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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

In conjunction with each refuelling shutdown or other significant reactor core alteration, nuclear
design calculations are performed to ensure that the reactor physics characteristics of the new core
will be consistent with the safety limits. Prior to return to normal operation, successful execution of a
physics test program is required to determine if the operating characteristics of the core are accurately
represented by the design predictions and to ensure that the core can be operated as designed.

This document specifies the content of the minimum acceptable startup physics test program for
commercial pressurized water reactors (PWRs) and provides the bases for each of the tests. Previously
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bssful completion of the physics test program is demonstrated when the test results ag
jcted results within predetermined test criteria. Successful completion of the physics t
uccessful completion of other tests that are performed after each refuelling or signifi
dlteration provide assurance that the plant can be operated as designed.
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Annex A is the User's guidance, which provides acceptable methods, guidelines, precautions, suggestions and
typical test criteria for each required test.
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INTERNATIONAL STANDARD ISO 18077:2022(E)

Reload startup physics tests for pressurized water reactors

1 Scope

This document applies to the reactor physics tests that are performed following a refuelling or other
core alteration of a PWR for which nuclear design calculations are required. This document does not
address the physics test program for the initial core of a commercial PWR.

This|document specifies the minimum acceptable startup reactor physics test program'tp determine
if the operating characteristics of the core are consistent with the design predictions,whjch provides
assurance that the core can be operated as designed.

This|document does not address surveillance of reactor physics parameters during operatfion or other
requjred tests such as mechanical tests of system components (for example, the rod drop time test),
visual verification requirements for fuel assembly loading, or the calibration of instrumentation or
contfol systems (even though these tests are an integral part of an overall program to endure that the
core pbehaves as designed).

2 Normative references

Therk are no normative references in this document.

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.
ISO gnd [EC maintain terminological databases for use in standardization at the following dddresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: availablé at https://www.electropedia.org/

3.1
all rods out
ARO
all full-length controel rods withdrawn

Note|l to entry: Bart-length rods may be inserted.

3.2
contfrolrod
one OT TITOTE Teactivity COMtrol embers mechanicatty attached to asingie fixture

3.3
control rod group
one or more rods that are inserted or withdrawn simultaneously

Note 1 to entry: The term “all control rod groups” means all safety and regulating control rod groups. This term
may also be shortened to simply “rod group.”

Note 2 to entry: Some utilities use the term "bank" instead of "group”. A control rod bank is the same as a control
rod group.

©1S0 2022 - All rights reserved 1
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decades per minute

DPM
unit used to

3.5

measure a rate of change in flux as measured by the ex-core detectors

hot full power

full power

rated thermal power

HFP

licensed core thermal power level

3.6

hot zero power

HZP
reactor opel
nuclear fiss
temperaturg

Note 1 to enf
contaminatid

3.7
isothermal
ITC
changeinre
are at the sa

3.8
part-length
control rod

(3.2) (typica

Note 1 to ent|
can also repr

3.9
percent mil
pcm
unit of react

Note 1 to ent
Note 2 to ent

3.10
reactivity ¢

ating state where the core is essentially critical but is not producing measutable heat
on, the reactivity due to xenon is negligible, and the primary coolant system is at d
e and pressure for zero power

ry: At HZP, the flux signal should be high enough so that the reactivity‘Computer can accou
n sources such as noise, gamma background, and leakage.

temperature coefficient

activity per unit change in the fuel and moderator temperature when the fuel and mode
me temperature

rod

3.2) whose primary absorber material does not extend the entire length of the contrg

lly the lower half of the control rod’s active length)

ry: It is used for axial shape contrdl. For the purposes of this document, the term “part-length

esent a “part-strength” control rod,

li-rho

ivity worth equivalent to 103 % Ap
'y: See definitionvof “reactivity worth” below.

Fy: Throughout this document, pcm is the unit of reactivity to be used.

omputer

from
Psign

nt for

rator

I rod

rod”

analogordi

ftaldevice thatcalcutates the core reactivity by using an externat signat thatis propor

to the core neutron flux

onal
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reactivity worth

chan

%Ap =

ge in reactivity expressed in terms of percent

(ky —ky;)-100
ki -k,

where

k, 1isthe effective multiplication constant for reactor state 1

3.12
regu
grou

3.13
safet
contf

, is the effective multiplication constant for reactor state 2

lating control rod group
b of control rods (3.2) that may be partially or fully inserted in the core during normal

y rod group
ol rod group (3.3) that remains withdrawn from the core during nérmal operation an

duripg abnormal or accident conditions

3.14
test
pred

Note
diffeq
meas|
is ba
docu

4 1

ANSI
contl
Prov
in Al
and {

ANSI

Criterion
btermined value for evaluating the result of each test

1 to entry: There are two different levels of criteria,re¥iew and acceptance. A review criterio
ences between calculations and measurements thatwould suggest a problem with the as-b
urement, or the prediction. Only review criteriagsare applicable to this document. An accept3
bed on a safety analysis assumption or a Technical Specification limit and is outside of the
ment. See Annex A for a more complete discussion of the test criteria and applicability.

Relation to other standards

ANS-3.2-2012(R2022)[2] provides requirements and recommendations for an ad
‘ol and quality assurancé program for the safe and efficient operation of nuclear p

NSI/ANS-3.2-2012(R2022). ANSI/ANS 3.1-2014(R2020)[3] provides for the selection, (
raining of personnelfor nuclear power plants, including personnel responsible for sta

doc

ented data’ of both the type and quality required for validating nuclear analyg

ANSI/ANS-19.41-2017(R2022)[2] describes how to calculate and measure the moderator t
coefflicient-of reactivity. ANSI/ANS 19.6.1-2019[6] defines the minimum acceptable startup
programtand acceptable test methods to determine if the reactor core operating charac

operation

1 is inserted

n is based on
uilt core, the
nce criterion
scope of this

ministrative
bwer plants.

isions for test and applieable test equipment control required by this document are aflso included

ualification,
'tup testing.

