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NOTICE

All ASME Performance Test Codes (PTCs) shall adhere to the requirements of ASME PTC 1, General Instructions. It is
expected that the Code user is fully cognizant of the requirements of ASME PTC 1 and has read them before applying ASME

PTCs.

ASME PTCs provide unbiased
The Codes are developed by b3
mentation, equipment-operati
reference an ASME PTC confid

test methods for both the equipment supplier and the users of the equipment or systems.
lanced committees representing all concerned interests and specify procedures, instru-
hg requirements, calculation methods, and uncertainty analysis. Parties to the test can
ent that it represents the highest level of accuracy consistent with the best engineering

knowledge and standard practice available, taking into account test costs and the value of information obtained from

testing. Precision and reliabilit
consistent with economic consi
ASME Board on Standardizati

 of test results shall also underlie all considerations in the development of an ASME PTE,
derations as judged appropriate by each technical committee under the jurisdiction of the
n and Testing.

When tests are run in accorjdance with a Code, the test results, without adjustment for uncertainty, yield_the best

available indication of the acty
objective and transparent. All p
compromises that shall be con

ASME PTCs do not specify m¢
cial test should agree before st
comparing the testresults to th
how such comparisons shall Y

al performance of the tested equipment. Parties to the test shall ensure thatthe test is
hrties to the test shall be aware of the goals of the test, technical limitations, challenges, and
sidered when designing, executing, and reporting a test under the ASME PTC guidelines.
ans to compare test results to contractual guarantees. Therefore, theparties to a commer-
arting the test, and preferably before signing the contract, on the method to be used for
e contractual guarantees. Itis beyond the scope of any ASME PTCtodetermine or interpret
e made.

vi



https://asmenormdoc.com/api2/?name=ASME PTC 53 2022.pdf

FOREWORD

ASME PTC 53, Mechanical and Thermal Energy Storage Systems, defines uniform test procedures and quantifiable test
methods for assessing and reporting the performance of mechanical or thermal energy storage systems (ESSs) across

various technology platforfis. ASME PTCT 53 1s intended to have broad applicability; However, this Code Is not intended to
overlap the scope of similaf codes published by other organizations such as the American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE) and the Institute of Electrical and Electronics Engineers (IEEE). ASME PTC 53
covers mechanical and thermal technologies including compressed air, flywheels, thermal storage ranging from molten
salts to cryogenic liquids,|Jand pumped hydromechanical energy.

The ASME PTC 53 Committee issued ASME PTC 53 as a Draft Standard for Trial Use in 2018 to allow technology
developers, engineers, and consumers to consider consistent strategies, methods, and systems for performance testing.
ASME PTC53-2022 builds ¢n the Draft Standard, adding Sections on instrumentation and measurement, computation and
reporting of results, and yincertainty. ASME PTC 53-2022 is a complete PTC for industry use.

ASME PTC 53-2022 was|approved by the American National Standards Institute as an American Nationdl-Standard on
September 15, 2022.

vii
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME codes and standards are developed and maintained by committees with the intent to represent the
consensus of concerned interests. Users of ASME codes and standards may correspond with the committees to propose

revisions or cases, report
secretary noted on the col

Revisions and Errata. 1
appear necessary or desir|
revisions will be publishe

In addition, the commit
Users can register on the

This Code is always oper
as specific as possible, citif
for the proposal, includin

Cases
(a) The most common
(1) to permit early ij
(2) to provide altern
(3) to allow users to
directly into the Code
(4) to permit the use
(b) Users are cautioned
as approving, recommend
freedom of manufacturerg
conforms to the Code.
(c) Aproposed case sha
include the following info
(1) a statement of ndg
(2) the urgency of th
(3) the Code and the
(4) the edition(s) of
(d) A case is effective fo
supervisory board. Appro

Interpretations. Upon

ETTata, or request Interpretations. Correspondence for this Code should be sent to the stall
mmittee’s web page, accessible at https://go.asme.org/PTCcommittee.

he committee processes revisions to this Code on a periodic basis to incorporate changes that
hble as demonstrated by the experience gained from the application of the Code. Approved
d in the next edition of the Code.

ee may post errata on the committee web page. Errata become effective on the date posted:
committee web page to receive e-mail notifications of posted errata.

for comment, and the committee welcomes proposals for revisions. Such proposals;sheuld be
Ig the paragraph number(s), the proposed wording, and a detailed description pfthe reasons
b any pertinent background information and supporting documentation.

applications for cases are

nplementation of a revision based on an urgent need

htive requirements

bain experience with alternative or potential additional requitements prior to incorporation

of a new material or process
that not all jurisdictions or owners automatically accept cases. Cases are not to be considered
Ing, certifying, or endorsing any proprietary or specific design, or as limiting in any way the
, constructors, or owners to choose any methpd of design or any form of construction that

1 be written as a question and reply in the.same format as existing cases. The proposal shall also
Fmation:

ed and background information

e case (e.g., the case concerns a-project that is underway or imminent)

paragraph, figure, or table number(s)

the Code to which the propesed case applies

I use when the public reviei process has been completed and it is approved by the cognizant
ved cases are posted-on/the committee web page.

request, the committee will issue an interpretation of any requirement of this Code. An inter-

pretation can be issued only in response\te a request submitted through the online Interpretation Submittal Form at

https://go.asme.org/Inter
confirming receipt.

ASME does notactasac
the Code requirements. If,

pretationRequiest. Upon submitting the form, the inquirer will receive an automatic e-mail

bnsultant for specific engineering problems or for the general application or understanding of
based-on the information submitted, it is the opinion of the committee that the inquirer should

seek assistance, the reque

rs HIRN + 4 ikl £l Sadi that 1% ik L Lo a1 3
W ot T eta T et Wittt e eomm e htaata o tarat st asststan et oot ttTatHTrers—taty

track the status of their requests at https://go.asme.org/Interpretations.

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
committee or subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary

device, or activity.

Interpretations are published in the ASME Interpretations Database at https://go.asme.org/Interpretations as they are

issued.
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Committee Meetings. The PTC Standards Committee regularly holds meetings that are open to the public. Persons
wishing to attend any meeting should contact the secretary of the committee. Information on future committee meetings
can be found on the committee web page at https://go.asme.org/PTCcommittee.
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1-1 OBJECT

The object of this Code
mechanical or thermal eng
energy of the storage med
dures for ESSs established

This Code provides pro

(a) the quantity of ene

ASME PTC 53-2022

Section 1
Object and Scope

is to establish uniform test methods and procedures for conducting performance tests of
rgy storage systems (ESSs). An ESS is a system that consumes energy to increase the internal
a and releases that stored energy to produce useful power or heat. The standard test proce-
by this Code provide the highestlevel of accuracy consistent with current engineering praetice:
cedures for measuring the following parameters:

gy input

(b) the rate of energy input (power)

(c) the quantity of non-piseful energy flows in and out of the system during input, steady-state storage,.and discharge

(d) the quantity of useful energy output

(e) the rate of useful epergy output (power)

This Code provides quahtifiable methods to assess the performance of mechanical or thermgral*ESSs in various tech-
nology platforms and applications.

When tests are conductg¢d in accordance with a code, the test results themselves, without'adjustment for uncertainty,

yield the best available indication of actual performance of the equipment tested within’'the operational parameters
defined in a Performance Test Code (PTC). This Code does not specify means to comparésesults to contractual guarantees.
Therefore, parties to a cognmercial test should agree on the method for comparing results to commercial guarantees

before starting the test." If

This Code shall not be u;
performance anomalies of
means are not adequate. 1
procedures.

1-2 SCOPE

1-2.1 Types of System:

This Code applies to ESS
from suitable mechanical,
This Code applies to thed
associated with the systel
An ESS may use any of
(a) thermal energy stof
media (e.g., molten salt o
(b) compression medial
(c) gravitational media

is beyond the scope of this Code to determine or interpret how such comparisons are made.
ted to troubleshoot equipment. However, this Codé.can be used to quantify the magnitude of
equipment suspected of performing poorly or to,confirm the need for maintenance if simpler
his Code can be used as a source or reference for simple routine or special equipment test

5 to Which This Code May'Apply

s in which mechanical or'thermal means are used to affect the storage and release of energy
thermal, or fluid media.

measurement of thie performance of an ESS at the specified conditions, with all equipment
n functioning inyaceordance with those conditions.

various media; ‘including, but not limited to, the following:

age media,-Such as phase-change media (e.g. liquefied air or water-ice) or sensible heating
thermalAluids and oils)

suchvas compressed air or springs

such/as pumped hydromechanical energy or railcars on inclines

(d) chemical media, su
(e) kinetic media, such

h-as hvdrogen-or ameniatreactions
J =)

as flywheels

This Code provides methods to measure energy and material flows to and from an ESS thatare relevant to assessment of
ESS performance. For example, some ESSs may use energy inputs from multiple external sources. Some ESSs may also

produce by-products such

as water, carbon dioxide, or industrial gases that may have economic value or disposal costs of

interest to users of this Code.

