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ABSTRACT

One of the most critical phases of plant development is the test,
startup, and commissioning period. The effort expended in the initial
phases prior to commissioning has a definite effect on the reliability
and continuing availability of the plant during its life.

The purpose of this paper is to describe what, in the authors' opinion,
has proven to be a well-coordinated and effective test, startup, and
commissioning program for a pressurized water reactor (PWR) plant.

This program commences with the completion of construction and continues
through the turnover of equipment/systems to the owner's startup/
commissioning group.

The paper addresses such major items as organization of the test/startup
group, planning and scheduling, test procedures and initial testing,
staffing and certification of the test group, training of operators, and
turnover to the owner.

INTRODUCTION

The startup and commissioning process for pressurized water reactors
(PWR) (or, in fact, any nuclear or fossil-fueled electric generating
facility), is a continuous and overlapping series of activities. These
activities commence with initial program planning and continue through
initial fuel load and commercial operations. This paper highlights some
major areas which must be addressed prior to and during this program.

The nuclear licensing process has always required that plant design
features and components be tested to a degree uncommon to other
industrial facilities. With present day requirements being more
stringent, presented is a formal startup/commissioning program which is
described in Stone & Webster Engineering Corporation's (SWEC) Standard
Test Program Manual. This program is based on programs that SWEC has
successfully conducted and is presently conducting for nuclear plant
startups. This program is intended to ensure that the design objectives
of the plant are being met to the satisfaction of not only the regulatory
agencies and the owner, but also of the NSSS, vendor, and staff of the
engineer/constructor (E/C).
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TEST PROGRAM ORGANIZATION AND ADMINISTRATION

At the inception of a test/startup commissioning program, it is
imperative that all parties involved with such a program be in agreement
as to duties and responsibilities. An administrative procedure should be
developed, assigning specific duties and responsibilities throughout the
entire program to eliminate confusion and assure continuous smooth flow
of the test program.

Once a distinct line of responsibilities has been established, a
startup/test/commissioning schedule or network should be developed and
interfaced with the engineering and construction schedules.

Scheduling of events and milestones, once established on a planning
network, will clearly define the necessary steps, sequence, and
interrelationship of events required to attain the milestones and also
will provide the means for staffing the program.

Further expansion of the schedule may be required as the program
progresses; each system may be fragneted to facilitate completion of
construction and testing of the system prior to release for initial
operations. The planning and scheduling activity is discussed later.

SYSTEM STARTUP ACTIVITIES LOGIC DIAGRAM

The early development of a startup logic test program (time frames)
provides a means of identifying responsibility for major phases of the
startup and test program.

An ideal logic for the site test/commissioning program would establish
four phases of activities, i.e., installation phase, preliminary test
phase, preoperational test phase, and startup phase. This logic would
clearly delineate the administrative itemi that affect the construction
and operations group.

A typical site test program activities logic is shown in Figure 1.

Phase I - Installation Phase

This phase depicts those items required to be performed by the
construction forces prior to release to the startup test organization.

Phase II - Preliminary Test Phase

This phase is conducted by the startup test organization following
acceptance from construction, and includes the testing of the various
components and initial operation of each component necessary for the
completion of a functional system.
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Phase III - Preoperational Test Phase

This phase involves the functional testing of a system or structure as a
whole, prior to fuel load. These tests are to verify that specified
design activities can be met for all operating modes and ranges without
reactor power operation.

Phase IV - Startup Phase

Following acceptance of the system by the owner/operator, the combined
efforts of the startup test program and the operating staff carry out the
plant performance test phase wherein the integrated systems are operated
to achieve unit synchronization and commissioning of the plant as a
whole.

TEST PROGRAM MANUAL (TPM)

The Test Program Manual (TPM) is a compilation of administrative
directives for the test, startup and commissioning phases. These
directives contain the administrative and technical procedures necessary
to implement an effective test program in conformance with technical,
regulatory, and quality requirements. They should include directives for
creating, reviewing, and approving results, and reporting and storing all
types of startup documents. Where the Engineer/Constructor (E/C) and
test and startup group have developed a standard test program directive,
the time and cost to develop a TPM is minimized by adoption of the STPD
with modification as desired.