ANS-19.4-2017(R2022)[4] addresses reactor physics measurements that are intendled to yield

is methods.
emperature
physics test
feristics are

consistent with the dpqign prpdirfinnc and isthe basis for this document

5 Physics test program and selection criteria

5.1

Bases for startup physics test program

During the reload design process, the reactor safety is determined by analysis. Following the reload,
specific core characteristics shall be confirmed by measurement to ensure that the reconstructed core
is accurately represented by that analysis and is operating as designed. Thus, the testing results seek to
confirm that the reactor can be operated within the bounds of the technical specifications, that there is
sufficient operational flexibility, and that the plant can be expected to safely deliver the designed power
output. The paramount objective of a physics test program is to demonstrate that the reconstructed

©ISO
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core is accurately represented by the core design and safety analysis used to certify that the core is
safe.

The important analysis characteristics that shall be confirmed by measurement are the following:

a) Reactivity balance: reactivity balance neutronically demonstrates that the total amount of fuel
loaded in the core is consistent with design. The boron endpoint measurements confirm that the
amount of various fissionable materials in the core, as well as the reactivity effects of various fixed
poisons (e.g. burnable absorbers) and transient poisons (e.g. samarium), is consistent with the
design calculations.

b) Reactivitycontral: reactivity control refers to the reactor core parameters that have an impact on
the abiljty of the operators to control the plant. The primary parameter that confirms this is the
isotherinal temperature coefficient.

c) Power distribution: the power distribution is a measurement (check) that the core is Joaded properly
and will perform as designed. When the measured power distributions agree with predictions,
there ig high confidence that the as-built core and the designed core are the Same. In addjtion,
there is|increased confidence that the conclusions of the safety analyses are-correct. Finally, close
agreemgnt between measured and predicted power distributions increases the confidence| that
reactivity control parameters will perform as designed.

d) Capability to shutdown: capability to shutdown is demonstrated-by showing that the meadqured
control rod worths are consistent with the calculated values. The“shutdown margin calculafions
are bas¢d upon design values, which have to be confirmed.

e) Requirgments to shutdown: the requirements to shutdown are the reactivity elements that the
safety dand regulating control rods have to overcoméijn a reactor trip. The shutdown margin
calculatiions are based upon design values, which havé&to be confirmed.

Any new tegting process or program of tests that are hot described in Annex A shall specify how the

above parareters are to be confirmed.

A minimum|test program is designed to ensure a complete certification, assuming no anomalies were

identified dyiring the test program. When results show deviations from predictions that are beyond the

experience pase, supplementary actions\shall be identified and performed, as necessary. A complete
design veriffication test program shall identify the minimum testing that will be performed angl the
supplementary actions that may be ‘pérformed.

5.2 RequIred minimumtest program

The charac
for confirm
The charact
requiremen
escalating t

eristics reqlired to be confirmed by this standard, example measured parameters
htion, and\power levels before which they shall be confirmed are provided by Tal
eristics-and power levels are requirements while there is some flexibility in how {
[s are/met. For example, the power distribution shall be confirmed at lower powers b
h the'next level even though the method for confirmation may be flexible. The param

used
e 1.
hose
bfore
pters

11 o | . 4=l £-11 - . A
were selected Oy COITSTUCT IITZ tITC TONTOWIITg TTUIT CITTIItS:

a) The information obtained from the parameter cannot be inferred from other tests that are
performed. This requirement means that redundant tests can be excluded. In the event that a
particular parameter fails to pass the test criteria, however, other (redundant) tests should be
performed to help resolve the discrepancy.

b) Each test shall be able to quantitatively confirm an important physics characteristic of the reactor
core. This requirement means that the following types of measurements were excluded (although
they may be performed for other reasons):

1) Mechanical tests of system components (rod drop time, etc.),
2) tests used solely for instrument calibration,
4 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=13d75e034d4b9187a443b5afa932a83a

ISO 18077:2022(E)

3) tests used to benchmark computer models.

c¢) Eachmeasurementshall beaccurate,and an accurate prediction shall be available. This requirement
means that the expected difference between the measured result and the prediction shall be small
so that if the measurement and the prediction agree, there is confidence that the core will behave
as predicted. Conversely, if there actually is a design discrepancy in the core, the measurement will
reveal it (the measurement and prediction will not agree).

d) The test program shall be designed to not violate the plant's shutdown margin requirements. This
requirement means that the plant shutdown margin requirements shall not be violated while
performing startup physics testing.

Table 1 — Required physics characteristics to be confirmed

- . y Hower level
Characteristic(s) Example measured parameter to use for confirmation o
0
Reactivity balance All-rods-out boron concentration <52
Cdpability to shutdown, |Control rod worths <5
power distributionP
Reactivity control Isothermal temperature coefficient <5
Power distribution Flux symmetry or direct power distribution measurement be- 0to 30
tween 0 and 30 % of full power
Power distribution If a direct low-power distributionimeasurement has yet to be 30to 50
confirmed, then it shall be confirmed (compared to predictions)
prior to exceeding 50 % power?®
Power distribution Power distribution measurement results shall be assessed 50 to 80
collectively to ensure that local and global core characteristic
trends are acceptablé prior to exceeding 80 % power
Power distribution Direct power distribution measurement at full power >90
Reag¢tivity balance, require- |Hot-zero-power to hot-full-power reactivity measurement >90
ment to shutdown
3 Measurements made prior to power operation (<5 %) are special in that they confirm characteristics ghat cannot be
adeqyately confirmed during operatign-at power.
b Although the power distributionmay not be directly measured at <5 % power, an indirect measuremept such as the
contrjol rod worth error distribution provides the first indication that the power distribution is consistent with predictions.
¢ {ee A.3.4.6 for a discussion of direct and indirect power distribution measurements.

5.3 | Test program considerations

The startup test program shall be established to provide assurances that operation at the hext plateau
in the program will be acceptable. In other words, a safe and controlled approach to power ascension
with|a~-new core will be followed. This is accomplished by establishing the rules that |dictate that
favortable results of the tests at one power plateau meets the criteria to allow progression to the next
power plateau. Therefore, this requires resolution of any observed differences (failure of a review or
acceptance criterion) at any plateau prior to proceeding up in power.

Having established processes for resolution of a specific criterion failure would be very helpful in
executing a physics test program efficiently. Utilizing the information in Table A.2 and A.3 will provide
guidance on how to establish such a resolution process.

© IS0 2022 - All rights reserved 5
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6 Test method requirements

6.1 General

Established test methods for the confirmation of each characteristic required by this document are
described in Annex A. Whether one of these methods or a different method is used, the user shall verify
that the following requirements are met:

a) The intent, content, purpose, and other requirements of the overall startup program as outlined in
this document are met;

b) The mefhod unambiguously confirms one or more of the five physics characteristics described in
5.1;

c¢) The method has been validated by successful benchmarking;

d) The method has withstood independent peer review.