! Manufacturers typically provide correction curves or multiplication factors to adjust the performance guarantees for off-design conditions typically

encountered during a test.
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1-2.2 Types of Systems to Which This Code Does Not Apply

Cellular electrical battery storage devices (lead-acid, lithium ion, etc.) are specifically excluded from this Code. Test
codes promulgated by other professional organizations have defined test procedures for that technology.

1-3 UNCERTAINTY

This Code requires an uncertainty analysis in accordance with ASME PTC 19.1. The pretest uncertainty analysis is used
to develop unit-specific test procedures that result in an agreed-upon target uncertainty. Typical values of test uncer-
tainties, various unit configurations, and performance parameters are presented in Section 3.

Test uncertainty is an estimate of the limit of error of a test result. It is the interval about a test result that contains the
true value with a given probapility, or level of confidence. Test uncertainty is based on calculations using statistics,
instrumentation information, chlculation procedure, and actual test data. Code tests are suitable for use whenever perfor-
mance must be determined with minimum uncertainty. Code tests are meant specifically for equipment operating in an

industrial setting.

1-4 REFERENCES

The following is a list of puplications referenced in this Code:

ASME MFC 11. Measurement of Fluid Flow by Means of Coriolis Mass Flowmeters. The American Society of Mechanical

Engineers.

ASME PTC 1. General Instructjons. The American Society of Mechanical Engineers.

ASME PTC 2-2001 (R2014).

finitions and Values. The American Society of Mechanical Engine€rs.

ASME PTC 4. Fired Steam Gerlerators. The American Society of Mechanical Engineers.
ASME PTC 12.4. Moisture Sepprator Reheaters. The American Society of Mechanical Engineets.

ASME PTC 19.1. Test Uncertali
ASME PTC 19.3. Temperature
ASME PTC 19.5. Flow Measur
ASME PTC 19.6. Electrical Poy
ASME PTC 19.22. Data Acquis
ASME PTC 46-2015. Overall P
ASTM D240-19. Standard Test
International.

ty. The American Society of Mechanical Engineers.

Measurement. The American Society of Mechanical Engineérs.

ement. The American Society of Mechanical Engineers.

ver Measurements. The American Society of Mechahical Engineers.

tion Systems. The American Society of Mechanical Engineers.

ant Performance. The American Society of Mechanical Engineers.

Method for Heat of Combustion of Liquid Hydroctarbon Fuels by Bomb Calorimeter. ASTM

ASTM D1945. Standard Test Nlethod for Analysis of Natural Gas by _Gas Chromatography. ASTM International.

ASTM D3588-98. Standard Pral
Fuels. ASTM International.
ASTM D4809. Standard Test Md
Method). ASTM Internation
ASTM E1137. Standard Specif
IEEE 120. Master Test Guide fq
neers.

ctice for Calculating Heat Value, Compressibility Factor, and Relative Density of Gaseous

thod for Heat of CombustionefLiquid Hydrocarbon Fuels by Bomb Calorimeter (Precision
1.

cation for Industrial Platinum Resistance Thermometers. ASTM International.

r Electrical Measurements in Power Circuits. Institute of Electrical and Electronics Engi-

IEEE C57.13.1EEE Standard Requirements for fustrument Transformers. Institute of Electrical and Electronics Engineers.

NIST Technical Note 1265. Gy
Institute of Standards and 'l

idelines for.Realizing the International Temperature Scale of 1990 (ITS-90). National
echnology:
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Section 2
efinitions and Descriptions of Terms

2-1 DEFINITIONS
charge energy: the primat
charge interval: the time

chargeloss rate: ameasure

in kilowatt-hours per houfr.

charge power: the rate at wj
charge interval.

charge power rating: the cl
may be derived from con

charge process: the means
charge start-up interval: t

discharge depth: a fraction
storage system can operatg
or guaranteed; it may be

discharge energy: the prin
discharge interval: the tin

discharge power: the rate
divided by the discharge

discharge power rating: th¢
which may be derived frg

discharge process: the med
primary energy.

discharge start-up interva

energy loss: the amount of
energy of the storage me

energy storage system (ESS|
and later releases that stq

exhaust energy: the nonpr
interval or discharge inte

fuel energy: the energy tha

v energy that crosses the test boundary during a charge interval.
luration during which the charging process takes place.

of the change of the state of charge during a standby interval. This change in power is expressed
hich charge energy crosses the testboundary, determined by the charge energy divided by the

arge power indicated in a test plan (e.g., maximum, minimum, nominal, or guaranteed), which
racts, specifications, nameplates, guarantees, or other sources.

by which primary energy is transformed into increased internal energy ¢fthe storage medium.
he time duration of transition from the standby state to the chargevpower rating.

or percentage equal to 1 minus the ratio of the minimum state of'charge at which the energy
to the maximum state of charge. Discharge depth may be qualified as maximum, rated, normal,
referenced to the discharge power rating.

hary energy that crosses the test boundary during a.discharge interval.
e duration during which the discharge process ge¢urs.

at which discharge energy crosses the test batindary, determined by the discharge energy
nterval.

discharge power indicated in a test plah(e.g., maximum, minimum, nominal, or guaranteed),
m contracts, specifications, nameplates, guarantees, or other sources.

ns by which the internal energy-.of the storage medium is decreased and transformed into

: the time duration of the trahsition from the standby state to the discharge power rating.
energy that leaves the test boundary from the storage container, thus decreasing the internal
ium.

): a system thatConsumes primary energy to increase the internal energy of a storage medium
red energy, as primary energy.

mary enérgy that leaves the test boundary of the energy storage system during the charge
'val.

crosses the test boundary as combustible mass during a storage cycle, determined by the fuel

rate multiplied by the hig

er heating value
o

fuel heat rate: the fuel energy divided by the discharge energy during a storage cycle, expressed as British thermal units
per kilowatt-hour (kilojoules per kilowatt-hour).

fuelrate: for solid and liquid fuels, the mass of fuel fired per unit of output. For gaseous fuels, itis defined as cubic feet of gas
at 59°F and 14.696 psia (cubic meters at 15°C and 101.325 kPa) per unit of output. Fuel rates should be qualified by
reference to the unit of output.

! Adapted from ASME PTC 2-2

001 (R2014).
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higher heating value: heat released from the rapid oxidation of fuel. Heating value of fuels is determined in accordance
with ASTM D240-19 and ASTM D3588-98. Each Code specifies using either the higher or the lower heating value, typically
expressed as British thermal units per pound mass (kilojoules per kilogram).

Water vapor is one of the products of combustion for all fuels that contain hydrogen. The higher heating value of a fuel
depends on whether this water vapor is allowed to remain in the vapor state or is condensed to liquid. In a bomb
calorimeter, the products of combustion are cooled to the initial temperature and all of the water vapor formed
during combustion is condensed to liquid. This gives the higher, or gross, heating value of the fuel with the heat of

vaporization included in the r

incidental material: the mass t

eported value.!

at crosses the test boundary into the storage container during the standby state, which

may increase the internal ene

internal energy: a state variab
change. Internal energy change
base. For steam, this base has 1
internal energy is u, and it is

gy of the storage medium.

e; the change from one state to another independent of the process that produces the
5, rather than absolute values, are important. Internal energy may be set to any convenient
een set at the triple point, 32°F and 0.0891 psia (273.15 K and 611.2 Pa). The symbol for
expressed as British thermal units per pound mass (joules per kilogram).!

material loss: the mass that leajes the storage container but does not pass through the discharge process. Material loss

decreases the internal energy

overall efficiency: the dischargéd
energy during a storage cycle

primary energy: the principal

primary energy rate: the charg
hours per kilowatt-hour.

of the storage container.

energy divided by the sum of charge energy, fuel energy, secondary energy, and stahdby
expressed as a percentage.

form in which energy is delivered to and from the energy storage system,

b energy divided by the discharge energy during a storage cycle, expréssed as kilowatt-

primary material: the principgl form in which mass is delivered to and from the energy storage system.

ramp rate: the rate of change

rated discharge energy: the dis
maximum, minimum, nominal,
antees, or other sources.

secondary energy: the nonfuel €
cycle.

secondary energy rate: the seco
thermal units per kilowatt-ho

standby energy: the primary en¢
may increase or maintain the

standby interval: the time dur

standby power: the rate at whic
the standby interval.

standby state: a condition in v
state of charge: the fraction o

storage container: a vessel, tan
energy storage system.

of charge power or discharge power of an energy storage system.

charge energy delivered from the energy storage system‘indicated in a test plan (e.g.,
or guaranteed), which may be derived from contracts,\\specifications, nameplates, guar-

nergy and/or nonprimary energy that enters the energy storage system during a storage

hdary energy divided by the discharge energy during a storage cycle, expressed as British
ir (kilojoules per kilowatt-hour).

rgy or fuel energy that crosses the testboundary during the standby state. Standby energy
internal energy of the storage niedium, or it may be parasitic.

htion during which the energy storage system is in the standby state.

n standby energy crossesithe test boundary, determined by the standby energy divided by

Fhich neither the“charging process nor the discharging process occurs.
rated discharge energy present in the energy storage system.

k, reservoin, cavern, or other prescribed volume that holds primary material within the

storage cycle: a sequence comp

risingthe charge process, a standby state, and the discharge process in which the state of

Charge is the same at the begn’\nihg and-the end of the cnquﬂnl‘n

storage medium: the mechanical, chemical, or thermal material within the energy storage system whose internal energy is

changed.

stored energy rate: the total energy that enters or leaves the storage container divided by the discharge energy during a

storage cycle, expressed as Br

itish thermal units per kilowatt-hour (kilojoules per kilowatt-hour).

total energy: the sum of internal, potential, and kinetic energy within the storage medium.

