Required Parameters. Although no specific
parameters are required for the inspection monitoring
method, some inspection techniques may monitor cer-
tain parameters. For a discussion of typical inspection
types and techniques, refer to Nonmandatory Appendix
C, para. C-9.

6.10 Parameter Trending

6.10.1 Objective. The objective of parameter trend-
ing is to provide a systematic method for tracking heat
exchanger performance over time and to provide a tool
for predicting the need for remedial action.

Parameter trending shall be used to help establish
appropriate intervals and acceptance criteria, and to
supplement the testing and monitoring methods
described in paras. 6.1 through 6.9.

6.10.2 Descriptive Summary. Parameter trending
uses the results from one or more of the test or monitor-
ing methods described in paras. 6.1 through 6.9. In addi-
tion, other parameters may be trended. The measured
or calculated heat exchanger performance parameters
are trended to determine a projected rate of performance
degradation (see Fig. 1). The time to the next required
corrective action, and changes in the rate of performance
degradation that may indicate the onset of operational
problems, may be readily detected through parameter
trending.

After selecting the parameters to be trended (see Non-
mandatory Appendix C, para. C-10) and trending these
parameters for a minimum of three test or monitoring
points, the trended parameters are compared to the
applicable acceptance criteria (refer to para. 9 and Fig. 1).
Typical trendable parameters are presented in Nonman-
datory Appendix C, para. C-10.

7 TESTING AND MONITORING CONDITIONS

7.1 Steady State

Steady state as defined here is applicable to the follow-
ing test and monitoring methods:

(a) functional test method using inequality (1) below

(b) heat-transfer coefficient test method without
phase change using inequalities (1) through (3) below
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(c) heat-transfer coefficient test method with conden-
sation using inequalities (1) through (3) below, but
expressed in terms of enthalpy

(d) temperature effectiveness test method using
inequality (1) below

(e) temperature difference monitoring method using
inequality (1) below

For all other test and monitoring methods, steady
state is not required.

Flows and temperatures should be held constant
throughout the duration of the test to minimize precision
errors (see para. 8.1.2), to minimize errors associated
with sensor response times, and to allow the heat
exchanger time to reach steady-state conditions.

A steady state exists when the transient part of the
heat duty is very small when compared to the total heat
duty defined as

[2 (Mi)(ci)][(ATave)/ Aanl<Q )

1

and the fluid flow on both the cooling fluid and process
fluid sides has reached a steadiness defined as

[Ty — Tol[AMWC )shen] < Q @

[t = B][AWC)wpe] < Q (©)

CAUTION: The application of time independent analysis tech-
niques (i.e., steady-state methods) to time dependent (i.e., tran-
sient) conditions will result in invalid analyses. If steady-state
conditions cannot be achieved or adequately determined, an
alternative testing or monitoring method should be considered.

NOTE: The variation in the total heat duty should be sufficiently
small to ensure that steady-state conditions exist for a given appli-
cation. Experience has shown that variation in total heat duty of
3.0% or less, when applied to eqgs. (1) through (3), will result in
conditions that adequately approximate steady state for current
analytical models. Determining the rate of change of T, for varia-
tion in the total heat duty does not require the use of highly accurate
instruments. Statistical techniques may be used to evaluate the
difference between a series of points over time. This evaluation of
the difference will negate the bias inherent to the instrument string
being employed (see NOTE in Nonmandatory Appendix C, para.
C-11.1.1). The precision required to meet accuracies of 3.0% or less
in the total heat duty can then be achieved by increasing the number
of data sets taken (see Nonmandatory Appendix C, para. C-11.1.2).

These inequalities must be continuously satisfied for
a time period greater than 71,

where
C; = specific heat of material of i energy
storage element, Btu/lbm-°F
M; = mass of i energy storage element

(i.e., tubes, shell, water) in the heat
exchanger, Ibm

Q = minimum of average bulk heat trans-
fer rate calculated using the follow-
ing two steady-state formulas,
Btu/sec:
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Q = |((WC)shen(T1 — To)l
Q = |(Wc)tube(t1 - tZ)l
T, = shell-side inlet temperature during
time period 71, °F
t; = tube-side inlet temperature during
time period 71, °F
T, = shell-side outlet temperature during
time period 71, °F

t, = tube-side outlet temperature during
time period 71, °F
T.ve = instantaneous average of both inlet

and both outlet temperatures, °F; if
only three temperatures are mea-
sured then the fourth temperature
should be calculated using the
steady-state equations
(WC)shell, min = minimum value of the product of the
shell-side mass flow rate and specific
heat during time interval 71
(WC)tube, min = minimum value of the product of the
tube-side mass flow rate and specific
heat during time interval 71
AT, = change in T, over A7 time, °F
A(WC)shen = change in the product of shell-side
mass flow rate and specific heat dur-
ing time interval A7, Btu/°F-sec
A(WC)ppe = change in the product of tube-side
mass flow rate and specific heat dur-
ing time interval A7, Btu/°F-sec
AT = time interval between successive
data points, sec
71 = ten times the maximum value of
either of the following in sec:

2 IMiCi/ (WC)shell, min

E [MZCI/(WC )tube, min]

NOTE: The above is not applicable to situations where either
fluid is undergoing a phase change.

7.2 Flow Regimes

The flow regime(s) present on both the tube and the
shell side of the heat exchanger under evaluation shall be
identified, during both the test and the design accident
conditions.

When going from test to design accident conditions,
traversal of flow regimes is acceptable, except when
specifically limited or prohibited by the exclusion crite-
ria for a specific testing or monitoring method.

If traversal of flow regimes does occur, the additional
uncertainty introduced by applying the required correc-
tions shall be properly accounted for.

CAUTION: The uncertainty associated with traversal of flow
regimes on the shell side is much greater than the uncertainty
associated with traversal of flow regimes on the tube side. This
may significantly affect the overall accuracy of the calculated
value for the thermal performance of the heat exchanger.
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7.3 Temperatures

Testing shall be conducted at temperatures as close
to design accident conditions as practicable to minimize
the errors introduced by changes in fluid properties
when extrapolating from test to design accident
conditions.

8 ERRORS, SENSITIVITIES, AND UNCERTAINTIES

Statistical methods shall be employed to ensure that
both measurement errors and result sensitivities are con-
sidered when calculating the total uncertainty of any
test or monitoring result. Measurement errors associated
with measurement parameters used as equation inputs
shall be propagated through the equation to determine
the sensitivity of each measurement parameter on the
test or monitoring result and to determine the total
uncertainty of the test or monitoring result.

The total uncertainty shall be determined every time
a test or monitoring is performed, because the total
uncertainty will depend significantly upon the heat load
available during the test and the cleanliness of the heat
exchanger during the test. In fact, the cleaner the heat
exchanger is, the more sensitive the test result will be to
errors in the measurement parameters. This is primarily
because of the reduction in terminal temperature differ-
ences associated with a clean heat exchanger, making
those differences (and thus the LMTD) more sensitive
to errors in their individual temperatures.

A 95% confidence level shall be applied to the calcu-
lated result for the purpose of comparing the testing or
monitoring results to the acceptance criteria. Based on
the heat exchanger design values and the plant design
requirements for each heat exchanger function, a
“required action limit” for corrective actions shall be
established (see para. 9.3 and Fig. 1).

A standard statistical method for calculating the total
uncertainty in the result is presented in Nonmandatory
Appendix C, para. C-11. More sophisticated statistical
methods may be used, which use additional effects (i.e.,
nonsymmetrical error, calculational bias, and redundant
measurements), to improve the accuracy of the result,
provided these methods are technically justifiable.

NOTE: If the total uncertainty of the test or monitoring result is
determined to be too great to allow for meaningful results (i.e., the
total uncertainty is greater than the available margin), then either:

(a) measurement errors should be decreased as outlined in para.
8.1 and Nonmandatory Appendix C, para. C-11, or

(b) whatever actions are necessary should be taken to increase
the available margin.

8.1 Measurement Errors

Instrumentation accuracies used for testing and moni-
toring shall be such that, for each method selected, the
determination of measurement errors, in conjunction
with the result sensitivities, allows corrective actions to
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be performed so as to maintain heat exchanger opera-
tional readiness at all times. The measurement error
consists of bias (fixed), precision (random), and spatial
errors. A conventional method for calculating measure-
ment errors is summarized in Nonmandatory
Appendix C, para. C-11.

The following considerations shall be addressed to
minimize measurement errors:

(a) selection, calibration, and placement of instru-
ments (see Nonmandatory Appendix C, para. C-11)

(b) test and monitoring conditions (see para. 7)

(c) instrument response times, transport delay times,
and other factors (see Nonmandatory Appendices A
and B)

8.2 Result Sensitivities

Result sensitivities refers to how the previously dis-
cussed measurement errors are propagated through the
calculational process. These sensitivities will be influ-
enced by the test or monitoring method selected. There
are two basic methods for determining result sensitivi-
ties: analytically and numerically. Due to the complexity
of calculating the partial derivatives of a heat exchanger
test result (e.g., fouling factor) with respect to each of
the measurement parameters (i.e., the analytical
method), the numerical method is the preferred method
for this application. This method (sometimes called the
“numerical perturbation” method) is summarized in
Nonmandatory Appendix C, para. C-11.

8.3 Total Uncertainty

Total uncertainty refers to how the previously dis-
cussed result sensitivities are combined to arrive at a
total uncertainty for the test or monitoring result. This
total uncertainty will be influenced by the test or moni-
toring method selected. A method for determining the
total uncertainty is summarized in Nonmandatory
Appendix C, para. C-11.

8.4 Calculations and Averaging

All measured parameters shall be collected (sampled)
at the same time, for each test interval, to minimize
errors associated with variations in test conditions that
might occur during the test. After collecting the appro-
priate number of data sets (see Nonmandatory Appen-
dix C, para. C-11.1.2) and after rejecting any inconsistent
data, each parameter shall be averaged. The test result
shall then be calculated based on these average values.

To minimize error propagation through the remainder
of the calculations, if additional, nonrequired parame-
ters are able to be measured (see para. 6), the total uncer-
tainty in the result should be calculated using both the
measured and the calculated value of each parameter.
A typical approach is summarized in Nonmandatory
Appendix C, para. C-11.4.
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8.5 Validity Check

The additional, nonrequired parameters may also be
used as a validity check for the method being used (see
para. 6).

For example, for the heat-transfer coefficient test
method (without phase change), although measurement
of only five of the six parameters is required (the sixth
parameter being calculated), the sixth parameter may
also be measured to provide a means for validating
the test by comparing the calculated value of the sixth
parameter to the measured value of that same parameter.
If the sixth parameter is measured, and if the calculated
value does not agree with the measured value, then
the difference shall be reconciled (see Nonmandatory
Appendix A for potential causes).

As another example, for the heat-transfer coefficient
test method (with condensation), although measure-
ment of only one of the steam-air mixture relative
humidity parameters is required, it is recommended that
both relative humidity parameters be measured to pro-
vide a means for validating the test by comparison with
the other relative humidity parameter.

Additional parameters may be measured, in excess of
the required parameters, if desired, to use as additional
validity checks.

8.6 Correlational Uncertainty

Additional uncertainty may be introduced into the
test result due to the uncertainty associated with the
empirical correlations used for heat-transfer film coeftfi-
cients (i.e., the correlational uncertainty, typically 15%
to 20%). This is especially true if the flow on the shell side
traverses flow regimes in going from the test condition to
the design accident condition. However, if heat-transfer
coefficients are calculated using the backcalculation
method, then this uncertainty is significantly reduced.
This is because any uncertainty in the correlation-based
heat-transfer coefficients is corrected by the manufac-
turer by using an experience-based correction factor to
develop the design rated duty of the heat exchanger
(which reflects the heat exchanger’s true performance).
When this duty is used to backcalculate the heat-transfer
coefficient, it will include this correction factor and, thus,
more accurately reflect the true value of the heat-transfer
coefficient.

9 ACCEPTANCE CRITERIA

Acceptance criteria consists of the following three
types of limits:

(a) system operability limits

(b) component design limits

(c) required action limits (see Fig. 1 and para. 2 for
definitions)
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9.1 System Operability Limits

System operability limits shall be established for each
heat exchanger, in accordance with the Safety Analysis
Report, safety evaluation requirements, or other design
calculations.

System operability limits shall be used to establish
required action limits (see para. 9.3).

Examples of system operability limits are as follows:

(a) a requirement that a prescribed amount of heat
must be transferred by some combination of heat
exchangers under several operating conditions

(b) a requirement that pressure loss must be main-
tained below a certain value at a given flow rate to
ensure adequate performance

(c) arequirement (based on the intended safety func-
tion) that the temperature of a component (e.g., a bearing
temperature) or an enclosed space (e.g., a pump room)
being serviced by a heat exchanger be maintained below
a set temperature under accident conditions

9.2 Component Design Limits

Component design limits shall be identified for each
heat exchanger, in accordance with the heat exchanger
specification sheet, the heat exchanger design data sheet,
or other similar component design specification. This
as-designed heat exchanger data should be verified to
correspond to the as-built heat exchanger.

Component design limits shall be used to indicate
component degradation that, although not exceeding
the system operability limits, may nonetheless be of
concern from a component reliability standpoint.

NOTE: System operability limits may allow either more or less
component degradation than component design limits. When the
system operability limits allow more component degradation than
the component design limits (as depicted in Fig. 1), while system
operability may not be threatened, component reliability couldbe
threatened (refer to Nonmandatory Appendix B, para. B-12). When
the system operability limits allow less component degradation
than the component design limits, the component design limits
will serve no useful function for inservice testing (for preservice
testing, see below). While no action is required for exceeding com-
ponent design limits, corrective action should be taken at the next
available opportunity to ensure continued component reliability.

Component design limits shall also be used during
preservice testing to confirm that the component is or is
not performing according to the component design limit.

Examples of component design limits are as follows:

(a) a requirement that a single heat exchanger was
designed to transfer a specific amount of heat

(b) a requirement that a single heat exchanger was
designed for operating with a specified pressure drop

9.3 Required Action Limits

Required action limits shall be established for each
heat exchanger to allow corrective action to be taken
prior to exceeding the system operability limit. Required
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action limits are based on the known fouling (or other
degradation) rate, as determined by parameter trending
(see para. 6.10), after applying a 95% confidence level
to the data. This 95% confidence level is determined
based on the total uncertainty calculated for the test or
monitoring result (see para. 8§ and Fig. 1).

Required action limits shall be used to ensure heat
exchanger operational readiness throughout the entire
interval of testing or monitoring (see para. 5.4).

10 CORRECTIVE ACTION

Corrective action (flushing, mechanical cleaning,
chemical cleaning, mechanical repair, etc.) shall be per-
formed following failure to meet the acceptance criteria
as defined in para. 9, or whenever I(test) exceeds I(max),
as described in Fig. 1. As part of this corrective action,
the root cause of the failure should be determined (see
Nonmandatory Appendix A).

Unless the effectiveness of the corrective action has
been documented to be consistently repeatable, then
following the corrective action, the heat exchanger
should be retested or remonitored.

Following the corrective action, the heat exchanger
shall, as a minimum, be evaluated to ensure the intended
results of the corrective action have been accomplished.

NOTE: This evaluation involves examining and judging the per-
formance of, and need not involve testing or monitoring. However,
if the corrective action involved cleaning the shell side of the heat
exchanger, then the heat exchanger should be retested or remoni-
tored due to the possibility that fouling or cleaning materials (or
both) may have been redistributed within the shell, or on the
outside of the tubes, during the cleaning process (instead of being
removed). Also, if the potential exists for debris (either fouling or
maintenance related) to get trapped against a tube sheet following
the cleaning process, or following upstream maintenance, then the
heat exchanger should be retested or remonitored following that
cleaning or maintenance.

Retesting or remonitoring after corrective action may
also be necessary to establish a new baseline if the correc-
tive action changes the mechanical characteristics (and
thus the heat-transfer characteristics) of the heat
exchanger (i.e., tube material changes, tube sleeving,
and baffle modifications).

In addition to evaluation of the heat exchanger receiv-
ing the corrective action, evaluation of other heat
exchangers may be required. If the fouling (or degrada-
tion) mechanism responsible for the first failure was the
“normal” or “expected” mechanism, and if it occurred
at the “normal” or “expected” rate, then no further eval-
uation is required. If, however, the mechanism for foul-
ing (or degradation) is discovered to be of a different
nature than expected, or if the fouling (or degradation)
occurred more rapidly than expected, then other heat
exchangers should be evaluated according to the follow-
ing priority:
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(a) Evaluate those heat exchangers that are known to
have the least margin.

(b) Evaluate those heat exchangers that are likely to
have been subject to the same fouling (or degradation)
mechanism.

(c) Evaluate those heat exchangers that are next on
the existing schedule.

11 RECORDS AND RECORD KEEPING
11.1 Equipment Records

A record shall be maintained that contains the follow-
ing information for each heat exchanger covered here:

(a) the manufacturer’s name

(b) the manufacturer’s as-built design heat exchanger
specification sheet(s)

(c) the manufacturer’s as-built design drawings

(d) the manufacturer’s acceptance test report, if
available

(e) preservice test results, if available

(f) the date the equipment was initially placed in
service

11.2 Plans and Procedures

A record shall be maintained of plans and procedures
for tests, monitoring, and inspections that shall include
the following:

(a) identification of the heat exchangers selected

(b) identification of the method selected for each heat
exchanger and a justification for each method selected®

(c) identification of the interval selected for each heat
exchanger and a justification for each interval selected

11.3 Record of Results

A record shall be maintained of the results for each
test, monitoring, or inspection performed to allow for
proper evaluation and trending of results. This record
shall be maintained for the life of the plant or for the
life of the component (whichever is less). This record
shall include the following;:

(a) identification of the heat exchanger

(b) date of the test, monitoring, or inspection

(c) reason for the test, monitoring, or inspection (e.g.,
periodic test, periodic maintenance, postmaintenance
test)

(d) a complete set of test data, monitoring data, and
inspection observations for the “as-found” conditions
before any corrective actions (per the requirements of
para. 5)

3 For methods where inclusion and exclusion criteria are met and
the method is not selected (i.e., the uncertainty of the method turns
out to be greater than the available margin), a written justification
for nonselection is required.
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(e) a complete set of test data, monitoring data, and 11.4 Record of Corrective Action
inspection observations for the “as-left” conditions fol- Records shall be maintained of corrective action
lowing any corrective actions (subject to the exceptions |, 1. 11 chall include the following; ’

as noted in paras. 5 and 10) (1) a summary of corrective actions taken, includ-

(f) identification of calibrated instruments used ing dates
(g) a complete record of the test result uncertainty (b) subsequent testing, monitoring, or inspections
analysis performed

(h) identification of the acceptance criteria used
(i) comparison of the results to the acceptance criteria
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PART 21
NONMANDATORY APPENDIX A
Diagnostics

This Appendix provides general guidelines to assist in
identifying potential causes of abnormal or unexpected
performance, as may be indicated by the testing or moni-
toring methods carried out in accordance with the provi-
sions of Part 21.

Three types of potential inadequacies may be indi-
cated as follows:

(a) heat duty deficiency

(b) excessive pressure loss

(c) mechanical dysfunction

A-1 HEAT DUTY DEFICIENCY

Thermal performance degradation of the heat
exchanger below its design point may be due to actual
deterioration in the heat exchanger’s heat duty due to
cooling fluid side fouling, process fluid side fouling,
and/or mechanical dysfunction. Degradation may also
be indicated due to errors caused by improper applica-
tion of the methods outlined in Part 21 (e.g., testing
errors and/or computational errors).

A-1.1 Cooling Fluid Side Fouling

The most common reason for actual decline in heat
exchanger performance is fouling beyond the design
point for the heat-transfer surfaces. In most cases, the
fouling occurs on the cooling fluid side of the heat
exchanger.

A-1.2 Process Fluid Side Fouling

If cleaning of the cooling fluid side does not restore
performance, then the possibility of fouling on the pro-
cess fluid side of the heat exchanger should be investi-
gated. This is best achieved by performing a heat-
transfer test following a thorough cleaning on the cool-
ing fluid side. If the performance is still short of design
by more than the design fouling resistance, then process
fluid side fouling could be occurring.

A-1.3 Mechanical Dysfunction

If thermal performance degradation is not attributable
to fouling, then the possibility of mechanical dysfunc-
tion should be investigated (see para. A-3).

A-1.4 Testing Errors

Potential error or oversight in testing should be care-
fully scrutinized whenever discrepancies between the
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test results and expected heat exchanger performance
occur. Some typical examples of causes of errors in test-
ing of heat exchangers are presented below.

(a) The instrumentation is imprecise, faulty, or inade-
quate. The demand on the level of required instrument
accuracy depends on the temperature approach in the
heat exchanger under the test conditions. The test engi-
neer should establish the instrument accuracy level
requirements and establish that the selected or available
instrumentation is adequate. The measurement of vital
data (i.e., flow rates and terminal temperatures) should
have, insofar as possible, redundancy to provide a means
of double-checking key data. Additional measurements
(i.e., of intermediate fluid temperature between two
shell or tube passes) can also provide useful information
to identify performance deficiencies. For pressure mea-
surements, deposits on or around the sensing element
or pressure tap may result in significant error.

(b) The heat load for the test is inadequate. This is
closely tied to errors, sensitivities, and uncertainties, as
discussed in Part 21. Heat loads that might not otherwise
be available during testing can be provided by schedul-
ing testing (when possible) during plant cool-down for
decay heat coolers, during heatup and recirculation of
water in the borated (refueling) water storage tank for
containment spray heat exchangers, by using reactor
building temperature during startup for containment
coolers, using spent fuel pool heat, using supplemental
heaters, as well as other methods. When using supple-
mental heaters, it is necessary to ensure that adequate
mixing of the heated air is occurring.

(c) The flow rates selected for testing result in severe
temperature cross (a condition where the cold fluid out-
let temperature exceeds the hot fluid outlet temperature)
such that the heat exchanger performance is insensitive
to large oscillations in flows.

(d) Testing is performed without complete vent-off of
the noncondensibles. Trapped air (i.e., an air pocket) may
render a portion of the tube bundle ineffective during the
test.

(e) The heat exchanger is not allowed to reach steady-
state conditions before test data collection is begun (for
those methods where steady state is part of the inclusion
criteria).

Copyright ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS

Not for Resale



PART 21 (STANDARDS)

A-1.5 Computational Errors

Computational errors arise from improper mathemat-
ical analysis of the test data. Some examples of incorrect
analysis are presented below.

(a) The tube- or shell-side flow rate during the testing
condition is sufficiently low so as to produce laminar
conditions in all or part of the tube bundle while the
mathematical analysis uses turbulent flow correlations.

(b) Fouling on the tube surfaces has occurred
unevenly in different tube passes while the mathemati-
cal analysis assumes uniform fouling deposition.

(c) Extensive plugging of tubes in one or two passes
has caused gross inequalities in the number of tubes
in the different passes while the mathematical analysis
considers equal number of tubes in each tube pass.

(d) The header design of the heat exchanger produces
appreciable flow maldistribution among the tubes while
the analysis assumes uniformly distributed flow.

(e) The baffle configuration is not appropriately
modeled.

A-2 EXCESSIVE PRESSURE LOSS

Measurement of pressure loss is an important way to
obtain heat exchanger performance characteristics that
are not so easily derived from thermal data alone. Pres-
sure loss is discussed below in terms of tube side, shell
side, and in plate heat exchangers.

A-2.1 Tube-Side Pressure Loss

Excessive tube-side pressure loss is almost always an
indicator of a large accumulation of foreign matter (mac-
rofouling) in the tubes, or on the tube sheet, leading to
flow blockage and roughening of the tube inner surface.
Moderate pressure loss may be the result of biological
fouling (or other microfouling) of the tube inner surface
(see Nonmandatory Appendix B, para. B-11).

A-2.2 Shell-Side Pressure Loss

Excessive shell-side pressure loss generally originates
from flow blockage, although the blockage mechanism
may be more complex. Clearances between the baffles
and the shell ID, and between the tubes and baffle holes,
contribute to the reduction of the overall shell-side pres-
sure loss by diverting some of the flow into the leakage
and bypass streams. Deposition of corrosion products
in these narrow passages may alter the flow field in the
heat exchanger, resulting in an increased portion of the
shell-side flow in crossflow, causing an increase in pres-
sure loss as well as an increase in heat transfer.

A-2.3 Plate Heat Exchanger Pressure Loss

Excessive pressure loss in plate heat exchangers gener-
ally originates from flow blockage, although it can also
originate from fouling of the plate surfaces (see Non-
mandatory Appendix B, para. B-10).

98

ASME OM-S/G-2007

A-3 MECHANICAL DYSFUNCTION

If flushing or cleaning does not restore performance,
then the possibility that mechanical dysfunction may be
causing the performance degradation should be investi-
gated. In most cases, mechanical dysfunction is intrinisic
to the design and/or manufacture of the heat exchanger.
In certain limited instances it is possible to modify the
heat exchanger to eliminate or minimize the effects of
such dysfunctions. These dysfunctions may include, but
are not limited to, those described below.

A-3.1 Tube Vibration

Over a period of time, steel baffles in certain heat
exchangers may corrode, resulting in enlargement of
baffle holes. An enlarged baffle hole enables the tube to
vibrate with a larger amplitude. The effect of this vibra-
tion on the heat-transfer rate is small when in the turbu-
lent regime. However, under laminar conditions, tube
mechanical vibration may cause a change in flow
regimes, and thus alter the shell-side film coefficient.

Another reason for tube vibration is inadequate baffle
spacing for the shell-side flows. This problem usually
reveals itself during initial operation of the heat
exchanger. Additional staking (the process of inserting
a “stake” between adjacent tube rows to limit tube dis-
placement under dynamic conditions) may be required
to prevent collisions between adjacent tubes by limiting
movement at the center of the unsupported tube span.

In a properly designed heat exchanger, tube vibration
usually does not occur unless the shell-side flow is
greater than twice the design flow. If a heat exchanger
has tube vibration with laminar flow, then something
is seriously wrong with the heat exchanger.

A-3.2 Interfluid Leakage

Massive tube leaks may cause errors in pressure mea-
surements, affecting the accuracy of the methods that
rely on pressure, and the conclusions drawn from them.
For example, a tube leak could cause the corrected pres-
sure loss to be low (normally a good indication) when
in fact the performance of the heat exchanger is
degraded (due to the tube leak).

Another path for interfluid leakage is at the tube-to-
tube sheet interface. Often a very small leakage path in
this area will increase in size due to the high AP between
the tube side and the shell side. This will result in a
“worm hole,” which will allow leakage between the tube
and shell sides.

Because plate-type heat exchangers are especially sen-
sitive to flow and pressure loss, leakage between plates
can significantly affect the accuracy of results.