ORGANIZATION AND STAFFING

The organization and staffing of a startup/test and commissioning program
may be any one of several variants:

• Owner Controlled - This program provides for the staffing of
the startup and commissioning program using only owner
employees as startup test engineers, supplemented by
consultants from the E/C or a similar organization supplying
test and startup engineers.

• Combined Group - This program provides for a mixture of owner
employees with startup test engineers from the E/C.

In this type of program, the owner appoints a startup manager
with a counterpart from the E/C. All lead positions (by
disciplines) are filled by owner employees with support
engineers being supplied by the E/C.

• Engineer/Constructor - In this program, all personnel assigned
to the startup test/commissioning organization are supplied by
the E/C to carry out the program from inception through the
preoperational testing and fuel load stages of the
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commissioning program. At that time, the owner's staff assumes
the responsibility for the test to be performed prior to
synchronization and power ascension testing, with the E/C
personnel assuming a support or consultant role.

During this program, an employee of the owner is appointed as a
liaison engineer with the senior startup engineer to coordinate
the efforts of all parties to carry out a successful
startup/commissioning program.

Staffing

Regardless of the type of organization being utilized to carry out the
startup/test commissioning program, the staffing is essentially the same.
The successful completion of a startup commissioning program will depend
greatly on the expertise and coordinating abilities of the startup
manager or senior startup engineer. Extreme care should be exercised in
filling these positions.

Manpower

The manpower required for a complete scope PWR nuclear plant startup
commissioning program is largely dependent on the time element for the
program. The manpower requirements, in our experience, peak at
approximately 8 months prior to fuel loading. Reduction of staff starts
approximately 1 month prior to fuel loading with peak manpower as listed
below:

Startup Test Engineer 45
Technician - I&C 35
Technician - Electrical 40
Technician - Mechanical 20
Operators to Support Program 35

Crafts people 100

A typical organization for this kind of program is shown in Figure 2.

TEST AND STARTUP PROGRAM ACTIVITIES

The activities involved in the overall startup/test commissioning
program, controlled and under the direction of the startup manager, are
divided into two groups, headquarters (either E/C, owners, or at site)
and field activities.

Example of these activities are shown in Figures 3 and 4.

TEST PROGRAM PROCEDURES

Test procedures are a set of written instructions for conducting a test
on a component, system, or structure. There are two basic types of
procedures instrumental in implementing a successful startup test/
commissioning program, a generic test procedure and a specific test
procedure.
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GENERIC TEST PROCEDURE

This is a test procedure that can be applied without modification to
similar groups of components, systems, or structures. A generic test
procedure uses separate data sheets to record test data obtained from
each test.

SPECIFIC TEST PROCEDURE

This is a test procedure that can be applied to a specific component,
system, or structure.

PREPARING TEST PROCEDURES

Test procedures should be prepared by test personnel, and where
necessary, the preparer should include hold points and specify the hold
point activity. The preparer should include signature blocks for the
inspector to sign upon completion of hold point activity.

Information for the preparation of the test procedure may be obtained
from the system description, purchase specifications, drawings, division
technical guidelines, codes and standards, safety analysis reports, and
manufacturers' drawings and literature. The requirements and acceptance
criteria for the test should be obtained from approved, applicable design
documents of the latest revision, including outstanding nonconformance
items and engineering problems.

If the requirements and acceptance criteria for the test are unavailable
from existing design documents, they may be developed by test personnel
preparing the test procedure. Such requirements and acceptance criteria
may be reviewed and approved.

TEST PROCEDURE REVIEWERS

Test procedures should be reviewed by the lead startup test engineer and
the responsible lead discipline engineer on the project. At least one
individual approving the test procedure must be a certified level III
test engineer in accordance with NRC Regulatory Guide 1.58, ANSI NA5.2.6,
and ASME code sections III and XI.