2-2 SYMBOLS AND SUBSC

RIPTS

Symbols used in this Code are listed in Table 2-2-1. Subscripts used in this Code are listed in Table 2-2-2.
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Table 2-2-1
Symbols and Abbreviations Used in ASME PTC 53

Symbol or Intensive or Extensive
Abbreviation Definition [Note (1)]
B Standby energy
Cp Specific heat at constant pressure Intensive
dp Differential pressure (integral calculus)
E Rate of energy flow to or from storage container
Cell half-potemntiat
Faraday’s constant
Frictioral dissipation
FHR Fuel hept rate
G Gibbs ffee energy Extensive
g Gravitafional acceleration
ge Force-tp-mass conversion factor
h Specifid enthalpy Intensive
HHV Higher fheat value of fuel
Im Moment of inertia
] Mecharical equivalent of heat
K Constaypt of proportionality relating mass flow of electrolyte to electric current
KinE Kinetic|energy component of total energy
LHV Lower heat value of fuel
M Total njass of storage medium within storage container
m Mass flpw rate of storage medium to or from storage container
n Molar flow
P Power, [rate of primary energy flow
p Pressufe of storage medium within storage container
PER Primary energy rate
PotE Potentipl energy component of total energy
Q Rate of]fuel heat input
S Total eptropy Extensive
s Fluid ve¢locity
SER Stored pnergy rate
T Tempegature
t Time
U Internal energy component of total energy Extensive
4 Total vplume of storage containen Extensive
v Specifid volume Intensive
w Work
X Secondjry energy
XER Secondjiry energy<rate
Y Primary energy
z Elevati¢n
a Multiplicative correction factor for power output during discharge
B Multiplicative correction factor for fuel heat input during discharge
A Additive correction factor for fuel heat input during discharge
Ah Change in enthalpy
Ap Change in pressure
AT Change in temperature
At Interval duration
AU Change in internal energy over a time interval Extensive
Au Change in internal energy over a time interval Intensive
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Table 2-2-1

Symbols and Abbreviations Used in ASME PTC 53 (Cont’d)

Intensive or Extensive

Definition [Note (1)]

Symbol or
Abbreviation
€
¢
n
6
K
A
u
¢
m
o
T
¢
14
0
w

Multiplicative correction factor for primary energy input during discharge

Multiplicative correction factor for standby power

Efficiency

Additive correction factor for standby power

Additive cor

medium

: £ 1 £ I il
CCTIOIT TaCtoOT U COTTTCT (U Dast IeICTCIICe CONMTPUSITIOT O tITe StoTage

Multiplicative correction factor to correct to base reference composition of the storage

medium

Multiplicativp correction factor for mass flow rate from storage during discharge

Additive corj
Multiplicativ|
Additive cor
Multiplicativ
Additive corj

ection factor for secondary energy

b correction factor to mass flow rate into storage during charge
ection factor for power input during charge

b correction factor for power input during charge

ection factor for primary energy input during discharge

Multiplicativp correction factor for secondary energy

Rotational s
Additive cor

eed

ection factor for power output during discharge

NOTE: (1) Thermodynamic properti
intensive properties are per unit of

s may be extensive or intensive. Extensive properties pertain to an entire storage'System or component;
mass.

Table 2-2-2
Subscripts Used in ASME PTC 53
Subscript Description

avail Pertains to the rpass available in storage
Cc Pertains to the dharge interval or the charging process
corr Measured or calfulated result corrected to base reference cofiditions
cycle Pertains to a cydle of charge interval, standby interval, or discharge interval
D Pertains to the discharge interval or the discharging process
end Pertains to the gnd of a measurement interval
ij Indices for sumrpation and multiplication
meas Measured or deermined result before correction to base reference conditions
rated Pertains to vendor specification
roundtrip Pertains to the cqmbination of chargifig-and discharging intervals or the combination of charging and discharging processes
SB Standby
start Pertains to the gtart of a measurement interval
total Sum of all preceding values; for energy, sum of internal energy, Kinetic energy, and potential energy
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Section 3
Guiding Principles

3-1 INTRODUCTION

This Section provides gyidance on performance testing of mechanical or thermal ESSs and outlines the steps required
to plan, conduct, and evaluate a Code test of ESS performance. The subsections discuss the following:

(a) test plan, subsectioh 3-2

(b) test preparations, spbsection 3-3

(c) conduct of test, subsection 3-4

(d) calculation and repprting of results, subsection 3-5

This Code includes prodedures for testing the ESS to determine various types of test goals. It also provides specific

instructions for multiple-
agreements.

3-1.1 Test Goals

The object of the test sh
may be designed to satisf]
(a) ascertaining contra

arty tests conducted to satisfy or verify guaranteed performance specified-.in-commercial

1l be agreed to by all parties and shall be defined in writing before'the test commences. Tests
y goals such as
ctual performance for a newly installed ESS

(b) performing accepta

ce testing

(c) determining absolute performance
(d) determining compalrative performance
(e) determining performance at specific operating conditions or with certain fixed parameters

3-1.2 General Precaution

Reasonable precautions|
that identify and distinguid
or photographs may all be ¢
to by the parties to the test
for instruments susceptib

3-1.3 Agreements and
This Code is suitable for

should be taken when preparing to conduct a Code test. Indisputable records shall be made
h the equipment to be tested and the-exact method of testing selected. Descriptions, drawings,
Ised to create a permanent, explicittecord. Instrumentlocation shall be predetermined, agreed
and described in detail in testre¢ords. Redundant calibrated instruments should be provided
e to in-service failure or bredkage.

Compliance With Code Requirements

use whenever performance must be determined with minimum uncertainty. Strict adherence

to the requirements specified in this Code-is critical to achieving that objective.

3-1.4 Acceptance Tests

This Code may be incor
ESS, i.e., storage capacity, e

poratéd-by reference into contracts to serve as verification of commercial guarantees for the
hergyinput, and energy output. If this Code is used for acceptance testing or for any other tests

where there are multiple

methods of measurement,

3-1.4.1 Prior Agreemen
measurement. The parties

arties renresentedthosenartiesshall mutuallz aaree onthe exact method-oftestinaandthe
1 7 1 T o5 D

as well as any deviations from the Code requirements.

ts. Before any test, there shall be agreement on the exact method of testing and the methods of
to the test shall agree on all material issues not explicitly prescribed by this Code, as identified

in para. 3-2.3 and throughout the Code, including

(a) location and timing
(b) confidentiality of te

of the test
st results

(c) number of copies of test results
(d) organization of personnel, including designation of the engineer in responsible charge of the test

(e) intent of the contra

ct or specification if ambiguities or omissions appear evident
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(f) pretest inspections

(g) modifications to the test plan based on preliminary testing
(h) computational formulations and methods

(i) definition and application of correction factors

3-1.4.2 Data Records and Test Log. A complete set of data and a complete copy of the test log for all acceptance and
other official tests shall become the property of each of the parties to the test. As the only evidence of actual test conditions,
the original log; data sheets, files, and disks; recorder charts; tapes; etc., shall permit clear and legible reproduction.
Copying by hand is not permitted. The completed data records shall include the date and time of day the observations

were recorded. The observatio
log should constitute a completg
on or destruction or deletion

corrections are made, the alter.
change is included. For manua
constitute original data sheets
or electronic files shall be authg
no paper copy is generated, the
cing, and distributing the data. ]
distributed to each party to th¢
machine should not remain th

3-1.4.3 Analysis and Interp

of the observed data, an obviou$

the inconsistency. Failing this

3-1.5 Test Boundary

nsshallbethe actual FDQI‘]'IY\(TC without application of anvinstrumentcorrections-The test
rr 4

e record of events including detalls thatatthe time may seem trivial or irrelevant. Erasures
f any data record, page of the test log, or recorded observation is not permitted. If any
ition shall be entered so that the original entry remains legible and an explanation for the

data collection, the test observations shall be entered on carefully prepared forms that
huthenticated by the observers’ signatures. For automatic data collection, printed output
nticated by the test coordinator and other representatives of the parties to the test. When
parties to the test shall agree in advance to the method used for authenticating, reprodu-
"he electronic data files shall be copied onto tape, disk, or other suitable storage mediaand
test. The data files shall be in a format that is easily accessible to all. Data residing on a
ere unless a permanent backup copy is made.