A-3.3 Air In-Leakage

Inlet air in-leakage on ducted air coolers could cause
erroneous test results. If the air in-leakage is downstream
of where the air flow is being measured, the actual air
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flow across the coil will not be accurately measured.
Likewise, if air temperature is being measured upstream
of where the air in-leakage is, the inlet air temperature
may not be accurately measured, especially if the air in-
leakage temperature is significantly different than the
ducted air temperature. If test results for the ducted air
cooler appear erroneous, inlet air in-leakage should be
considered, located, and quantified.

A-3.4 Internal Bypass Flow

Although less common than fouling as a cause for
performance degradation, internal bypass flow may
occur in both tube and shell sides, and its effect on
reducing the heat duty may be quite considerable [see
references in Part 21, paras. 3.2(a) and (b)]. Furthermore,
the corrected pressure loss may indicate low (normally
a good indication), when, in fact, the condition of the
heat exchanger is significantly degraded due to the
bypass flow. Internal bypass flow often results in tem-
perature stratification of the outlet fluids due to inade-
quate mixing and/or nonuniform heating of the fluid.
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This may significantly affect the accuracy of the mea-
sured outlet fluid temperatures (refer to Nonmandatory
Appendix B, para. B-3).

Changes in internal bypass flow may occur in heat
exchangers due to the following:

(a) internal deformations caused by shop or system
pressure testing of the equipment; typical of such a situa-
tion is the bowing of the unstayed (U-tube) tube sheet
when the heat exchanger is hydrotested.

(b) internal deformations due to improper construc-
tion, fluid impingement forces, and/or excessive ther-
mal strain. Typical of such a situation is the failure (either
damaged or missing) of a pass partition plate gasket due
to excessive flow excursions, which results in significant
shell-side flow bypassing the tube bundle. Another
example is deformation of pass partition plates in the
channels of certain types of heat exchangers (e.g., TEMA
types A and C) due to high differential pressures caused
by tube blockage, resulting in tube-side bypass flow.

(c) misinstallation or wear of longitudinal baffle seal
strips (used in certain removable bundle TEMA type F
or G shells).
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PART 21
NONMANDATORY APPENDIX B
Precautions

Some precautionary measures to avoid misinterpreta-
tion of test data and to prevent damage to the equipment
during testing are presented below.

B-1 EXCESSIVE FLOW

Testing the heat exchanger at a shell-side flow rate
that exceeds the design flow rate should not be done
unless the tubes are determined to be safe from flow-
induced vibration (refer to Part 11 for additional
discussion).

Testing the heat exchanger at tube-side flow rates that
exceed the design point may not present a serious prob-
lem as long as the testing is of limited duration.

Excessive flow rates may occur when performing flow
balance testing of the system.

When heat exchangers are designed for series or paral-
lel operation or when pumps operate in parallel, there
exists the potential for operating a heat exchanger in
excess of its allowable flow. The flow rates may increase
to a point that will cause malfunction or damage to the
operating unit. Listed below are three situations that
can result in an overload or an abnormal operating mode
as a result of flow conditions.

(1) removing a heat exchanger from service that is
designed for parallel flow operation without throttling
flow to the heat exchanger remaining in service

(b) removing a heat exchanger from service that is
designed for series flow operation without adjusting the
flow rates to the heat exchanger remaining in service

(c) operating a heat exchanger with increased pump-
ing capacity; for example, with three half-capacity cool-
ing water pumps operating in parallel

If the design limits are exceeded, accelerated erosion
and failure may occur. There are no definitive guidelines
presently available that can adequately determine the
relationship of erosion to length of time at overload or
abnormal operating conditions.

B-2 CROSSING FLOW REGIMES

If laminar flow is assumed, care should be taken to
ensure that vibration around the heat exchanger does
not cause the laminar flow to transition to turbulent flow.

If turbulent flow is assumed, then the only method
that will allow for the extrapolation of test data from
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laminar to turbulent flow is the heat-transfer method.

It should be noted that reducing flow rates below the
design flow rates (to increase temperature differences
and, thus, to increase test accuracy) will require extrapo-
lation back to the original design conditions. The
reduced flow rates may also prevent the heat exchanger
from achieving steady-state conditions.

When using one of the heat-transfer coefficient test
methods, the heat exchanger should be tested at a suffi-
cient number of shell-side flow rates to allow multiple
shell-side film coefficients to be backcalculated from the
preservice test data. This will allow extrapolation of the
shell-side film coefficient at any future inservice test
shell-side flow rate.

B-3 TEMPERATURE STRATIFICATION

Temperature stratification may occur whenever ther-
mal streams within a fluid are not adequately mixed.
Since many of the test thermowells provided by system
designers are located directly on the outlets of the heat
exchangers, where thermal streams are likely to exist
and where adequate mixing is not likely to occur, most
temperature stratification problems occur in measuring
outlet fluid temperatures. This problem can be mini-
mized by intentionally mixing the thermal streams, and
then taking the temperature measurement downstream
from where the mixing occurs. Mixing can be achieved
by allowing the outlet fluid to pass through at least
two pipe bends or through a discharge valve prior to
measurement. If this or other measures are not possible,
then provisions should be made to install at least two
temperature sensors, 90 deg apart, and then average the
readings.

When laminar flow is assumed, there is the increased
possibility of having temperature stratification.

B-4 OVERCOOLING

Maintaining turbulent flow for the duration of the test
(to keep the correlations valid) could result in overcoo-
ling systems served by the heat exchanger. This is espe-
cially true if the heat exchanger is operating at a reduced
heat load for testing and/or if the test occurs during a
period of cold cooling water temperatures.
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B-5 FLASHING

Flashing of the cooling or process fluid may occur if
there is a loss of static pressure in the fluid system.
This situation should be evaluated not only for the test
condition but also for the design accident condition to
ensure that the flashing will not restrict the required
flow of the fluid.

Flashing will result in misleading fluid temperatures,
since the latent heat going into flashing will lower the
fluid temperature toward saturation.

Flashing will also invalidate many of the methods
described in Part 21, since the correlations used assume
that flashing is not occurring.

B-6 EFFECTIVE SURFACE AREA

When evaluating heat exchanger performance using
the heat-transfer method, any deliberate tube plugging
(including those plugged during initial service) should
be considered by removing the effective surface area of
the plugged tubes from the total effective surface area.
The reduction in the number of tubes available for flow
will increase velocity through the remaining tubes and,
hence, increase the inside film coefficient, h;. While these
two effects will tend to offset each other, they must still
be taken into account to ensure an accurate evaluation
of the overall heat-transfer coefficient and the total
heat duty.

If “enhanced tubes” (i.e., tubes with internal or exter-
nal fins) are used in the heat exchanger, then the effective
surface area due to these enhancements must be properly
accounted for (i.e., accounting for the area on both sides
of a finned surface).

When evaluating heat exchanger performance using
the pressure loss method, tube plugging will result in
a higher differential pressure across the heat exchanger
for a given flow rate. Thus, tube plugging must be
accounted for here as well.

B-7 WATERHAMMER

In establishing system alignment and conditions for
testing, precautions should be taken to prevent the
occurrence of waterhammers.

B-8 MISCELLANEOUS CONSIDERATIONS

While the criteria for selection of methods (as pre-
sented in Part 21) should, in general, be followed, there
may be special circumstances that call for a deviation
from these criteria. Such circumstances may include, but
are not limited to, the following;:

(a) if the selected method would result in a greater
safety risk than an alternate method

(b) if the selected method would result in a greater
radiation exposure than an alternate method
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(c) if the selected method would result in unaccept-
able safety system unavailability

Where radiation exposure is a concern, consideration
should be given to performing one overall test of a pair
or group of heat exchangers together, as one larger heat
exchanger, to minimize exposure to test personnel.

B-9 FLOW INSTABILITY

Flow instability (oscillations) must be avoided.

B-10 PLATE HEAT EXCHANGERS

While Part 21 primarily addresses shell and tube heat
exchangers (as shell and tube heat exchangers currently
dominate most safety-related applications), Part 21 has
been written to be applicable to “plate and frame” or
“plate” heat exchangers as well. However, due to the
significant differences between these two types of heat
exchangers, caution should be exercised when applying
Part 21 to plate heat exchangers. In many instances, the
manufacturer will need to be solicited for specific design
parameters and constants (which are often considered
proprietary) before applying Part 21 to plate heat
exchangers.

Some additional precautions are described below.

B-10.1 Torque Requirements

If plate heat exchangers are being used, it is critical
that the manufacturer’s recommendation be followed for
tightening torque when assembling the plates. Failure
to do so may result in leaking gaskets and decreased
performance.

B-10.2 Flow Stability

Plate heat exchanger pressure losses are very sensitive
to changes in flow. Thus, flow stability becomes even
more important for plate heat exchangers when using
the pressure-loss monitoring method.

B-11 FOULING CHARACTERISTICS

The type of fouling present in the heat exchanger can
significantly affect the test and/or monitoring results.
If the fouling layer creates a smooth constriction (as is
typical of scaling deposits), then extremely low changes
in pressure loss are associated with fouling levels that
can cause significant degraded heat transfer. If, however,
the fouling layer creates a rough constriction (as is typical
of most biofilms) or results in tube plugging at the inlet
tube sheet, then the pressure loss can be significantly
higher than that calculated due to smooth constriction
and may serve as a very good indicator of fouling due
to blockage.
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B-12 COMPONENT DESIGN FUNCTION

Although Part 21 is written to ensure that heat
exchangers meet their “safety function,” it is also impor-
tant to compare results to the heat exchanger “design
function.” This is important because of the “margin”
that may exist between the “safety” performance point
and the “design” performance point. For example, clean-
ing a heat exchanger that has margin to the point of
meeting its safety performance point may still leave
some residual fouling on the tubes that could later result
in tube pitting. Thus, comparing results to the safety
function of the heat exchanger is important to ensure
operational readiness, but this should not exclude com-
paring results to the design function of the heat
exchanger to ensure reliability.

B-13 THERMAL DELAYS

Errors, in addition to the bias and precision errors
discussed in para. 8 of Part 21, may be introduced into
testing by the following thermal delays:

(a) Temperature Measurement Transient Response. The
difference between the actual fluid temperature and the
indicated fluid temperature due to the thermal inertia
of the measuring device (e.g., thermal delays due to the
thermal resistance of piping, if using surface-mounted
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temperature sensors, or due to the thermal resistance of
thermowells and air spaces, if using thermowells).

(b) Temperature Measurement External Transport
Timeshift. The difference between actual fluid tempera-
ture and indicated fluid temperature due to the fluid
transport delay time between the heat exchanger and
the location of the temperature-measuring device, exter-
nal to the heat exchanger.

(c) Temperature Measurement Internal Transport Time-
shift. The change in fluid outlet temperature in response
to a change in fluid inlet temperature, prior to establish-
ing a new steady state and due to the transport delay
time of the fluid passing through the heat exchanger.

These thermal delays should be properly accounted
for to minimize additional errors. By properly applying
the testing and monitoring conditions as outlined in
Part 21, para. 7 (e.g., achieving steady-state test condi-
tions), these additional errors can be minimized.

B-14 MATERIAL PROPERTIES

Where heat exchanger tube (or plate) material has
been changed from a copper alloy to a stainless steel
alloy, biological fouling may be experienced even though
it may not have been experienced with the copper alloy.
This is because copper alloys create a toxic film that
tends to retard biological growth.
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PART 21
NONMANDATORY APPENDIX C
Examples

This Appendix provides examples to demonstrate
simplified application of the methods described in Part
21. Paragraph 3.2 provides additional references that
may be used if more complex application of the methods
is required.

C-1 FUNCTIONAL TEST METHOD

The methodology used in the following example
involves determining the temperature of interest (in this
case, containment spray pump bearing temperatures),
and then comparing it with the acceptance criteria (in
this case, the pump manufacturer’s maximum allowed
temperature). The test is performed with the cooling
system (in this case, component cooling water, or CCW)
placed in a simulated design accident condition.

As demonstrated by the following example, the func-
tional test method is ideally suited for heat exchangers
on a closed cooling loop system, as the temperature of
the closed cooling loop can be more easily manipulated
than that of an open cooling loop.

C-1.1 Establish Cooling Water Maximum Design
Conditions

The CCW system is allowed to climb to and stabilize
at its 130°F design temperature by reducing the service
water flow through the CCW heat exchanger.

C-1.2 Establish Flow

The CCW flow through the bearing coolers is brought
to the design point via system alignment, but the flow
need not be measured.

C-1.3 Establish Temperature of Interest Design
Conditions

The containment spray pump is then operated and
the two pump-bearing temperatures reach steady-state
values of 143°F and 145°F.

C-1.4 Compare the Temperature of Interest to the
Acceptance Criteria

If both of these temperatures are below the pump
manufacturer’s maximum allowed value of 158°F, then
the bearing coolers are operable.

C-2 HEAT TRANSFER COEFFICIENT TEST METHOD
(WITHOUT PHASE CHANGE)

The heat transfer coefficient test method (without
phase change) is used to determine the heat transfer
capability of the heat exchanger. The heat transfer capa-
bility may be calculated in terms of either of the two
following quantities, Q, and r;:

(a) Q, (the projected heat duty at design accident con-
ditions). Qg (the required heat duty at design accident
conditions) would represent the “system operability
limit” and would be used to develop the “required action
limit” for the acceptance criteria (see para. 9).

(b) 1; (the total fouling resistance at the test condi-
tions). 7, (the total fouling resistance specified at design
accident conditions) would represent the “system opera-
bility limit” and would be used to develop the “required
action limit” for the acceptance criteria (see para. 9).

In terms of the equations that follow,
rp = 1o, (1/Ep) + 151 (Ao1/Ai)
and

ra = 1oa(1/Ep) + 114(Ao,a/Aia)
where (dropping the subscripts “t” for “test conditions”
and “d” for “design accident conditions”)

A; = inside effective surface area, ft?, based on
inside surface area, including any fin area

A, = total effective surface area, ft, based on out-
side surface area, including any fin area

A,/A; = ratio of total-to-inside effective surface area
(dimensionless)

E; = weighted fin efficiency (dimensionless,
equal to 1 for nonfinned tubes, less than 1
for finned tubes)

r = total fouling resistance, hr-£>-°F/Btu, based
on outside surface area

r; = inside fouling resistance, hr-ft2-°F/Btu,
based on inside surface area

r, = outside fouling resistance, hr-ft>-°F/Btu,
based on outside surface area

For the heat transfer coefficient test method (without
phase change), first, the design film coefficients are cal-
culated using the mean temperature difference (MTD)
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method and backcalculation. Then, the performance t,4 = cooling fluid outlet temperature, °F, at
under test conditions is evaluated using either the MTD design accident conditions
method or the NTU method. Finally, the pr0]ecjced he.'a.tt C-2.1.1.1 Data Set (for a Counterflow Heat
transfer rate (Q,) of a heat exchanger under design acci- Exchanger)
dent (emergency) conditions is determined, given the _
g s LMTD,; = 43.65

current fouling level measured under test conditions. T — 1400

The methodology used in the example below can be tl'd — 75 0
applied to any heat exchanger, with the exception of Tl’d _ 11'9 3
coil-tube heat exchangers. tZ/Z _ 976

2d = .

The example is for a decay heat cooler that is a shell-
and-tube heat exchanger with the process fluid on the
shell side and the cooling fluid on the tube side. The
heat exchanger is designed as a counterflow type with
one shell pass and two tube passes.

C-2.1.2 Calculate MTD,

MTD,; = (LMTD,)(F;)

This is a relatively simple example that assumes that where F, = LMTD correction factor (dimensionless),
no tubes are plugged and there is an equal number of to adjust for deviations from true count-
tubes in each tube pass. The relationship for the log erflow, at design accident conditions
mean temperature difference correction factor can be (e quals, 1 for true counterflow and paral-
easily solved and is well documented in the literature. lel flow)

The data set given in para. C-2.1 is taken from the LMTD,; = log mean temperature difference, °F, at
design accident conditions and is used to backcalculate design accident conditions
the outside film coefficient, based on outside surface MTD,; = mean temperature difference, °F, at

area, at design accident conditions. The data set given
in para. C-2.2 is taken from the test point and is used
to project the heat duty at design accident conditions
by using the ratio method to calculate the outside film
coefficient, based on outside surface area, at the test
conditions and solving for the total fouling resistance
at the test conditions.

In the example below, the cooling fluid flow rate is
the same at the test and design accident conditions;
however, the cooling and process fluid inlet tempera-

design accident conditions

F;is a function of Ry and P; and can be obtained from
Figs. B-1 through B-9 of the reference given in para.
3.1(b) or Figs. T-3.2A through T-3.2M of the reference
in para. 3.1(a).

Ry = (Tig - Tog)/(tra — tia)
Py = (tya — t1.a)/(T1,a — t14)

. x. where
tures and the process fluid flow rate at the test conditions _ . : :
- . ; P; = temperature effectiveness (dimensionless) at
are less than their corresponding values at the design desi d diti
ident conditions esign accident conditions
acc ) R; = capacity rate ratio (dimensionless) at design
C-2.1 Evaluation at Design Accident Conditions (MTD accident conditions ,
T14 = process fluid inlet temperature, °F, at design
Method) / . e
accident conditions
C-2.1.1 Calculate LMTD,. For parallel flow t14 = cooling fluid inlet temperature, °F, at design
accident conditions
LMTD, = (Tra — tg) = (Tog — baa) Tr4 = process fluid outlet temperature, °F, at design
In[(T1q - t1a)/ (Taa — taa)] accident conditions
a tp4 = cooling fluid outlet temperature, °F, at design
For true counterflow accident conditions
(Trg - tag) — (Tog — tra) NOTE: For F correction factor curves that are available for split-
LMTD,; = — — flow, divided-flow, and cross-flow heat exchangers, T; and T, shall
In[(Ty,4 — tog)/ (Toa = ti,a)] X X . ;
’ ’ ’ ’ be for the shell side fluid and t; and t, shall be for the tube side fluid.
where C-2.1.2.1 Data Set (for a Counterflow Heat
LMTD; = log mean temperature difference, °F, at Exchanger)
design accident conditions F; = 0.9588
T14 = process fluid inlet temperature, °F, at Py = (trg — t1,0)/ (T1,a — tia)
design accident conditions = (97.0 - 75)/(140.0 — 75)
t;4 = cooling fluid inlet temperature, °F, at = 0.3385
design accident conditions Ry = (Tr,a — Toa)/(trq — t,a)
T,4 = process fluid outlet temperature, °F, at = (140.0 - 119.3)/(97.0 — 75.0)

design accident conditions
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Tya = 140.0
tg = 75.0
Toa = 119.3
tya = 97.0

This result (specifically for a one-shell pass, two-tube
pass flow arrangement) can be obtained in either of the
following ways:

(a) by reading the number from Fig. B-1 of the refer-
ence in para. 3.1(b)

(b) by calculating the number from the following
equation (the subscript “d ” has been dropped for
simplicity):

For R = 1
F = [(R*+1)'?/(R = DI{In[(1 - P)/(1 = PR)I/
In({2 - P[R + 1 - (R* + D2}/
2 - P[R+ 1+ (R*+ 1)V}
ForR = 1
F = [P/(1 - P)I2"?/In{[2 - P2 - 2V3)]/[2 - P2 + 2'/7)]})

Additional equations are available for other flow
arrangements, and can be found in the references in
paras. 3.2(h) through (I).

LMTD, = 43.65

MTD,; = 41.85
C-2.1.3 Calculate Uy

Us = (Qa)/ (Ao )(MTDy)

where
A,q = total effective surface area, f£2, based on
outside surface area, including any fin
area, at design accident conditions, from
design specification sheet
MTD; = mean temperature difference, °F, at
design accident conditions
Qs = heat duty, Btu/hr, based on outside sur-
face area, at design accident conditions,
from design specification sheet
U; = overall heat transfer coefficient,
Btu/hr-ft>-°F, based on outside surface
area, at design accident conditions'

CAUTION: Plugged tubes, if not equally plugged in each tube
pass, will result in an unequal number of tubes in passes, and
thus violate the assumptions made in the LMTD correction factor
charts. If this is the case, then computerized methods may need
to be employed to accurately solve the problem. For the sake of
this example, we are assuming no plugged tubes and equal tube
passes.

! U; may also be obtained from technical specifications and
design specification sheets.

PART 21 (STANDARDS)

NOTE: Refer to Nonmandatory Appendix B, para. B-6 for precau-
tions related to effective surface areas.

C-2.1.3.1 Data Set (for a Counterflow Heat

Exchanger)
A,g = 5080
MTD,; = 41.85
Qs = 65,870,000
U; = 309.8

C-2.1.4 Calculate r,, (for Backcalculating h, 4). For
bare tubes

ro = (d,/24K) In[d, /(d, - 26)]
For integral circumferentially finned tubes

_ tld, + 2nz(d, + z)]
"o = Tk, — )

For extended finned tubes

Aa,dda ln[do /(du - Zt)]

1., =
v 24k (Ao, tube)

where
A,q = total effective surface area, ft2, based on
outside surface area, including any fin area,
at design accident conditions, from design
specification sheet
A,ube = total bare tube surface area, ft*, based on
outside surface area, at design accident
conditions
d, = outside diameter of bare tube or root diam-
eter of fin, in.
k = thermal conductivity of tube wall,
Btu/hr-ft-°F, from the reference in para.
3.2(g)
n = number of fins per in.
rp, = tube wall resistance, hr-f£>-°F/Btu, based
on outside surface area, at design accident
conditions
t = tube wall thickness, in.
z = fin height, in., from design specification
sheet or drawings

C-2.1.4.1 Data Set (for a Counterflow Heat

Exchanger)
d, = 0.75
k = 8.754

n = n/a (bare tubes)
r» = 0.0004999

t = 0.049

z = n/a (bare tubes)

C-2.1.5 Calculate Re, (for Backcalculating h,, )

Rey = (124pVad;)/ pg
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where
d; = inside diameter of tube, in.
Re; = Reynolds Number (dimensionless) of the tube
side fluid at design accident conditions
V4 = tube velocity, ft/sec, based on flow rate and
cross-sectional flow area, at design accident
conditions
mg = bulk absolute viscosity, centipoise, of the tube
side fluid at design accident conditions, from
the reference in para. 3.2(f)
pa = bulk density, Ibm/ ft3, of the tube side fluid at
design accident conditions, from the reference
in para. 3.2(f)

C-2.1.5.1 Data Set (for a Counterflow Heat

Exchanger)
d; = 0.652
Re; = 49,400 (definitely turbulent flow)
Vy; = 7.83
ma = 0.7966
ps = 6216

C-2.1.6 Calculate Pr, (for Backcalculating h,, 4)
Pry = (242Cpapa)/ka

where
Cps = specific heat, Btu/lIbm-°F, of the tube side fluid
at design accident conditions, from the refer-
ence in para. 3.2(e)
k; = bulk thermal conductivity, Btu/hr-ft-°F, of the
tube side fluid at design accident conditions,
from the reference in para. 3.2(e)
Pr; = Prandtl Number (dimensionless) of the tube
side fluid at design accident conditions
mq = bulk absolute viscosity, centipoise, of the tube
side fluid at design accident conditions, from
the reference in para. 3.2(f)

C-2.1.6.1 Data Set (for a Counterflow Heat
Exchanger)

Cps = 0.9982
k; = 0.3556
Pry = 5411
wi = 0.7966

C-2.1.7 Calculate h; 4 (for Backcalculating h,, 4). For
turbulent flow, Re; > 10,000

hig = 0.023(12ky/d;)(Req)*(Pra)"*(wa/ preo, )™
For laminar flow, Re; < 2,100

iy = 1.86(12ky/d;)(Rea)" > (Pra)"3(d:/ L)' (wa/ pana)™*

where
d; = inside diameter of tube, in.
h;4 = inside film coefficient, Btu/ hr-ft>-°F, based on

inside surface area, at design accident
conditions

ASME OM-S/G-2007

k; = bulk thermal conductivity, Btu/hr-ft-°F, of the
tube side fluid at design accident conditions,
from the reference in para. 3.2(e)
L = total length of tube, in., carrying flow, from
design specification sheet or drawings
Pr; = Prandtl Number (dimensionless) of the tube
side fluid at design accident conditions
Re; = Reynolds Number (dimensionless) of the tube
side fluid at design accident conditions
mg = bulk absolute viscosity, centipoise, of the tube
side fluid at design accident conditions, from
the reference in para. 3.2(f)
Mwd = absolute viscosity, centipoise, of the tube side
fluid at the tube wall temperature at design
accident contitions, from the reference in

para. 3.2(f)
C-2.1.7.1 Data Set (for a Counterflow Heat
Exchanger)

d; = 0.652

h;a = 1503

k; = 0.3556

L = n/a (turbulent flow)

Pr; = 5411
Re; = 49,400

ma = 0.7966
Mwa = 0.7966 (use same value as u; for this tempera-

ture range)

C-2.1.8 Calculate Ef (for Backcalculating h,, 4)

Er =1 - [Afina/Aoalll - 7]

= total fin surface area, ft%, at design accident
conditions
A, 4 = total effective surface area, 2, based on out-
side surface area, including any fin area, at
design accident conditions, from design
specification sheet
E; = weighted average of efficiency of outside
surface
n = fin efficiency

For efficiencies of fins around a single tube, the fin effi-
ciency, 7, may be calculated using Fig. C-4.1 in the refer-
ence in para. 3.2(d). If a fin is shared by more than one
tube, the area associated with one tube may be calculated
by dividing the fin sheet area by the number of tubes
penetrating this fin.

din = [(4—Asheet/n'n') + d02]1/2

where
Agneet = area of one side of multitube fin, in.
dfin = equivalent diameter of a single tube fin, in.
d, outside diameter of bare tube, in.
n number of tubes sharing single fin

2
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This dgy,, along with other fin parameters, can be used r», = tube wall resistance, hr-ft>-°F/Btu, based

to calculate fin efficiency, 7. on outside surface area, at design acci-
dent conditions

(1/hging) = 1/ hog) + Toa U; = overall heat transfer coefficient,

Btu/hr-ft>-°F, based on outside surface

where . . ..
. .. . . area, at design accident conditions
hgng = film coefficient of fin, Btu/ hr-ft>-°F at design &
acc@ent .cond1t1or}s. ) If either r; 4 or 1, 4 is not given, assume it is equal to zero.
h,4 = outside film coefficient, Btu/hr-ft-°F, based
on outside surface area, at design accident CAUTION: The h,,; calculated by this method will be valid
conditions for the test condition only if the shell side test flow is maintained
1,4 = outside fouling resistance, hr-ftz-oF/Btu, in the same flow regime as the shell side design flow, and only

based on outside surface area, assumed for
design accident conditions, from design spec-
ification sheet

Since h, 4 depends on Ef, and E; depends on F, 4, the

if phase conditions are the same for the test and design condi-
tions. If these conditions cannot be met, then the direct calcula-
tion method (below) or a computerized method must be used.