Each test procedure should include the following sections, as applicable,
in the order presented:

Cover Sheet
Purpose and Scope
General Test Method
Test Equipment
Prerequisites
Initial Conditions
Precautions and Limitations
Procedure
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• Acceptance Criteria
• Restoration of Equipment to Normal Status
• Enclosures/Attachments
• References

Cover Sheet

An appropriate cover sheet indicating the type of procedure should be
attached to the front of each test procedure with the following
information included:

• Title of test procedure

• Test procedure number

• Revision number

• Issue date

• Preparer and approval signature

• Owner's name and power plant applicability

Purpose and Scope

The objective of the test and/or the reason for performing the test
should be stated, including an indication of the extent or scope of the
test.

For many system tests where each of several initiation events will
produce one or more desired actions, these initiating events and
corresponding actions should be identified.

General Test Method

This section should briefly describe the test method and the manner in
which it will be implemented. The description should indicate the extent
of non-standard or temporary arrangements required by this method. This
description is not a step-by-step procedure, but it should be in
sufficient detail to allow the reader to understand how the test is to be
conducted.

Test Equipment

This section comprises a list of the test equipment required to obtain
the necessary test data or to perform the test. Details to be included,
as applicable, are quantity, range, setpoints, calibration requirements,
cleanliness, and accuracy.
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Prerequisites

A list of the prerequisites for the entire or for specific steps in the
test should be prepared. These prerequisites should include—

* A review of the applicable installation completion report to
verify that outstanding items will not detrimentally affect the
test performance.

• A list of other tests or portions of tests required to have
been satisfactorily completed.

•. An evaluation of any environmental condition applicable to the
test.

Initial Conditions

Included in this section is a list of plant conditions and/or
instructions pertaining to the configuration of the component, system, or
structure and supporting systems at the beginning of the test. The list
should indicate the equipment's operations status and should specify the
condition of the equipment affected.

Precautions and limitations

A list of the precautions to bs taken before, during, and after the
performance of the test to provide for the safety of personnel and
equipment should be prepared. As applicable, it should identify maximum
or minimum setpoints that may damage equipment or injure personnel,
safety limitations that may be approached, personnel protective apparel
and devices, and any restrictions on personnel conduct pertaining to the
test, including OSHA regulations. Special precautions may be stated
immediately prior to the corresponding procedural activity.

Procedure

This section is a concise, step-by-step instruction to the testing
personnel on how to conduct the test. The section will state which data
are to be collected and the form in which they are to be recorded. It
should also indicate where the data are to be recorded. Steps requiring
witness or inspector signatures must be identified and provisions made
for recording such signatures.

Acceptance Criteria

The qualitative and/or quantitative acceptance criteria against which the
success or failure of the test will be judged, must be identified clearly
in this section. The criteria may be stated in this section, in the
procedural section, or on data sheets.
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Restoration of Equipment to Normal Status

This section is a list of the instructions for restoring equipment to
normal status, pretest conditions, or some interim condition. These
instructions should include a checklist of components and system
conditions or configurations that must be achieved after the test is
complete. The restoration must be verified and the list signed by the
individual performing the activity.

Enclosures/Attachments

This section includes data sheet(s) for recording the results of the
test; remark sheet(s) for pertinent information pertaining to the test,
such as work on equipment or repairs needed to make the equipment work;
and other attachments as necessary.

Each of these attachments should display the following information:

• The test procedure number and revision status

• An attachment number and the page number of each sheet of that
attachment, e.g. Attachment 6.2, sheet 1 of 2

• The test folder no. or file code no. or both

• The date and signature of those conducting and witnessing the
test

References

Documents, including the document number and revision status, should be
listed for each document used as source information for the preparation
of the test procedure.