Fetation. During the conduct of a test, or during the subsequent analysis ordnterpretation
inconsistency may be found. If so, reasonable effort should be made to adjust or eliminate
test runs should be repeated.

The testboundary is used to ¢lefine the energy streams that must be measured to determifie performance and calculate

corrected results. Allinput and
the point at which they cross
verify base operating condition
the boundary.

The methods and procedure

butput energy streams required for test calculations shallbe determined with reference to
he boundary. Energy streams within the boundary néed not be determined unless they
5, facilitate determination of the state of charge, or relate functionally to conditions outside

of this Code have been developed to provide flexibility in defining the test boundary for a

test. The test boundary shall be defined by the parties to the test for the specific test objective.

For this Code to apply, the te
the boundary shall be accoun

For a particular test, the spe
streams required for common §
the test boundary. Some or all d
dynamic conditions, and chemi
ESS performance test.

Determination of emissions

t boundary must encompass a discret€ ESS. This means that all energy streams that cross
ed for.

ific test boundary shall be established by the parties to the test. Some or all of the typical
SSsare shown in Figure 3-1.5-41. In the figure, the solid lines indicate the streams crossing
fthe mechanical energy, electrical energy, heat, chemical energy, mass flow rate, thermo-
cal composition of these.streams shall be determined to calculate the results of an overall

is outside the scopeof this Code.

3-1.6 Required Measurem

nts

Some flexibility is required |py this €ode in defining the test boundary and measurement methods, since they are

somewhat dependent on the design.of-the ESS. This Code does not exclude the use of the ESS instrumentation and
distributed control system (IPCS)for recording primary measurements; however, such use requires extra care.
Factory calibration of ESS insfruimentation is generally not to the standard required by this Code for performance

testing. Additionally, the DCS is not designed to be used as a Code-level data acquisition system. If the DCS is
used, the test team must understand the compression (number of significant figures recorded) and dead band settings
within the DCS or data history, the uncertainty of analog-to-digital conversions, and any algorithms that impact the
readings and their effect on uncertainty within the DCS.

3-1.6.1 Primary Energy Input. Primary energy input to the ESS is measured or calculated at the point where the energy
flows cross the test boundary. The test boundary is typically where energy enters the ESS; however, the actual measure-
ment may be taken upstream or downstream of that point if a better measuring location is available and the process
conditions at the metering point are equivalent to, or can be accurately corrected to, the conditions at the test boundary.
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Figure 3-1.5-1
Generic Test Boundary
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-
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3-1.6.2 Secondary Enel
energy return, makeup, loy
conditions or energy flow

3-1.6.3 Ambient Condit
used in ESS components.
properties where the air e
multiple locations upstrea

3-1.6.4 Primary Energy
use. The criteria for selecti
tainty.

3-1.6.5 Secondary Ene
energy outputs shall be d

rgy Inputs. Secondary energy inputs to the ESS may include, but are not limited to, process
V-energy external heatrecovery, and auxiliary power. Measurements to determine the process
s or both are required for correction to the base reference conditions.

ions. The pressure, temperature, and‘humidity, as applicable, shall be determined for the air
he measurements of these properties shall be made at the plane representative of the air
hters each ESS component. The-measurement of ambient air properties at a single location or
m of the plant is not an acceptable alternative.

Output. The primary energy output from an ESS is the output for the ESS’s specified primary
hg specific measurement'points are based on a determination of the lowest achievable uncer-

rgy Outputs. Secondary energy outputs are other ESS outputs, including losses. Secondary
ptermined and/used to calculate the test results.

3-1.7 Criteria for Seledtion of Measurement Locations

Measurement locations
at the test boundary, but

hreselected to provide the lowest level of measurement uncertainty. The preferred location is

1 i tlhot 2o o Lot i £, dat e H pa| i
TITy I orac 15— it o eSO CatroT 1o G CTtCTIT g T o CoparareteTss

3-1.8 Specific Required Measurements

The specific measureme
the specific test intent.

nts required for a test depend on the design of the ESS and the test boundary required to meet
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The calculation of results for any ESS described by this Code requires adjusting the test-determined values of energy
inputand power by the application of additive and multiplicative correction factors. The general forms of these equations

are as follows:

Pdischarge,corr = (Pdischarge,meas + additive P corrections) X multiplicative P corrections

m
.....

HRfuel,corr F

L 1 d Lok L
TTicl,meas | oot Ve COtE

Egischarge,meas 1 additive E corrections

X multiplicative HR corrections

Edischarge,meas + additive Egischargecorrections

]’I =
cort Echarge,meas +

where

additive Edischarg
additive Efp,
additive

multiplicative H
multiplicative

multiplicative

Symbols and subscripts are
The format of the general eq
mathematically decouples then
operational effects for which

uncontrollable external effectd.

While these correction facto
that ESS performance could be
case, additional correction fac

. corrections
| corrections
P corrections
Echarge,meas
Edischarge,meas
Efuel,meas
Esec,meas
Estby,meas
HRfuel,corr

R corrections
P corrections

) corrections
Pdischarge, corr

D
discharge, meas

Efyel,meas T Esec;meas + Estby,meas + Y additive E corrections

X multiplicative 77 corrections

correction factors to Egjscharge,meas that are additive in nature
correction factors to Efyemeas that are additive in nature
correction factors to Pgischarge,meas that are additive in~hature
measured ESS charge energy

measured ESS discharge energy

measured ESS fuel energy

measured ESS secondary energy

measured ESS standby energy

corrected fuel heat rate

correction factors to HR gye) oy that are multiplicative in nature
correction factors to Pgischarde,meas that are multiplicative in nature
correction factors to, n-that are multiplicative in nature
corrected ESS discharge power

measured ESSdischarge power

n = overall efficiency

Neorr = corrected overall efficiency

defined in Tables 2-2-~1’and 2-2-2.

uations identifies dnd/represents the various corrections to measured performance and
1 so that they caribe applied separately. The correction factors are necessary due to either
corrections are ‘allowable, such as those caused by changes in ESS process flows, or

s are inténded to account for all variations from base reference conditions, it is possible
pffectedby processes or conditions not foreseen at the time this Code was written. In that
fots,-€ither additive or multiplicative, would be required.

If all test conditions are equ
Test correction curves should

3-1.10 Design, Constructio
During the design phase of

ttotirebasereference conmditions,; themati correction factors MMUSt TeS Ut iT IT0 COTTECtioN.
reflect the final control settings.

n, and Start-Up Considerations

the ESS, consideration should be given to

(a) conducting accurate acceptance testing for overall performance of the specific type of ESS.
(b) the requirements of instrumentation accuracy, calibration, and recalibration.

(c) documentation requirements.

(d) the location of permanent plant instrumentation used for testing.

10
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(e) adequate provisions for the installation of temporary instrumentation where plant instrumentation is not suffi-
cient to meet the requirements of this Code. For example, all voltage transformers and current transformers used for
power measurement should be verified to perform per their design specifications, and their transmitters should be

calibrated.

If the electrical, mechanical, or thermal hosts are unable to accept stored energy output from the ESS, then other
provisions shall be made to maintain the test values within appropriate permissible deviations from design.

3-2 TEST PLAN

A detailed test plan shal
provide detailed procedu
ignation of responsible p

For a commercial test, t]
operation within which a fi
within the period stated in
except with written agreet
may adversely affect the 1
agreement should be reach
cial test should recognize
seek a mutually satisfactor
at any time.

3-2.1 Schedule of Test

A test schedule should i
test plan preparations, te

3-2.2 Test Team

The test plan shall identi
analysis, and reporting of
data acquisition, sampling
and implementation, e.g.,
services.

The parties to the perf
accordance with the test r¢
test personnel and all test g
are prepared and maintair
operations staff. When the
examine the equipment, c
thereby empowered to alte
stipulations are altered or
may prevent immediate, ¢
conditions. Any actions tak
to all parties to the test.