C-2.1.9.1 Data Set (for a Counterflow Heat
Exchanger)

solution is iterative. Ana/Aig = 115
C-2.1.9 Using the Values Calculated Above, Backcal- Ef =10
culate hy 4 hiq = 1503
hyq4 = 2581
Ug = 1/[roa(1/Ep) + 174(Aga/Aig) + (1/he4)(1/ Ey) riqa = 0.0005
+ 1w + (1/hia)(Ao,a/Aia)] Toa = 0.001
7w = 0.0004999
which becomes U; = 309.8

hoq = 1/EA(1/Ug) = (roa/Ep) — 11,4(Ao,a/Aia)
— Ty — (1/hi/d)(Ao/d/Ai/d)]

C-2.1.10 Calculate h, 4 (Direct Calculation Method).
Empirical relationships for /1, may be found in the litera-
ture that allows for direct calculation at different flow

where o . ) rates and for different configurations [for these relation-
Ajq = inside effective surface area, ft’, based  ships and direct calculation methods, refer to para.
on inside surface area, including any fin  3.2(m) and references therein].
area, at design accident conditions
A,q = total effective surface area, ft*, based on C-2.1.10.1 Data Set (for a Counterflow Heat
outside surface area, including any fin  Exchanger)
area, at design accident conditions, from hoq = n/a (using backcalculation method)
design specification sheet
A,a/A;q = ratio of total to inside effective surface ~ C-2.2 Evaluation at Test Conditions
area (dimensionless) at design accident .
con. di(tions ) & C-2.2.1 Collect the Test Data. Record the following
. . - . . temperature and flow data at steady-state conditions.
E; = weighted fin efficiency (dimensionless, . . .
. This set of data will be termed the test point. Only
equal to 1 for nonfinned tubes, less than . . . . .
1 for finned tubes) five of the six parameters are required (the sixth being
. . - 2 6 calculated); however, for validity purposes (see para. 8.5)
his = inside film coefficient, Btu/hr-ft>-°F, .. .
- ¢ desi it is recommended that all six parameters be recorded.
based on inside surface area, at design _ L .
accident conditions T+ = process fluid inlet temperature, °F, at test
h,s = outside film coefficient, Btu/hr-ft>-°F, _ COI‘ld'ltIOI‘lS L .
based on outside surface area, at design ty = cooh.n.g fluid inlet temperature, °F, at test
accident conditions conditions )
riq = inside fouling resistance, hr-f2-°F/Btu, T, = process fluid outlet temperature, °F, at test
based on inside surface area, assumed conditions
for design accident conditions, from by = COOlif.lg fluid outlet temperature, °F, at test
design specification sheet conditions
roa = outside fouling resistance, hr-ft*-°F /Btu, Wt = cooling fluid flow rate, Ibm/hr, at test
based on outside surface area, assumed conditions
for design accident conditions, from W, = process fluid flow rate, lbm/hr, at test
design specification sheet conditions
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C-2.2.1.1 Data Set (for a Counterflow Heat

Exchanger)
Ty, = 1200
tl,t = 60
Ty, = 975
thy = 787
W.; = 3,000,000
W, = 2,500,000

C-2.2.2 Calculate Q;(MTD Method). For process fluid
Qp/t = Wp,t[CPp,t(Tl,f - Tzl
For cooling fluid

Qet = WerlCpei(tie — ta4)]

where

Cp.: = bulk specific heat, Btu/Ibm-°F, of the cooling

fluid at test conditions, from the reference in
para. 3.2(e)

Cpp: = bulk specific heat, Btu/lbm-°F, of the process

fluid at test conditions, from the reference in
para. 3.2(e)

Q.+ = heat duty, Btu/hr, for the cooling fluid at test
conditions

Qp,: = heat duty, Btu/hr, for the process fluid at test
conditions

Ti: = process fluid inlet temperature, °F, at test
conditions

t;; = cooling fluid inlet temperature, °F, at test
conditions

T,; = process fluid outlet temperature, °F, at test
conditions

tr+ = cooling fluid outlet temperature, °F, at test
conditions

W, = cooling fluid flow rate, Ibm /hr, at test
conditions

W, = process fluid flow rate, lbm /hr, at test
conditions

NOTE: Refer to para. C-11.4 for guidance on which of the above
parameters should be measured and which should be calculated.

C-2.2.2.1 Data Set (for a Counterflow Heat

Exchanger)
Cper = 0.9988
Q: = 56,030,000
t1y = 60.0
by = 787
W, = 3,000,000 (note that test was done at design
flow rate)

C-2.2.3 Calculate LMTD; (MTD Method).
lel flow

For paral-

(Ty; — t1p) = (Top — top)
In[(T1; — t1,0)/ (T — to)]

LMTD; =
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For true counterflow

(T1 = to) = (Toy = t1p)

LMTD, =
MID: = [Ty, = t2)/ Ty = )]

= log mean temperature difference, °F, at test
conditions

= process fluid inlet temperature, °F, at test
conditions

= cooling fluid inlet temperature, °F, at test
conditions

= process fluid outlet temperature, °F, at test
conditions

= cooling fluid outlet temperature, °F, at test
conditions

C-2.2.3.1 Data Set (for a Counterflow Heat

Exchanger)
LMTD; = 39.37
Ty, = 120
tl,t = 60
T, = 975
tyy = 787

C-2.2.4 Calculate MTD; (MTD Method)

where
Fy

LMTD,

MTD,

MTD, = (LMTD,)(F,)

= LMTD correction factor (dimensionless),
to adjust for deviations from true count-
erflow, at test conditions, equals 1 for true
counterflow and parallel flow

= log mean temperature difference, °F, at test
conditions

= mean temperature difference, °F, at test
conditions

F; is a function of R; and P; and can be obtained from
Figs. B-1 through B-9 of the reference in para. 3.1(b) or
Figs. T-3.2A through T-3.2M of the reference in para.

3.1(a).

Not for Resale

Ry = (T1; — Top)/(tor = t1e)

P, = (tZ,t - tl,t)/(Tl,t - tl,t)

temperature effectiveness (dimensionless) at
test conditions

capacity rate ratio (dimensionless) at test
conditions

process fluid inlet temperature, °F, at test
conditions

cooling fluid inlet temperature, °F, at test
conditions

process fluid outlet temperature, °F, at test
conditions
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t,; = cooling fluid outlet temperature, °F, at test
conditions

NOTE: For F correction factor curves that are available for split-
flow, divided-flow, and cross-flow heat exchangers, T; and T, shall
be for the shell side fluid and t; and t, shall be for the tube side fluid.

C-2.2.4.1 Data Set (for a Counterflow Heat

Exchanger)

F, = 0.953

P, = (78.7 - 60)/(120 — 60)
= 0.3117

R, = (120 - 97.5)/(78.7 - 60)
= 1.203

T, = 120

tl,t = 60

Tp = 97.5

tyy = 787

This result (specifically for a one-shell pass, two-tube
pass flow arrangement) can be obtained in either of the
following ways:

(a) by reading the number from Fig. B-1 of the refer-
ence in para. 3.1(b)

(b) by calculating the number from the following
equation (the subscript “t” has been dropped for
simplicity)

ForR = 1
F = [(R* + 1)"?/(R = DIn[(1 ~ P)/(1 ~ PR)I/
In(2 - P[R + 1 - (R*> + )3}/
2 -P[R + 1+ (R? + )V}

For R 1

F =[P/ - P)|2"*/In{[2 - P(2 - 2V/3)]/
[2-P@+2Y3])

Additional equations are available for other flow
arrangements, and can be found in the references in
paras. 3.2(h) through (I).

LMTD, = 39.37

MTD, = 37.52

C-2.2.5 Calculate U; (MTD Method)
U = (Q1)/ (Ao, )(MTDy)

where
A, = total effective surface area, ft2, based on out-
side surface area, including any fin area,
and any reduction in area due to plugged
tubes, at test conditions
MTD; = mean temperature difference, °F, at test
conditions
Q; = heat duty, Btu/hr, at test conditions
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U; = overall heat transfer coefficient, Btu/ hr-ft>-
°F, based on outside surface area, at test
conditions

CAUTION: Plugged tubes, if not equally plugged in each tube
pass, will result in an unequal number of tubes in passes, and
thus violate the assumptions made in the LMTD correction factor
charts. If this is the case, then computerized methods may need
to be employed to accurately solve the problem. For the sake of
this example, we are assuming no plugged tubes and equal tube
passes.

C-2.2.5.1 Data Set (for a Counterflow Heat
Exchanger)
A,+ = 5080 (note, there is no tube plugging
accounted for here)

MTD; = 37.52
Q: = 56,030,000
U, = 294.0

C-2.2.6 Calculate U; (NTU Method)
u, = (NTuf)(Wc/f)(cpc,f)/Ao,f

where
A, = total effective surface area, 82, based on out-
side surface area, including any fin area,
and any reduction in area due to plugged
tubes, at test conditions
Cp.+ = bulk specific heat, Btu/lIbm-°F, of cooling
fluid at test conditions, from the reference
in para. 3.2(e)
NTU; = number of transfer units (dimensionless) at
test conditions
U; = overall heat transfer coefficient, Btu/hr-ft>-
°F, based on outside surface area, at test
conditions
W, = cooling fluid flow rate, Ibm/hr, at test
conditions

NTU, is a function of R; and P;, and can be obtained
from Figs. B-10 through B-12 of the reference in para.
3.1(b) or Figs. T-3.3 through T-3.3B of the reference in
para. 3.1(a).

Rt = (Tl/t - TZ,t)/(tZ/t - tl/t)
Py = (tyi = t1,)/(Th = 1)

where

P; = thermal effectiveness (dimensionless) at test
conditions

R, = capacity rate ratio (dimensionless) at test
conditions

Ti; = process fluid inlet temperature, °F, at test
conditions

t;; = cooling fluid inlet temperature, °F, at test
conditions

T,; = process fluid outlet temperature, °F, at test
conditions
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t,; = cooling fluid outlet temperature, °F, at test
conditions

NOTE: For NTU curves that are available for split-flow, divided-
flow, and cross-flow heat exchangers, T; and T, shall be for the
shell side fluid and t;, t,, W, and Cp, shall be for the tube side fluid.

C-2.2.6.1 Data Set (for a Counterflow Heat

Exchanger)
NTU, = 0.5

P, = (78.7 - 60)/(120 — 60)
= 0.3117

R, = (120 — 97.5)/(78.8 — 60)
= 1.203

T, = 120

tl,t = 60

T,, = 975

thyy = 787

This result (specifically for a one-shell pass, two-tube
pass flow arrangement) can be obtained in either of the
following ways:

(a) by reading the number from Fig. B-12 of the refer-
ence in para. 3.1(b)

(b) by calculating the number from the following
equations (the subscript “t” has been dropped for
simplicity)

For R = 0 and R = infinity
NTU = In[1/(1 - P)]
For R = 0 and R = infinity
NTU = [1/(R? + )'?][In({2 - P[R + 1
- (R*+ 1)?}/{2 - P[R + 1
+ (R + 1))

Additional equations are available for other flow
arrangements, and can be found in the references in
paras. 3.2(h) through (I).

A, = 5080

Cpe; = 0.9988
U, = 2949
W., = 3,000,000

C-2.2.7 Calculate Re;

Re; = (124p,Vid))/ iy
where
d; = inside diameter of tube, in.
Re; = Reynolds Number (dimensionless) of the tube
side fluid at test conditions
Vi = tube velocity, ft/sec, based on flow rate and
cross-sectional flow area, at test conditions
me = bulk absolute viscosity, centipoise, of the tube

side fluid at test conditions, from the reference
in para. 3.2(f)
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pr = bulk density, Ibm/ £, of the tube side fluid at
test conditions, from the reference in para.
3.2(f)

C-2.2.7.1 Data Set (for a Counterflow Heat
Exchanger)

d = 0.652
Re; = 39,900
V, =78

w = 0.9847
o = 6231

C-2.2.8 Calculate Pr;

Pry = (2.42Cpyus) / Ky

where
Cp: = bulk specific heat, Btu/Ibm-°F, of the tube side
fluid at test conditions, from the reference in
para. 3.2(e)
ki = thermal conductivity, Btu/hr-ft-°F, of the tube
side fluid, at test conditions, from the reference
in para. 3.2(e)
Pr; = Prandtl Number (dimensionless) of the tube
side fluid at test conditions
#t = bulk absolute viscosity, centipoise, of the tube

side fluid at test conditions, from the reference
in para. 3.2(f)

C-2.2.8.1 Data Set (for a Counterflow Heat
Exchanger)

Cpr = 0.9988
k= 0.3474
Pr, = 6.851
w = 0.9847

C-2.2.9 Calculate hj;. For turbulent flow, Re; >10,000
hiy = 0.023(12k:/d;)(Rer)*(Pro)" (e po)* ™
For laminar flow, Re; < 2,100

hiy = 1.86(12k:/d;)(Rer) (P 3(d:i/L) >ty / proy )™

where
d; = inside diameter of tube, in.
hiy = inside film coefficient, Btu/hr-ft>-°F, based on
inside surface area, at test conditions
ki = bulk thermal conductivity, Btu/hr-ft-°F, of the
tube side fluid, at test conditions, from the
reference in para. 3.2(e)
L = total length of tube, in., carrying flow
Pr; = Prandtl Number (dimensionless) of the tube
side fluid at test conditions
Re; = Reynolds Number (dimensionless) of the tube
side fluid at test conditions
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M = bulk absolute viscosity, centipoise, of the tube
side fluid at test conditions, from the reference
in para. 3.2(f)
Mwt = absolute viscosity, centipoise, of the tube side
fluid at the tube wall temperature, at test con-
ditions, from the reference in para. 3.2(f)

C-2.2.9.1 Data Set (for a Counterflow Heat

Exchanger)
d; = 0.652
hiy = 1339
ki = 0.3474
L = n/a (turbulent flow)
Pry = 6.851
Re; = 39,900
M = 0.9847

Mt = 0.9847 (use same value as u; for this tempera-
ture range)

C-2.2.10 Calculate h,;(Ratio Method)

Mot = o, aWi/Wa) e/ 12a) ¥ (Cps/Cpa)' (ki ko)

where
Crs = bulk specific heat, Btu/lIbm-°F, of the shell side
fluid at design accident conditions, from the
reference in para. 3.2(e)
Cp: = bulk specific heat, Btu/lIbm-°F, of the shell side
fluid at test conditions, from the reference in
para. 3.2(e)
heg = outside film coefficient, Btu/hr-ft>-°F, based
on outside surface area, at design accident
conditions
het = outside film coefficient, Btu/hr-ft>-°F, based
on outside surface area, at test conditions
ki = bulk thermal conductivity, Btu/hr-ft-°F, of the
shell side fluid at design accident conditions,
from the reference in para. 3.2(e)
ki = bulk thermal conductivity, Btu/hr-ft-°F, of the
shell side fluid at test conditions, from the
reference in para. 3.2(e)
Wi = flow rate, Ibm/hr, of the shell side fluid at
design accident conditions
W; = flow rate, Ibm/hr, of the shell side fluid at test
conditions
4 = bulk absolute viscosity, centipoise, of the shell
side fluid at design accident conditions, from
the reference in para. 3.2(f)
#t = bulk absolute viscosity, centipoise, of the shell
side fluid at test conditions, from the reference
in para. 3.2(f)
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C-2.2.10.1 Data Set (for a Counterflow Heat
Exchanger)

Cps = 0.9990
Cpr = 0.9985
hyq = 2,581
hyy = 2,081

k; = 0.3730
ki = 0.3653
W, = 3,200,000
W; = 2,500,000
Mg = 0.5050
Mme = 0.6146

CAUTION: Although the variable subscripts used for calculat-
ing the outside film coefficient are the same as those used for
calculating the inside film coefficient, the outside film coefficient
variables relate to the shell side fluid and the inside film coeffi-
cient variables relate to the tube side fluid (as stated in the
variable definitions above).

C-2.2.11 Calculate h,,; (Direct Calculation
Method). Empirical relationships for h, may be found
in the literature that allows for direct calculation at dif-
ferent flow rates and for different configurations [for
these relationships and direct calculation methods, refer
to para. 3.2(m) and references therein].

C-2.2.11.1 Data Set (for a Counterflow Heat
Exchanger)
h,t = n/a (using backcalculation method)

C-2.2.12 Calculate r.. Using the values calculated
above, solve the following equation for 7,

1
U = [re + (1/ho )1/ Ei) + 1o + (1/ D3, ) (Ao 1/Ai )]
where
A;; = inside effective surface area, ft*, based

on inside surface area, including any
fin area, and any reduction in area due
to plugged tubes, at test conditions
A,; = total effective surface area, f£2, based
on outside surface area, including any
fin area, and any reduction in area due
to plugged tubes, at test conditions
A,/ A;; = ratio of total to inside effective surface
area (dimensionless) at test conditions
E; = weighted fin efficiency (dimensionless,
equal to 1 for nonfinned tubes, less
than 1 for finned tubes)
hi; = inside film coefficient, Btu/hr-ft?>-°F,
based on inside surface area, at test
conditions
hyt = outside film coefficient, Btu/ hr-ft>-°F,
based on outside surface area, at test
conditions
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Ty

U

C-2.2.12.

Exchanger)

Ao,t / A it

Er

hi

ho,t

Tt

rT.U

Uy

1

inside fouling resistance, hr-ft>-°F/Btu,
based on inside surface area, at test
conditions?

outside fouling resistance, hr-ft2-
°F/Btu, based on outside surface area,
at test conditions’

total fouling resistance, hr-ft>-°F/Btu,
based on outside surface area, at test
conditions

ro(1/ Ef) + 11 Aot/Aip)

tube wall resistance, hr-ft?>-°F/Btu,
based on outside surface area, at
design accident conditions

overall heat transfer coefficient,
Btu/hr-ft>-°F, based on outside surface
area, at test conditions

Data Set (for a Counterflow Heat

1.150

1.0

1339

2081
0.001562
0.0004999
294.0

C-2.3 Projection at Design Accident Conditions

C-2.3.1 Calculate U,. Using the values calculated
above, solve the following equation for U,:

1

Ao,t / Ai,t =

E =

U = o W) ATE) + 1o+ (U ) By FAL)]

inside effective surface area, ft%, based
on inside surface area, including any
fin area, and any reduction in area due
to plugged tubes, at test conditions
total effective surface area, ft2, based on
outside surface area, including any fin
area, and any reduction in area due to
plugged tubes, at test conditions

ratio of total to inside effective sur-face
area (dimensionless) at test conditions
weighted fin efficiency (dimensionless,
equal to 1 for nonfinned tubes, less than
1 for finned tubes)

inside film coefficient, Btu/hr-ft>-°F,
based on inside surface area, at design
accident conditions

outside film coefficient, Btu/hr-ft*>-°F,
based on outside surface area, at design
accident conditions

2 Assume the design value (or zero) for either r;, or ,,; (Whichever
one is not calculated).
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Tt

Tw

C-2.3.1
Exchanger)

Ao,t / Ai,t =

Ey
hiq
hu,d

Tt

rw

Uy

= inside fouling resistance, hr-ft>-°F/Btu,
based on inside surface area, at test
conditions

= outside fouling resistance, hr-ft2-
°F/Btu, based on outside surface area,
at test conditions

= total fouling resistance, hr-ft>-°F/Btu,
based on outside surface area, at test
conditions

= Tor/Ep) + TipAop/ Aipy

= tube wall resistance, hr-ft?>-°F/Btu,
based on outside surface area, at design
accident conditions

= overall heat transfer coefficient, Btu/hr-
ft>-°F, based on outside surface area,
projected at design accident conditions
based on fouling at test conditions

.1 Data Set (for a Counterflow Heat

1.150

= 1.0

= 1503

= 2581

= 0.001562
= 0.0004999
= 311.1

C-2.3.2 Calculate Q,. Using the values calculated
above, solve the following equation for Q,:

where

MTD, =

Qp = (Up)(Ao,)(MTDy)

total effective surface area, ft2, based on
outside surface area, including any fin area,
and any reduction in area due to plugged
tubes, at test conditions

mean temperature difference, °F, at design
accident conditions

mean temperature difference, °F, at design
accident conditions

heat duty, Btu/hr, projected at design acci-
dent conditions based on fouling at test
condition

overall heat transfer coefficient, Btu/hr-ft>-
°F, based on outside surface area, projected
at design accident conditions based on foul-
ing at test condition

C-2.3.2.1 Data Set (for a Counterflow Heat

Exchanger)
Aa,t =
MTD,
Q

Uy
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C-3 HEAT TRANSFER COEFFICIENT TEST METHOD
(WITH CONDENSATION)

When heat transfer occurs from a steam-air mixture
(humid air), the sensible heat transfer takes place
because of a temperature difference and the mass trans-
fer occurs because of a difference in steam partial pres-
sure across the convection layer. Heat is released during
condensation (latent heat). This heat of condensation
penetrates across the tube wall to the cooling fluid inside

PART 21 (STANDARDS)

along the z direction are uniform. The governing equa-
tions for more complex geometries having many tube
rows and passes can be written in a similar fashion.

Figure C-2 shows a fin, condensate layer, and interface
temperatures.

From the law of conservation of mass applied to the
fluid outside the tubes in the j™ element of the heat
exchanger, note the following;:

Wi i~ ) = Weond,j C-1

the tubes. The condensation rate is equal to the mass wlry = #2)) & D
transfer rate. A

Since the condensation rate strongly depends on the Win(b1j = b2) = MaNa, (3) (€2

saturation pressure at the gas-condensate interface
(which depends on the gas-condensate interface temper-
ature), the heat transfer coefficient associated with the

b1 = ¢ 1<j<N

convection outside the tubes (and any fins) varies over ~ where
the heat transfer surface. Also, the change in enthalpy A = total outside heat transfer area, ft> = Ay,
of the steam-air mixture cannot be expressed as mCpAT, + Apexp [se€ €. (C-6)]
and a closed form solution for F, or effectiveness, cannot b = length of heat exchanger along water flow
be derived. Because of these two reasons, the heat trans- direction, ft
fer equations must be integrated numerically. M, = molecular weight of vapor, Ibm/lbm-mole
Basically, the procedure is to vary the fouling resist- Ny; = vapor mass transfer rate Eer unit outside
ance until the calculated parameters match the measured area, Ibm-mole/hr-ft%, of j th element of heat
parameters. The fouling resistance thus obtained is then exchanger
used to calculate the heat transfer rate under the design Weong,, = mass flow rate of condensate generated per
accident conditions. unit length, Ibm /hr-ft, along the direction
The methodology used in the following example can of water flow of j™ element of heat
be applied to any heat exchanger, with the exception of exchanger
coil-tube heat exchangers. W4, = mass flow rate of dry air per unit length,
Ibm /hr-ft, along the direction of water
C-3.1 Collect the Test Data flow
Paragraph 6.3 describes the data needed for this test. bij = Vapor-to—dryﬁ?lr mass ratio upstream of
Various combinations of data can be used. In this exam- tube row of j™ element of heat exchanger
ple, it has been assumed that the following data are brj = Vapor-to-dry.?;r mass ratio downstream of
available: tube row of j element of heat exchanger
¢ = vapor-to—dry air mass ratio at inlet

(a) process fluid (steam-air mixture) pressure

(b) cooling fluid inlet temperature

(c) cooling fluid outlet temperature

(d) process fluid (steam-air
temperature

(e) process fluid (steam-air mixture) outlet
temperature

(f) cooling fluid flow rate

mixture) inlet

From the law of conservation of energy applied to the
fluid outside the tubes in the j™ elements of the heat
exchanger, note the following;:

Al\ll
Wailer — e2)) = uj(?)[i (Torj + Topj) = Ty

(g) process fluid (steam-air mixture) inlet relative + (Weand,)(Ccond) 3
humidity -
€1, = €in
C-3.2 Write the Finite Difference Equations Ty =Topm ; 15jSN
Write the finite difference equations of the heat trans-
fer process. Equations (C-1) to (C-24) are shown here as e = fi(¢, Tx) (C-4)

a guide. These equations are for a cross-flow unmixed

heat exchanger having only one tube row with fins on ~ where

the outside. Figure C-1 shows this heat exchanger along A = total outside heat transfer area, ft* = Agy,
withitsj th finite element bounded by two parallel planes + Apexp [se€ €. (C-6)]

in the y-z plane. The air flow is along the y direction. The b = length of heat exchanger along water flow

water flow is along the x direction. The flow parameters

113

direction, ft
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Fig. C-1 One Tube Row Air-to-Water Cross-Flow Heat Exchanger

|
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z z |
| | Water flow
|
||
[IIr .
— |
J— | | Water flow
- -
Air flow Fins —— 1 111 |
— B
Water flow
e |
. ||
[111 !
|
I I Water flow
|
0 (T
1 1
Jh element
Condensate /8
(a) Heat Exchanger and Fins
Ty j-1
Y L,
/ Jt element
X
Water flow
Pa o1 i Waa Waa PA,WZJ
Tor —_— R Tz, j
e ; Air flow Air flow e,j
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W;
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61,]‘

(32, j

€cond,j
€in

fi
Too

.y

Tx,zl j

Wcond,j

Wdu

¢

From the
the fluid inside the tubes in the j* element of the heat
exchanger, note the following:

(WCp)(T;— Ty j1) = Uj(AA)B (Teaj+ Top j) = Tt,]}
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Fig. C-2 Fin, Condensate Layer, and Interfaces

—

z Fin \\

enthalpy of air-vapor mixture, Btu/Ibm of
dry air, upstream of tube row of j ™" element
of the heat exchanger

enthalpy of air-vapor mixture, Btu/Ibm of
dry air, downstream of tube row of j™ ele-
ment of the heat exchanger

enthalpy of the condensate, Btu/Ibm, of j
element of the heat exchanger

enthalpy of the air-vapor mixture, Btu/lbm
da, at the inlet

functional operator 1

temperature, °F, of air-vapor mixture
temperature, °F, of air-vapor mixture
upstream of the tube row of j™ element of
the heat exchanger

temperature, °F, of air-vapor mixture
downstream of the tube row of j™ element
of the heat exchanger

temperature, °F, of air-vapor mixture at
inlet

tube side fluid temperature, °F, of j ele-
ment of the heat exchanger

overall heat transfer coefficient, Btu/hr-ft>-
°F, of j element of the heat exchanger
mass flow rate of condensate generated per
unit length, Ibm/hr-ft, along the direction
of water flow of j™ element of heat
exchanger

mass flow rate of dry air per unit length,
Ibm /hr-ft, along the direction of water flow
vapor-to—dry air mass ratio

law of conservation of energy applied to

(C-5)