6.2 General test considerations

6.2.1 Test objective

The general

6.2.2 Tesf

The general
with the pre
limits or to

6.2.3 Init
In general,

performed :
predictions
that were p
due to diffe
predicted c(

6.2.4 Tesf

objective of each test is to measure a reactor physics parameter.

[ purpose

purpose of each test is to determine if the measured reactor physics parameter is consi
dicted value. Data from the test results mayalso be used to establish appropriate oper
letermine compliance with appropriate Technical Specifications.

jal conditions

nitial conditions are specified fer each test such that an accurate measurement cg

shall be adjusted to accountfor any difference between the specified conditions and
resent at the time of measurement. Except for unusual circumstances, each adjust
Fent conditions shall have a negligible effect on the uncertainty in the measured-ve
mparison. All adjustments shall be documented.

F methods

stent
pating

n be

it the same or nearly the saime conditions assumed in the prediction. The test results or

hose
ment
rsus-

For each td
methods ca

st, Annex/A provides abstracts of proven methods for performing the test. Alternate
 be ased as long as they are shown to be acceptable by meeting the requirements of 6.2.
In general, fhe’stated initial core conditions shall be achieved as closely as practical, and the reactor
physics par3 i i i i blish
the test criteria). To ensure that the measurement uncertainty is minimized, precautions are provided
in Annex A. During each test, the appropriate core conditions shall be recorded, and those conditions
shall be maintained within the specified range for the test.

6.2.5 Evaluation

In general, each test is considered to be successful if the difference between the prediction and the
measurement (or, for some tests, the physics parameter inferred from the measurement) is less than a
predetermined criterion. This difference shall be evaluated after appropriate adjustments have been
made to account for any differences between the specified core conditions and those that were present
at the time of measurement.

© IS0 2022 - All rights reserved
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The predetermined criteria shall be developed with adequate allowance for uncertainties in both
the measurement and prediction. Typical criteria based on current technology and best practices are
provided in Annex A.

6.3 Test criteria

If the difference between the measured and predicted values for a physics parameter exceeds the
predetermined criterion, these actions should be taken:

a) Validate that there are no measurement process failures and that the test conditions are consistent

b)
‘)

The
during testing and to what extent test conditions may vary from thoséeyassumed in dej
test predictions and criteria. The test criteria shall, therefore, be applied along with common sense
and historical perspective (previous cycles, sister plants, etc.) to establish whether or nof
core
definjitively establish whether or not a core is deficient in a givén area. The results should
not (¢
resu
parameter. By reviewing the results in a global sense, considerably more assurance can b

the reactor core is functioning as expected.

The
duripg startup. The failure of one or more of the physics test results to meet the test crit
lated relative to the implications on plant safety. The results of this evaluation shall he employed
as a guide for continued plant operation.

evali

Confprmity with this document-shall be demonstrated by meeting the following requireme

with the conditions modelled in the predictions.

Lonfirm the result by reanalysis, a repeat measurement, or an alternative measuremer|

Inform the core design organization to ensure that there are no unintended conseque
failure and that no safety concerns are evident.

est criteria are flexible since it is unknown what problems or deficiencies might be §

has satisfactorily passed the test program. The simple meeting-or failing a test criter

nly as individual tests but also as related sets and in light of results from previou
ts from similar cores. Most problems will cause deviatiens from expected results in m

bhysics test program results should be evaluated along with the results of other test

Requirements of this decument

Test program: have ability to accurately confirm the required physics characterist|
Table 1;

Test methodspérform each test using a verified and validated procedure (examples
Annex A);

.

[est acceptance: compare the results of each test to predetermined test criteria;

Tésp documentation: document the results of the test program including, as a mi

t method.

nces to this

bncountered
yeloping the

the reactor
on does not
be reviewed
5 cycles and
bre than one
e given that

5 performed
bria shall be

nts:

ics listed in

are given in

nimum, the

following items:

1) the test methods employed;

2) the measured parameters;

3) the predicted parameters and any corrections made to account for different core conditions;
4) the predetermined test criteria for test acceptance;

5) an evaluation of the test results based on a comparison between the measured and predicted

parameters, taking into account the uncertainties in both the measurements and predictions.
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Annex A
(informative)

User guidance

A.1 General

The purposs
guidelines,

criteria bas
criteria basg
the user for
This annex

each test.

A.2 Acro
Following aj
ARO: all rod|
CBC: critica
DBW: differ
DPM: decad
DRWM: dyn
FP: full pow,
HFP: hot ful
HZP: hot zey
ITC: isother
M/D: moval

pcm: percen

e of this annex is to provide the users of this document a set of acceptable methods; ge
brecautions, and suggestions for each test. Also included in this annex are values o
bd on industry experience at the time of its writing. Users should develop theif owr]
bd on expected differences between measurements and predictions. This annex should

s not a set of requirements nor should it be used as a detailed procedure for perfor

nyms

‘e definitions of acronyms used in this annex.
s out

boron concentration

ential boron worth

PS per minute

amic rod worth measurement
er

power

0 power

mal temperatufe coefficient
le detector

t milli-rho

ppm: parts j

neral
' test
test
help

mulate a startup physics test program that will meet the requirements{of this document.

ming

pérmillion by weight

PWR: pressurized water reactor

RCS: reactor coolant system

rms: root-mean-square (square root of the average squared difference) = 2

RPD: relativ

N, (ARPD)?

. N
i=1
e power density

VCT: volume control tank (also known as letdown storage tank)
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Typical criteria and bases

A.3.1 Overview

The use of criteria for evaluation of test results is a long-standing practice in industry. This method
allows for on-the-spot evaluation of the test results against the nuclear design predictions. The ideal
criterion to be used is tight enough such that no design anomaly would go unnoticed but loose enough
such that typical differences would not violate the criterion. Some of the factors that enter into the
determination of the criteria are the design model limitations, the measurement limitations, and
the compatibility between the design and measurement methods. The criteria are established by

diffe
core,

rences between calculations and measurements that would suggest a problem with

the as-built

the measurement, or the prediction. The criteria are not established by rigorous an

test methods or design models.