MECHANICAL TEST PROCEDURES (MTP)

These procedures are normally prepared on a generic basis and usually are'
implemented prior to or during initial equipment operation. Mechanical
test procedures include, but are not limited to flushing procedures;
pressure test procedures, both pneumatic and hydrostatic; containment
test procedures; and structural, ventilation and vibrational test
procedures.

ELECTRICAL TEST PROCEDURES (ETP)

These procedures are normally used to test components and control
circuits prior to testing the system in which they are incorporated.
They include procedures for activities such as high potting, meggering,
component testing, and control circuit checkout.
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INSTRUMENTATION TEST DOCUMENTS (ITP)

These are documents used to verify the installation of instruments and
their associated control loops, the calibration of each instrument and
its loop, with the functional testing of the overall loop being recorded
on a Loop Calibration Report. Instrumentation test documents include
generic instrument calibration procedures, Loop Calibration Reports,
Instrument Test Procedures, and Test Loop Diagrams.

TYPICAL TEST PROCEDURES

Typical test procedures used during the preliminary test phase or a PWR
startup test commissioning program are listed in the following table:

Mechanical

Ventilation Testing Procedures
Containment Testing Procedures
Cleaning Procedures
Flushing Procedures
Pressure Test Procedures
Structural Test Procedures
Vibration Test Procedures
Special Mechanical Test Procedure

Electrical

Component Test Procedures
Hipot Testing Procedures
Meggering Procedures
Control Verification Package
Special Electrical Test
Procedures

Instrumentation

Instrument Calibration Procedure
Loop Calibration Reports
Instrument Test Procedures
Test Loop Diagram Special Instrument Test Procedure

PREOPERATIONAL AND ACCEPTANCE TESTS

Preoperational and acceptance testing is the final testing activity on
components, systems, and facilities prior to fuel loading. It must be
given top priority by all organizations involved in the test program.
Acceptance tests meet the same requirements as preoperational tests, but
the term is applied generally to systems required for electrical power
generation. The testing of nuclear safety related equipment, systems,
and facilities is generally called preoperational testing. It is not
intended to provide a complete list of all preoperational and acceptance
test procedures in this paper; however, this complete listing should be
one of the first priorities when establishing the test program.
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As stated in Regulatory Guide 1.68, these tests "should demonstrate that
structures, systems, and compc '̂-s will operate in accordance with
design in all operating modes and throughout the full design operating
range." In addition to meeting the above requirements, the procedure
program should ensure that these test procedures address the following
objectives:

• Establish base-line data for periodic surveillance tests

• Train plant operators

• Provide for trial testing of plant operating and emergency
procedure

• Incorporate lessons learned from other operating power reactor
experience

• Verify warranty acceptance data for vendor supplied equipment

POWER ASCENSION TESTS

The power ascension testing program begins after fuel loading. It is
normally preceded by the post fuel load power testing and a partial hot
functional test (completion of hot functional requires core differential
pressure). These tests include the reactor coolant system flow testing
for final modification of reactor protection system settings.

The power ascension testing is to verify that the overall plant operates
in accordance with design in all operating modes. This is done by steady
state operation at various power levels and also by subjecting the plant
to various anticipated transients and postulated accidents. There
normally is one main procedure which sequences the testing performed
during this program. Tests which are performed at various power levels
during this program include—

Nuclear instrumentation calibration
Reactivity coefficients at power
Heat balance tests
Control and power shaping rod worth
Load swing tests
Turbine/Reactor trip test
Transient tests

PROCEDURE SCHEDULE

After the overall test program procedure requirements have been
identified, a preparation schedule should be developed. Figure 5
provides only a skeleton of the activities required in this schedule.
The plant specific schedule should clearly define responsibilities not
only for preparation but also for review and approval activities for all

10
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identified procedures. It should be remembered that the final required
completion date for a procedure may not be that required for implementa-
tion, but may be determined by some other commitment. In general, this
means regulatory agency review; however, other reasons could include
training or input to other test activities. In any case, the actual
milestone requirement and interrelationship with other activities should
be identified on the schedule.