1<j<N

No reproduction or networking permitted without license from IHS

Condensate layer

/— Gas-liquid interface

where
A

AA

iy

( WCP) t

Tt,O = Tt,in

and Tt,out = Tt,N

total outside heat transfer area, ft* = Agy,
+ Apexp [se€ €q. (C-6)]

area, ft2, of a finite element of the heat
exchanger (also total heat transfer area of
the heat exchanger divided by the number
of elements into which the heat exchanger
has been subdivided) = A/N

number of elements into which the heat
exchanger has been subdivided
temperature, °F, of air-vapor mixture
upstream of tube row of j™ element of the
heat exchanger

temperature, °F, of air-vapor mixture
downstream of tube row of j element of
the heat exchanger

tube side fluid inlet temperature, °F

tube side fluid temperature, °F, upstream
of the first heat exchanger element

tube side fluid temperature, °F, of j™ ele-
ment of the heat exchanger

tube side fluid temperature, °F, of (j - 1)th
element of the heat exchanger

tube side fluid outlet temperature, °F
overall heat transfer coefficient, Btu/hr-ft*-
°F, of j™ element of the heat exchanger
product of the tube side flow rate and spe-
cific heat, Btu/hr-°F

The local heat transfer coefficient is a function of local
temperature and vapor partial pressure and needs to be
calculated simultaneously. To evalute the local overall
heat transfer coefficient, the following equations can be
established using the law of conservation of energy, vari-
ous constitutive relationships, and definitions. The over-
all heat transfer coefficient can be expressed in terms of
individual conductances as follows:
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1 1

uj(Aﬁn + At,exp) - htin,j(mAfin + At,exp)

do In(do/di) 1 (1
2kwa11An * E E " Vﬁ (C_6)

surface area of the fins, ft?

inside area of the tubes, ft*

outside area of the tubes, ft?

outside exposed area of tubes, ££2; this is the
area of the tubes that is in direct contact with
the outside fluid

inside diameter of the tube, ft

outside diameter of the tube, ft

heat transfer coefficient, Btu/hr-ft*>-°F, asso-
ciated with the fin surface of j* element of
the heat exchanger

tube side heat transfer coefficient, Btu/hr-
ft>-°F

thermal conductivity of the tube wall mate-
rial, Btu/hr-ft-°F

inside fouling resistance, hr-ft*-°F/Btu
overall heat transfer coefficient, Btu/hr-ft>-
°F of j th element of the heat exchanger

fin efficiency (dimensionless) associated
with the fin surface of j™ element of the heat
exchanger

Since the heat flows from the outside fluid to the
inside fluid via the condensate layer and the fins, one
can write the following:

where
hout, j

kcond

4

Copyright ASME International

kcond

q = T (To,j - Ts,j) (C'7)
7

gi = hou,j(Twj = Tp)) (C-8)

q/‘ = UJ(T;G,/ - T[/]') (C-9)

outside heat transfer coefficient, Btu/hr-ft>-
°F, associated with simultaneous heat and
mass transfer of j™ element of the heat
exchanger

bulk thermal conductivity of the condensate,
Btu/hr-ft-°F

local heat transfer rate per unit outside area,
Btu/hr-ft>, of ' element of the heat
exchanger

temperature, °F, of bulk fluid around the
tubes of j™ element of the heat exchanger
temperature of gas-condensate interface, °F,
of j™ element of the heat exchanger

local average temperature, °F, of outside heat
transfer surface of j' element of the heat
exchanger

tube side fluid temperature, °F, of th element
of the heat exchanger
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overall heat transfer coefficient, Btu/hr-ft>-
°F, of j element of the heat exchanger
condensate layer thickness, ft, of jth element
of the heat exchanger

The local heat transfer rate per unit outside area is
equal to the sum of convective heat transfer rate per
unit area and the energy release rate per unit area associ-
ated with the condensation of vapor. Therefore,

and

g

gi = hj(Twj = T,;) + (Naj)(hig)(Ma) (C-10)
Tej = 3 (Torj + Toz)) (C-11)
Tcond,j = % (To,j + TG,]) (C_lz)

= heat of condensation of the vapor, Btu/lIbm
= outside heat transfer coefficient, Btu/hr-ft>-

°F, of j'" element of the heat exchanger
adjusted for high mass transfer rate associ-
ated with sensible heat transfer only
molecular weight of the vapor, Ibm/Ibm-
mole

vapor mass transfer rate per unit outside
area, Ibm-mole/hr-f£2, of jth element of the
heat exchanger

local heat transfer rate per unit outside area,
Btu/hr-ft?, of j™ element of the heat
exchanger

condensate temperature, °F, of j™ element
of the heat exchanger

temperature, °F, of bulk fluid around the
tubes of j element of the heat exchanger
temperature, °F, of the air-vapor mixture
upstream of the tube row of j™ element of
the heat exchanger

temperature, °F, of the air-vapor mixture
downstream of the tube row of j™ element
of the heat exchanger

temperature of gas-condensate interface, °F,
of j™ element of the heat exchanger

local average temperature, °F, of outside
heat transfer surface of j™ element of the
heat exchanger

The mass transfer rate per unit outside area is related
to vapor partial pressure difference by the mass transfer
coefficient as follows:
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where
kA,j = mass transfer coefficient, Ibm-mole/hr-ft,
of jM element of the heat exchanger not
adjusted for high mass transfer rate
N,; = vapor mass transfer rate per unit outside
area, Ibm-mole/hr-ft2, of j th element of the
heat exchanger
Pa=; = average vapor partial pressure, psia, in the
bulk fluid of j™ element of the heat
exchanger
Pa=1,; = vapor partial pressure, psia, upstream of the
tube row of j element of the heat exchanger
Pasx2j = vapor partial pressure, psia, downstream of
the tube row of j element of the heat
exchanger
Pao,; = saturation pressure, psia, of the vapor at
temperature T, of j™ element of the heat
exchanger
Pt = Ppressure, psia, of the vapor-air mixture

The local convective heat transfer coefficient is altered
by the local mass flux and is given as follows:

NA,]'CA
= (C-15)
where
C4 = molar specific heat, Btu/lIbm-mole-°F, of pure
vapor
hj = outside heat transfer coefficient, Btu/hr-ft>-

°F, in noncondensing situation of j element
of the heat exchanger
hj = outside heat transfer coefficient, Btu/hr-ft>-

°F, of j' element of the heat exchanger
adjusted for high mass transfer rate associ-
ated with sensible heat transfer only

N,; = vapor mass transfer rate per unit outside area,
Ibm-mole/hr-ft?, of j™ element of the heat
exchanger

Assuming that thermodynamic equilibrium exists at
the gas-condensate interface, the vapor partial pressure
at the interface is equal to the vapor pressure of the
liquid at the interface temperature as follows:

PAoj = psat(TﬂJ) (C-16)
where
Pao; = partial pressure, psia, of the vapor at the
gas-liquid interface of j™ element of the
heat exchanger

Psayr,) = saturation pressure, psia, of the vapor cor-

responding to T, ;
T,; = temperature of gas-condensate interface,

°F, of j element of the heat exchanger

The relationship between vapor partial pressure and
vapor mass fraction can be expressed as follows:
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My DA
- Al C-17
hi M, (ptot - PA,eoLj) (17)

My PA=2,j
& My, (Ptot - pA/ocZ/]’) ( )

where
M, = molecular weight of the vapor, Ibm /Ibm-
mole

M,, = molecular weight of dry air, Ibm /Ibm-mole
Pas1; = vapor partial pressure, psia, upstream of the

tube row of j ™ element of the heat exchanger
Pas2,j = vapor partial pressure, psia, downstream of
the tube row of j element of the heat

exchanger
Pt = pressure, psia, of the vapor-air mixture
¢1,; = vapor-to-dry air mass ratio of j™ element
of heat exchanger upstream of tube row
¢»,; = vapor-to-dry air mass ratio of i element

of heat exchanger downstream of tube row

The heat transfer coefficient associated with the out-
side heat transfer surface can be expressed in terms of
outside fouling resistance, condensate layer resistance,
and the outside convective resistance. Therefore,

1 v,
— =t T+ T
hﬁn,j hout,j / kcond

(C-19)
where
h¢n,j = heat transfer coefficient, Btu/ hr-ft?>-°F, associ-
ated with the fin surface of j™ element of the
heat exchanger
how; = outside heat transfer coefficient, Btu/hr-ft
°F, associated with simultaneous heat and
mass transfer of j! element of the heat
exchanger
keona = bulk thermal conductivity of the condensate,
Btu/hr-ft-°F
r;, = outside fouling resistance, hr-ft*-°F/Btu
o = condensate layer thickness, ft, of j th element
of the heat exchanger

Note, hg, should be used to calculate fin efficiency
(refer to para. C-2.1.8).

The condensate layer flows vertically downwards
along the fin surface. Its thickness can be calculated
using the following expression:

3 |:3P«NA,]'MAL ] 13

" 4oy - polg (20

where
g = acceleration due to gravity, ft/ hr?
L = vertical length, ft, of fins over which conden-
sate layer slides
M, = molecular weight, Ibm /Ibm-mole, of the
vapor

Not for Resale



PART 21 (STANDARDS)

N,; = vapor mass transfer rate per unit outside area,
Ibm-mole/hr-ft?, of j element of the heat
exchanger

o = condensate layer thickness, ft, of j th element
of the heat exchanger

p = viscosity, Ibm /hr-ft, of the condensate

p1 = density, Ibm/ft’, of the condensate

po = density, Ibm/ft’, of the air-vapor mixture

The mass transfer coefficient can be evaluated using
the analogy between heat transfer and mass transfer.
This relationship is as follows:

2/3
ky = 2 (ﬁ) (C-21)

C \Sc

C = molar specific heat, Btu/lbm-mole-°F, of the
air-vapor mixture

h = outside heat transfer coefficient, Btu/hr-ft*>-°F,
in noncondensing situation
ks = mass transfer coefficient, Ibm-mole/ hr-f£2, not

adjusted for high mass transfer rate

Pr = Prandtl Number of the air-vapor mixture
(dimensionless)

Sc = Schmidt Number of the air-vapor mixture
(dimensionless)

It is clear from the above equations that the humid
air outlet enthalpy and vapor-mass fraction are functions
of the distance from the vapor inlet, “x.” The mixed
mean outlet temperature of the humid air can be related
to the mixed mean values of outlet enthalpy and vapor
mass fraction. The expressions of humid air mixed mean
outlet enthalpy and vapor mass fraction are as follows:

N
out = C-22
Cout N 121 € J ( )
1 N
¢out - N 2 d)Zj (C'23)

where
er; = enthalpy, Btu/lbm of dry air, of the air-vapor
mixture downstream of the tube row of j™
element of the heat exchanger
eout = enthalpy, Btu/lbm of dry air, of the air-vapor
mixture at the outlet
N = number of elements into which the heat
exchanger has been subdivided
¢,; = vapor-to—dry air mass ratio downstream of the
tube row of j™ element of the heat exchanger
¢out = Vapor-to—dry air mass ratio at the outlet

The mixed mean outlet temperature of humid air is
related to the mixed mean outlet enthalpy and mixed
mean outlet vapor mass fraction. This is shown symboli-
cally by the following relationship:
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Tx,out = fZ(eout/ Pout) (C-24)

where
eut = enthalpy, Btu/Ibm of dry air, of the air-vapor
mixture at the outlet
f» = functional operator 2
Te,out = mixed mean temperature, °F, of the air-
vapor mixture at the outlet
¢out = vapor-to—dry air mass ratio at the outlet

C-3.3 Solve the Finite Difference Equations and
Evaluate Fouling Resistance

The twenty-four equations shown in para. C-3.2 have
to be solved simultaneously to evaluate the tube side
fouling resistance. The following variables are known
from the test: Ty in ; Tt ; Pt ; Wis Trout 5 Toe,out ; @nd Pro-

The solution of finite difference egs. (C-1)-(C-3) and
(C-5) requires the overall heat transfer coefficient, U, as
a function of location within the heat exchanger. The
equations are nonlinear because the coefficients them-
selves depend on the unknown variables. Therefore,
these equations require iterative techniques for their
simultaneous solution.

The overall procedure is to assume a tube side fouling
resistance and dry-air flow rate. The combination of
these two values that matches with the two measured
outlet temperatures is the proper air flow rate and tube
side fouling resistance.

C-4 TRANSIENT TEST METHOD

The steady-state temperature profiles of fluids inside
a shell-and-tube heat exchanger during steady state can
be represented by a set of ordinary differential equations.
These equations can be integrated when specific heat is
constant and when the overall heat transfer coefficient
is uniform over the entire heat transfer surface. After
integration, the relationship between boundary temper-
atures, flow rates, specific heat, overall heat transfer
coefficient, and the heat transfer area are usually pre-
sented in a F-P chart or P-N chart with R as a parameter
(see para. C-2).

When a heat exchanger undergoes a transient, the
temperature profile of shell and tube side fluids can be
represented by a set of partial differential equations.
For certain simple boundary conditions, these equations
may be amenable to direct closed form solution. How-
ever, for arbitrarily specified time-dependent boundary
conditions of fluid inlet temperatures or flow rates, a
numerical integration must be performed.

To integrate the partial differential equations, the ini-
tial condition of the temperatures, in addition to the
boundary conditions, are needed.
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In the example that follows, the applicable set of finite
difference equations, the required test data, and data
evaluation procedure are presented for a simplified
shell-and-tube heat exchanger. A similar process would
be followed for a plate heat exchanger.

C-4.1 Establish the Initial Conditions

Before the difference equations obtained in para. C-4.2
can be solved, the initial conditions (the fluid tempera-
ture profiles inside the heat exchanger) must be estab-
lished. This can be done in one of the following two
ways depending on whether the hot fluid flow can be
stopped or not.

C-4.1.1 Process (Hot) Fluid Flow Can Be
Stopped. Stop the flow of the process fluid through
the heat exchanger and watch the inlet and outlet tem-
peratures of the cooling fluid. The inlet temperature of
the cooling fluid must be constant. When the outlet
temperature of the cooling fluid becomes equal to the
inlet temperature, the entire heat exchanger is at the
cooling fluid inlet temperature and this is the initial
condition.

C-4.1.2 Process (Hot) Fluid Flow Cannot Be
Stopped. If the process fluid cannot be stopped, then
the heat exchanger must operate at a steady-state condi-
tion before the transient testing begins. Under these
conditions, the initial temperature profiles at the begin-
ning of transient testing can be obtained by solving the
difference equations using any reasonable initial condi-
tions for a long enough period so that a steady state is
achieved. The temperature distribution thus calculated
will provide the initial conditions for the transient test.
In this situation, the cooling fluid is usually stopped,
the process fluid loop is allowed to heat up, and the
cooling fluid is reinitiated. The initial steady-state condi-
tion would normally exist just before the cooling fluid
is stopped.

Alternatively, the initial conditions can be established
by solving the steady-state differential equations.

If the process fluid flow can be stopped, then this
method of establishing the initial conditions should be
chosen. In this way, the initial conditions can be directly
measured from the test and another calculation is not
needed.

C-4.2 Collect the Temperature and Flow Rate Data

Record the following four parameters:

(a) cooling fluid inlet temperature time history

(b) process fluid inlet temperature time history

(c) cooling fluid flow rate time history

(d) process fluid flow rate time history

In addition, record one of the following two
parameters:

(e) cooling fluid outlet temperature time history

(f) process fluid outlet temperature time history
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If both outlet temperature time histories are measured,
then the second outlet temperature can be used as a
check.

CAUTION: It is desirable to have steady flow rates. However,
if it is not possible, then the heat transfer coefficient needs to
be calculated at each time step.

C-4.3 Write the Finite Difference Equations

Write the governing equations in the finite difference
form. However, if one wishes to obtain a closed form
solution, then one would need to write the differential
equations. A closed form solution may not be obtainable
in many instances. Under these conditions, a numerical
solution of the finite difference equations is the only
alternative.

Figure C-3 shows a one-tube pass and one-shell pass
countercurrent flow heat exchanger. Figure C-4 shows
an infinitesimal element of this heat exchanger bounded
by two parallel planes normal to the length of the heat
exchanger. The following finite difference equations
based on the energy conservation equation and the defi-
nition of the overall heat transfer coefficient can be writ-
ten for the shell and tube side flows. The governing
equations for other types of arrangements can be written
in a similar way using the procedure described here as
a guide.

NOTE: The following equations are dimensionally consistent,
and any dimensionally consistent set of units may be used.

For the shell side fluid in the j* element the rate of
increase of stored energy is as follows:

T, -1
Alme)y| =———

where
T,/ = temperature of the shell side fluid in the j th
element at the p™ time step

T,/*! = temperature of the shell side fluid in the j™
element at the (p + 1)™ time step
A(mc); = summation of stored mass and specific heat

of the components associated with the shell
side flow divided by the number of elements
into which the heat exchanger has been
divided; these elements are the shell, shell
side fluid, and half of the tube wall (the
other half of the tube wall thermal inertia
is part of the tube side fluid)
At = time step size

The rate of energy entering from the shell side of the
(i — 1)™ element is as follows:

(WCP)S(TG,j—lp)

where
T,j-1" = temperature of the shell side fluid in the

(i — )™ element at the p™ time step
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Fig. C-3 Schematic Representation of a Countercurrent Shell-and-Tube Heat Exchanger

l Ts,IN TN

_ 17T ] -

bt T U—o>W

A AA l Ts, out

T: out

Fig. C-4 A Small Element of a Countercurrent Shell-and-Tube Heat Exchanger

Shell-side fluid
Tsj-1 Ts,j Ts, j+
R ——
Tej-1 Tej Tt j+1
-
~
N\ Tube-side fluid
A AA
(WCp)s = product of the shell side mass flow rate and T;j# = temperature of the tube side fluid in the j th
the specific heat element at the p™ time step
" U = overall heat transfer coefficient, referred to the
The rate of energy exiting out of the shell side of the j outside area; this could vary with time if the
element is as follows: flow rate is also varying with time
AA = total heat transfer area of the heat exchanger

(WCp)S(Ts,;") divided by the number of elements into which

the heat exchanger has been divided

where From the law of conservation of energy,

T,/ = temperature of the shell side fluid in the

j™ element at the p'™ time step . T,/

(WCp)s = product of the shell side mass flow rate (WCpTsj” = (WCp)T,,;P + AWC)S[T}
and the specific heat

p+1

+ UQAAXT,] - T,})
The rate of energy transfer to the tube side flow in the
i element is as follows: where all the variables are defined above.

Solving for the unknown temperature,

UAA)T,;? - Ty ") (WCp).(Ab)

T, = 2 T P

where ! A(me),
T.;/ = temperature of the shell side fluid in the j™ . [1 _ (WCp)s + U(AA))N}T »
element at the p™ time step A(me)s ¥
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U(AA)At
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The rate of energy transfer from the shell side fluid of

=T, 1<) < 2 . ;
* AGmo, 4 SIEN €2 the i element is as follows:
where all variables are as defined above. AT, - T,,)
From the shell side inlet boundary condition,
where
T.o! = Toi? (C-26) T,;/ = temperature of the shell side fluid in the j th
where ' ' element at the p™ time step
T,/ = temperature of the tube side fluid in the j th
T,of = temperature of the shell side fluid upstream element at the p™ time step
of the first heat exchanger element at the pth U = overall heat transfer coefficient, referred to the
time step outside area (this could vary with time if the
T,in’ = inlet temperature of the shell fluid at the pth flow rate is also varying with time)
time step AA = total heat transfer area of the heat exchanger

For the tube side fluid in the jth element, the rate of
increase of stored energy is as follows:

divided by the number of elements into which
the heat exchanger has been divided

From the law of conservation of energy,

Tt,]'pH _ Tt,jp
A(mc)t[T]
(WCp)Tyju? + UQQANTf = Tyi)
where T, P T, P
T,/ = temperature of the tube side fluid in the j™ = (WCp)T," + A(mc)r['/A—t/]}
element at the p™ time step
Tt,]-”” = temperature of the tube side fluid in the j™* Solvine for the unk
element at the (p + 1)th time step olving for the unknown temperature,
A(mc); = summation of stored mass and specific heat (WCp), (&)
of the components associated with the tube T,/ = + TRL
side flow divided by the number of ele- (me):
ments into which the heat exchanger has ((WCp), + U(AA))At
been divided; these elements are the tube +1- A(me), tj
side fluid and half of the tube wall (the other
half of the tube wall thermal inertia is part U(AA)At T/i1<j<N (C-27)
of the shell side fluid) A(me),
At = time step size
where the variables are as defined previously.
The rei;cle of energy entering from the tube side of the
G +1)" element is as follows: From the tube side inlet boundary condition,
(ch)tTt,/'+1p
Tina® = TN’ (C-28)
where
Tijs1' = temperature of the tube side fluid in the  where
G+ 1) element at the pth time step T;' = inlet temperature of the tube side fluid at
(WCp); = product of the tube side mass flow rate and the p™ time step
the specific heat Ti N+’ = temperature of the tube side fluid upstream

The rate of energy exiting out of the tube side of the j™
element is as follows:

(WCp)/Ty;*

of the N'" element of the heat exchanger at
the p'" time step

The outlet temperatures are set equal to the tempera-
ture in the boundary element, which is just upstream of
the outlet. Thus,

where
T;;¥ = temperature of the tube side fluid in the p1 »
j™ element at the p'™ time step oo™ = Ton” (C-29)
(WCp); = product of the tube side mass flow rate
and the specific heat Tiour”! = T (C-30)
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AA and At must satisfy the inequalities (C-31) and (C-32)
simultaneously to satisfy the stability criteria,

ASME OM-S/G-2007

resistance that best matches the measured outlet temper-
ature time histories is the actual fouling resistance of
the heat exchanger.

A Amo)s c-31
<TG, + ueA) 0
C-5 TEMPERATURE EFFECTIVENESS TEST METHOD
At < Ame): (C-32) The temperature effectiveness test method is used to

(WCp), + U(AA)
where the variables are as defined previously.

C-4.4 Solve the Finite Difference Equations and
Evaluate the Fouling Resistance

The procedure is to guess a value of total fouling
resistance, expressed by eq. (C-34) in terms of inside
and outside fouling resistances, and calculate the overall
heat transfer coefficient, U, using eq. (C-33). If the flow
rates are also changing during the transient testing, then
the overall heat transfer coefficient would change with
time and would need to be calculated at each time step.

1

calculate a projected temperature of a heat exchanger at
a known reference point (typically at the design accident
conditions) based on data collected at the test point. The
method described below can be applied to a wide variety
of heat exchangers, and can be calculated by hand. It
assumes that the process and cooling fluid mass flow
rates at the test point are essentially the same as those
at the reference point (within + 5%). This test method
is accomplished by collecting the process and cooling
fluid inlet and outlet temperatures at the test point,
choosing two temperatures at the reference point, and
calculating the remaining two temperatures at the refer-
ence point.

C-5.1 Establish Flows

do
Lll=h—+1‘f/f+rw+zﬁ (C—33)
d Although the flow rates (cooling fluid and process)
Tre = Tpo + ED Tei (C-34) are not required to be permanently and accurately mea-

sured, since the temperature effectiveness will vary with
both flow rates, repeatable flow rates must be estab-

where . . .
4 = tube inside diameter lished (i.e., same valve lineups, header pressures, pump
dl — tube outside diameter currents, etc.). Both flows should be within + 5% of the
o - .
h; = inside heat transfer coefficient referred to the flc?w 'rates that were used to establish the acceptance
inside area criteria.
h, = outs%de heat transfer coefficient referred to the C-5.2 Collect the Temperature Data
outside area
r;i = inside fouling resistance referred to the Record the following temperature data at steady-state
' inside area conditions. This set of test data will be termed the test
rr, = outside fouling resistance referred to the out- POt o
side area T1; = process fluid inlet temperature, °F, at test
gy = total fouling resistance referred to the outside cond.mons L
surface area t;; = cooling fluid inlet temperature, °F, at test
r» = tube wall resistance referred to the outside area T, — cond1t1orf1ls d ) R
U = overall heat transfer coefficient, referred to the 2t = proc(:;s§ uid outlet temperature, “F, at test
outside area; this could vary with time if the con .1t10ns . .
flow rate is also varying with time tp; = cooling fluid outlet temperature, °F, at test
conditions
The procedures for calculating h;, h,, 1, etc. are C-5.2.1 Data Set
describe'd in detail in para. C-2. . T, = 145.0
Equations (C—.25) through (C-SO) can be §olved to yield hy = 70.0
temperatures w1th.superscr1pt.(p + 1) using the values T,, = 1234
of temperatures with superscript p. At each time step, ty = 93.0
the temperatures with superscript p are known and the ’
temperatures with superscript (p + 1) are unknown. At (-.5.3 Calculate the Capacity Rate Ratio
the first time step, all the temperatures are known from
initial conditions. Thus, the time histories of both outlet Ry = (Tys — Top)/(tar — tiy)
temperatures can be calculated in a step-by-step manner.
Repeat the calculations with a smaller time step and  where
finer noding to check for convergence of the calculated R; = capacity rate ratio (dimensionless) at test
outlet temperature time histories. The value of fouling conditions
122
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T,; = process fluid inlet temperature, °F, at test C-5.5.1 If Ty 4 and t; 4 Are Known
conditions
t1; = cooling fluid inlet temperature, °F, at test ta = ta + Pr(Tya = ba)
conditions
Toy=Tig— R(try—t
T,; = process fluid outlet temperature, °F, at test 2 1~ Rtz = h)
conditions C-5.5.1.1 Data Set
t,+ = cooling fluid outlet temperature, °F, at test P, = 0.3067
conditions R, = 0.9391
T4 = 140.
C-5.3.1 Data Set 1d — 0.0
g = 75.0
R; = 09391 o 3
T, = 121.3
Ty = 1450 by = 9493°
ty = 70.0 2d :
T,y = 1234 C-5.5.2 If Ty 4 and t, 4 Are Known
thy = 93.0

tia = taa + Pi(tya — T1q)/(1 = Py)
Toa = Tia — Ri(tya — t1,a)

C-5.5.2.1 Data Set

C-5.4 Calculate the Temperature Effectiveness

Py = (tor — t1,0)/(Ty = t1e)

where P, = 0.3067
P; = thermal effectiveness (dimensionless) at test R; = 0.9391
conditions T = 140'03
Ti¢ = process fluid inlet temperature, °F, at test ta = 77.98
conditions Toa = 97.0 5
t;; = cooling fluid inlet temperature, °F, at test ha = 1221
conditions C-5.5.3 If T, 4 and t; 4 Are Known
t,+ = cooling fluid outlet temperature, °F, at test
conditions tra =t + Pr(Toa — t1,0)/(1 = PiRy)
The temperature effectiveness is also called the ther- Ta = Toa + Ri(tya = tra)
mal effectiveness or temperature efficiency, and is C-5.5.3.1 Data Set
always a number between 0 and 1. P, = 0.3067
C-5.4.1 Data Set R; = 0.9391
P, = 0.3067 Tiy = 137.2°
T, = 145.0 tig = 75.0
by = 70.0 Tpq = 1193
thy = 93.0 tya = 94.08°
C-5.5 Calculate the Projected Temperatures C-5.5.4 If T, 4 and t, 4 Are Known
Using the capacity rate ratio and temperature effec- g = tog+ Py(tag — Tog)/(1 = PR, — Py)
tiveness at the test point (as calculated in paras. C-5.3
and C-5.4) and any two temperatures at the reference Tia = Toa + Ri(taa = tra)
point (i.e., any two accident condition temperatures), C-5.5.4.1 Data Set
calculate the two projected temperatures at the reference P, = 0.3067
point (i.e., the other two accident condition tempera- R, = 0.9391
tu.re.s) using the followmg.equatlons. If the accident con- T4 = 135.13
dition temperature of interest does not meet the t, = 80.13°
acceptance criteria (refer to para. 9), then corrective Tz,d = 1193
action is necessary. For the example that follows, the fzrd - 970
known temperatures and the acceptance criteria (used '
‘to compare the calculated temperatures against) are C-5.5.5 If Ty,4 and T,,4 Are Known
?slsltcl)l‘jvlzd to be the same as para. C-2.1.1.1 data set or as ba = Tya+ (Taa— Tra)/RiP,
T4 = 140.0 trag = tig = (Tog = Tra)/ R
t1g = 75.0
T,q = 1193 % These values should be compared with the para. C-2.1.1.1 data
tha = 97.0 set, with appropriate consideration of uncertainty.
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C-5.5.5.1 Data Set
P, = 0.3067
R, = 0.9391
Tia = 140.0
tg = 68.13%
Tog = 119.3
thy = 90.17°

C-5.5.6 If t; 4 and t, 4 Are Known

Tig = tia+ (tra — t1a)/ P
Toq = T1,4 — Ri(tra — tr,a)
C-5.5.6.1 Data Set

P, = 0.3067

R, = 0.9391

Tig = 146.7°

tg = 75.0

Tpg = 126.1°

thy = 97.0

C-6 BATCH TEST METHOD

The batch test method is used to calculate the tempera-
ture effectiveness and overall heat transfer coefficient of
a heat exchanger by measuring initial and final process
temperatures over a measured time period, while hold-
ing the cooling fluid inlet temperature constant. Using
the thermal capacity of a reservoir (i.e., the process fluid),
the temperature effectiveness and overall heat transfer
coefficient can be calculated.