3-2.3 Test Procedures

es for performing the test. The test plan should lnclude the schedule of test activities, des-
rties, description of responsibilities of the test team, test procedures, and report of results.
e purchase contract should specify the time limit following the first dependable commercial
bld acceptance test should be undertaken. Failing this, an acceptance test should be undertaken
this Code but not more than 6 months from the time the equipment is first put into operation,
nent to the contrary. Deterioration from use of the equipment during prior operation, which
esults, should be corrected by the purchaser before acceptance tests are conducted,«or an
ed for adjusting the test results to compensate for such deterioration. The parties toa'€ommer-
the impracticality of exact prediction of equipment availability for test purposestand should
y adjustment of any unforeseen situation. An official test for other purposes may.bé conducted

Activities

clude the sequence of events and anticipated time of test, notification of the parties to the test,
t preparation and conduct, and preparation of the report of.réesults.

y the test team organization that will be responsible forithe planning and preparation, conduct,
he test in accordance with this Code. The test teamxshould include test personnel needed for
and analysis, as well as operations and other groups needed to support the test preparations
supplier representatives, customers, witnessing parties, and outside laboratory and other

rmance test shall designate a test cqordinator responsible for the execution of the test in
quirements. The test coordinator js responsible for establishing a communication plan for all
arties. The test coordinator shallkalso ensure that complete written records of all test activities
ed. The test coordinator arranges the setting of required operating conditions with the plant
manufacturer or supplier_is‘a-party to the test, they should have a reasonable opportunity to
rrect defects, and render the equipment suitable to test. The manufacturer, however, is not
r or adjust equipmentorconditions in such a way thatregulations, the contract, safety, or other
voided. The manufacturer may not make adjustments to the equipment for test purposes that
ontinuous, and reliable operation at all capacities or outputs under all specified operating
en or adjustrments made by the manufacturer shall be documented and immediately reported

ude test procedures that provide details for the conduct of the test. Test procedures should

The test plan should ind

include the following:
(a) object of test

(b) method of operation
(c) data to be recorded and method of recording and archiving data

(d) test acceptance crit

eria for test completion

(e) base reference conditions

(f) defined test bounda

ry identifying inputs, outputs, and measurement locations

(g) complete pretest uncertainty analysis, with systematic uncertainties established for each measurement and an
estimate of random uncertainties

11
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(h) specific type, location, and calibration requirements for all instrumentation and measurement systems and
frequency of data acquisition

(i) sample collection, handling, and analysis method and frequency for ESS process constituents such as fuels, working
fluids, and waste streams

(j) method of ESS laboratories used for analyses of ESS process constituents

(k) required operating disposition or accounting for all internal mechanical energy, thermal energy, and auxiliary
power consumers having a material effect on test results

() required levels of equipment cleanliness and inspection procedures

(m) procedures to account for performance degradation, if applicable

(n) equipment lineup requifements

(o) preliminary testing reqjirements

(p) pretest stabilization criferia

(q) required steadiness criteria and methods of maintaining operating conditions within these limits

(r) allowable variations frorh base reference conditions and methods of setting and maintaining operating conditions
within these limits

(s) number of test runs and duration of each run

(t) test start and stop requjrements

(u) data acceptance and rejection criteria

(v) allowable range of energy input conditions, including constituents and heating value

(w) correction curves with |curve-fitting algorithms, tabular data, or a thermal model

(x) sample calculations or dgtailed procedures specifying test-run data reduction and calculation and correction of test
results to base reference conditions

(v) the method for combining test runs to calculate the final test results

(z) requirements for data storage, document retention, and test report distribution

(aa) test report format, cortents, inclusions, and index

3-3 TEST PREPARATIONS

All parties to the test shall e given the necessary time, as defined by prior agreement, to respond and to prepare
personnel, equipment, or docymentation. Updated information should be provided as it becomes known.

Atestlogshall be maintained|during the test to record any occurrences affecting the test, the time of the occurrence, and
the observed effect. This log Hecomes part of the permanent record of the test.

Safety is obviously of primary concern when performing work with any'energy system. However, it is beyond the scope
of a PTC to thoroughly addregs safety issues. The safety of personhel involved in the test should be considered; for
example, the following should| be provided:

(a) safe access to test poing§ locations

(b) availability of suitable tilities

(c) safe work areas for personnel

Care should also be taken of the instrumentation involved in the test as there may be calibration shifts or damage to the
instrumentation due to extrem¢ ambient conditions’such as temperature or vibration. Documentation shall be developed
or made available for calculatgd or adjusted data.to provide independent verification of algorithms, constants, scaling,
calibration corrections, offsetg, base points, and-conversions.

3-3.1 Preparation

For acceptance tests, the mgnufacturer or supplier shall have a reasonable opportunity to examine the equipment,

correct defects, and render the ¢quipment suitable to test. For other official tests, the manufacturer or supplier may, at the
request Of the ESS owner, exdmine tha nqnipmnnf’ corract r]nf:nrfc‘ and rander tha nqnl'pmanf suitabhlo +0 tact Thao

manufacturer, however, is not thereby empowered to alter or adjust equipment or conditions in such a way that regula-
tions, the contract, safety, or other stipulations are altered or voided. The manufacturer may not make adjustments to the
equipment for test purposes that may prevent immediate, continuous, and reliable operation at all capacities or outputs
under all specified operating conditions. Any actions taken by the manufacturer shall be documented and immediately
reported to all parties to the test.

12
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3-3.2 Test Apparatus

Instrumentation used for data collection shall be at least as accurate as instrumentation identified in the pretest
uncertainty analysis. This instrumentation can be either permanent plant instrumentation or temporary test instru-
mentation.

Multiple instruments may be used as needed to reduce overall test uncertainty. The frequency of data collection is
dependent on the specific measurement and the duration of the test.

Equipment and instruments shall be examined as necessary to ensure validity of test and operating procedures and
suitability of instruments. Calibrated redundant instruments should be prov1ded for instruments that are susceptlble to
in-service failure or breakgg A Fressh b i Fre i

Instruments shall be pogitioned to minimize the effect of ambient conditions (e.g., temperature or temperaturevaria-
tions) on uncertainty. Carelshall be used in routing lead wires to the data collection equipment to prevent electrical noise
in the signal. Manual instruments shall be located so that the observers can read them with precision and conyenience. All
instruments shall be marKed uniquely and unmistakably for identification. Calibration tables, charts, or@nathematical
relationships shall be readjly available to all parties to the test. Observers recording data shall be instructed’on the desired
degree of precision of reddings.

3-3.4 Frequency and Tjiming of Observations

The timing of instrument observations shall be determined by an analysis of the time lag ofboth the instrument and the
process so that a correct ahd meaningful mean value and departure from allowable operating conditions may be deter-
mined. Sufficient observatjons shall be recorded to prove that steady-state conditions éxisted during the test when this is
arequirement. A sufficien number of observations shall be taken to reduce the ranidem component of uncertainty to an
acceptable level. To the exflent practical, at least 30 readings should be collected to'minimize the random error impact on
the posttest uncertainty analysis. The use of automated data acquisition systems is recommended to facilitate acquiring
sufficient data.

3-3.5 Test Conditions

Since an ASME PTC 53 teptis notintended to provide detailed information onindividual components, this Code does not
provide corrections for theeffect of any equipment that is notiin a clean and functional state. Before a test, the cleanliness,
condition, and age of the egquipment should be determined.by inspection of the equipment or review of the operational
records, or both. Cleaning $hould be completed before the-test, and equipment cleanliness should be agreed upon by the
parties to the test.

The ESS should be checlted to ensure that equipnient and subsystems are installed and operating in accordance with
their design parameters and that the plant is{ready to test.

3-4 CONDUCT OF TESY

This subsection providgs guidelinés on the actual conduct of the performance test and is organized as follows:
(a) adjustments before|and during tests, para. 3-4.1

(b) methods of operatipn before and during tests, para. 3-4.8

(c) starting and stoppimg\tests and test runs, para. 3-4.7

(d) duration and number of tests and number of readings, para. 3-4.12
(e) constancy of test conditions, para. 3-4.13

3-4.1 Adjustments

Once testing has started, adjustments to the equipment that can influence the results of the test require repetition of any
test runs conducted before the adjustments. No adjustments are permissible that are inappropriate for reliable and
continuous operation following a test under specified outputs and operating conditions.

13
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3-4.2 Data Collection

Data shall be taken by automatic data-collecting equipment or by the number of observers specified in the test plan.
Automatic data-logging and advanced instrument systems shall be calibrated to the required accuracy. No observer shall
be required to take so many readings that lack of time may resultin insufficient care and precision. Consideration shall be
given to specifying duplicate instrumentation and taking simultaneous readings for certain test points to attain the
specified accuracy of the test.