Anot
evall
and

desc

A.3.]

Test

abov|
toler]
crite
addr

A.3.]

Acce
Tech
orre
platd
until
(e.g.

POW§

For t
scop
spec
reprq
the i

her long-standing practice in the industry is the establishment of two, devel crit
jation of the test results. These two criteria are often referred to as“Jest (revie

iptions.

A

Test (review) criteria

(review) criteria are based on differences between calculations and measurements §
e and are not based on the safety analysis. Therefore)these criteria typically havj
hnces. These criteria are used to identify measurement or design errors. Failure of
ion does not necessarily warrant stopping the testingprocess or power ascension. Thd
Ess these test criteria as part of a continuing evaluation of the design and measuremer

8 Acceptance criteria

ptance criteria are those criteria that ltave a direct link to the safety analysis or ar¢
hical Specifications. These criteria are typically one sided and are constructed from Saf]

au for supporting information. Kailure of these criteria, however, should prevent pow
the issue is resolved. Resolution of a failure is often performed under established
Technical Specification actioin statements). The established procedures will typically {
I ascension requirements.

he purposes of thiscannex, all criteria referenced herein are test (review) criteria. It ig
e of this annex to-define or require acceptance criteria because the safety analysis b

esent about.twice the expected differences between measurements and predictions b
hdustry as'of the writing of this annex.

alysis of the

eria for the
w) criteria”

‘acceptance criteria”. The differences in these two criteria are betterdefined in the following

1s discussed
e two-sided
iny one test
user should
t processes.

e defined by
ety Analysis

lated assumptions. Failure of theseé ¢riteria should not prevent further testing at the cufrrent power

Pr ascension
procedures
tipulate the

outside the
asis is plant

fic. Typical test criteria for each test are shown in Table A.1. These values are guidelines only and

bing seen by
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Table A.1 — Typical test criteria

Test parameters Test criteria

HZP critical boron

+50 ppm or +500 pcm equivalent

Control rod worth
Individual group or user-specified group

Sum of groups or total integral of measured worths

+15 %? or £100 pcm, whichever is greater

within 10 %.)

+10 %32 (For DRWM, the total worth shoul
within 8 %.)

(For rod swap, the reference group should be

d be

ITC +4 pcm/°C

Flux symmefry® +10 % ¢ (Meas versus Meas)

Deviation begtween the highest and lowest values in the sym-

metric locations

Power distripution +0,10 RPD4 for each measured'assembly

power and rms¢ (radial) < 0,05

HZP to HFP 1

eactivity measurement +50 ppm or +500 pcm equivalent or +10 9

)a

a

Pred indicate
consistent wi
and peaking).
(predicted) d
b Ifacorei
flux in symmg
¢ Percent d
symmetric lo
symmetric lo

d  RPD (Rel4

e

rms (Roo

For calcullating percent differences use (Meas - Pred) x 100/Pred, where Meas indicates-the measured valu

b the predicted value. Having percent difference defined with Pred (i.e., predicted) in the denomina
h comparisons of measured-versus-predicted data for safety-related purppeses (e.g. total control rod
This definition of percent difference simply recognizes that PWR reload,cores are licensed with calcy
ta.

5 designed with a known asymmetry, the review criteria for this testis changed to comparison of mea
tric locations to predicted flux in the same location to within +10.%.

ifference is (Highest - Lowest) x 100/Avg, where Highestcis the largest measured value in a part
ation, Lowest is the smallest measured value, and Avg is,the average of all the measured values in the
ation (which could be 2, 4, or 8 values).

tive Power Density; also assembly power density/core’average power density) Average RPD = 1,00)

[ Mean Square of the relative power difference,)

b and
tor is

orth
lated

ured

cular
same

A.3.4 Bas

A3.4.1 B4

The test crit
industry ex
fuel cycles, ¢

The test crif

cS

ses for test criteria

eria shown in this annek are indicative of industry experience at the time of this writin
perience changes, thé driteria should change with it. Also, new technology, more adva
tc., may necessitatedifferent criteria until industry experience is gained.

eria are based\on differences between calculations and measurements. The intent of]

g. As
nced

each

test criterion is to provide a value that, if exceeded, suggests that something may be wrong. When a

test result fj
the measurg
measureme

lls outside of the test criteria, it means that there may be a problem with the as-built

ht were significantly different from the conditions assumed for the prediction.

core,

ment.jtself, the test equipment, or the design calculations or that the conditions during the

The test cri

teria are established assuming that kKnown biases are accounted Ior 1n the predic

before comparisons are made.

A.3.4.2 Bases for critical boron concentration measurement

ions

The objective of this test is to confirm the reactivity balance. This test measures the overall reactivity of
the reactor and validates the accuracy of the predicted criticality calculations. This test is performed at
anearly all rods out (ARO) configuration to minimize error from the use of control rod worth to correct
for any control rod insertion that may exist. This test provides a verification of the design models used
to perform reactivity balance calculations and to provide operators with estimated critical conditions.
This verification ensures that predicted shutdown boron concentrations provide the necessary margin
to criticality to meet operability requirements.
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This test provides verification that soluble boron sources provide adequate negative reactivity as
modelled in the accident analyses.

A.3.4.3 Bases for control rod measurement

The objective of the control rod worth measurement is to confirm the capability to shut down and
control reactivity. It demonstrates that the reactivity worth of the safety and regulating control rods is
consistent with predictions. This test provides a level of assurance that the fuel and core components
are configured consistent with design assumptions. The total safety and regulating control rod worth
verifies adequate shutdown margin capability. Control rod group worths and shapes provide initial
indication of an acceptable power distribution. Also, the rod group shapes provide an indication of the
reactivity control characteristics of the core.

bresents the
e shutdown
br to power
rths exists.
ral different
vn inherent

Sincg control rod worth cannot be inferred from other operating parameters, this test rej
only|opportunity to verify that the rod worths are consistent with those assumied in th
margin calculations and in the safety analyses for the core. This test is performed pri
ascepsion to maximize available design margin in case some problem withythe rod w
Also|this test helps ensure the integrity of the rods and that the rods are latched. Seve
metHods are available for the measurement of control rod worths. Eachimethod has its o

meagurement process control issues that are to be addressed to obtainreliable results.