The following example demonstrates the batch test
method for a reservoir of process fluid containing
100,000,000 Ib of water being cooled from 200°F to 180°F
in 20.55 hr. The flow rate of the cooling fluid is
1,000,000 Ib/hr and the inlet temperature of the cooling
fluid is 60°F. The shell side of the heat exchanger is
supplied by the fluid of the reservoir.

NOTE: Although this example is for the cooling of a reservoir

containing the process fluid, the methodology for the heating of
a reservoir containing the cooling fluid would be similar.

C-6.1 Calculate the Thermal Capacity of the Process

Fluid
Cp/t = (Mp,t)(cpp,t)
where
C, = thermal capacity of the process fluid, Btu/°F,
at test conditions
Cp,: = specific heat of the process fluid, Btu/Ibm-°F,
at test conditions, from the reference in
para. 3.2(e)
M,; = mass of the process fluid, lbm, at test
conditions
C-6.1.1 Data Set
C,+ = 100,000,000
Cppr = 1
M, = 100,000,000
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NOTE: In the event that the thermal capacity of the process fluid
reservoir cannot be ascertained accurately, measuring the heat duty
through the heat exchanger as a function of time and integrating
it to obtain the total quantity of heat transferred during the period

of testing is an acceptable procedure.

C-6.2 Calculate the Temperature Effectiveness

by = [Cp,t/(TWc,thc,t)] In[(Ty, - tl,r)/(Tl,t,f = t1)]
where
C, = thermal capacity of the process fluid, Btu/°F,
at test conditions
Cp,r = heat capacity of the cooling fluid, Btu/Ibm-
°F, at test conditions, from the reference in
para. 3.2(e)
P, = temperature effectiveness (dimensionless) at
test conditions
t;; = cooling fluid inlet temperature, °F, at test
conditions
Ty, = final process fluid inlet temperature, °F, at
end of time 7 at test conditions
Ti,.; = initial process fluid inlet temperature, °F, at
beginning of time 7 at test conditions
W, = mass flow rate of the cooling fluid, Ibm /hr,
at test conditions
7 = time required to cool the process fluid, hr

C-6.2.1 Data Set

C,r = 100,000,000

Cper = 1

tl,t = 60

Ty = 180

Ty = 200

W,.; = 1,000,000
T = 2055

therefore,
P, = 0.75

C-6.3 Calculate the Capacity Rate Ratio

Rt = Wc,tcpc,t/wp,tcpnf

where

Cp.: = heat capacity of the cooling fluid,
Btu/1bm-°F, at test conditions, from the refer-
ence in para. 3.2(e)

Cp,: = heat capacity of the process fluid,
Btu/Ibm-°F, at test conditions from the refer-
ence in para. 3.2(e)

R; = capacity rate ratio (dimensionless) at test

conditions

W,: = mass flow rate of the cooling fluid, Ibm /hr,
at test conditions

W, = mass flow rate of the process fluid, lbm /hr,
at test conditions
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C-6.3.1 Data Set
Cpc,t =1

Cpp,t =1

W,.; = 1,000,000
W, = 833,000

therefore,
R, =12

NOTE: Refer to para. C-5.5 to calculate projected temperatures
at design accident conditions, or continue with the next steps to
calculate the overall heat transfer coefficient.

C-6.4 Calculate NTU

For countercurrent flow
NTU; = [1/(R; = )] In[(1 - P)/(1 = PiRy)]

where
NTU,

number of transfer units (dimensionless) at

test conditions

P, = temperature effectiveness (dimensionless)
at test conditions

R; = capacity rate ratio (dimensionless) at test

conditions

NOTE: Equations for NTU for other than countercurrent flow
configurations are given in the reference in para. 3.2(c).

C-6.4.1 Data Set
R, = 1.2

therefore,
NTU, = 4.58

C-6.5 Calculate U; (NTU Method)
u; = (NTut)(Wc,f)(CPc,f)/ At

where
A, = effective external surface area, 2, at test
conditions
Cp.: = heat capacity of the cooling fluid,
Btu/Ibm-°F, at test conditions, from the ref-
erence in para. 3.2(e)
NTU; = number of transfer units (dimensionless) at
test conditions
U; = overall heat transfer coefficient,
Btu/hr-ft>-°F, based on outside surface area,
at test conditions
W, = mass flow rate of the cooling fluid, Ibm /hr,
at test conditions

C-6.5.1 Data Set

A,; = 10,000
Cpr =1
NTU, = 4.58
W,; = 100,000

therefore,

U, = 458
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NOTE: For NTU curves that are available for split-flow, divided-
flow, and cross-flow heat exchangers, T;; and T,; must be for the
shell side fluid and t14, to¢, W, and Cp.; must be for the tube
side fluid.

Refer to para. C-2.2.7 to calculate (with some additional data)
the projected overall heat transfer coefficient and heat transfer rate
at design accident conditions.

C-7 TEMPERATURE DIFFERENCE MONITORING
METHOD

This example examines a typical emergency diesel
generator (EDG) heat exchanger that is depended upon
to displace 12.37 million Btu/hr at design basis accident
conditions. The design basis of the heat exchanger is
such that the process outlet temperature does not exceed
112°F while displacing the required heat transfer. In this
instance, the limiting cooling water inlet temperature
(CWIT) is assumed to be 100°F at a flow rate of
1,650 gpm. The process flow inlet temperature is 170°F
at a flow rate of 450 gpm. The heat exchanger for this
example is a single pass, countercurrent flow heat
exchanger with 90-10 copper nickel tubes.

For this example, the temperature of interest is the
process fluid outlet temperature, and the terms “tube
side” and “cooling water” are used interchangeably.

CAUTION: In reality, the EDG might employ a temperature
control valve to modulate process flow to the heat exchanger to
prevent too much or too little heat from being removed if it
detected a process fluid temperature outside a specified range.
If this were to occur, significant changes in the process flow may
influence the resulting process fluid outlet temperature, the rate
of heat transfer, as well as the cooling water outlet temperature.
Significant deviations in the process flows, heatload, and process
inlet temperature may invalidate the use of this monitoring
method unless their effects are taken into consideration.

Since seasonal influences may significantly affect the
cooling water inlet temperature, it may be desirable to
establish a correlation that can be used to bound the
acceptable operating range of the heat exchanger as the
cooling water inlet temperature varies with the season,
as shown in Fig. C-5.

Figure C-5 shows that the temperature difference
between the process fluid outlet temperature and the
cooling water inlet temperature may be increased signifi-
cantly above the 13.73°F value as the cooling water inlet
temperature decreases. Additionally, this figure is based
on the heat exchanger supplying the required heat trans-
fer of 12.37 million Btu/hr, with the process fluid inlet
temperature at 170°F and with the process flow and the
cooling water flow rates at 450 and 1,650 gpm, respec-
tively. For example, at 90°F, the baseline cleanliness test
revealed a temperature difference of 3.44°F. By using this
correlation, the temperature difference can be allowed to
increase to approximately 23°F before the heat exchanger
would traverse the point where it would no longer sat-
isfy its performance requirements.
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Fig. C-5 Cooling Water Inlet Temperature Versus Temperature Difference

Unacceptable Range

Extrapolated data

Temperature Difference

10

75 80 85
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90 95 100

Cooling Water Inlet Temperature

Temperature difference = AT
Cooling water inlet temperature = t,

The heat exchanger tube resistance (and resulting tem-
perature difference) is permitted to increase as the cool-
ing water inlet temperature decreases for the reason that
the performance of the heat exchanger meets its design
basis heat transfer requirements. In this example, a tube
resistance of 0.006624 hr-ft>-°F/Btu would be permitted
provided that the CWIT was equal to or less than 75°F.
With a CWIT of 85°F, the limiting tube resistance
becomes 0.005205 hr-ft>-°F/Btu. Furthermore, as the
CWIT increases to the design basis temperature of 100°F,
the limiting tube resistance is further reduced to
0.002962 hr-ft*-°F/Btu.

CAUTION: As the cooling water inlet temperature starts an
upward trend, the degree of operating margin will be reduced
in a corresponding manner and experience will be the best guide
to dictate corrective actions in a timely manner. In this example,
the operating margin may be the difference between the limiting
CWIT as determined by the current temperature difference
(T; - t) and the actual CWIT, t,.

The procedure for this example is given below.
;:,C-7.1 Calculate the Temperature Difference at Design
' Accident Conditions

ATy = Tou - tia

where
t; 4 = cooling fluid inlet temperature, °F, at design
accident conditions

T,4 = process fluid outlet temperature, °F, at design
accident conditions

AT, = temperature difference, °F, at design accident
conditions

C-7.1.1 Data Set

t14 = 100

T,y = 112

AT; = 12

C-7.2 Plot the Design Accident Condition Data

Plot the data point corresponding to t; ; and ATy, as
shown in Fig. C-5.

C-7.3 Extrapolate the Design Data to Determine the
Acceptable Range

Extrapolate the design data to determine the accept-
able range of temperature difference (AT) when cooler
weather causes a drop in the cooling water inlet temper-
ature (CWIT or t;). This acceptable range (as shown in
Fig. C-5) will be used as a tool to gauge future tests.

The extrapolation of the limiting temperature differ-
ence corresponding with the lowest anticipated cooling
inlet water is derived using a heat balance
Q = m+CpAT = UA(LMTD). The cooling water outlet
temperature and the shell side outlet temperature are
solved using the above heat balance. The shell and tube
side flows, as well as the design fouling resistance, are
considered constant over the range of the extrapolation.
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The heat transfer will increase as the cooling water inlet
temperature decreases. The unknowns are the shell side
outlet temperature and the tube side outlet temperature.
For Fig. C-5, the tube side flow rate is 1,650 gpm and
the shell side flow rate is 450 gpm. The shell side inlet
temperature is 170°F and the tube side resistance is
0.002962 hr-ft>-°F/Btu. At the cooling water inlet tem-
perature corresponding to 100°F, the tube side outlet
temperature and the shell side outlet temperature were
determined to be 115.19°F and 113.73°F, respectively. At
the cooling water inlet temperature corresponding to
75°F, the tube side outlet temperature and the shell side
outlet temperature were determined to be 95.29°F and
94.37°F, respectively. Once the shell side outlet tempera-
tures are determined, the value of the temperature differ-
ence corresponding to a selected cooling water inlet
temperature may be determined and plotted.

C-7.4 Calculate the Temperature Difference at Test
Conditions

AT, = Toq -ty
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given heat exchanger. When applying this method, it is
important to remember that the type of fouling present
in the heat exchanger can significantly affect the sensitiv-
ity of this method (see Nonmandatory Appendix B, para.
B-11).

C-8.1 Establish Flow and Collect Flow Data

A steady-state flow should be established through the
heat exchanger as close to the same flow rate that was
used to establish the acceptance criteria as possible.
Small differences between the test flow rate and the
acceptance criteria flow rate can be corrected in the
calculation.

C-8.2 Collect the Pressure Loss Data

Using a differential pressure gauge, record the pres-
sure loss at steady-state conditions, as described in
para. C-8.1.

C-8.3 The Corrected Pressure Loss

Since the pressure loss varies with flow rate, it must

where be corrected from the test flow rate to the acceptance
ti; = cooling fluid inlet temperature, °F, at test criteria flow rate from which the acceptance criteria was
conditions derived.
T4 = process fluid outlet temperature, °F, at design C-8.3.1 Calculate the Corrected Pressure Loss (PL.)
accident conditions
AT, = temperature difference, °F, at test conditions PL, = (W,/W,)"(PL;)
C-7.4.1 Data Set where
by = 8 n = 2.0 if test flow rate is in the turbulent regime
Tpq = 112 = 1.8 if test flow rate is in the turbulent regime
AT, = 27 and if the pressure loss is primarily due to
This temperature difference at test conditions should frliclon}z:l losses in flon tlhrough the tubes,
be calculated at appropriate intervals to assess the foul- _ rat ?r t arf11 entrance./ ?Xlt hoslses . .
ing tendency of the heat exchanger and to indicate the = 101 testl ow rate is in the laminar regime
potential need for corrective actions. Generally, a lower PL; = p;essure 088 (same u.mgs as PLy), corrected to
temperature difference indicates a cleaner heat the acceptance criteria flow rate
exchanger. PL; = pressure loss (same units as PL.), averaged
from data collected at test conditions
C-7.5 Plot the Test Data Against the Design Data W, = acceptance criteria flow rate (same units as
Plotting the data point corresponding to the CWIT at W), on which the acceptance criteria 1s based
W; = test flow rate (same units as W,), as measured

test conditions, t;;, and the temperature difference at
test conditions, AT}, will reveal that the heat exchanger is
closely approaching its limit in transferring the required
amount of heat, even in cooler than normal weather. If
the CWIT were to increase several degrees, there is a
good chance that the heat exchanger would be unable
to perform acceptably.

CAUTION: The ability to take advantage of the margin gained

during cooler weather may be prevented by the wording in the
FSAR or other design documents.

C-8 PRESSURE LOSS MONITORING METHOD

The methodology used in the example given below
involves determining the corrected pressure loss for a

at test conditions
CAUTION: Both W, and W; must be in the same flow regime.
CAUTION: See Nonmandatory Appendix B for conditions that
may cause misleading results.
C-8.4 Calculate the Average Corrected Pressure Loss

Calculate the average PL. and compare it to the accept-
ance criteria.

C-9 VISUAL INSPECTION MONITORING METHOD

All inspections should be performed by individuals
proficient in corrosion processes, heat transfer, chemis-
try, materials, operating conditions, etc., and possessing
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a working knowledge in the general preventative main-
tenance of heat exchangers. Inspectors must be trained
to look for more than just gross fouling and/or blockage
and may be required to obtain samples for laboratory
analysis. It is good practice to have a fouling/corrosion
control program that locates fouling, characterizes and
determines the effects on the heat exchangers, and trends
the data for predicting performance.

The best time to perform the inspection is immediately
following disassembly, since the thickness of many bio-
film layers is significantly reduced when they are in a
dry condition and can appear as a deceptively thin layer.
One method to ensure accurate film thickness measure-
ment is to remove a sample tube section from the bundle
and cap the ends of the fluid-filled tube for transporting
to the laboratory for evaluation.

It should be noted that visual inspection cannot deter-
mine the integrity of the tube material and should not
be substituted for the predictive monitoring program
where eddy current testing or other nondestructive
examination (NDE) methods are used. In most cases,
eddy current testing can determine the integrity of the
tube material but should not be used to determine foul-
ing conditions. A combination of visual inspection and
eddy current testing of the tube IDs is recommended
where tube wall degradation is suspected.

C-9.1 Inspection Types

Visual inspections can be performed on shell- and
tube-type as well as plate-type heat exchangers. Each
type of heat transfer surface requires a different type of
inspection. These inspection types are described below.

C-9.1.1 Tube Side Inspections. Upon opening the
heat exchanger, the inspector should observe and note
the amount and type of fouling and debris/sludge pres-
ent in the heat exchanger, end bells, and tubes. The
inspector should obtain samples for laboratory analysis,
if required. Special attention should be given to any
tube openings that may be plugged by foreign material.
Plugged tubes result in removing heat transfer surface
and may reduce heat transfer capability (sometimes, if
the conditions are right, plugged tubes can result in
increased velocity through the tubes, which offsets the
effects due to the reduction in heat transfer surface area).
The inspection should also be conducted to assess for
structural damage, welds, significant wall thinning due
to erosion and/or corrosion, tube plug integrity, tube
sheet ligaments, and other discrepancies that might
affect heat exchanger performance.

The tubes should be visually inspected to determine
their condition from the standpoint of both cleanliness
and corrosion. Most detailed visual inspections can be
conducted using such inspection devices as borescopes,
fiberscopes, or video probes.

The most effective method of removing any fouling
deposit should be assessed after determining its nature.
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If pitting is observed, evaluate the need for other NDE
to ascertain tube integrity status and possible corrective
action.

C-9.1.2 Shell Side Inspections. The shell side nor-
mally carries the process fluid, which is usually a closed
system and is treated with chemicals to maintain ade-
quate water quality and minimize fouling. However,
where the cooling fluid is routed through the shell side,
where there has been in-leakage from the cooling water
side, or where poor water treatment has contaminated
the normally clean side, there is sufficient potential for
shell side fouling. This presents additional challenges
for inspecting and cleaning, since the outer tube surfaces
interface with other structural components (i.e., support
plates, and impingement plates) creating areas that may
be inaccessible for direct visual inspection.

Fixed tube sheet bundles cannot be removed from
their shells easily; therefore, it is necessary to look into
the bundle through shell penetrations using either a
video probe or a fiberscope, or by removing a tube or
section of tube to determine the extent of fouling.

C-9.1.3 Plate Inspections. The basic design of plate-
type heat exchangers allows easy access to both the
cooling and process fluid sides when disassembled. Lim-
ited inspection, without total disassembly, for fouling,
corrosion, and debris can be performed by removing
inspection plates after draining the heat exchanger. This
allows for visual inspection of the inlet and outlet head-
ers and the entrance area to the plate openings by use
of inspection devices.

C-9.2 Monitoring Techniques

In addition to direct visual inspection of heat
exchanger components, the indirect monitoring tech-
niques described below may be used to detect perform-
ance changes via disassembly, fiberscopes, and robotics.

C-9.2.1 Side Stream Monitor. Use of side stream
heat exchanger inspections can be employed if accurate
and dependable correlations between the side stream
heat exchanger and the represented heat exchanger(s)
can be established. Such correlations would need to be
established for both operating conditions and fouling
tendencies (unless both were known to be identical). If
inspection results of the representative or side stream
heat exchanger identify the need for corrective action,
it should be applied to all the representative heat
exchangers.

C-9.2.2 Water Quality Monitor. One of the key ingre-
dients of a program to ensure that heat exchangers will
maintain their ability to transfer the appropriate amount
of heat is adequate water quality. Inspection results will
usually be a direct indication of the effectiveness of the
applied water treatment. Close monitoring of water
quality can be used to predict changes in heat exchanger
performance. Thus, the solution for a fouled heat
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exchanger may simply be to make adjustments in the
water treatment process.

C-9.2.3 Infrared Viewer. If the heat exchanger is not
heavily insulated, an infrared viewer can be used to
identify hot and cold spots within the heat exchanger
shell, which may be caused by blocked tube passes,
uneven flow distribution, etc. Such data collected and
trended over time can be used to detect changes in heat
exchanger thermal performance.

C-10 PARAMETER TRENDING

The following are examples of parameters that may
be trended.

C-10.1 Test Parameters

If the acceptance criteria can be quantified, and if
enough historical data is available (a minimum of three
previous test results), then trending of calculated test
parameters can be used to determine a projected degra-
dation rate. This will help to ensure operability between
scheduled tests.

The following test parameters may be trended to
detect heat exchanger performance degradation over
time.

C-10.1.1 Fouling Resistance. The fouling resistance,
as calculated by the heat transfer coefficient test method,
may be trended as an excellent indicator of heat
exchanger degradation due to surface fouling. Schedul-
ing of cleaning to maintain acceptable performance is
facilitated by trending this calculated parameter.

C-10.1.2 Overall Heat Transfer Coefficient. The over-
all heat transfer coefficient, as calculated by the heat
transfer coefficient test method, may be trended as an
excellent indicator of heat exchanger degradation due
to surface fouling. The overall heat transfer coefficient is
not as sensitive a trending indicator as fouling resistance,
because it includes the effects of numerous thermal
resistances that do not change with time, but it provides
a better direct indication of heat exchanger capability
than any of the indicators given below.

C-10.1.3 Temperature Effectiveness. The tempera-
ture effectiveness, as calculated by the temperature effec-
tiveness test method, may be trended to provide an
indication of possible degradation of the heat exchanger.
Although not as sensitive an indicator as the fouling
resistance, temperature effectiveness is a reliable indica-
tor of heat transfer performance of the heat exchanger.

C-10.2 Monitored Parameters

C-10.2.1 Pressure Loss. Pressure loss across a heat
exchanger, although not a direct indicator of heat trans-
fer capability, is a reliable indicator of fouling caused
by the blockage of the heat exchanger flow passages
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and a weaker indicator of fouling caused by the buildup
of scales and films on the heat transfer surface. Sharp
increases in pressure loss, readily detectable from trend-
ing against time, indicate the onset of fouling due to
blockage and either the immediate or future need for
inspection and/or cleaning.

C-10.2.2 Temperature Difference. Temperature dif-
ference is influenced by normal heat loads and may not
be effective for trending.

C-10.3 Other Parameters

C-10.3.1 Temperature. Trending of the component
or area temperatures measured by the functional test
method, the heat exchanger fluid exit temperatures, or
the temperature difference across the heat exchanger
provides a useful indication of heat exchanger perform-
ance. If inlet temperatures remain constant, measure-
ment of either outlet temperature is an appropriate
trending parameter.

C-10.3.2 Temperature Deviation. The deviation of
the measured safety-related temperature, as determined
by the temperature difference method, from that pre-
dicted by the correlation for the measured cooling fluid
inlet temperature, may be trended to identify degrada-
tion of the heat exchanger.

C-10.3.3 Flow. Flow through a heat exchanger is a
less sensitive indicator (than pressure loss) of flow pas-
sage fouling. Trending of flow against time, however,
may be useful in diagnosing other time-related changes
in heat exchanger performance. Where the manufacturer
has stated the functionality of a heat exchanger based
on a given amount of flow (as in motor and oil coolers),
trending flow may be used to monitor heat exchanger
performance relative to the minimum flow required.

If flow is trended, then the throttling valves used to
control flow to the heat exchanger (indeed, to all heat
exchangers on that same train), each time data is gath-
ered, must be in the same position as they would for
the “emergency” condition, with automatically operated
valves placed in manual. Whatever flow is measured is
the flow to be compared with the acceptance criteria.
In other words, a flow balance must be achieved.

C-10.3.4 Limiting Cooling Water Inlet Temperature.
For heat exchangers with generally small operating mar-
gins, the calculated limiting cooling water inlet tempera-
ture (LCWIT) is compared to the actual cooling water
inlet temperature (CWIT). The difference between the
limiting temperature and the actual temperature repre-
sents the operating margin and decreases as fouling
increases and/or the actual inlet temperature increases.

C-11 UNCERTAINTY ANALYSIS

A summary of the standard statistical method out-
lined in the references in paras. 3.2(n) through (p), tai-
lored specifically to heat exchanger performance
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evaluation, is provided below. It accounts for both mea-
surement errors and result sensitivities. It is assumed
that the measurement and test conditions lend to treat-
ing this data as a normal distribution.

C-11.1 Measurement Errors

The measurement error consists of instrument bias
(fixed), precision (random), and spatial errors. A conven-
tional method for calculating measurement errors is
summarized below.

The measurement error for each measurement param-
eter shall be determined as follows.

(1) Combine the bias error and the precision error for
the measurement parameter using the square root sum
of the squares method.

(b) Repeat the step (a) for each measurement
parameter.

For additional details on measurement errors, instru-
ment accuracies, and related topics, see the references
in paras. 3.2(n) through (p).

C-11.1.1 Bias Errors. The bias error for each mea-
surement parameter may be determined as follows:

(1) Determine the bias errors associated with each
sensor, signal conditioner, and piece of data acquisition
equipment in the measurement parameter string. These
errors will typically come from manufacturer’s reports
and calibration capabilities.

(b) Combine these individual bias errors using the
square root sum of the squares method for independent
errors and then add any dependent errors. The result
will be the bias error for that measurement parameter.

(c) Repeat steps (a) and (b) for each measurement
parameter.

Determination of the bias errors should be performed
prior to the formal collection of any test or monitoring
data. This is because the method selected, and the heat
exchanger’s operating margin, are likely to have a signif-
icant effect on the required accuracy of the instrumenta-
tion, which may require upgrading.

NOTE: If the same instruments are used and left installed in
back-to-back tests (e.g., in pre- and postcleaning tests), then, since
the repeatability of the instruments will be reflected in the data
acquired in the sample (thus becoming part of the precision error)
and since it is only the difference between tests being measured,
the bias errors will cancel out and only the precision error needs
to be considered. This will allow for the possibility of measuring

changes in heat exchanger performance that are less than the
bias error.

C-11.1.2 Precision Errors. The precision error for
each measurement parameter may be determined as
follows:

(a) Collect test data (a set of measurement parame-
ters) consisting of a minimum of 31 data sets (N > 31).
CAUTION: If fewer than 31 data sets are collected (N < 31), the
uncertainty analysis that follows will be invalid. More than 31
data sets should be used if greater precision is desired. Refer to
the reference in para. 3.2(n) if other than 31 data sets are taken.
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(b) Calculate the average value for the measurement
parameter (average of N measurements).

(¢) Calculate the standard deviation (also referred to
as the precision index) for the measurement parameter
using the “nonbiased” or “N — 1” method.

(d) Divide the precision index for the measurement
parameter by the square root of the total number of data
sets (31 or greater) to get the precision index of the
average value.