Figure 6 provides a list of some of the start dates for the procedure
development activities. These start dates are intended to coincide with
later milestone activities. The main point to remember is to start early
on those procedures or programs which require an extensive interface with
other organizations or require special test equipment.

PLANNING AND SCHEDULING

A coordinated planning and scheduling program is essential in
accomplishing and controlling the magnitude of activities required to put
a nuclear plant on-line. In general, this effort is necessary to—

• Define engineering and construction priorities

• Establish the overall critical path of the project

• Facilitate tracking the progress and status of the project
during the startup and commissioning program

• Assess the impact of "change" to the project's end date

The planning and scheduling process for the test and startup program is
accomplished in several phases. The initial step is to identify each
unique system or subsystem that will finally constitute the entire plant.
This effort should be completed early in a project, as soon as practical
after the issue of the first engineering documents such as flow diagrams
and electrical one-line diagrams. Once the system/subsystem boundary
identification phase has been completed, the planning phase is started.

PLANNING PHASE

The planning phase defines how the startup program will be conducted.
The planning phase should be accomplished by experienced startup
personnel from the engineer/constructor, owner, nuclear steam supplier,
and in some cases, special consultants experienced in plant startup.

During this period, all functions that must be performed to complete the
entire test and startup program are identified. An initial test program
sequence logic is developed and a clear milestone list is developed.

SCHEDULING NETWORKS

Once the system/subsystem boundaries have been identified and the startup
logic and milestones have been established, test and startup planning and
scheduling networks are developed. SWEC uses three levels of planning
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and scheduling networks.

Level I

The Level I test program network summarizes and highlights the major
milestones, events, and activities in the test program. This network
should be prepared about 2 to 6 months after a project is authorized.
Related systems are grouped in a logical sequence for testing in order to
perform the identified milestones/events.

Some of the major milestones identified by the Level I network for a PWR
include: energizing of the station service transformer, reactor pressure
vessel hydro, steam generators hydro, hot functional testing, and fuel
load. This network is not normally a working document but is used by
project management as input to the project summary network and report.

Level II

The Level II network is considered the most important planning network on
the project. It represents each system or subsystem from "release from
construction for testing through final client acceptance."

In addition, other milestone activities such as turbine/generator oil
flushing, drawing vaccum on the condenser for the first time, energizing
major buses, and other integrated test activities are identified.

It is recommended that the Level II network be prepared during the
pre-construction phase of the project; ideally, prior to the development
of the same level construction network. If this is impossible, there
should be a complete interface with the construction and engineering
networks as early in a project as possible in order to identify any
unavoidable restraints.

Level III

The Level III network is occasionally called a subnet or fragnet
development. These networks usually define each activity shown as an
overall activity on the Level II Network. In general, these networks are
not time scaled, but detail the sequence of events needed to complete the
Level II activity. Usually, the duration of time for each event is
defined on the network. The test engineering and craft technicians
required to support the activity should also be included. In order to
clearly establish the total test activities involved in the Level III, a
material take-off should be performed for each system or subsystem. This
will also provide input to construction and engineering as to what is
required to support system startup. Exhibit VIII represents graphically
the overall planning and scheduling activities discussed.

SPECIAL TESTING ASPECTS OF A PWR

As indicated previously, the program requirements for PWR startup and
commissioning do not differ significantly from those of any other nuclear
power generating facility; however, there are several equipment and

12
STONE a WEBSTER



B3-5311301-282

technical areas, specific to FWRs, which require special attention during
the test program. Three of these areas are Reactor Coolant Pumps, Hot
Functional Testing, and Boron Shim Control.

REACTOR COOLANT PUMPS

The reactor coolant pumps are centrifugal type pumps which employ a
controlled leakage seal assembly. The seal assembly restricts the
leakage along the pump shaft. For most pumps, there are secondary and
third stage seals which direct the control leakage out of the pump to the
seal return cooler and also provide for system integrity in case of gross
failure of the primary controlled leakage seal. The seal assembly is the
most critical area for most of the PWR reactor coolant pumps.