3-4.3 Operating Philosophy

The tests should be conductdd as closely as possible to the specified operating conditions to reduce and minimize the
magnitude and number of corrections for deviations from the specified conditions.

3-4.4 Permissible Deviatidns

The equipment tested shoul
and permissible deviations sp

3-4.5 Preliminary Testing

Preliminary test runs, with
methods of measurement, chec
conduct reasonable preliminarj
to the calculation of results as 3
with all the necessary requirem
within the meaning of this Co

(a) to determine whether H

(b) to adjust to needs that

(c) to check the operation

(d) to ensure that the estin
complete system

(e) to ensure the facility’s d

l be operated to ensure that its performance is bounded by the permissible fluctuations
ecified.

Fecords, determine if equipment is in suitable condition to test, check instruments and
k adequacy of organization and procedures, and train personnel. All parties to the'test may
 test runs as necessary. Observations during preliminary test runs should be carried out
n overall check of procedure, layout, and organization. If a preliminarytestTun complies
ents of the ESS test plan, test procedures, and this Code, it may be used@s)an official test run
He. Reasons for a preliminary run include the following:

SS equipment is in suitable condition for conduct of the test

ivere not evident during the preparation of the test

f all instruments, controls, and data acquisition systems

ated uncertainty as determined by the pretest analysis+is reasonable by checking the

peration can be maintained in a steady-state petformance

(f) to ensure process boundlary inputs and outputs, other than those identified in the test requirements, are not

constrained
(g) to familiarize test persd
(h) to retrieve enough data

3-4.6 Inconsistent Measur

If any measurement influen
either or both may have been m
identified and eliminated.

nnel with their assignments
to fine-tune the control system if necessary

ements

Fing the result of a test is inconsistent with some other similar measurement, although
hde strictly in accordancewith the rules of this Code, the cause of the inconsistency shall be

3-4.7 Starting and Stopping Tests and Tést Runs

Acceptance tests shall be con
runs. Other official tests may bd
strate that intended test condit]
be reached before starting thg

Hucted as promptly as possible following initial equipment operation and preliminary test
conductedas necessary. The equipment should be operated for sufficient time to demon-
ons (e.g, steady state) have been established. Agreement on procedures and time should
test:

3-4.7.1 Starting Criteria. B

fore the start of each nerformance-test the following conditions-shall be satisfied:
r 4 o

(a) Configuration. Operation configuration and disposition for testing have been reached in accordance with the

agreed-upon test requirement
(1) equipment operation
(2)
3
)
()
(6)

ESS operation within
equipment operation

s, including
and method of control

ESS configuration, including required process inputs and outputs
equipment lineup/cycle isolation

the bounds of the performance correction curves, algorithms, or programs
within allowable limits

for a series of test runs, completion of internal adjustments required for repeatability
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the start of a test, the ESS shall be operated for sufficient time at test conditions to demonstrate

and verify stability. Some parameters measured during an ESS test will not remain constant during the test. Stability, in

the context of ESS tests, s

hall be construed to allow ESS conditions that are expected to vary over time to do so in

consistent, predictable ways.
(c) Data Collection. The data acquisition system or systems are functioning, and test personnel are in place and ready to

collect samples or record

3-4.7.2 Stopping Criter

data.

ia. Tests are normally stopped when the test coordinator is satisfied that requirements for a

complete testrun have been satisfied. The test coordinator should verify that methods of operation during a test, specified

in para. 3-4.9, have been s
Data logging should be chg
ating only for the purpose
function, if appropriate.

3-4.8 Methods of Oper

All equipment necessary
accounted for in the correc
a manner agreeable to all

3-4.9 Operating Mode

The operating mode of
correction methodology. T
curves will be affected by
control system should be c

tisfied - The test coordinatormavextend orterminate the testifthe reguirements are notmet,
T

J
cked to ensure completeness and quality. After all test runs are completed, equipment oper-
5 of the test should be secured, and operation control should be returned to normal dispatch

ation Before and During Tests

for normal and sustained operation at the test conditions shall be operated during the téstor
Lions. Intermittent operation of equipment within the testboundary should be accountedfor in
parties.

he ESS during the test shall be consistent with the goal of the test and forim the basis of the
he corrections used in the general performance equation and the development of correction
he operating mode of the plant. If a specified corrected or measuredload is desired, the ESS
bnfigured to maintain the load during the test. If a specified dispesition is required, the control

system should maintain the disposition and not make changes to the parameters that:should be fixed, such as valve

position.
The ESS equipment shou
will reduce the overall te
conditions.
Process energy must be
venting to the atmospher

3-4.10 Equipment Ope

Equipment required foi
instructions (to support th

Id be operated in a manner consistent with the basis of desigh or guarantee, or in a manner that
t uncertainty and will permit correction from test operating conditions to base reference

controlled in the most stable manner possible. This'may require operation in manual mode or
b if the host is unable to satisfy stability or quantity criteria.

ration

normal ESS operation shall be operated as defined by the respective equipment suppliers’
e overall objectives of the test)~Eguipment that is necessary for ESS operation or that would

normally be required for the ESS to operate at base reference conditions shall be operating or accounted for in deter-

mining auxiliary power lg

Any changes in equipmsg
quantified and included in
permissible.

ads.
nt operation that affecttest results by more than 0.25% shall invalidate a test run or may be
test result calculations”’A switchover to redundant equipment, such as a standby pump, is

3-4.11 Proximity to Design Conditions

During the test, the plan|
within the allowable desig

t should‘be-operated as closely as possible to the base reference performance conditions and
h range-of the ESS and its equipment to limit the magnitude of corrections to test parameters.

3-4.12 Duration of Runs,\Number of Test Runs, and Number of Readings

3-4.12.1 Duration of Runs. The duration of a test run shall be of sufficient length that the data reflects the average

efficiency and/or performance of the ESS. This duration includes consideration for deviations in the measurable pa-
rameters due to controls, energy inputs, energy outputs, and typical ESS operating characteristics. Depending on the
personnel available and the method of data acquisition, it may be necessary to increase the duration of a test to obtain
sufficient samples of the measured parameters to attain the required test uncertainty.

3-4.12.2 Number of Test Runs. A run is a complete set of observations with the unit at stable operating conditions. A
test is a single run or the average of a series of runs.
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Figure 3-4.12.3-1
Three Posttest Cases

Casell Case ll Case lll
No Overlap Complete Overlap Partial Overlap
4 o | T 11
! X1 iU1 X1 I X1 —

I___
—&—

H
™
N

X

While multiple runs are not required, the advantages of multiple runs should be recognized. Condycting more than one
run

(a) provides a valid methodl of rejecting bad test runs.

(b) establishes the validity pf the results.

(c) verifies the repeatability|of the results. Results may not be repeatable due to variatiefts in either test methodology
(test variations) or the actual [performance of the equipment being tested (process\variations).

After completion of the first §est run that meets the criteria for an acceptable test riin (which may be a preliminary test
run), the data should be consdlidated, and preliminary results calculated and examined to ensure that the results are
reasonable.

3-4.12.3 Evaluation of Test Runs. When comparing results from two,test runs (X; and X,) and their uncertainty
intervals, the test team should consider the three cases illustrated in Figure 3-4.12.3-1.

(a) Casel.Aproblem clearly pxists when there is no overlap betweenuncertainty intervals. In this case, the uncertainty
intervals may have been grossly underestimated, an error may.exist in the measurements, or the true value may not be
constant. Investigation is necdgssary to resolve this discrepancy by identifying bad readings, overlooked or underes-
timated systematic uncertainty, etc.

(b) Case II. When the uncerfainty intervals completely overlap, the test team can be confident that there has been a
proper accounting of all major fincertainty components./The smaller uncertainty interval, X, + U, is contained within the
interval X; + U;.

(c) Case Ill. This case, whereja partial overlapofithe uncertainty exists, is the most difficult to analyze. For both test run
results and both uncertainty infervals to be coxrect, the true value must lie in the region where the uncertainty intervals
overlap. Consequently, the largder the overlap, the more confidence there is in the validity of the measurements and the
estimate of the uncertainty infervals.«As the difference between the two measurements increases, the overlap region
shrinks.

Should a run or set of runs falll under Case I or Case III, the test team should review results from all runs to explain the
reason for excessive variation. Tati i " i i
the uncertainty band to encompass the runs to make them repeatable or conduct more runs so that the precision
component of uncertainty may be calculated directly from the test results.

The test team shall average results of multiple runs to determine the mean result. The uncertainty of results is calcu-
lated in accordance with ASME PTC 19.1.