(e) Multiply the precision index for the average value
by the Student’s f test value of 2 to get the precision
error for the measurement parameter at the 95% confi-
dence level.

(f) Repeat steps (a) through (e) for each measurement
parameter.

C-11.1.3 Spatial Errors. If more than one sensor
location is being used to measure the test parameter
(at L locations), then a spatial error analysis must be
performed in lieu of the bias and precision error analyses
described above. The total spatial uncertainty will take
the place of the measurement errors used in determining
the resultant sensitivities (see para. C-11.2).

NOTE: If a measured parameter is likely to vary throughout the
space that contains the process being measured (as does air flow
due to the flow profile created in a duct), then multiple measure-
ments at more than one sensor location (at L locations) must be
taken and spatial errors must be taken into account.

The total spatial uncertainty consists of the following
three parts:

(a) the true spatial variation

(b) the time-dependent variation

(c) the instrument variation attributable to the preci-
sion error of the individual sensors

The total spatial uncertainty is equal to the root of
the sum of the squares of the other three terms. With
this in mind, there are two cases for total spatial uncer-
tainty that need to be considered.

C-11.1.3.1  The first case, which is the simpler of
the two, assumes that the sensor bias corresponds to
the instrument bias, that the precision index corresponds
to the time variation, and that both are small compared
to the spatial variation. If this is the case, then the total
spatial uncertainty is approximately equal to the true
spatial variation and can be determined as follows:

(a) Determine the average (of N readings) for each
sensor location (there will be L averages).

(b) Determine the average (of L locations) using the
averages calculated in (a); there will be one average.

(c) Determine the differences between the parameter
average (b) and the average instrument readings (a) and
square the differences (there will be L squared
differences).

(d) Sum the square of the differences, divide the sum
by the total number of sensors less one (L — 1), and then
take the square root.
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If the assumptions made for this case are not true, then
the above analysis will overestimate the contribution of
the spatial variations to the measurement uncertainty.

C-11.1.3.2  The second case to consider is when
the instrument precision and/or the time variations are
not small compared to the true spatial variation. In this
case, the instrument variation and the time variation
should be removed from the total spatial uncertainty,
as appropriate. For the second case, the instrument vari-
ation can be approximated by dividing the given instru-
ment bias by the Student’s ¢ distribution for infinite
degrees of freedom.

The time variation can be determined as follows:

(a) Determine the pooled variation.

(1) Sum the squares of the difference between the
overall average (of N X L readings) and the individual
sensor reading for each sensor (N X L readings).

(2) Divide the value in (1) by the product of the
number of sensors (L) times the number of readings less
one (N — 1) taken by an individual sensor.

(3) Take the square root of the value determined
in (2).

(b) Divide the pooled variation by the square root of
the sum of the number of readings for all sensors (N X
L readings).

The true spatial variation may be calculated by the
method presented in the first case. The total spatial
uncertainty can then be calculated as first presented.

NOTE: Additional guidance on spatial errors is presented in the
reference in para. 3.2(n).

C-11.1.4 Temperatures. The smaller the tempera-
ture differences, the more accurate the temperature mea-
surements will need to be. The following techniques
should be used to minimize temperature measurement
errors:

(a) Calibrate temperature sensors and data acquisi-
tion equipment as a single unit, in situ, to arrive at an
actual rather than calculated total bias error. If this is not
possible, calculate the total bias error using the guidance
provided in the reference in para. 3.2(n).

(b) If using digital data acquisition equipment, select
a system with the smallest analog-to-digital conversion
error (as this error becomes part of the total bias error).

(c) When measuring individual temperatures (e.g.,
used in calculating the LMTD), use precision RTDs and
individual calibration curves applied to each RTD.

(d) When measuring only temperature differences
(e.g., ATs), use two temperature sensors connected
together so that they measure AT as a single measure-
ment or use the same measuring device for each temper-
ature measurement. This will cause most of the error
terms to “wash out” when any two temperatures are
subtracted to calculate a AT.
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(e) When measuring only temperature differences
(e.g., ATs), apply the bias error to the temperature differ-
ences using the AT methodology for nonindependent
bias limits [see the reference in para. 3.2(0)].

(f) Calibrate all temperature sensors used as a group
(i.e., in the same oil bath).

(g) Calibrate temperature sensors over a range no
greater than that expected to occur during the test, at a
minimum of three points to minimize bias interpolation
e17o7S.

(h) Perform pre- and post-test calibrations to deter-
mine the validity of drift values used in calculating the
bias error.

(i) Use two (or more) temperature sensors (for RTDs,
they must be four wire) to measure the same parameter
and divide the bias error for one sensor by the square
root of the number of sensors used. The sensors must
be independent of each other [see the reference in
para. 3.2(p)].

(j) Increase ATs by adjusting either of the flow rates
prior to the test. However, as the ATs (and their accura-
cies) increase due to reduced flows, the accuracies of the
flow measurements will correspondingly decrease. Also,
reducing test flow rates to below the design accident
flow rates will require extrapolation back to the original
design accident conditions. In these cases, a compromise
must be made between flow accuracies, temperature
accuracies, and calculational complexities (see Nonman-
datory Appendix B, paras. B-1 and B-2).

(k) Increase ATs by maximizing the heatload supplied
to the heat exchanger.

(I) Locate temperature sensors such that they are
readily accessible to facilitate proper calibration and
maintenance.

(m) Always use thermal grease in thermowells to
reduce thermowell temperature gradients and tempera-
ture sensor response times.

(n) For inlet temperatures, locate the sensor as close
to the inlet of the heat exchanger as possible.

(o) For outlet temperatures, locate the sensor down-
stream of the heat exchanger in such a way as to allow
for thorough mixture of the outlet fluid. Temperature
stratification in the outlet fluid is a common occurrence
and can be avoided by proper placement of the tempera-
ture sensor (see Nonmandatory Appendix B, para. B-3).

C-11.1.5 Water Flows. The following techniques
should be used to minimize water flow measurement
e1TorS:

(a) Install calibrated stainless steel orifices (or compa-
rable high-accuracy primary flow elements) and flow
metering runs to provide the required accuracy and suf-
ficient run of smooth pipe.

(b) Account for any fouling layer on the pipe and/or
primary flow element in the flow bias error calculation.
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(c) Account for the primary flow element design (i.e.,
concentric/eccentric orifice plate, nozzle, or Venturi) in
the flow bias error calculation.

(d) Install ultrasonic flow meters, magnetic flow
meters, or annubars, but only after careful consideration
of their specific application.

(e) If the heat transfer coefficient test method is cho-
sen, it is also possible to extrapolate the least accurate
flow from the most accurate flow by performing a heat
balance on both sides of the heat exchanger.

(f) Increase flow rates prior to the test. However, as
the flow rate accuracies increase due to increased flows,
the accuracies of the AT measurements will correspond-
ingly decrease. In these cases, a compromise must be
made between flow and temperature accuracies (see
Nonmandatory Appendix B, para. B-1).

(g) Locate water flow primary elements inside any
bypass loops that may exist around the heat exchanger.
If this is not possible, any bypass valve leakage must
be reduced to zero to eliminate any errors that might
be caused by bypass valve leakages.

For additional information on water flow measure-
ment, see the reference in para. 3.2(q).

C-11.1.6 AirFlows. Accurate air flow measurements
are difficult to obtain due to their sensitivity to duct
work configurations and the difficulty of instrument
installation. The plant configuration should be exam-
ined to determine the ability to obtain accurate air flow
measurements. The following techniques should be used
to minimize air flow measurement errors:

(a) If the heat transfer coefficient test method is cho-
sen, it is possible to extrapolate the less accurate flow
(which may be the air flow) from the more accurate flow
by performing a heat balance on both sides of the heat
exchanger (refer to paras. 6.2.5 and 6.3.5).

(b) Locate air flow sensors in straight, unobstructed
sections of ductwork according to accepted industry
standards [i.e., references in paras. 3.2(r) through (u)].

C-11.1.7 Relative Humidity. Relative humidity can
be a very sensitive parameter, especially when conden-
sation is occurring. The following techniques should be
used to minimize relative humidity measurement errors:

(a) Inlet relative humidity instruments should be
located as close to the heat exchanger as possible.

(b) Outlet relative humidity instruments should be
located downstream of the heat exchanger in a location
that ensures adequate mixing.

C-11.1.8 Water Pressure Loss. The following tech-
niques should be used to minimize water pressure loss
measurement error.

(a) Locate pressure taps close to the heat exchanger
to minimize pressure drop due to pipe friction losses.

(b) Locate pressure taps so as to avoid fouling (i.e.,
locate at top versus bottom of pipe).
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(c) Blow down or rod out pressure taps prior to taking
measurements to remove any corrosion and/or fouling
material (full-ported root valves will help facilitate this).

(d) Use instrument snubbers to reduce instrument
reading fluctuations.

C-11.2 Result Sensitivities

The result sensitivities can be determined as follows:
(a) Define the functional relationship between the
measurement parameters and the test result. The test
result must be calculated in one step. All equations used
must first be rearranged so that there is either
(1) a single equation expressing the test result on
one side and the measurement parameters on the
other or
(2) simultaneously calculated equations (e.g., in a
spreadsheet) such that the measurement error for a given
measurement parameter is propagated through all
linked components simultaneously.

(b) Calculate the nominal result using the average
value for each measurement parameter.

(c) Calculate the result sensitivities for each measure-
ment parameter and in each direction (both plus and
minus). This is done by calculating the test result using
the average values for each measurement parameter plus
(and minus) the measurement errors for each measure-
ment parameter (one parameter at a time, and one direc-
tion at a time). This process is referred to as numerical
perturbation.

Examining the result sensitivities for each measure-
ment parameter is one of the best ways to determine
which instruments are worth upgrading to a higher
accuracy.

C-11.3 Total Uncertainty

The total uncertainty can be determined as follows:

(a) Take the largest absolute value of the result sensi-
tivities for each measurement parameter (resulting from
the numerical perturbation in para. C-11.2) and combine
them using the square root sum of the squares method.
This is the total uncertainty of the test result.

NOTE: The total uncertainty in the test result may be less than
the total error of any one of the measurement parameters. This
can occur if there are “linked errors” in the calculation or if the
same measurement parameter is used more than once in the calcu-
lation. In such cases, some of these errors will cancel out, resulting
in a lower total uncertainty in the test result.

(b) Apply the total uncertainty to the nominal result
in the most conservative direction to arrive at a test
result with 95% coverage. This is the value that should
be compared to the acceptance criteria (per para. 9).

C-11.4 Calculated Parameters

All test condition calculations shall be performed
using the most accurate measured parameters as the
required parameters (see para. 6). The other parameters

Copyright ASME International
Provided by IHS under Jicense with ASME

No reproduction or networking permitted without license from IHS Not for Resale



ASME OM-S/G-2007

(calculated from the required parameters) shall be cho-
sen as described below.

For example, since Q,; must equal Q.;, any one of
the six parameters (inlet temperature, outlet tempera-
ture, and flow rate for both the process and the cooling
fluid sides of the heat exchanger) can be calculated from
the other five measured parameters. If all six parameters
can be measured and one parameter is known to result
in a greater total uncertainty than the others, then that
parameter should be calculated, rather than measured,
to avoid compounding its error through the calculation.

(a) To minimize error propagation through the calcu-
lations that follow the calculation of heat duty, the total
uncertainty should be calculated for both the measured

PART 21 (STANDARDS)

and the calculated value of each of the six parameters. If
any calculated parameter results in less total uncertainty
than the corresponding measured parameter, then the
calculated parameter that has the least contribution to
total uncertainty should be used instead of the corres-
ponding measured parameter. Refer to para. 3.2(n) for
additional guidance concerning the weighting method.

(b) To provide a “consistency” check on the test data,
this sixth parameter should also be measured. The mea-
sured value of the parameter should be compared to
the calculated value of the parameter. If the calculated
value does not agree with the measured value, refer
to Nonmandatory Appendices A and B for potential
causes.
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PART 24
Reactor Coolant and
Recirculation Pump Condition Monitoring

1 INTRODUCTION

There is a need for standardization of in situ monitor-
ing of reactor coolant pumpsets and recirculation pump-
sets for the detection of pump and driver degradation
and for the detection or prediction of equipment faults
prior to functional failure. The intent of this Part is to
provide a standard method for monitoring these pump-
sets with a primary focus on vibration, bearing tempera-
ture, and seal condition monitoring. Additional
parameters and techniques are used as appropriate. The
data obtained are intended for monitoring and
diagnostic analysis.

1.1 Scope

This Part establishes the requirements for monitoring
of the reactor coolant pumps in pressurized water reac-
tors and recirculation pumps in boiling-water reactors.
This Part establishes the monitoring methods, intervals,
parameters to be measured and evaluated, and records
requirements.

1.2 Approach

This Part provides the steps necessary to implement a
monitoring program. The major steps necessary include

(a) identifying the potential pumpset faults that could
be detected by monitoring and the symptoms that would
be produced by these faults

(b) determining the analysis techniques that are
appropriate to the faults that are being monitored

(c) establishing the monitoring program necessary to
detect equipment deterioration or pumpset faults early
enough to prevent functional failure of the pumpset

(d) applying the evaluation criteria for each pumpset

2 DEFINITIONS

0.3x: 0.3 times the machine running speed.
0.5x: 0.5 times the machine running speed.
1 x: the machine running speed in cpm.

1 x amplitude: vibration amplitude at running speed. (See
also harmonics.)

1 x vectors: the vector of vibration, amplitude, and phase,
at the machine running speed.

2 x: twice the machine running speed.
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2 x amplitude: vibration amplitude at twice running
speed. (See also harmonics.)

2 X vectors: the vector of vibration, amplitude, and phase,
at twice the machine running speed.

acceleration: the time rate of change of velocity. The unit
for vibration acceleration is G. 1.0 G = acceleration
of earth’s gravity = 386.4 in./sec’ = 32.17 ft/sec’
9.81 m/sec’.

accelerometer: an inertial transducer that converts the
acceleration of mechanical vibration into a proportional
electric signal.

acceptance region: area around the 1X or 2X vibration
vector wherein the amplitude and phase are considered
normal.

accuracy: the closeness of agreement between a measured
value and the true value.

alarm, level 1: called Alert in API 670.
alarm, level 2: called Danger in API 670.

aliasing: in measurements, false indication of frequency
components caused by sampling a dynamic signal at
too low of a sampling frequency.

amplitude: the magnitude of vibration. Displacement is
measured in peak to peak. Velocity and acceleration are
measured in zero to peak or RMS.

asynchronous sampling: sampling of a vibration signal at
time intervals not related to shaft rotation.

axial position: the average position, or change in position,
of a rotor in the axial direction with respect to some
fixed reference.

balance: see unbalance.

balance resonance speed: a shaft rotational speed (or speed
range) that is equal to a lateral natural frequency of the
rotor system. [See also critical speed(s).]

baseline data: reference data set acquired when a machine
is in acceptable condition after installation or most
recent overhaul that establishes a basis to which subse-
quent data may be compared.

bearing instability: vibration caused by interaction
between the fluid in the bearing and the rotor.

Bod plot: a pair of graphs in Cartesian format displaying
any vibration vector (phase lag angle and amplitude)
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as a function of shaft rotational speed. The y-axis of the
top graph represents phase lag angle, while the y-axis
of the bottom graph represents amplitude. The common
x-axis represents shaft rotational speed. Sometimes
called an unbalance response plot.

cascade plot: a series of spectrum plots taken over a speed
range, usually at set speed intervals plotted against the
speed.

casing vibration: the absolute vibration of machine hous-
ing or structure, usually measured on the bearing
housing.

channel/loop: consists of a transducer or sensor, signal
conditioning, and the hardware required to display its
output signal.

critical speed(s): often any shaft rotational speed that is
associated with high vibration amplitudes. In general,
the speed that corresponds to a rotor lateral mode reso-
nance frequency excited by rotor unbalance, in which
case it is more correctly called the balance resonance
speed.

diagnostics: methods used to identify sources of malfunc-
tions from data gathered using monitoring and analyti-
cal equipment.

“displacement: a vibration measurement that quantifies
the amplitude in engineering units of mils (1 mil =
©0.001 in.) or micrometers.

electrical runout: a source of error on the output signal

; from a noncontacting probe system resulting from non-
uniform electrical conductivity properties of the
observed material or from the presence of a local mag-
netic field at a point on the shaft surface.

filter: electronic circuitry designed to pass or reject a
specific frequency band of a signal.

frequency: the repetition rate of a periodic vibration per
unit of time. Vibration frequency is typically expressed
in units of cycles per second (Hertz), cycles per minute,
or orders of shaft rotational speed.

frequency component: the amplitude, frequency, and phase
characteristics of a dynamic signal filtered to a single
frequency.

G: a unit of acceleration. (See also acceleration.)

gap voltage: a DC voltage from a proximity transducer
that quantifies the distance from the tip of the transducer
to the observed shaft surface.

Hanning window: windows are weighting or resolution
functions. A Hanning window provides an amplitude
accuracy versus frequency resolution compromise for
general purpose measurements for rotating equipment.

harmonics: the vibration content of a spectrum consisting
of exact frequency integer multiples or submultiples of
a fundamental frequency.
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Hertz (Hz): unit of frequency measurement in cycles per
second.

loose part: a metallic object that is disengaged and free
to drift or constrained and can affect nearby components.

mechanical runout: a source of error in the output signal
of a proximity probe system resulting from surface irreg-
ularities, out of round shafts, and such.

misalignment: the degree to which the axes of machine
components are noncollinear, either in offset or

angularity.

mode shape: the deflection shape of a pumpset and sup-
port structure due to an applied dynamic force at a
natural frequency; also used for the deflection shape of
a forced response.

natural frequency: the frequency of free vibration of a
mechanical system at which a specific natural mode
shape of the system elements assumes its maximum
amplitude.

nonsynchronous: any component of a vibration signal that
has a frequency not equal to an integer multiple of shaft
rotational speed (1X).

N Xx amplitude: vibration amplitude at N times running
speed, where N is an integer. (See also harmonics.)

oil whirl: see bearing instability.

orbit: the path of the shaft centerline motion at the probe
location during rotation.

overall: a value representing the magnitude of vibration
over a frequency range determined by the design of the
instrument or as specified. Expressed as rms, zero-peak
(0-P), and peak-to-peak (P-P).

phase angle: the timing relationship, in degrees, between
two signals, such as a once per revolution reference
probe and a vibration signal.

polar plot: a graphical format used to display vectors
(amplitude and phase) on a polar coordinate system.

preload: a unidirectional, axial, or radial static load due
to external or internal mechanisms. Also applied to the
installation configuration of certain bearing types such
as tilting pad bearings.

proximity probe: a noncontacting device that measures the
displacement motion and position of a surface relative to
the probe-mounting location. Typically, proximity
probes used for rotating machinery measure shaft dis-
placement motion and position relative to the machine
bearing(s) or housing.

pumpset: consists of the motor, coupling, pump, bearings,
and seals.

radial vibration: shaft or casing vibration that is measured
in a direction perpendicular to the shaft axis, often called
lateral vibration.
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rub: potentially severe machine malfunction consisting
of contact between the rotating and stationary parts of
a machine.

shaft bow: a condition of deformation of a shaft that
results in a curved shaft centerline.

spectrum averaging: the averaging of multiple spectra to
reduce random nonrecurring frequency components.

spectrum plot: an x-y plot in which the x-axis represents
vibration frequency and the y-axis represents ampli-
tudes of vibration components.

speed: the frequency at which a shaft is rotating at a
given moment, usually expressed in units of revolutions
per minute (rpm) or revolutions per second (rps).

steady-state data: data acquired from a machine at con-
stant shaft rotational speed and process conditions.

synchronous: the component of a vibration signal that
has a frequency equal to an integer multiple of the shaft
rotational speed (1X). (See also time synchronous
averaging.)

synchronous sampling: sampling of a vibration waveform
initiated by a shaft phase-reference transducer.

time synchronous averaging: the averaging of multiple
synchronously sampled waveforms to reduce the nonro-
tational-related frequency components.

transducer: generally, any device that converts a physical
phenomenon into an electrical signal proportional to the
amplitude of the sensed parameter (e.g., an accelerome-
ter generates an electrical signal proportional to the
acceleration of the point at which it is mounted).

trend: any parameter whose magnitude is displayed as
a function of time.

unbalance: a rotor condition where the mass centerline
(principal axis of inertia) does not coincide with the
geometric centerline, expressed in units of gram-inches,
gram-centimeters, or ounce-inches.

unfiltered: data that is not filtered and represents the
original transducer output signal.

vane passing frequency: a frequency equal to the number
of vanes times shaft rotational speed.

vector: a quantity that has both magnitude and angular
orientation. For a vibration vector, magnitude is
expressed as amplitude (displacement, velocity, or accel-
eration) and direction as phase angle (degrees).

velocity: the time rate of change of displacement. Units
for velocity are inches/second or millimeters/second.

waterfall plot: similar to cascade plot, except that the z
axis is usually time or another time-related function,
such as load, instead of shaft rotational speed
(rpm or rps).

waveform plot: a presentation of the waveform of a signal
as a function of time. A vibration time waveform can
be observed on an oscilloscope in the time domain.
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4 MACHINE FAULTS

4.1 Introduction

Tables 1 through 3 list some of the more common
pumpset and seal faults, their typical symptoms, and the
more common analysis techniques employed to detect
faults. The tables are not intended to be diagnostic tables.
Table 1 describes pumpset mechanical faults, Table 2
describes seal faults, and Table 3 describes electrical
motor faults.

5 VIBRATION, AXIAL POSITION, AND BEARING
TEMPERATURE MONITORING EQUIPMENT

5.1 General

5.1.1 Pumpsets monitored under this standard
shall have a permanently installed vibration, axial posi-
tion, and bearing temperature monitoring system as
specified in API 670 with the additions, deletions, and
changes as specified below. Although API 670 was writ-
ten for horizontal machines, the most significant change
required for API 670 to apply to the pumpsets defined
in this Standard are the location and orientation of the
transducers. See paras. 5.3.2 and 5.3.3.
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Table 1 Pumpset Mechanical Faults

Possible Faults

Typical Symptoms

Analysis Type

Excessive bearing preload
Hydraulic instability

Bearing instability

Rub (partial or full rotation)

Shaft bent/bowed
Cracked shaft
IZEUnbalance

E:Worn/damaged bearings
Looseness

Coupling misalignment or damage
(angular/parallel)

1x and occasionally 2x vectors, non-
circular orbit, bearing temperature rise

Nonsynchronous, random vibration < 1x
speed

Vibration at 0.3% to < 0.5% speed

Harmonics of running speed, truncated
waveforms

Vibration at 1x speed
Changes in 1x and 2x amplitude and phase
1x vectors and a typically circular orbit

1x amplitude or increase in harmonic
amplitudes

1x vector increase, harmonics of running
speed, truncated waveforms

1x and occasionally 2x vectors, noncircular
orbit, bearing temperature rise

Bearing temperature, orbit, oil properties,
spectra, trend, and vector

Average spectra and trend

Orbit, spectra, and trend

Orbit, spectra, trend, waveform, and
vector

Orbit, spectra, and vector
Orbit, spectra, trend, and vector
Orbit, trend, and vector

Bearing temperature, orbit, oil properties,
spectra, trend, and vector

Spectra, waveform, and trend

Bearing temperature, orbit, spectra, and
vectors

Table 2 Seal Faults

Possible Faults [Note (1)]

Typical Symptoms

Analysis Type

Seal
Chipped

Cracked seal faces
Pinched or cut elastomers

Wear

Dirt accumulation
Blocked controlled

bleedoff

Excessive leakage

Failure to stage

Increment in cavity temperature

Increase or decrease of bleedoff flow

Increase of bleedoff or leakage
temperature

Unbalanced seal pressure and
temperatures

Seal pressure oscillations (spikes)

Trend and correlation of seal
parameters, such as flow,
temperature, and pressure

Support systems
Pressure surges
Reduced cooling and/or
injection water flow
Increased CCW
temperature

NOTE:

(1) Some seal faults, such as excessive age and heat checking, cannot be detected by a monitoring

system.

5.1.2  Proximity probes are the preferred method
of monitoring. Accelerometers may be used in addition
to the proximity probes.

5.1.3 Instrumentation shall be suitable for the
expected radiation where the instrument is to be
installed.
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5.2 Monitoring System

5.2.1  Monitors shall be in a controlled, indoor
environment, preferably near or in the control room and
easily accessible by operations personnel, with an audi-
ble alarm in the control room and a visual display of
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Table 3 Electrical Motor Faults

Possible Faults

Typical Symptoms [Note (1)]

Analysis Type

Broken rotor bar
speed decrease

Nonuniform air gaps

Np*S sidebands around 1x vibration, Np*S vibration
Np*S sidebands around line frequency current, motor

2% line frequency vibration; Np*S sidebands around 1%
vibration; Np*S vibration Np*S sidebands around line

Motor current spectra, vibration spectra, and
waveform

Motor current spectra, shaft centerline
position, vibration spectra, and waveform

frequency current; unusual shaft position change on
start; rotor bar, stator slot frequencies, and sidebands

Insulation breakdown

Electrical protection relays actuate breakers

Visual examination of protective relays

NOTE:
(1) Np

number of poles on motor; S slip.

the measured parameters. This display need not be dedi-
cated and may be shared with other parameters, as
through the process computer, etc. The readout ranges
specified below may be changed to meet special require-
ments. Reference API 670, para. 3.5.2.

5.2.2  The following parameters shall activate an
audible alarm in the control room and shall be displayed:

(a) overall vibration amplitude

(b) 1X and 2X vectors, amplitude and phase of
vibration

(c) thrust position

(d) bearing temperature

(e) vibration monitor circuit fault as in API 670,
para. 3.5.1.1(k)

5.2.3 The number of relays may be different from
those specified in API 670, para. 3.4.2.1.

5.2.4 The physical length of the probe and integral
cable shall be in accordance with API 670, para. 3.1.14,
if practicable. Other lengths may be specified if required.

5.2.5 The physical length of the probe extension
cable shall be in accordance with API 670, para. 3.1.2,
if practicable. Other lengths may be specified if required.

5.2.6 Radial proximity vibration monitors’ readout
may be analog or digital. If analog, the readout range
shall be from 0 mils to at least 20 mils (500 pm) peak-
to-peak displacement, with 0.5 mil (15 pm) resolution.
If digital, the readout range shall be at least 25 mils (600
pm) with at least 0.5 mil (15 pm) resolution. Reference
API 670, para. 3.5.3.1. Other ranges can be used as neces-
sary for machine-specific needs.