A.3.4.4 Bases for Isothermal temperature coefficient measarement

The ¢bjective of the isothermal temperature coefficient (ITC) measurement is to confirm the reactivity
contfol characteristic. The test demonstrates that the *teactivity response to temperatfire changes
in the reactor core is consistent with design predictiens. This measurement is performed at a nearly
ARO|condition, thus maximizing the boron concentration for the test and resulting in the njost positive
ITC. [This measurement is performed at hot zero power (HZP) to ensure that the ITC is consistent with
design and operational expectations before power ascension.

A.3.4.5 Bases for flux symmetry measurement

The
desig
is ap
low j
can |
be sy
sym
misl

A.3.4
The

b

bjective of this measurementis te‘confirm that the power distribution in the core is con
n predictions at low power prior to escalating to higher power. The flux symmetry m
plicable only to plants that'choose to not perform a complete power distribution meal
power (such as those with a fixed in-core detector system). While fixed in-core deteq
brovide continuous_power distribution indication during power ascension, the accur
ifficient to perforim’a complete power distribution measurement below 30 % pow
etry measurenient may reveal core anomalies (e.g. dropped rods, detached rod

dings, flowanomalies, etc.) prior to complete power distribution tests at higher pow

.6 Bases for power distribution measurements

pbjective of the power distribution measurements is to confirm that the power dij

cons

sistent with
easurement
surement at
tor systems
hcy may not
er. The flux
fingers, fuel
br levels.

tribution is

stent with dpcign prpdir‘finnc at low_intermediate and high power levels. The md

asurements

verify that the power distribution is within its design and licensing bases, and they may identify any
power distribution anomalies. These measurements provide comprehensive assurance that the fuel
and core components are configured consistent with design assumptions.

The power distribution is confirmed by measurement at various power conditions during power
ascension. Confirmation may be direct (e.g. in-core detectors) or indirect (e.g. all bank worths). The
level of confidence in the power distribution results is minimal with the bank worth results, good
with the flux symmetry results, and best with a direct power distribution measurement using in-
core detectors. A direct power distribution measurement is necessary before exceeding 50 % of full
power (FP) to provide a high level of confidence that unforeseen power distribution anomalies will not
result in violations of design assumptions. All of the power distribution measurement results are to be
assessed collectively to ensure that local and global core characteristic trends are evaluated during
power ascension.

©1S0 2022 - All rights reserved 11


https://standardsiso.com/api/?name=13d75e034d4b9187a443b5afa932a83a

ISO 18077:2022(E)

Startup power distribution measurements using in-core detectors should be taken using as many
detector locations that cover as much of the core as practical. Thus, any core configuration anomaly
(e.g. misloaded fuel assembly or dropped rod) will have a higher chance of being detected.

A.3.4.7 Bases for HZP to HFP reactivity measurement

The objective of the HZP to hot full power (HFP) reactivity measurement is to confirm the requirement
to shutdown. The test demonstrates that the reactivity deficit resulting from the increase in reactor
power from zero to near FP (> 90 %) is consistent with design predictions. While this test incorporates
a number of reactivity effects (xenon, moderator temperature, fuel temperature, soluble boron
worth), it is_the only measurement that provides verification of the calculated total power defect.

This measufement is performed to ensure the power deficit is consistent with design predictien$ and

operability fequirements for shutdown margin.

Measurement of the power deficit verifies the reactivity requirements of the safety ahd ‘Tegulating

control rod system to ensure adequate shutdown margin is maintained.

A.4 Acceptable test methods

The followihg sections provide, for each test, acceptable methods for performing the test. Altefnate

methods mgy be used as long as they are shown to meet the requirements of Clause 6. In addition, there

is a set of guidelines, precautions, and suggestions that will help the uSey perform the test and evaluate

the results. [['ypical values for rates of change and stability requiremeénts are also included.

A.4.1 Critical boron concentration

A.4.1.1 Test objective

To measurelthe HZP critical boron concentration (CBC) with all rods fully withdrawn (part-length|rods

may be insefted).

A.4.1.2 Purpose

To determine if the measured and predicted total core reactivities are consistent.

A.4.1.3 Injtial conditions

The reactor|core is at HZP with all full-length rods withdrawn except that the lead regulating rod group

may be inserted (but notmore than 200 pcm or 20 % of the worth of the lead group). Specific guidglines

are as follows:

a) Power: HZP;

b) Reactorcoelant system (RCS) temperature: within 1 °C of the reference temperature;

c) RCS pressure: within 350 000 Pa of the reference pressure;

d) Rod groups: ARO except the lead regulating rod group may be inserted in the core but not more
than 200 pcm or 20 % of the total worth.

A.4.1.4 Test method

Measure the CBC and record the appropriate reactor conditions. Adjust the measured value for
differences between the specified conditions and those that were present at the time of measurement.
Specific guidelines are as follows:

a) Take boron samples from the RCS, the pressurizer, or the volume control tank (VCT) (if available)
every ~20 min. Continue sampling until each of three consecutive samples of the RCS boron
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concentration differs by <10 ppm from the average of the three samples and there is no significant

trend. Boron samples taken concurrently from the pressurizer and VCT should differ

by <50 ppm

from the comparable RCS sample. Maintain core reactivity close to zero by adjusting the position of

the inserted control rods. Record RCS temperature and control rod position;

b) Take an RCS boron sample and save for an independent analysis;

c) Measure or predict the worth of the inserted control rods to the reference position.

A.4.1.5 Hints/precautions

a) ;
he power constant, by adjusting the position of the inserted control rods. Be surg,th
or the reactivity computer is above electrical and background noise when perfonmir

easurements;

b) Allow the boron concentration in the RCS, the pressurizer, and the VCT to-come to equi

c¢) Minimize the magnitude of the corrections made to the measured boron concq
maintaining reactor conditions as near as possible to the referencelegnditions;

d) Keep the amount of control rod movement small to minimize the corrections to the H
gnd to prevent the measurement from causing reactor control or reactivity indication J

e) Any time control rods are moved, record their new position.