3-4.12.4 Number of Readings. Sufficient readings shall be taken within the test duration to yield total uncertainty
consistent with a pretest uncertainty analysis. Ideally, at least 30 sets of data should be recorded for all nonintegrated
measurements of primary parameters and variables. There are no specific requirements for the number of integrated
readings or for measurements of secondary parameters and variables for each test run.
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3-4.13 Constancy of Test Conditions

The state of charge of the ESS shall be the same at the start and end of a cycle performance test.

3-5 CALCULATION AN
The data taken during th

D REPORTING OF RESULTS

etestshould be reviewed and rejected in part or in whole if they are not in compliance with the

requirements for the constancy of test conditions. See para. 3-4.6.
Each Code test shall include pretest and posttest uncertainty analyses, and the results of these analyses shall fall within
Code requirements for the type of plant being tested.

3-5.1 Causes for Rejec

Duringthe testorupon ¢
berejected before the calcy
collected during any plant
Data collected a minimum
tion.

Should serious inconsis
results, the run shallbe inv
the run may be invalidate]
objectives. Test data shall
during the test in a way th|
procedures. Data collected|
specified in the test proce

An outlier analysis of s
measurements after the t

tion of Readings

pmpletion, the test data shall be reviewed to determine if data from certain time periods should
lation oftest results. See ASME PTC 19.1 for data rejection criteria. A testlog shall be kept. Data
ipset that causes a violation of the requirements of specified test procedures shall be rejected.
bf 10 min following the recovery of these criteria shall also be rejected to allow for restabiliza-

Lencies that affect the results be detected during a test run or during the calculatieir of the
hlidated completely. However, if the affected part of the runis at the beginning or end-ef the run,
d in part. A run that has been invalidated shall be repeated, if necessary, te-attain the test
be rejected from the calculation of test results if any control system set points are modified
ht affects stability of operation beyond Code-allowable limits, as defined in'the specified test
immediately before the change until no less than 10 min following th€secovery of the criteria
dures shall be rejected.

purious data should also be performed in accordance with ASME PTC 19.1 on all primary
bst has ended. This analysis will highlight any other time periods that should be rejected

before calculation of the fest results.

3-5.2 Uncertainty

3-5.2.1 Procedures. Pr
PTC 19.1. ASME PTC 19.]
systematic errors and the
tainty shall be agreed to |}

cedures relating to test uncertainty are based on-concepts and methods described in ASME

specifies procedures for evaluating measurement uncertainties from both random and
pffects of these errors on the uncertainty of\a-test result. The maximum allowable test uncer-
by the parties to a test before the perforimance of the test.

3-5.2.2 Pretest and Posttest Uncertainty Analyses

(a) Pretest. A pretest uf
ments. Estimates of systen
the number and quality o

The pretest uncertainty

certainty analysis shall be performed so that the test can be designed to meet Code require-
aticand random errors for each proposed test measurement should be used to help determine
f test instruments requited for compliance with Code or contract specifications.

hnalysis shall include-an analysis of random uncertainties to establish permissible fluctuations

of key parameters to attair allowable uncertainties. In addition, a pretest uncertainty analysis can be used to determine

the correction factors tha
corrections that do not cha

F are significant’to.the corrected test. For simplicity, this Code allows elimination of those
nge the test results by 0.05%. Also, pretest uncertainty analysis should be used to determine

the level of accuracy req
(b) Posttest. A posttest
analysis will reveal the ac

3-5.3 Data Distributio

At the conclusion of the

ired for each- measurement to maintain overall Code standards for the test.
ncertainty analysis shall also be performed as part of a Code test. The posttest uncertainty
al gquality of the test to determine whether the allowable test uncertainty has been realized.

Raoanart

LANS] ~AS 4 BT

test, the test coordinator shall distribute copies of all data to those who require it. The test

coordinator shall also write and distribute a test report. A preliminary report incorporating calculations and results may
be required before the final test report is submitted.
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Section 4

Instruments and Methods of Measurement

4-1 INTRODUCTION

This Section presents the m3

sions herein have been taken fr

ndatory provisions for instrumentation used in an ASME PTC 53 test. Many of the provi-
bm ASME PTC46-2015. This Section uses the philosophy of ASME Performance Test Codes

(see ASME PTC 1) to determipe the minimum reasonably achievable uncertainty.

The ASME Instruments and 4

instrumentation for all ASME p
applicable to the instrumenta
portions of the ASME PTC 19

Subsections 4-6 through 4-
temperature that are significa

parameters that depend on thg
requirements become more rig

Apparatus Supplements (the ASME PTC 19 series) outline the governing requirements of
erformance testing. Users of this Code must be familiar with the ASME PTC 19 series codes
ion specified and explained in this Section. For convenience, this Section reviews/the
codes that directly apply to the requirements of this Code.

D cover the primary measurement parameters of energy, power, pressure,.flow, and
ht for an ASME PTC 53 test; the ASME PTC 19 series is the basis for otHer ‘applicable
configuration of the ESS. If, due to advances in the state of the art, the instrumentation
orous or the ASME PTC 19 series is revised or updated, the more rigorous requirements

shall supersede those set forth jn this Code. As they become available, new devices and methods may’b€ used in lieu of any

instrumentation recommended

in this Code, provided they meet the allowable accuracy and uncertainty specified herein.

4-2 INSTRUMENT ACCURACY

The instrumentation used to
ling depending on how the me

high-accuracy instrumentation|

Code does not require high-acc

plan (see subsection 3-2). The

instrumentation.
This Code requires verificati
or by comparison againsttwo o

instruments should also have 1

measure a parameter will have different required type,accuracy, redundancy, and hand-
hsured parameter is used and how it affects the pefformance result. This Code requires
to measure the primary parameters required to calculate performance per Section 5. This
iracy instrumentation to measure any secondary parameters that are included in the test
instruments that measure secondary parameters may be permanently installed plant

n of instrumentation output before thétest period. This verification can be by calibration
"more independent measurements'ef the parameters referenced to the same location. The
edundant or other independentinstruments that can verify the integrity during the test

period.

4-3 INSTRUMENT CALIBRATION

4-3.1 Laboratory and Field Calibration

Laboratory-grade calibrations shall be performed for all instruments used to measure primary parameters for testing
under this Code. These calibratjons shall’bein strict compliance with established policies, requirements, and objectives of
a laboratory’s quality assuranfe pregram. Steps must be taken to ensure proper space, lighting, and environmental
conditions such as temperaturg, humidity, ventilation, and low noise and vibration levels. Valid certificates of calibration
for each instrument shall be available during the performance test. Field calibration is allowed for instruments used to

measure secondary parameters. To clarify, primary parameters are those thatare either directly or indirectly used for the
calculation of performance parameters as covered in Section 5. Any other parameters shall be considered secondary.

The necessary calibration status shall be maintained during transportation and while on-site. The response of the
reference standards to environmental changes or other relevant parameters shall be established and documented. Field
calibration measurementand test equipment shall be calibrated by approved sources traceable to the National Institute of
Standards and Technology (NIST) or another recognized international standard organization or to a recognized natural
physical (intrinsic) constant through unbroken comparisons having defined uncertainties. Achievable uncertainties from
field calibration are expected to be larger than those from laboratory calibrations due to possible adverse effects caused
by the environmentat the place of calibration or transportation of the calibration equipment. Field calibration can be used
as a check of laboratory-calibrated instruments that are suspected to have drifted or that do not have redundancy.
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Instruments used to measure primary parameters should be calibrated in a manner replicating test conditions. As it is

often not practical or poss

error sources must be iden

ible to perform calibrations under replicated environmental conditions, additional elemental
tified and estimated. Error source considerations shall be given to all process and ambient

conditions, including temperature, pressure, humidity, electromagnetic interference, and radiation, that may affect the

measurement system.

The instruments measuring primary parameters should be laboratory calibrated at a minimum of 2 points more than

the order of the calibration

curve fit; this applies if the calibration data is applied to the measured data or if the instrument

is of the quality that the deviation between the laboratory calibration and the instrument reading is negligible in terms of

affecting the test result. F1

ow metering that requires calibration should have a 20-point calibration. Instrument trans-

formers do not require calfibration at 2 points more than the order of the calibration curve fit and shall be calibrated in

accordance with para. 4-4.

Each instrument should
manner. This calibration ]
alter the range once the in
the test period. Some deV
measuring devices are oftg

The instruments measu
calibrated at one point in

4-3.2 Quality Assurang

The quality assurance p
properly trained technicia

3.

hlso be calibrated such that the measuring pointis approached in an increasing and decreasing
inimizes any possibility of hysteresis effects. Some instruments are built with a mechanism to
trument is installed. In this case, the instrument shall be calibrated at each range used during
ices cannot practically be calibrated over the entire operating range. For example, floWw-
n calibrated at flows lower than the operating range and the calibration data is extrapelated.
ing secondary parameters should undergo field verifications and, if calibrated, need, only be
the expected operating range.

fe Program

ogram should be designed to ensure that the instruments are calibrated ds required and that
s calibrate the equipment in the correct manner. A facility that perfetins a calibration shall

have in place a quality aspurance program that documents the following information:
(a) calibration procedulres
(b) calibration technician training

(c) standard calibratio
(d) standard calibratiof
(e) instrument calibrat
The parties to the test s}
should also be made avai

records
I schedule
on histories
ould be allowed access to the calibration facility for@uditing. The quality assurance program
able during such a visit.