5.2.7 Axial position monitors” readout may be
analog or digital. The readout range shall be from —40
mils to +40 mils (-1.0 mm to 1.0 mm) axial movement,
with at least 2 mil (50 wm) resolution. For sensor loca-
tions other than as specified in para. 5.4.1, the range
may need to be evaluated. Reference API 670, para.
3.5.5.1. Other ranges may be used.
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5.2.8 Accelerometer monitors shall contain an
integrator to convert the sensed acceleration to velocity.
Monitors may be analog or digital. If analog, the readout
range shall be from 0 in./sec to 1.0 in./sec (25 mm/sec)
peak. Reference API 670, paras. 3.5.4.1 and 3.5.4.2. Other
ranges may be used.

5.2.9 Accelerometer monitors shall contain a high
pass filter in accordance with API 670, para. 3.5.4.4. The
filter shall be set to one-third of the minimum running
speed.

5.2.10  Accelerometer monitors shall contain a low
pass filter in accordance with API 670, para. 3.5.4.4. This
filter shall be set to the higher of 1.5 times rotorbar pass
frequency or 1.5 times stator slot passing frequency.

5.3 Radial Proximity Sensor Locations

5.3.1 Each journal bearing in the pumpset includ-
ing the motor, thrust bearing assembly (if present), and
the pump shall have two proximity probes (X and Y)
installed in accordance with para. 5.3.3 or API 670,
para. 4.1.1.

5.3.2 Each pair of X and Y probes shall be coplanar.
All X probes shall have the same angular orientation.
The Y probes shall be 90 deg + 5 deg from the X probes
in a counterclockwise direction as seen from the top of
the motor looking down. If practicable, the X plane shall
be in line with the discharge pipe. Reference API 670,
para. 4.1.1.1.

5.3.3 The probes monitoring the pump shaft shall
be located above the seal housing as close as practicable
to the top of the seal. Reference API 670, para. 4.1.1.1.

5.3.4 Total error due to surface condition, both
electrical and mechanical, at the measurement planes in
the motor and thrust bearing assembly (if present), shall
not exceed 0.5 mils (15 pm). Total error due to surface
condition, both electrical and mechanical, at the pump
measurement plane specified in para. 5.3.3 may have
runout exceeding 0.5 mils (15 wm), but should not exceed
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3.0 mils (75 pm). Any error due to surface condition
greater than 0.5 mils (15 pm) shall be documented as
an 8-point reading including the phase relative to the
phase reference mark. Reference API 670, para. 4.1.1.2.
This surface condition should not be confused with
operational runout.

5.4 Axial Proximity Sensor Locations

Each thrust bearing (motor and pump if present) shall
have at least one (two are preferred) axially oriented
proximity probes in accordance with AP1670, para. 4.1.2.
For locations other than specified in API 670, para. 4.1.2,
the ranges must be evaluated.

5.5 Phase-Reference Sensor Location

5.5.1  There shall be at least one phase-reference
transducer observing the motor rotor for each pumpset
in accordance with API 670, para. 4.1.3. This transducer
shall be separate from any speed transducer(s) that
observe a multitooth gear or are part of a shutdown
system or a safety-related system. Reference API 670,
para. 4.1.3.

5.5.2 In addition to API 670, para. 4.1.3.6, the
marking groove shall provide a pulse width of at least
1% of the shaft rotation period. Reference API 670,
para. 4.1.3.6.

5.6 Bearing Temperature Sensors

5.6.1 Bearing temperature sensors are not required
on the pump journal bearing. Reference API 670,
para. 4.1.5.1.

5.6.2 Radial bearing temperature sensor locations
shall consider significant bearing loading. Reference
API 670, paras. 4.1.5.1.1 through 4.1.5.1.9.

5.6.3 Both the active and inactive thrust bearings
shall have bearing temperature sensors installed. Refer-
ence API 670, paras. 4.1.5.2.1 and 4.1.5.2.3.

5.7 Sensor Locations for Optional Accelerometers

5.7.1 The natural frequencies of the combined
pumpset and support structures shall be determined by
analysis or test or both. Note that this is not a rotor-
critical speed analysis. The frequencies and mode shapes
calculated or measured shall be used to determine the
appropriate locations for the accelerometers, which shall
be installed in accordance with API 670, para. 4.2.3.

5.7.2  Three accelerometers shall be mounted to
the top of the motor. Two of the accelerometers shall be
mounted in the same angular orientation as the X and
Y proximity probes + 5 deg, and the third shall be caused
by sampling a dynamic signal at too low a sampling
frequency.

5.7.3  If the running speed of the pumpset is above
the first natural frequency or the mode shape is not a
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simple beam mode, then two accelerometers shall be
mounted at each radial bearing except the pump journal
bearing.

5.8 Other Specifications

5.8.1 Wiring and conduit are not required to be
in conformance to NFPA 70 as specified in API 670, para.
3.6.1. Field-mounted equipment shall be installed in con-
tainment subject to containment spray events but not to
weather. Drains in conduit low points are not required
as specified in API 670, para. 3.6.2.1.

5.8.2 Field-installed instrumentation is not
expected to be installed in hazardous locations; thus,
the portions of API 670 that refer to requirements for
hazardous locations do not apply (API 670, para. 3.8.1).

5.8.3 The system is not expected to be wired into
an automatic shutdown system; thus, the provisions of
API 670 that refer to automatic shutdown do not apply
(API 670, paras. 3.5.1.4, 3.5.1.5, and 3.8.3).

5.8.4 Accelerometers shall be calibrated in accor-
dance with API 670, Table 2B. The lowest calibration
frequency shall be the lower of 10 Hz or one-third the
running speed.

6 VIBRATION DATA ANALYSIS SYSTEM
REQUIREMENTS

6.1 Introduction

The purpose of this paragraph is to present the
requirements for a digital analysis system that shall be
used to perform the pumpset vibration data analysis
and display. The listed data acquisition capability,
required to perform the necessary analysis, requires a
computer-based digital analysis system. Some of the
support functions (signal conditioning, filtering, etc.)
can be done with analog equipment. However, digital
equipment is required to perform the data sampling,
storage, archiving, and analysis.

6.2 Data Acquisition for Dynamic Signals

6.2.1 Introduction. Data acquisition refers to the
process of digitally sampling an analog dynamic signal.
The system needs to be able to support data acquisition
for each of the data collection modes described in para.
8. The following data acquisition specifications provide
suitable data for the analysis functions listed in para. 6.4.

6.2.2 General Requirements

(a) over-range detection/indication

(b) A/D conversion as required to meet the accuracy
requirements of para. 6.3

(c) dynamic range 78 dB or better

(d) magnitude accuracy 5% of full-scale range

6.2.3 Spectra Sampling Requirements
(a) 400 line minimum resolution
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(b) frequency range
(1) proximity probe at least 20 times full speed of
pump
(2) accelerometers at least 10 kHz
(c) Hanning window
(d) anti-aliasing filters
(e) four averages (minimum)
(f) 50% overlap
(g) sample rate 2.56 times frequency range
(h) asynchronous sampling

6.2.4 Waveform Sampling Requirements

(a) at least 100 sample points per revolution at full
speed

(b) at least a 10 revolution sample length

(c) no anti-aliasing filters

(d) X and Y probes simultaneously sampled with
phase reference

(e) time synchronous averaged waveforms with at
least 16 averages

6.3 System Accuracy and Calibration

6.3.1 The channel or loop accuracy including the
computer system shall be within 10% for radial shaft
vibration, thrust position, and bearing temperature.

6.3.2 The channel or loop accuracy including the
computer system for casing vibration shall be within
10% over a range from 0.1 G to 75 G at a single reference
frequency. The channel accuracy shall be within 20%
over the frequency range, as specified in paras. 5.2.9
and 5.2.10.

6.3.3 The channel or loop accuracy may be calcu-
lated using the square-root-of-the-sum-of-squares
(SRSS) combination of the individual accuracies of the
sensor, the monitor, and the computer system.

6.4 Data Analysis and Display

The following analysis and display functions shall be
provided:

6.4.1 General Requirements
(a) cursor readout ability for all plots
(b) manual and auto scaling for all plots

6.4.2 Amplitude and Phase Requirements

(a) Overall amplitudes shall be measured and
expressed as acceleration, velocity, or displacement.

(b) In addition to the alarms specified in the API 670
monitoring system, the analysis system shall provide
1x and 2X acceptance region alarms for radial proximity
probe channels.

6.4.3 Frequency Domain Analysis

(a) frequency spectra, in which linear amplitudes,
accelerations, velocities, or displacements are plotted
versus linear frequency expressed as cycles per second,

Copyright ASME International
Provided by IHS under license with ASME
No reproduction or networking permitted without license from IHS

141

PART 24 (STANDARDS)

(Hz), cycles per minute (cpm), or orders, synchronized
to a phase reference

(b) waterfall plots with at least 50 spectra plotted
versus time

(c) cascade plots with at least 50 spectra plotted
versus speed

6.4.4 Time Waveform Analysis

(a) time waveform plots of unfiltered data

(b) time waveform plots of time synchronous aver-
aged data

(c) orbit plots of unfiltered data

(d) orbit plots of synchronous (1X) or running
speed data

(e) time synchronous averaged orbit plots

6.4.5 Balance/Critical Speed Analysis

(a) Bodé plot for speed-transient data

(b) polar plots for speed-transient data

(c) vector plots for monitoring balance response
changes

(d) shaft centerline plots; polar plot of shaft centerline
position within bearing

(e) gap voltage plots

6.4.6 Trend Analysis. Trend analysis refers to any
measured parameter as a function of time in a
Cartesian plot.

6.5 Data Storage

6.5.1 The system shall provide storage and display
of either averaged or max./min. data stored at least once
per hour or at an interval specified when purchasing
the system. Data shall be stored for at least 24 months.
The minimum vibration-related data to be stored shall
be the overall amplitude, running speed amplitude and
phase, twice-running speed amplitude and phase, gap
voltage, and speed. The minimum nonvibration-related
data to be stored shall be the bearing temperatures, seal
parameters per para. 7, pumpset discharge temperature,
pumpset pressure, pumpset flow rate, reactor power
level, and other parameters as applicable. Averaged data
shall be computed as the average of at least ten points
collected over the interval. Maximum/minimum data
shall similarly apply to at least ten data points.

6.5.2  The system shall provide storage of the fol-
lowing data at a minimal interval of at least once per day:

(a) time waveforms with phase reference

(b) time synchronous waveforms

(c) averaged spectra (eight averages)

6.5.3 The system shall collect and store the data
as specified in paras. 6.5.1 and 6.5.2 on an alarm.

6.5.4 The system shall collect and store the vibra-
tion-related data as specified in paras. 6.5.1 and 6.5.2 on
coastdown and startup at a rate of at least every 50 rpm.
Additionally, one set of data, as specified in para. 6.5.2,
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shall be obtained once the pumpset has reached
operating speed.

6.5.5 The system shall provide the capability to
change the interval for the data collected in paras. 6.5.1
and 6.5.2 for startup or troubled machine monitoring.
The minimum recommended intervals available shall be
at least every 2 min for data in para. 6.5.1 and every
1 hr for data in para. 6.5.2.

6.6 Continuous Display of Dynamic Signals

6.6.1 The system shall be capable of displaying
any of the plots specified in para. 6.4 except Cascade
and Bod with an automatic refresh rate of at least once
per 10 sec.

6.6.2  The system shall be capable of printing the
display on demand or saving the display data to disk.

7 SEAL MONITORING
7.1 Introduction

7.1.1  Seals monitored under this Standard shall
have permanently installed sensors that monitor the
parameters as specified below.

7.1.2  Instrumentation shall be suitable for the
expected radiation where the instrument is to be
installed.

7.1.3  Vibration limits and shaft displacement limits
for the pumpset are generally less than that for the seal.
Axial displacement for the seal is limited by the spring
gap, usually much greater than the 0.060 in. to 0.120 in.
(1.5 mm to 3 mm) total axial displacement of the pump
shaft. Seal problems will not show up as a vibration
indication.

7.2 Monitoring System

7.2.1  Monitors shall be in a controlled, indoor
environment, preferably near or in the control room and
easily accessible by operations personnel, with an audi-
ble alarm in the control room and a visible display of
the measured parameters. This display need not be dedi-
cated and may be shared with other parameters, as
through the process computer, etc. The readout ranges
specified below may be changed to meet special require-
ments.

7.2.2  The applicable parameters in para. 7.2.4 or
7.2.5 shall activate the audible alarm in the control room
and shall be displayed.

7.2.3  The channel or loop accuracy, including the
computer system, shall be within 5% for temperature,
pressure, and flow.

7.2.4 Hydrostatic Seals. The following parameters
when possible shall be recorded at least once per hour:
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(a) injection flow

(b) injection temperature

(c) injection pressure

(d) cooling water flow

(e) cooling water temperature

(f) cooling water pressure

(g) bearing water temperature

(h) number 3 seal injection flow to seal
(i) number 3 seal injection temperature
(j) number 3 seal injection pressure

7.2.5 Staged Seals. The following seal parameters
when possible shall be recorded at least once per hour:

(a) seal staging pressures

(b) controlled bleedoff flow rate

(c) measured seal leakage rate

(d) controlled bleedoff temperature

(e) lower seal temperature

(f) seal injection temperature

(¢) seal injection flow rate

(h) CCW temperature

7.2.6 Also, the following system parameters shall
be recorded at the time seal data is collected:

(a) power level

(b) system temperature

(c) system pressure

(d) pump flow

(e) pump speed

(f) pump AP

7.2.7 Computer systems shall store data for at
least 24 months.

7.3 Monitoring and Analysis Requirements

7.3.1 Introduction. The effective use of the installed
monitoring system is crucial to an effective monitoring
program. Alarms must be set properly, periodic review
of the data must be done, and an effective plan for
responding to an alarm must be in place.

7.3.2 Startup Monitoring. Review of the trend of
the seal parameters shall be performed at least once per
hour during system pressurization.

7.3.3 Periodic Monitoring
(a) The intent of periodic monitoring is as follows:
(1) Provide a separate monitoring system and
method to ensure that problems with the seal are not
missed because of deficiencies in the installed monitor-
ing system.
(2) Provide long-term trend data offline from the
monitoring system.
(3) Ensure that a qualified person periodically
reviews the seal condition.
(b) Periodic monitoring is required at least every two
weeks. If any seal parameters are unusual, over the
alarm value, or a significant trend is seen, perform an
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evaluation in accordance with para. 7.4, and perform
monitoring in accordance with para. 7.5 as required.
(c) A long-term trending database shall be main-
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Table 4 Minimum Monitoring and
Recording Intervals

Run Time Monitoring Interval
tained separate from the installed monitoring system.
This archive shall be easily available as required to moni- Initial 2 min Continuous
tor for long-term changes in seal condition, provide an Initial 20 min 2min _
archive of past seal problems, and provide for statistical 34247}21rhr g)zehrreadmg within the first 24 hr
and other specialized analysis. 3-7 days 48 hr
(d) At an interval to ensure no data loss and the use- 7-15 days [Note (1)] 1 week
fulness of the long-term trending database, transfer the
historical files from the monitoring system to the long- NOTE:
term trending and archiving database. @ Monittc))lring shall be continued until at least a week after the plant
is stable.

7.3.4 Shutdown Monitoring. Engineering shall
review the trend of the seal parameters at least once per
hour during system depressurization.

7.4 Seal Alarm Response

7.4.1  When the installed monitoring system
alarms, the first response is usually by the Operators.
The initial actions to be taken shall include the following;:

(a) false alarm discrimination, i.e., does the alarm
clear and was the event related to a plant event such as
a pumpset start

(b) severity evaluation

(c) determination if pumpset shall be shut down
immediately

(d) notification of engineering for further evaluation

7.4.2  When notified of an alarm, engineering shall
make a further evaluation of the condition of the pump-
set. This evaluation shall include the following;:

(a) correlation of seal data to other plant data

(b) comparison of seal data to other seals and histori-
cal data

(c) false alarm discrimination

(d) review of relevant data collected by the monitor-
ing system

(e) evaluation of the seal condition per manufacturer
guidelines

(f) determination to implement an enhanced monitor-
ing program in accordance with para. 7.5

7.5 Enhanced Monitoring of a Troubled Seal

If an unusual seal condition is detected, an enhanced
monitoring program shall be implemented until the
problem is corrected or the pumpset is shut down. The
interval of the monitoring shall be based on the trend
and the result of the analysis and interpretation.

8 VIBRATION, AXIAL POSITION, AND BEARING
TEMPERATURE MONITORING

8.1 Introduction

The effective use of the installed monitoring system
is crucial to an effective monitoring program. Alarms
must be set properly, periodic review of the data must
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be performed, and an effective plan for responding to
an alarm must be in place.

8.2 Postmaintenance Monitoring

After every pumpset maintenance, the monitoring
specified below shall be performed to verify the condi-
tion of the pumpset and to establish new baseline data.

8.2.1 Start-up Monitoring Schedule. Perform moni-
toring per the schedule provided in Table 4.

8.2.2 Pumpset Start-up Monitoring Procedure.

(a) The loose parts monitoring system, if available,
shall be monitored via the speaker or headphones. Select
the appropriate sensor to detect a loose part coming
from the pump.

(b) Evaluate any loose parts alarms during the run
for possible pump-related loose part events.

(c) Monitor the spectra and the orbit.

(d) Monitor the overall vibration using the installed
vibration displays.

(e) Take one set of periodic monitoring data per
para. 8.3.

(f) 1f available, set up to record the first 20 min on
either tape or a transient data acquisition system. If any
unusual vibrations were seen during the run, the data
shall be analyzed for the cause of the vibration.

(g) Inspect the orbit and spectra of the X and Y probes
for significant changes.

(h) Monitor the 1X amplitude and phase.

(i) Examine the 1X and 2x vector trends and polar
plots of all probes for any unusual changes. For example,
the following may indicate an unusual change:

(1) an amplitude increasing at a rate of 1 mil
(25 pm) in 5 min

(2) an amplitude increase or decrease of 1 mil
(25 pm)

(3) anincrease in 2x amplitude of 50% when above
0.5 mils (15 pm)

(4) an increase in 2X amplitude of 1 mil (25 um)

(56) a change in the phase of the 1x or 2x of 30 deg

(j) If vibration, thrust position, or bearing tempera-
ture are unusual, over the alarm value, or a significant
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trend is seen, perform an evaluation in accordance with
para. 8.6 and perform monitoring in accordance with
para. 8.7 as required.

(k) Whenever any spectrum or orbit shows a signifi-
cant change, make a long-term storage media copy of the
filtered and unfiltered orbit, time synchronous average
orbit, and the spectra.

(I) Make long-term storage media copies of the data
listed below from the installed computer system. Data
shall cover the period from before startup to establish-
ment of baseline. Long-term storage media may be paper
copies, disk files (floppy, hard drive, optical, etc.), or
other retrievable records.

(1) overall vibration amplitude trend plots
(2) thrust position trend plots

(3) bearing temperature trend plot

(4) 1x amplitude and phase trend plots

(5) 1x acceptance region plots

(6) 2x amplitude and phase trend plots

(7) 2% acceptance region plots

(8) waterfall plots as a function of delta time
(9) gap voltage trend plots

(m) After atleast 7 days of stable operation, take base-
line data per para. 8.3.

8.3 Baseline

8.3.1 A new baseline shall be established for the
pumpset after every outage where maintenance work
is performed on the pumpsets.

8.3.2 Atleast 7 days (preferably 15 days) of vibra-
tion data at stable operation shall be available before
acquiring new baseline data.

8.3.3 The condition of the pumpsets shall be evalu-
ated to be acceptable before accepting the baseline data.

8.3.4 The following baseline data shall be stored
for each pumpset:

(a) unfiltered orbit and waveform

(b) spectra

(c) filtered orbit and waveform

(d) time synchronous orbits and waveform

(e) acceptance region plot of the 1x rpm (rps) and
2X rpm (rps) component for each sensor

(f) process data at time of acquiring new baseline data

(g) analog monitor front panel readings

(h) current value displays from computer system of
overall amplitude and gap voltage as applicable for each
sensor

(i) current alarm settings

8.3.5 The baseline data shall be maintained for the
life of the pumpset.

8.4 Periodic Monitoring

8.4.1
follows:

The intent of periodic monitoring is as
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(a) Provide a separate monitoring system and method
to ensure that problems with the pumpset are not missed
because of deficiencies in the installed monitoring
system.

(b) Provide long-term trend data offline from the
monitoring system.

(c) Ensure thata qualified person periodically reviews
the pumpset condition.

8.4.2  Periodic monitoring is required at least every
2 weeks. If vibration, thrust position, or bearing temper-
ature are unusual, over the alarm value, or a significant
trend is seen, perform an evaluation in accordance with
para. 8.6 and perform monitoring in accordance with
para. 8.7 as required. As a minimum, the following data
shall be reviewed:

(a) current alarms.

(b) alarms received since last review.

(c) trend of gap voltage; note any changes over 2 V.

(d) trend of the overall amplitude for each vibration
Sensor.

(e) trend of the 1X and 2x amplitude and phase for
each vibration sensor.

(f) trend of the bearing temperatures.

8.4.3 A monthly 10-min analog or digital tape
recording of each vibration channel is recommended.

8.4.4 Along-term trending database shall be main-
tained separately from the installed monitoring system.
This archive shall be easily available as required to moni-
tor for long-term changes in pumpset condition, to pro-
vide an archive of past pumpset problems, and to
provide for statistical and other specialized analysis.

8.4.5 At an interval to ensure no data loss and the
usefulness of the long-term trending database, transfer
the historical files from the monitoring system to the
long-term trending and archiving database.

8.4.6 Record the following process data within 1 hr
(at steady-state conditions if possible) of the collection of
the pumpset condition data:

(a) date/time of monitoring

(b) number of pumpset alarms in period

(c) number of system events in period

(d) power level

(e) system temperature

(f) system pressure

(g) days online

(h) pumpset flow if flow may vary

(i) pumpset speed if speed may vary

8.4.7  If the station has a computerized vibration
monitoring program using portable data collectors, data
from each channel shall be taken with that system for
long-term trending and offline analysis.
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8.4.8 Obtain a long-term storage media copy of
the alarm list since the last time this procedure was
performed.

8.5 Preoutage Coastdown

8.5.1 Before each outage during the normal pump-
set coastdown, record the data as specified in para. 6.5.4.

8.5.2

8.5.3
normal.

Examine data for any unusual patterns.

Determine coastdown time and compare to

8.5.4 Note orbit shape during coastdown for any
unusual patterns.

8.6 Vibration Alarm Response

8.6.1 When the installed monitoring system
alarms, the first response is usually by the Operators.
The initial actions to be taken shall include the following;:

(a) false alarm discrimination, i.e., does the alarm
clear, is the circuit fault indication on, and was the event
related to a plant event such as a pumpset start

(b) severity evaluation

(c) determination if pumpset shall be shut down
immediately

(d) notification of engineering for further evaluation

8.6.2 When notified of an alarm, engineering shall
make a further evaluation of the condition of the pump-
set. This evaluation shall include the following:

(a) correlation of pumpset data to other plant data.

(b) false alarm discrimination.

(c) review of relevant data collected by the monitoring
system.

(d) check of the loose parts system for any corres-
ponding events.

(e) evaluation of the pumpset condition in accordance
with para. 10; Part 14 may be used as a guide in this
evaluation.

(f) determination if an enhanced monitoring program
in accordance with para. 8.7 should be implemented.

(¢) determination if alarm values should be changed
per para. 9.

8.7 Enhanced Monitoring of a Troubled Pumpset

If unusual vibration or a trend in vibration, thrust
position, or bearing temperature is detected, an
enhanced monitoring program shall be implemented
until the problem is corrected or the pumpset is shut
down. The enhanced monitoring program shall include,
as applicable, additional instrumentation (tape record-
ers, oscilloscopes, spectrum analyzers, etc.) and continu-
ous or intermittent attendance by qualified analysis
personnel. The interval of the monitoring and data stor-
age shall be based on the severity, rate of change, and
the result of the analysis and diagnostics as specified in
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para. 10. Part 14 may be used as a guide in developing
an enhanced monitoring program.

9 ALARM SETTINGS

9.1 Determining Alarm Points for Overall Vibration
Amplitude

9.1.1  The alarm values for vibration amplitude
shall be based on the baseline values as recorded in
para. 8.3.

9.1.2 The Level 1 alarm points for the shaft vibra-
tion shall be 1.5 times the baseline value but not
exceeding the manufacturer’s recommended alarm
value.

9.1.3 The Level 2 alarm point for the shaft vibration
shall be 2.0 times the baseline value but not exceeding
the manufacturer’s recommended shutdown value.

9.1.4 TheLevel 1alarm point for the casing velocity
shall be calculated as 1.5 times the baseline value but
not less than 0.1 IPS (2.5 mm/sec). The alarm shall not
exceed the manufacturer’s recommended alert value or
0.3 IPS (7.5 mm/sec) without review and justification.

9.1.5 The Level 2 alarm point for the casing velocity
shall be calculated as 2.0 times the baseline value but
not less than 0.2 in./sec (5 mm/sec). The alarm shall
not exceed the manufacturer’s recommended shutdown
value or 0.6 in./sec (15 mm/sec) without review and
justification.

9.1.6 The alarm points may be rounded down to
the nearest meter division for ease in setting.

9.2 Determining 1Xx and 2 X Vector Acceptance
Regions

9.2.1 The alarm values for vector acceptance
regions shall be based on recent data collected before the
baseline point as recorded in para. 8.3. At least 20 days of
data is preferred. Because the vector data tends to be
noisier than the overall amplitude data, a sample of data
over several days is required.

9.2.2 The phase angle range of the sample of data
or the calculated acceptance region may cross the
360-0 deg line. Provisions for correctly calculating and
specifying the acceptance region in this case must be
implemented in the plant procedures.

9.2.3 The maximum and minimum values from
the sample data shall be used for the calculations below.

9.2.4 Acceptance regions shall be developed from
the maximum and minimum values.

max. + min.

Accept = ( >

) + 1.5(max. — min.)

(07
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Table 5 Typical Thrust Position Alarm
Setpoints for a Pump With Normal Upthrust

Alarm Level Thrust Position

Level 2 alarm, up Zero + 15 mils (375 pm)

Level 1 alarm, up Zero + 10 mils (250 pm)

Zero Thrust runner against the upper
thrust pads

Zero — the thrust clearance — 10 mils
(250 wm)

Level 1 alarm, down

Zero — the thrust clearance — 15 mils
(375 pm)

Level 2 alarm, down

9.2.5 Round the angle to a multiple of 15 deg.
Round down for minimum and up for maximum. If the
phase is undefined for any of the sample data, set the
angles to 0 deg and 360 deg.

9.2.6 If less than 10 days of data were used, the
phase acceptance range may be increased by subtracting
15 from the minimum phase and adding 15 to the
maximum phase.

9.2.7 Round the amplitude acceptance limits down
and up to the nearest 0.1 mil (2.5 pm).

9.3 Determining Alarm Points for Thrust Position

9.3.1 Thrust position alarms shall be based on the
thrust bearing clearance. The preferred method is to
record the change in position as the rotor goes from
down thrust to up thrust. Installed measured clearance
may be used if the clearance as measured by the thrust
probe is not available.