A.4.1.6 Evaluation

Detemine the difference between the adjusted measured and predicted boron concentrati
the difference to the test criterion. Specific guidelines are as follows:

rero or hold
e flux signal
g reactivity

librium;

ntration by

oron values
broblems;

bn. Compare

a) Determine the CBC to compare to the predicted value as follows in Formula (A.1).
Ap +Ap +Ap
CBC = CM 4 ( Rods Temp Burnup ) (A.l)
DBW'
where

¢y is the mie¢asured RCS boron concentration. The last two measured values can pe averaged,
or theTlast measured value can be used;

MProds iS\the measured or predicted reactivity between the control rod position jat which Cy
was determined and the reference position;

AP e is the equivalent reactivity worth of the difference between the RCS temperature during
the testand the reference temperature. If this correction is required, either the measured
or predicted temperature coefficient can be used;

Appyrnup  is the equivalent reactivity worth attributable to the difference in core average burnup
between the measurement and the prediction. This adjustment should normally be zero
because any needed burnup correction should be made in the prediction;

DBW is the differential boron worth (pcm/ppm) used to convert reactivity worths to equivalent
boron concentration. The predicted value can be used to make this correction.

b) Compare the adjusted measured CBC with the predicted value, and determine if the difference is

within the test criterion.

© IS0 2022 - All rights reserved
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A.4.2 Control rod worth

A4.2.1 Te

st objective

To measure the worth of selected safety and regulating control rod groups (part-length rods are
excluded). If boron dilution or boron exchange is used, regulating rod groups having a cumulative
predicted worth of at least 3 000 pcm or all of the regulating rod groups should be measured. For other

test method

s, all control rod groups should be measured.

A.4.2.2 Purpose

To determin

A4.2.3 In
a) Power:
b) RCS ten
c) RCSpre
d) Rod grd
than 20
e) RCSbor
three s
A4.2.4 Bd

Begin chang
control rod

e if the worth of selected control rod groups is consistent with predictions.

tial conditions

HZP;

perature: within 1 °C of the reference temperature;
ssure: within 350 000 Pa of the reference pressure;

ups: ARO except the lead regulating rod group may be inserted in the core but not
D pcm or 20 % of its predicted worth;

on: Each of three consecutive RCS samples should differby <10 ppm from the average ¢
mples taken ~20 min apart, and there is no signifieant trend.

ron exchange method

more

fthe

bing the primary coolant boron concentration in a continuous manner. Move one

f the

broups to be tested over the entire rangeof its travel in response to the change in reactivity

caused by the changing boron concentration. The'worth of control rod groups may be measured ip the

normal ope
for which pf
movement 4

Sum the incl

in reactor conditions that occurred during the test. Repeat this sequence for each control rod gro

be tested.

This metho
concentrati

a)

As cont
concenty

edictions are available. Measure the reactivity resulting from each incremental rod g
sing a reactivity computer.

remental changes in reactivity over the total travel of the rod group. Correct for any chd

l exchanges/the reactivity of a test control rod group with the reactivity of the b
n in the RES:

ol rods are inserted into the core, inject unborated water into the RCS so that the b
ration of the RCS is diluted. During this process, keep the core nominally critical;

ational configuration (for example;overlapped) with worth comparisons made at locations

roup

nges
Ip to

oron

oron

b) Limit th

e control rod group motion so that the reactivity value associated with each movement is

within the reliability range of the reactivity computer (allow at least 4 min between movements
to obtain a stable rate of change of core reactivity from the reactivity computer). Establish the
dilution/boration rate so that the reactivity exchange rate is compatible with the operational
requirements of the reactivity computer. The rate is fast enough to allow reasonable step changes

inrod p

osition and slow enough to allow the reactivity to stabilize from the spatial effects;

of the control rod groups.

14

Use the reactivity computer to monitor core reactivity and directly measure the reactivity worth
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A.4.2.5 Hints/precautions

a)
b)

f)

g)

b)

f)

g)

Ensure that the boron in the system is well mixed (RCS, pressurizer, VCT).
Measure the control rod groups in order of their normal sequencing.

Terminate the boron exchange prior to reaching the full insertion/withdrawal of the
rod group to minimize any overshoot or undershoot of the rod group position at the en

present on the reactivity traces.

eep the reactivity changes such that the average over time is approximately zero;, thq
dre within the normal operating range and display of the reactivity computer; and suffi
dllowed between rod group motions that the reactivity spatial effects are fesolved.

near full insertion, record the reference rod 'group position. Withdraw the refereng
¢ inserting a test rod group. Establish a critical condition with the test rod group fu

hile diluting the-boron concentration, and measure its reactivity worth using the bor
method.

At the completion of the reference group reactivity worth measurement, stabili
lemperature and boron concentration so that the reactor is critical with the reference
near, fullinsertion.

Determine a boron statepoint by moving the reference group to its fully inserted

test control
d of the test.

that may be

indications
cient time is

forming the

compare to

ibed above)
eference rod
e rod group
[ly inserted,
up. Account
'rect for any
‘od group to

excluded.

nto the core
bn exchange

ze the RCS
group at or

position (if

necessary), and record the core reactivity and moderator temperature.

Perform a rod swap maneuver by inserting the test rod group while withdrawing the reference

group or a previously inserted test group.

Keep the core nominally critical throughout this rod swap until the test group is fully inserted and

the reference group is at a position in which the core is just critical.

Record statepoint data (rod position, core reactivity, and RCS temperature) with the reference

group at the measured critical position.

Repeat the rod swap process [steps (d), (e), and (f)] for each remaining rod group.

© IS0 2022 - All rights reserved
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A.4.2.7 Hints/precautions
a) Ensure that the boron in the system is well mixed (RCS, pressurizer, VCT).

b) Control RCS temperature closely to within 0,5 °C of the reference temperature to minimize
temperature effects on the critical positions.

c) Ifatest group has the potential for being worth more than the reference group, measure it last. If
the test group is indeed worth more than the reference group, measure the remainder of the test
group worth using the boron exchange method.

d) Ifapplicable, do not change the group selector switch, and move rods if the subgroups are not at the
same pgsition. This will cause problems with the rod control system sequencing logic.

e) Ensurefhatthe VCT is ata high level at the start of the exchange with the reference group>Minimize
makeup to the VCT during this test.