As the operation of the reactor coolant pumps is necessary to maintain
rated reactor power with the integrity of the system being maintained by
the seals, special attention is required during initial operation and
testing.

This testing should include but not be limited to the following:

• Close observance by test personnel of the construction
installation and alignment process

• Complete and detailed checkout of the pump motor control
circuit prior to operation, installation and checkout of pump
and motor vibration equipment

• Installation of additional test equipment, such as temperature,
pressure flow, and vibration monitors in order to completely
checkout pumps, motors, and auxiliaries during initial
operations and testing

• Checkout of seal supply and return systems for pressure,
temperature and flows prior to starting

In addition to the inspection, checkout, and testing of the pumps, motors
and auxiliaries discussed, it is recommended that the staff maintenance
department specially train pump maintenance teams. This training should
include special training at the vendor's facility which could be
continued during plant operations. Certain mockups, particularly of the
seal package area, should be purchased to provide maintenance training.
This training can provide for more reliable pump operations and also
reduce man-rem exposure during actual maintenance activities.

HOT FUNCTIONAL TESTING (HFT)

By coordinated use of the pressurizer electric heaters and heat input
from the reactor coolant pumps, normal operating pressure and near normal
operating temperature of the reactor coolant system is achieved. When
these conditions can be accomplished and an operable heat sink is
available (normally the condenser), the HFT is performed.

13
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HFT provides an opportunity to check the operation of the reactor coolant
system and other auxiliary and safety systems under near normal RCS power
operating conditions prior to fuel loading with its technical and
regulatory complications. The more extensive the testing performed
during this period, the fewer the problems encountered during the power
operation of the plant. Testing performed during this period includes
but is not limited to the following:

• Unit Heat Up Tests

• Chemistry and Volume Control System Test

• RCS Leakage Tests

• Auxiliary Feedwater Addition Tests

• Pressurizer and Pressurizer Spray Tests

• RCS and Secondary System Thermal Response Testing

• Control Rod Drive Tests

• Safety Injection Systems Testing

• Unit Cooldown Testing

• Reactor Building Temperature Profile

A carefully planned HFT program usually requires 4 to 6 weeks to
complete. In some cases, when heat input could generate sufficient
steam, the main turbine/generator unit has been synchronized and the
breakers closed for a very short period of time. The accomplishment of
the majority of the aforementioned listed tests will have a positive
effect on reduction of post fuel load testing activities.

BORON SHIM CONTROL

To effect this test, dilute boric acid is mixed in the reactor coolant
system in order to provide a means other than the control rods for
reactivity control. This allows for more uniform core burnup during
normal reactor operations and also provides for backup reactivity control
in an accident situation.

The preliminary testing for the boric acid addition and dilution system
should be completed prior to HFT. This will provide the ability to
complete preoperational testing of the system with the reactor coolant
system at normal operating pressure and temperature during HFT. It is
also recommended that the reactor coolant system be at refueling boron
concentration at the completion of HFT in order to be ready for initial
fuel load. In addition, the Boron Recovery System should be tested and
ready for operation prior to initial fuel load. This will minimize liquid
and solid radioactive waste during power ascension.

14
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SUMMARY

The field startup and commissioning program is a joint undertaking of the
owner/operator, engineer/constructor, and NSS supplier. The program must
be designed with proper procedures and scheduling techniques so that an
orderly progression of startup and test activities, which brings the
plant from the installation phase to commercial operation, will result.

The startup organization must comprise people with the technical ability
and the authority to meet their responsibilities. Administrative
procedures should be provided that enable all organizations involved to
function efficiently.

The recommendations presented in this paper will aid in developing and
implementing an effective startup and commissioning program for a PWR
plant and limit its personnel requirements.
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OEVELOP DETAIL PLAN IN
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