9.3.2  Zero thrust as indicated on the monitor is
defined as the axial position of the rotor when the rotor
is at normal and stable conditions. This reading is taken
during baseline measurements as described in para. 8.3.

9.3.3 The monitor shall be set so that upward
movement of the indication corresponds to upthrust of
the rotor. Reference API 670, para. 3.5.5.5.

9.3.4 The four alarms are set based on change from
the initial thrust clearances. Level 1 alarm is when the
normal thrust clearance has increased by more than
10 mils (250 wm) in one direction. Level 2 alarm is when
the thrust clearance has increased by more than 15 mils
(375 wm) in one direction. Table 5 shows an example
for a pump with normal upthrust.

ASME OM-S/G-2007

9.4 Determining Alarm Points for Bearing
Temperature

9.4.1 Bearing temperatures shall be set in accor-
dance with the manufacturer’s recommendation. Indus-
try practices or plant experiences may also be considered
in determining alarm points.

9.5 Alarm Settings

9.5.1 Alarm settings may be changed if the opera-
tion of the pumpset has caused a change in the parame-
ter and the change has been evaluated and deemed
acceptable.

10 ANALYSIS AND DIAGNOSTICS
10.1 Introduction

The accurate diagnosis of equipment condition is
essential to maintaining operability, reducing plant
down time, and increasing productivity. Diagnostics
based on the analysis and interpretation of vibration
data in conjunction with other equipment parameters
such as flow, temperature, and pressure indicate the
earliest signs of equipment degradation. Analysis and
interpretation of vibration data shall be performed by
someone experienced in vibration analysis techniques.

The intent of this Part is to list the types of data and
the methodology used to diagnose equipment condition.
This Part is not intended to take the place of established
plant procedures or to delineate certain analysis meth-
ods rather to provide guidance where plant procedures
do not exist or could be improved.

10.2 Data Types

Data collected for analysis shall include the following:

(a) routine steady-state data (para. 8.4)

(b) data collected based on an alarm condition
(para. 8.6)

(c) data collected during transient conditions (paras.
8.2 and 8.5)

10.3 Analysis Methods

The data collected per para. 10.2 shall be analyzed
using the following methods:

(a) overall vibration (amplitude trends)

(b) vibration orbit (form, precession, magnitude, and
trends)

(c) vibration spectra (harmonic content, amplitude,
trends, and phase)

(d) acceptance region deviations

(e) 1x and 2X vector analysis

(f) shaft position trends

(g) process data (deviations from normal values ver-
sus plant conditions and trends)

(h) machine geometry

(i) maintenance history

(j) history of similar events on similar machines
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10.4 Data Analysis

An analysis is the process of reviewing data collected
as specified by this standard on a machine to determine
equipment condition and diagnose equipment prob-
lems. A typical analysis would include the following:

(a) Comparing current vibration, process, and equip-
ment parameters to baseline and determining any
differences.

(b) Determining if any trends are present or are
developing.

(c) Reviewing equipment history for similar
occurrences.

(d) Reviewing the equipment history of like machines
for similar occurrences.

(e) Determining significant symptoms (para. 4)

(f) Determining probable causes of the symptoms
(para. 4, i.e., determining possible equipment faults, pro-
cess changes, or plant conditions that could produce the
observed responses).

(¢) Evaluating the probable condition of the pumpset
and assessing the severity.

11 ADDITIONAL TECHNOLOGIES

The technologies described here shall be used in con-
junction with vibration analysis to determine the condi-
tion of pumpsets. While one technology alone may
convey some evidence of a malfunction condition, the
inter-relationships between all of these technologies pro-
vides for a more complete and accurate diagnosis of the
condition of the pumpset.

11.1 Thermography

11.1.1  Thermography shall be used at least before
and after each refueling outage, to monitor switchgear,
breakers, and control relays providing electrical power
to the pumpset in accordance with ASTM E 1934-99,
Guide for Examining Electrical and Mechanical Equip-
ment with Infrared Thermography, para. 3.5.

11.1.2  See Nonmandatory Appendix B for addi-
tional information.

11.2 Lube Oil Analysis

11.2.1  Pumpset lubricating oil shall be monitored
for wear debris, lubricant cleanliness (foreign material
such as water and particulates), and oil chemistry in
accordance with the applicable sections of ASTM D 6224,
Standard Practice for In-Service Monitoring of Lubricat-
ing Oil for Auxiliary Power Plant Equipment.

11.2.2  New oil shall be sampled and tested in
accordance with the recommended tests given in
ASTM D 6224, Table 1, Turbine Type Oils, before being
put into the pumpset bearings.

11.2.3  Used oils shall be sampled at each refueling
outage, in accordance with ASTM D 6224, preferably
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while running or at least within 25 min of being tripped.

11.2.4 Used oils shall be tested in accordance with
the recommended test methods given in ASTM D 6224,
Table 2, Turbine Type Oils (if other types of oil are in
service, see ASTM D 6224). Used oil that is to be left in
service shall also have an oxidation stability test as speci-
fied in ASTM D 6224, Table 2, Turbine Type Oils.

11.2.5 See Nonmandatory Appendix C for addi-
tional information.

11.3 Motor Current Signature Analysis

11.3.1 Motor current signature analysis shall
include the measurement of the Np X slip frequency
sidebands of the line frequency component and the rotor
bar and stator slot passing frequencies.

11.3.2 Motor current signature analysis shall be
performed prior to each refueling outage and after every
outage where maintenance work is performed on the
pumpset.

11.3.3 See Nonmandatory Appendix D for addi-
tional information.

11.4 Motor Electrical Monitoring and Testing

11.4.1 The motor electrical operating parameters
(current, voltage, winding temperatures, etc.) shall be
monitored in accordance with the manufacturer’s rec-
ommendations, industry standards and practice, and
plant experience. The following parameters, as applica-
ble, shall activate an audible alarm in the control room
and shall be displayed:

(a) current

(b) phase balance

(c) winding temperature
(d) cooling water flow rate
(e) oil level

(f) winding cooler leakage

11.4.2 The motor shall be tested in accordance
with the applicable parts of NEMA MG 1 Motors and
Generators, para. 3.6.

11.5 Loose Parts Monitoring

11.5.1  The loose parts monitoring system shall be
installed and operated in accordance with ASME OM
Part 12, Loose Part Monitoring in Light-Water Reactor
Power Plants, para. 3.1.

11.5.2  The loose parts monitoring system shall be
checked for corresponding alarms whenever a pumpset
alarm is received.

11.5.3  The loose parts monitoring system channel,
which is closest to the pumpset downstream impact
location, shall be monitored when starting a pumpset
after maintenance.
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11.5.4 See Nonmandatory Appendix E for addi-
tional information.

12 OTHER

12.1 Calibrations

Calibrations shall be performed per the manufactur-
er’s recommendations and the plant maintenance pro-
gram. Consideration of the performance of the sensor
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(e.g., bias current and trend of 60 Hz frequency compo-
nent) may be used in determining calibration
requirements.
12.2 Quality

The instrumentation, computer systems, documenta-
tion, and data described in this standard are considered
non-nuclear safety as described in the plant’s QA plan.
Normal industry good practices shall be followed in
calibration, controlling, backing up, and storing docu-
mentation and data.
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PART 24
NONMANDATORY APPENDIX A
References

Below is a list of useful documents.

ISO 2372, Mechanical Vibration of Machines with
Operating Speeds From 10 to 200 rev/s: Basis for
Specifying Evaluation Standards

ISO 2373, Mechanical Vibration of Certain Rotating
Electrical Machinery With Shaft Heights Between 80
and 400 mm: Measurement and Evaluation of the
Vibration Severity

ISO 2954, Mechanical Vibration of Rotating and
Reciprocating Machinery: Requirements for
Instruments for Measuring Vibration Severity
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ISO 3945, Mechanical Vibration of Large Rotating
Machines With Speed Range From 10 to 200 rev/s:
Measurement and Evaluation of Vibration Severity
In Situ

ISO 7919/1, Mechanical Vibration of Nonreciprocating
Machines: Measurements on Rotating Shafts and
Evaluation, Part 1 General Guidelines

ISO 10816, Mechanical Vibration Evaluation of Machine
Vibration by Measurements of Nonrotating Parts

Publisher: International Organization for
Standardization (ISO), 1 rue de Varembé¢, Case Postale
56, CH-1211, Geneve 20, Switzerland /Suisse
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PART 24
NONMANDATORY APPENDIX B
Thermography

Thermography is the use of noncontact infrared tech-
nology to measure the surface temperature of equipment
and can be used to detect faults in machinery, which
create localized temperature changes. Thermography as
a trend tool can be used for the early detection of devel-
oping equipment problems and identification of possible
problem areas once a fault has developed.

(a) In electrical systems, such faults include the
following:

(1) loose or corroded connections
(2) overloads
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(3) phase imbalance
(4) short circuits
(56) mismatched or misinstalled components
Electrical system exceptions can be detected and iden-
tified using absolute temperature criteria published in
ANSI, IEEE, and NEMA published standards.
(b) In mechanical systems, typical faults include the
following;:
(1) improper lubrication
(2) misalignment
(3) worn components
(4) improper loading
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PART 24
NONMANDATORY APPENDIX C
Lube Oil Analysis

Monitoring of lubricating oil in a pumpset can help
to minimize the high cost of oil changes and unplanned
shutdowns. The cost of changing the oil in the pumpsets
covered by this standard may be significantly higher
than for other applications, because the oil may be
slightly radioactive. An effective lubricating oil monitor-
ing program, in accordance with ASTM D 6224, Standard
Practice for In-Service Monitoring of Lubricating Oil
for Auxiliary Power Plant Equipment, may be used to
perform oil changes based on test results rather than on
the basis of service time or calendar time. Such a pro-
gram is also intended to guard against excessive compo-
nent wear, oil degradation, or contamination, thereby
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minimizing the potential of catastrophic machine prob-
lems that are more likely to occur in the absence of such
a monitoring program.

The analysis tests specified are for oils that are consid-
ered turbine type. This type of oil is commonly used in
pumps and motors. Service oils that are not turbine type
shall have tests performed, as specified in ASTM D 6224,
that are appropriate for their oil type. PAO synthetic
oils, if used, shall be tested with the same test methods
specified for turbine-type oils; however, the oxidation
stability test results may require vendor interpretation.

New oil shall be prefiltered in accordance with
para. 7.3 of ASTM D 6224.
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PART 24
NONMANDATORY APPENDIX D
Motor Current Signature Analysis

Motor current analysis is a monitoring tool for induc-
tion motor driven equipment that gives information to
diagnose electrical and mechanical conditions of the
rotor. It is an in-service analysis of the frequency spec-
trum of the motor current made with the motor
operating at normal load without interfering with the
function of the driven machine or process.

Voltage signals from a current transformer shunt in
one phase of the power supply are analyzed using a
frequency spectrum. Rotor winding analysis is done by
comparing the amplitudes of the sideband components
with the amplitude of the line frequency component.
The sideband amplitudes become larger as damage to
the rotor progresses. The amplitude and frequency of
the sidebands are used to assess the number and severity
of broken rotor bars.

Levels of static and dynamic eccentricity of the rotor
within the stator are determined from the rotor bar pass-
ing frequency and the running speed sideband ampli-
tudes in the motor current signal. Data must be
compensated for machine load and process parameter
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changes. With experience, an accurate determination of
the condition of the rotor can be determined.
(a) Motor current analysis is probably the most effec-
tive on-line tool for detecting the following:
(1) cracked or broken rotor bars
(2) cracked motor end rings
(3) high resistance joints
(4) casting porosities or blow holes in aluminum
die-cast rotors
(5) poor joint brazing in fabricated rotors
(6) rotor winding problems in slip-ring induction
motors
(b) Motor current analysis can also detect many of
the motor mechanical problems such as the following:
(1) stationary or rotating air gap irregularities
(2) unbalanced magnetic pull
(3) mechanical unbalance
(4) bent shaft, thermal bow
(6) out-of-round stator or bearings
Itis not the best detector of many of the above mechan-
ical problems, but it provides support for motor vibra-
tion analysis.

Copyright ASME International
Provided by IHS under license with ASME

No reproduction or networking permitted without license from IHS Not for Resale



ASME OM-S/G-2007 PART 24 (STANDARDS)

PART 24
NONMANDATORY APPENDIX E
Loose Parts Monitoring

Data from the loose parts monitoring system is helpful (d) pumpset rubbing
for diagnosing the following conditions: (e) pumpset cavitation
(a) missing parts of an impeller (f) a pumpset vibration alarm caused by thermal
(b) damage from a loose part going through a  expansion during heat up or cool down
pumpset (g) pumpset flow—induced vibration
(c) pumpset internal loose parts or severe mechanical
looseness
153
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PART 25
Performance Testing of Emergency Core
Cooling Systems in Light-Water Reactor Power Plants

1 INTRODUCTION be impractical or cause detrimental interactions, engi-
neering evaluation or analysis is allowed in lieu of test-
1.1 Scope ing. Additional guidance is provided in para. 8.

This Part establishes the requirements for inservice
testing to assess the operational readiness of Emergency
Core Cooling Systems, including those systems required
for long-term decay heat removal, used in Light-Water
Reactor (LWR) power plants.

The Emergency Core Cooling Systems covered are
those required to perform a specific function in shutting
down a reactor to the safe shutdown condition, in main-
taining the safe shutdown condition, or in mitigating
the consequences of an accident.

This Part establishes test methods, test intervals,
parameters to be measured and evaluated, acceptance
criteria, corrective actions, and records requirements for
the purpose of assessing integrated system performance.

1.2 Owner’s Responsibility

This Part requires development of a performance test-
ing program that verifies the Emergency Core Cooling
System (ECCS) functions in accordance with the design
basis over the life of the plant. The Owner shall establish
this program through a process of the following five
parts:

(a) Identify ECCS performance requirements from
licensing and design basis documentation (see para. 5).

(b) Identify testable ECCS characteristics that repre-
sent performance requirements (see para. 6).

(c) Establish test acceptance criteria for each ECCS
characteristic (see para. 7).

(d) Develop test procedures that include test accept-
ance criteria and test frequencies, and perform required
testing, inspections, and engineering analysis (see
para. 8).

(e) Evaluate test data, document results, and im-
plement corrective action as appropriate (see paras. 9
and 10).

Apply the appropriate quality assurance requirements
to this program.

Ensure that nuclear safety is maintained by devel-
oping a test program within the bounds of the plant’s
design basis. Consider the required test conditions and
the potential consequences of the testing when devel-
oping the test program. In the event that a test would
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Procedures or test programs established for other pur-
poses may be used to satisfy testing requirements of this
Standard to the extent that they meet the requirements
of this Standard.

2 DEFINITIONS

The following list of definitions is provided to ensure
a uniform understanding of selected terms used in
this Part.

acceptance criteria: specified limits placed on characteris-
tics of an item, process, or service defined in codes,
standards, or other required documents.

accuracy: the closeness of agreement between a measured
value and the true value.

actuation levels: a response to defined plant conditions
that will control or actuate a desired set of components.

borated water supply tank (BWST): a storage tank con-
taining borated water inventory for Pressurized Water
Reactor (PWR) ECCS pump suction during the injection
phase.

characteristic: a variable or attribute that can be verified
by direct measurement or data reduction.

component: an item such as a vessel, pump, valve, piping
products, or core support viewed as an entity for pur-
poses of reporting or analyzing.

condensate storage tank (CST): a storage tank containing
water inventory for Boiling Water Reactor (BWR) ECCS
pump suction.

containment spray: a system to control containment pres-
sure and temperature and to remove containment heat
following accident conditions.

design bases: information that identifies the specific func-
tions to be performed by a structure, system, or compo-
nent of a facility, and the specific values or ranges of
values chosen for controlling parameters as reference
bounds for designs.

emergency core cooling system (ECCS): an automatic or
manual safety system credited in the plant 10 CFR 50.46
(Acceptance Criteria for Emergency Core Cooling Sys-
tems for Light-Water Nuclear Power Reactors) analysis,
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or equivalent analysis, for injecting coolant to the reactor
core or removing heat directly from the core coolant.

engineered safety features actuation system (ESFAS): a sys-
tem that responds to input parameters to actuate
required components in accordance with specified actu-
ation levels.

response time: time elapsed from when the process
exceeds a setpoint until the component achieves the
required response.

support system: those systems that are necessary for the
ECCS to perform its intended function.

system: an assembly of items whose functions and limita-
tions are defined in design or system specification
documents.

3 REFERENCES

The following is a list of publications referenced in
this Part.

Regulatory Guide 1.1, Net Positive Suction Head for
Emergency Core Cooling and Containment Heat
Removal System Pumps (Safety Guide 1), U.S. Nuclear
Regulatory Commission, November 1970

Title 10, Code of Federal Regulations, Part 50, Section
50.46, Acceptance Criteria for Emergency Core Cool-
ing Systems in Light Water Nuclear Power Reactors

Publisher: Superintendent of Documents, United States
Government Printing Office, Washington, DC 20402

4 ESTABLISH SYSTEM TESTING BOUNDARIES

Establish the system test boundaries for all emergency
core cooling systems (ECCS) as defined in para. 2, such
as low-pressure injection, high-pressure injection, pas-
sive injection, pumped recirculation, core spray, and
automatic depressurization systems. The test boundary
shall include all equipment required to perform the
ECCS function of delivering water from the source to
the reactor vessel or removing heat directly from the
core coolant.

The test boundaries shall include portions of the fol-
lowing decay heat removal systems only when credited
as ECCS or when they directly affect ECCS operation:

(a) normal feedwater

(b) auxiliary or emergency feedwater

(c) steam generator heat removal (PWR)

(d) containment air cooling

(e) isolation condenser (BWR)

(f) reactor core isolation cooling (BWR)

(g) containment spray

(h) suppression pool cooling (BWR)

(i) standby liquid control (BWR)

(j) normal plant shutdown decay heat removal
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For example, establishing the test boundary shall con-
sider the interaction of the containment spray pumps
with high head safety injection (SI) pump net positive
suction head (NPSH) when the pumps simultaneously
take suction from the low head SI pump discharge in
PWRs.

Support system testing, including ESFAS or ECCS
actuation logic testing, is not within the scope of this
Part. It is assumed that any ECCS support system is
tested by other procedures and is able to perform its
intended function.

5 IDENTIFY SYSTEM PERFORMANCE

REQUIREMENTS

Identify system performance requirements for ECCS
within the established test boundaries. Input parameters
derived from safety analyses performed to meet the
requirements of para. 6(a), or equivalent, define the
ECCS performance requirements. Examples include
core-delivered flow, ECCS fluid temperature, and time
to reach full pumped flow after ECCS actuation. Per-
formance requirements shall be consistent with the plant
licensing and design basis, including relevant licensing
commitments that limit, modify, or clarify ECCS
operating requirements.

In some cases, it is not practical to directly test each
of the performance requirements. In these instances,
develop testable system characteristics that can be used
to verify performance requirements.

6 IDENTIFY TESTABLE CHARACTERISTICS THAT

REPRESENT PERFORMANCE REQUIREMENTS

Identify testable system characteristics that represent
the ECCS performance requirements. Use source infor-
mation that defines ECCS characteristics, which
includes the following;:

(a) nuclear steam supply system (NSSS) design
specifications

(b) architect-engineer specifications

(c) Final Safety Analysis Report (FSAR)/Updated
Safety Analysis Report (USAR)

(d) Safety Evaluation Report/Supplemental Safety
Evaluation Reports

(e) design calculations

(f) system descriptions

(¢) design basis documentation

(h) reload documentation

(i) vendor correspondence

(j) preoperational tests

(k) design change documentation

6.1 System Characteristics

System characteristics are variables or attributes that
can be determined by direct measurement or data reduc-
tion. For example, pump-developed head and system
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resistance are the system characteristics that can be used
to verify the performance requirement of core-
delivered flow.

The values of some system characteristics cannot be
directly measured but can be verified by data reduction.
Pump total dynamic head and system resistance are
examples of characteristics that cannot be directly mea-
sured but can be calculated from other directly measured
parameters, such as pressure and flow rate.

6.1.1 Component Characteristics. Component char-
acteristics that affect system level performance shall be
included as system characteristics. An example is pump
performance required to deliver design flow to the reac-
tor coolant system (RCS) within a defined time interval
after a loss-of-coolant accident (LOCA). Also, heat
removal for ECCS heat exchangers is a system character-
istic for some ECCS designs.

6.1.2 Instrumentation and Control (I & C) Characteris-
tics. Instrumentation and Control (I & C) characteristics
that affect system-level performance shall be included
as system characteristics. These include indication and
control of system parameters such as flow, pressure,
level, and temperature.

6.1.3 ECCS Logic Characteristics. ECCS logic char-
acteristics shall be included as system characteristics.
ECCS logic is any permissive or interlock that initiates
or aligns ECCS fluid systems or mechanical devices.
ECCS logic does not include ESFAS or ECCS actuation
logic. Examples of ECCS logic are the following:

(a) logic that prevents unintentional overriding of
ECCS operation such as defeating noncritical trips dur-
ing emergency actuation and confirmatory signals to
valves

(b) logic intended to prevent exceeding design limits
such as logic-controlled flow limiters

(c) logic that causes ECCS components to actuate via
an ESFAS or ECCS actuation signal

(d) logic for transfer of pump suction from the BWST
to the containment sumps on a BWST low-level signal
(PWR)

(e) interlocks such as the logic for motor-operated
valves that isolate the decay heat removal system suction
lines during normal operation and the safety injection
accumulators before plant shutdown (PWR)

(f) logic for transfer of pump suction from the CST
to the containment suppression pool (BWR)

(¢) interlocks such as the pressure-permissive logic
for injection valves on low-pressure injection systems
(BWR)

(h) logic for ECCS injection path selection (BWR)

(i) logic for system realignment to accident mode
from any nonsafety or secondary operating mode

6.2 PWR Characteristics

Identify ECCS system characteristics for the passive
injection, pumped injection, and pumped recirculation
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ECCS operating modes. Paragraphs 6.2.1 through 6.2.3
provide some examples of system characteristics for the
three operating modes. These examples are not to be
considered all-inclusive.

6.2.1 Passive Injection Mode Characteristics. A sys-
tem characteristic associated with the passive injection
mode is discharge flow path resistance from the safety
injection accumulators to the RCS.

6.2.2 Pumped Injection Mode Characteristics. Sys-
tem characteristics associated with the pumped injection
mode are the following:

(a) pump discharge flow path overall resistance and
balanced branch line resistance for all cold and hot leg
injection paths

(b) for injection pump and driver operation

(1) NPSH for pump performance under worst-case
system conditions

(2) pump total dynamic head versus flow

(3) pump response time (time to reach rated flow)

(4) pump drivers not tripping under worst-case
flow conditions

(c) pump minimum flow path flow rate under both
individual and combined pump operation

(d) integrated ECCS operation in conjunction with
other systems in response to ESFAS actuation with and
without offsite power

6.2.3 Pumped Recirculation Mode Characteristics.
System characteristics associated with the pumped recir-
culation mode are the following:

(1) NPSH available is greater than that required at
accident conditions (such as temperature, pressure, flow,
and blockage), as discussed in para. 6(b)

(b) pump discharge flow path overall resistance and
balanced branch line resistance for all cold and hot leg
injection paths not addressed in para. 6.2.2

(c) operation of each pump in all design operating
modes not addressed in para. 6.2.2, including pump
drivers that will not trip under worst-case flow
conditions

(d) higher head pumps that can be aligned for suction
from the lower head pumps and operate acceptably in
those plants that use this scheme in the pumped recircu-
lation mode

(e) heat removal from ECCS heat exchangers

(f) transfer of pump suction from the BWST to the
containment sump

6.3 BWR Characteristics

Identify ECCS system characteristics for the high-
pressure injection, depressurization, low-pressure injec-
tion, and long-term decay heat removal modes. Para-
graphs 6.3.1 through 6.3.4 provide some examples of
system characteristics for the four operating modes.
These examples are not to be considered all-inclusive.

Copyright ASME International
Provided by IHS under license with ASME

No reproduction or networking permitted without license from IHS Not for Resale



PART 25 (STANDARDS)

6.3.1 High-Pressure Injection Mode Characteristics.
System characteristics associated with high-pressure
injection mode are the following:

(a) discharge flow path resistance for all injection
paths

(b) for injection pump and driver operation

(1) NPSH for pump performance under worst-case
system conditions, including strainer head losses

(2) pump total dynamic head versus flow

(3) pump response time (time to reach rated flow)

(4) pump drivers not tripping under worst-case
flow conditions

(c) pump minimum flow path flow rate

(d) integrated ECCS operation in conjunction with
other systems in response to ECCS actuation with and
without offsite power

(e) transfer of pump suction from the CST to the
suppression pool

6.3.2 Depressurization Mode Characteristics. Sys-
tem characteristics associated with the depressurization
mode are the following:

(1) blowdown mass flow rate
(b) initiation logic operation

6.3.3 Low-Pressure Injection Mode Characteristics.
System characteristics associated with the low-pressure
injection mode are the following:

(a) discharge flow path resistance for all injection
paths

(b) for injection pump and driver operation

(1) NPSH for pump performance under worst-case
system conditions, including strainer head losses

(2) pump total dynamic head versus flow

(3) pump response time (time to reach rated flow)

(4) pump drivers not tripping under worst-case
flow conditions

(c) pump minimum flow path flow rate under both
individual and combined pump operation

(d) integrated ECCS operation in conjunction with
other systems and divisions, where divisional interac-
tion exists, in response to ECCS actuation with and with-
out offsite power

6.3.4 Long-Term Decay Heat Removal Mode
Characteristics. System characteristics associated with
long-term postaccident heat removal are the following;:

(a) flow resistance for all heat removal paths
(b) for heat removal pump and driver operation
(1) NPSH for pump performance under worst-case
system conditions, including strainer head losses
(2) pump total dynamic head versus flow
(3) pump response time (time to reach rated flow)
(4) pump drivers not tripping under worst-case
flow conditions
(c) pump minimum flow path flow rate under both
individual and combined pump operation
(d) ECCS heat exchanger heat removal
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7 ESTABLISH CHARACTERISTIC ACCEPTANCE
CRITERIA

Establish acceptance criteria for each system charac-
teristic derived in accordance with para. 6. Each system
characteristic has analysis limits that are documented
in the plant design or licensing basis. Develop test
acceptance criteria from these limits that account for the
following;:

(a) differences between analysis and test, considering
system configuration and boundary or process fluid con-
ditions. Since ECCS testing under accident conditions
may be impractical, acceptance criteria must be devel-
oped by associating practical test conditions to accident
analysis limits. An example is system flow or flow bal-
ance criteria derived from small break LOCA analysis,
but that are verified under zero back pressure, nonacci-
dent conditions.

(b) test instrument loop accuracy. Accomplish this by
adjusting either the measured data or the analysis limits.

Refer to Nonmandatory Appendi