A.4.2.8 Dynamic rod worth method

The core is ¢ritical with the lead regulating control rod group having ~65 pcmredctivity inserted|(this
value may depend on the loaded core). The lead control rod group is fully withdrawn, placing the|core
on a 0,2 to P,4 decades per min (DPM) (rate of change in reactivity in units of DPM) positive stqrtup
rate. Once the flux level increases to a preset value, the rod group being.measured will be inserted in
a continuoup motion from the ARO position to near fully inserted. The’group will then be withdrawn
to the ARO position, stopping withdrawal when the startup ratelindicates ~1 DPM due to subcrijtical
multiplicatipn, to allow the flux to increase to the initial condition: The measured data are analyz¢d by
the reactivify computer while the group is being withdrawn,THe group insertion-withdrawal-anglysis
sequence is repeated for each group. After the last group is,measured, the flux is controlled in the zero-
power testimg range by lead control rod group insertions

A.4.2.9 Hints/precautions

a) The rod group is inserted in one contintipus motion. Failure to adhere to this requirement will
requirefa repeat measurement of the group.

b) To avoi¢l overshoot during insertion, the operator will stop rod motion before the group is|fully
inserted.

c) During [group withdrawalCthere could be a temporary indicated excessive positive startup| rate
while stibcritical on thedntermediate range; however, this is due to the subcritical multiplicption
associated with the rdd motion and is not a sustained startup rate. The true startup rate will feach
a maximum value when the group is fully withdrawn and cannot exceed the value associated|with
a 75 pcin positivé veactor period (~0,4 DPM).

d) During fhetest; groups may be inserted that are 21 % in reactivity (1 000 pcm).

A.4.2.10 Boron endpoint method

Record the appropriate reactor conditions, including the boron concentration, with one of the selected
control rod groups near one end of its travel. Move this control rod group to the other end of its travel.
Maintain criticality by changing the boron concentration to compensate for the control rod group
movement, or reestablish criticality after the control rod group movement. Record appropriate reactor
conditions with the control rod group at its final position. Repeat this sequence for each control rod
group to be tested.

For each control rod group, calculate the difference between the initial and final measured boron
concentrations. Correct for the difference between the actual and predicted rod group travel. Correct
for any changes in reactor conditions that occurred during the test.
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This method exchanges the reactivity of a test control rod group with the reactivity of the boron
concentration in the RCS.

a) As control rods are inserted into the core, inject unborated water into the RCS so that the boron
concentration of the RCS is diluted;

b) When the final condition is reached, record the CBC with the test control rod group fully inserted.

A.4.2.11 Hints/precautions

a) Ensure that the boron in the system is well mixed (RCS, pressurizer, VCT).

b) 1
c)

1

d) 1

A.4.2
Dete

grou
and {

A4.]

A.4.3

Measure the control rod groups in order of their normal sequencing.

Terminate the boron exchange prior to reaching the full insertion/withdrawal of'the

od group to minimize any overshoot or undershoot of the rod group position at the en

stimate the total amount of either water or boric acid that will be used prior to per
est.

.12 Evaluation
Fmine if the difference between the measured and the predicted worth of each selecteq

p is within the test criterion. Determine if the differencedetween the sum of the meas
he predicted value is within the test criterion.

8 Isothermal temperature coefficient

.1 Test objective

To mleasure the ITC of the reactor.

A.4.3
To dg

A.4.3
a) 1
b) |

c) |1

.2 Purpose

termine if the measured IT€ls consistent with the predicted value.

.3 Initial conditions
Power: HZP.
RCS temperature: within 1 °C of the reference temperature and changing <0,5 °C/h.

RCS pressure: within 350 000 Pa of the reference pressure.

ore than 200 pcm or 20 % of the predicted worth.

test control
1 of the test.

forming the

control rod
ired worths

core but not

d) qi‘od groups: ARO except the lead regulating control rod group may be inserted in the

e) RCS boron: critical boron well mixed (each of three consecutive samples differs by <10 ppm from
the average of the three samples, and there is no significant trend). The boron concentration
between the RCS, VCT, and pressurizer should be within 50 ppm.

A.4.3.4 Test method

a) Record plant conditions (RCS temperature, boron concentration, core reactivity, and control rod
positions).

b) Begin continuous recording of reactivity and temperature.

c) Adjust the steam dump or bypass flow to increase (decrease) the RCS temperature by 5 °C/h to
10 °C/h.

©ISO
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d)

e)
f)

Increase (decrease) the RCS temperature by 0,5 °C to 5 °C; then stabilize (within 0,2 °C for at least
5 min), and record plant conditions.

Repeat steps c) and d) with the temperature change in the opposite direction.

Take a minimum of two temperature ramps.

A.4.3.5 Hints/precautions

a)

b)

c)

d)

f)

g)

h)
i)
j)

A.4.3.6 Analysis

A.4.3.6.1 S$lope method

a)
b)

c)

d)

e)

Equalize the boron concentration between the RCS, pressurizer, and VCTs before performing the
test.

To mix the system well, maximize the flow through the charging, letdown, and pressurizen gpray
lines over an extended period of time.

Isolate [temperature-sensitive systems from the RCS such as the ion exchangers, (mixed bed
demineralizers), etc.

Maintaipn stable system operating parameters as constant as possible.

Position] the flux level of the detector used for the reactivity computer at either the high or low end
of the r¢corder scale, depending on whether the reactivity is expectedto decrease or increasg as a
result of the temperature change.

Avoid moving control rods during the test. If rods are moved, however, move them in one sfeady
motion,[and record the rod position both before and after the movement.

Temperpture from only one loop is sufficient (it is importaiit that an auctioneer method not befused
where the source of the measurement can change).

Maintain a high water level in the VCT to prevent-automatic makeup flow.
If tempeérature is decreasing, maintain a nondecreasing level in the pressurizer.

Stabilizg the system before taking data.

In this pethod, the results consist of traces of reactivity as a function of RCS temperature.
Determjne the “bestfit” straight line through the linear portion of the traces.

Any nonlinearity” not caused by rod motion is usually due to RCS-pressurizer-VCT HQoron
concentration’differences. Ignore nonlinear data.

Averagethe slopesofthe linestoobtainthe I'TC The individual slopes should be consistentfwiithin

T

2 pcm/°C).

Adjust the ITC to correct for changes in rod position that occurred during the test.

A.4.3.6.2 End-point method

a)
b)

c)

d)

18

Divide the total reactivity change by the corresponding RCS temperature change.
The value for both heatup and cooldown ramps should be consistent (within 2 pcm/°C).

Adjust the ITC to correct for changes in boron concentration and rod position that occurred during
the test.

Average the heatup and cooldown values to obtain the ITC.
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Caution — This method does not show the effects of boron changes due to inadequate mixing or
system makeup during the measurement. Therefore, it should be used with care.

A.4.3.7 Evaluation

Determine if the difference between the measured and predicted ITC is within the test criterion. If
the measured ITC does not agree with the predicted value within the test criterion, the following are
suggested:

a) review the data and data reduction;

b . L =l dadal h o | . =l A . e dn L N | e d :
) CTITy tITat tIIc COTTTUITIONS TUT TZ tITT IMITasuT TNTCITC WETT COITSTSTEITC WITIT CITe COTUItIony assumed In
the prediction.

A.4.4 Flux symmetry

A.4.4.1 Testobjective

To mleasure the degree of radial symmetry of the neutron flux at < 30 %-ofrated thermal ppwer.

A.4.4.2 Purpose

To d¢termine if the measured radial flux symmetry is consistént'with the expected symmetry.

A.4.4.3 Initial conditions

a) Power: <30 % of full power. The test should be performed at as low a power as practical. The power
level should not change by more than 1 % duging data acquisition and should not change more than
2 % during the entire test.

b) RCS temperature: within 1 °C of the reference temperature.
c) RCS pressure: within 350 000 Palof'the reference pressure.

d) Rod groups: above the insertion limits. Control rod motion should be limited to 8 cnp during the
est.

A.4.4.4 Test method

a) Record the responses of the in-core flux detectors at selected radial and axial locatipns that are
ell distributed throughout the core.

b) Atleast 50.% of the detectors in a given detector string should be operable in order tolassign valid
ata tothat core location.

c) (onvert the detector responses to relative power density (RPD) for each instrumented assembly
in the core. The constants that are used to convert the responses of the detectors to RPD should
adequately reflect the condition of the core during the test.

A.4.4.5 Hints/precautions

a) Asan additional verification, compare axial flux traces to expected shapes. No specific test criteria
are suggested. However, this information can provide additional insight into core behaviour prior
to ascending to higher power levels.

b) Wait 5 min for the self-powered neutron detectors to reach a constant signal at a specific power.

c) Atlow powers, the background signal (induced noise) in the detectors can be a significant fraction
of the total signal. Make corrections to the signals if this component is significant.
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A.4.4.6 Evaluation

Compare the measured assembly RPD for symmetric core locations. Each difference should meet the
test criterion.

A.4.5 Power distribution measurements

A.4.5.1 Test objective

To measure the RPD of the core.

A.4.5.2 Py

To determin

A.4.5.3 Pd

rpose

e if the measured power distribution is consistent with design predictions.

wer distribution test with a fixed detector system

A.4.5.3.1 Initial conditions

a) Power:
b) RCS ten
c) RCSpre
d)
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account
A.4.5.3.2
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well dis
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that arq
conditig
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within 10 % of the desired value and not changing by >1 % FP/h-
perature: within 1 °C of the reference temperature.

ssure: within 350 000 Pa of the reference pressure.

Rod grgups: Positions are close to the reference position.

oncentration: within 10 % of the equilibrium value or the actual xenon condition
ed for in the predictions.

[est method

tributed throughout the core,

the detector responseste.RPD for each instrumented assembly in the core. The cons
b used to convert the responses of the detectors to RPD should adequately reflec
n of the core during the test.

lints /precaufions

elopment.of the measurement uncertainty factors that are associated with the test re
50,%\0f the detectors in a given fixed detector string should be operable in order to a

valid da1ta to'that core location.

b are

the responses of the in-core flux detectors at selected radial and axial locations that are

rants
t the

hber of core/locations that are monitored should be consistent with the number assumfed in

sults.
5sign

Before recording the data, wait 5 min for the self-powered neutron detectors to reach a constant
signal at a specific power.

The quality of the power distribution measurement is generally better if the reactor power and
plant conditions are stabilized for ~1 h prior to the data collection.

A.4.5.3.4 Test evaluation

Compare each measured RPD to the predicted value. The difference should meet the test criterion. The
root-mean-square (rms) of all the differences between the measured and predicted values should meet
the test criterion. Also, compare the measured core average axial power shape to the design prediction.
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A.4.5.4 Power distribution test with a movable detector system

A.4.5.4.1 Initial conditions

a)
b)
‘)
d)

A.4.3.4.2 Test method

A.4.3.4.3 Hints/precautions

a)
b)

d)

Power: within 10 % of the desired value and not changing by >1 % FP/h.
RCS temperature: within 1 °C of the reference temperature.
RCS pressure: within 350 000 Pa of the reference pressure.

Rod groups:

1) intermediate power: at a position to control the axial power shape but not changitng by >8 cm
throughout the measurement unless specifically accounted for in the measuremnient;

2) full power: lead rod group slightly inserted and not changing by >8\cm thrpughout the
measurement unless specifically accounted for in the measurement;

Xenon concentration: within 5 % of the equilibrium value or the_ actual xenon conditions are
jccounted for in the predictions.

Record the movable detector (M/D) response as it is withdrawn from the core.

[alibrate the detectors by driving each detector through a common core location af least twice
dluring the measurement process.

Dbtain data from all accessible core locations.

Record control rod position, ex-core deteé¢tor response, and RCS temperature for egch traverse
through the core.

ecord plant calorimetric power information at the start, middle, and end of the measyrement.

etermine detector opetating voltage plateau prior to the measurement.

inimize control rod motion during the measurement. Power level/temperature coptrol can be
ccomplished by{small dilutions instead of rod motion. If rod motion is required, however, do not
ove them while' data are being acquired by the M/Ds.

nsure thatl the detectors are correctly positioned in the core for data recording.|Ideally, the
etector-should be at the top of the active fuel (bottom-mounted instrumentation) when the data
ecording is initiated. The detectors can be positioned by using the flux depressions ffom the fuel
ridy spacers and extrapolating from there to the top of the fuel. Detector coasting affter the scan
shouldalso be considered:

Some M/Ds exhibit changes in their response characteristic as a function of time or operating
temperature. Account for changing detector responses during the measurement by using the
calibration traces (this detector should later be replaced). If the detector shows sensitivity to
its operating temperature, then wait at least 1 min with the detector inserted prior to the data
recording.

Review the detector calibration factors from measurement to measurement to determine if any
detector's response characteristics are changing. If a significant trend is exhibited, then consider
replacing the affected detector(s).
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