4-4 INSTRUMENT VERIFICATION

Verification is a way to
corresponding known val
regulation, or specification
decision either to restore

Verification techniques
ments, check of transmittg
notlimited to, atmospherid
tion, and no-load readings
checks on temperature me

check that the deviations between the-values indicated by a measuring instrument and the
es are consistently smaller than‘the limits of the permissible error defined in a standard,
particular to the management/©fithe measuring device. The result of the verification leads to a
to service or to perform adjustments, repair, downgrade, or declare obsolete.

nclude field calibrations] nondestructive inspections, intercomparison of redundant instru-
r zeros, and energy strieam accounting practices. Nondestructive inspections include, but are
pressure observations on absolute pressure transmitters, field checks including visual inspec-
on power metersiIntercomparisons include, but are not limited to, water or electronic bath
asurement devices and reconciliations on redundant instruments. Energy stream accounting

practices include, but are

ot limited.to, hass, heat, and energy balance computations. The applicable field verification

requirements shall be judged based/on the unique requirements of each setup. As appropriate, manufacturers’ recom-
mendations and the ASME PTC%19"series should be referenced for further field verification techniques.

4-4.1 Calibration Drift

Calibration drift can res

ult from instrument malfunction, transportation, installation, or removal of the test instru-

mentation. When field verification indicates the drift is less than the instrument accuracy, the drift is considered ac-
ceptable, and the pretest calibration is used as the basis for determining the test results. Should the calibration drift
combined with the reference standard accuracy, as the square root of the sum of the squares, exceed the required accuracy
of the instrument, it is unacceptable. The following are some recommended field verification practices that lead to the
application of good engineering judgment on drift:
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(a) When instrumentation is transported to the test site between the calibration and the test period, a single-point
checkbefore and after the test period can isolate when the drift may have occurred. For example, verify the zero-pressure
point on the vented pressure transmitters, the zero-load point on the wattmeters, or the ice point on the temperature
instrument.

(b) In locations where redundant instrumentation is used, calibration drift should be analyzed to determine which
calibration data (initial or recalibration) produces better agreement between redundant instruments.

Where experience in the use of a particular model or type of instrument has shown that calibration drift can be
unacceptable, and no other device is available, redundancy is recommended. When practical, redundant instruments
should be used to measure all primary parameters. Exceptions are redundant flow elements and redundant electrical

metering devices, because of th¢ large increase in costs. One benefit of redundantinstruments is areduction in the random
component of uncertainty. Another is the ability to monitor instrument integrity and detect instrument-related problems
through comparison techniquges. Other independent instruments in separate locations can also monitor instrument
integrity. For example, enthalpies in a constant-enthalpy process can be used to compare pressure and temperature

at one point in a steam line t

4-4.2 Loop Calibration

All instruments used to me
bration of the instrument thro
mentation using the test sign
instrument is connected to pr
instrument by applying a kno

If loop calibration is not per
shall be performed to ensure t
ments of this Code.

4-5 REFERENCE STANDAR

Reference standards shall be]
international standard organiz
and resolution for the intended
ance with a calibration laborat
adequate measures shall be tak
while on-site. The integrity of ¢
All reference standards should
support extension of the calibr
drift less than the accuracy of]

The collective uncertainty d
standards selected for use in
The overall calibration uncert
ence standard with a lower u
random uncertainty of the ins
example, for some kinds of flow
able from a 20-point calibrati

In general, all instrumentati
traceable to NIST or anotherre
constants with values assigned

the pressure and temperature of another location in the line.

sure primary parameters should be loop calibrated. Loop calibration involves theleali-
gh the signal-conditioning equipment. This may be accomplished by calibrating:instru-
-conditioning equipment either in a laboratory or on-site during test setup.béfore the
ess. Alternatively, the signal-conditioning device may be calibrated separately from the
n signal to each channel using a precision signal generator.

ormed, an uncertainty analysis in accordance with ASME PTC 19.1 and‘ASME PTC 19.22
at the combined uncertainty of the measurement system meets theuncertainty require-

DS

routinely calibrated in a manner that provides traceability to NIST or another recognized
ition or to defined natural physical (intrinsic) constants and has accuracy, stability, range,
use. They shall be maintained for proper calibration, handling, and usage in strict compli-
ry quality program. When it is necessary to use'réference standards for field calibrations,
en to ensure that the necessary calibration status is maintained during transportation and
ference standards shall be verified by preficiency testing or interlaboratory comparisons.
be calibrated at the frequency specified’by the manufacturer unless the user has data to
htion period. Supporting data is hiStorical calibration data that demonstrate a calibration
the reference standard for the“desired calibration period.

f reference standards shall(be known, and the collective uncertainty of the reference
he calibration should cantribute less than 25% to the overall calibration uncertainty.

ilinty of the calibrated instrument shall be determined at a 95% confidence level. A refer-

certainty may be used if the uncertainty of the reference standard combined with the
frument being ealibrated is less than the accuracy requirement of the instrument. For
' metering, the25% rule cannot be met. However, curve fitting from calibration is achiev-
bn in a lab.with an uncertainty of better than 0.2%.

bn used o measure primary parameters shall be calibrated against reference standards
CogniZed international standard organization or to recognized natural physical (intrinsic)
or.accepted by NIST. Instrumentation used to measure secondary parameters does not

need to be calibrated againsta

4-6 ENERGY AND POWER

aefarencestandard -Theseinstrumentsmavha calibrated aaginst 2 calibratedinstrument
J t=)

MEASUREMENT

Energy in the forms of electric power, gaseous or liquid fuel, or thermal fluids may act as inputs or outputs in an ESS.

4-6.1 Consistent Gaseous or Liquid Fuel Heat Energy Measurement

Consistent liquid or gaseous

fuels are those with heating values that vary less than 1.0% over the course of a perfor-

mance test. For this Code test, the heat input from consistent fuels shall be determined by direct measurement of fuel flow
and the online-chromatograph-determined heating value. However, where online measurement of heating value is not
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possible and where the parties to the test agree, heating value can be measured by sampling the stream periodically
(minimum 4 samples per hour) and analyzing each sample individually for heating value. For applications where the ESS
charge or discharge process, or both, is less than 1 hr, online measurement shall be done. Online measurement of heat
value shall also be done where fuels with frequent variation in heat value (nonconsistent fuels) are expected. The analysis
of gas, either by online chromatography or from sample analysis in a laboratory in accordance with ASTM D1945,
determines the amount and kind of gas constituents from which heating value is calculated. Liquid fuel heating

value may be determined
are covered in subsection

by a calorimeter in accordance with ASTM D4809. Flow and temperature measurements
s 4-8 and 4-9, respectively.

The flow instrument shall record time-integrated flow, in kilograms, as well as instantaneous flow, in kilograms per

hour, with a time stamp at
at a minimum interval of

4-6.2 Thermal Fluid E

Thermal fluid is a liquic
transfer media. An ESS con
boundary. No phase chang

The heat input or output
ture. The heat input or outy
of the fluid at the control b
supplier for engineered tH
affect the heat capacity v3

The flow instrument sha|
ataminimum interval of 1
5s.

4-6.3 Electrical Energy

Electrical energy and po
real (active) and reactive p
or output from the ESS b

Guidance for the meas
requirements not includ

Primary parameters shg
class (metering type) currg
absolute values of electri
described in ASME PTC 1
power measurements, i.e
same current and voltage

Secondary parameters
formers will lower overall
practice, secondary paran

el

h minimum interval of 1 s. The temperature instrument shall record the temperature, in Kelvin,
5 s.

hergy Measurement

phase heat transfer medium. Thermal oil, glycol, molten salt, and water are common heat
Figuration can have heatinputand/or output through a thermal fluid medium across its contrel
e is considered in the thermal fluid during its heat transfer cycle for the purpose of this Code.
or both shall be determined by direct measurement of the thermal fluid flow and itstempera-
ut or both shall be determined by multiplying the flow with the heat capacity and temperature
undary of the ESS. The variability of the heat capacity shall be acquired from thethermal fluid
ermal fluids. Variability curves or tables shall be acquired for conditions¢that substantially
lue, such as pressure and temperature.
lrecord time-integrated flow and instantaneous flow, in kilograms perh@ur, with a time stamp
.The temperature instrument shall record the temperature, in Kelvini, ata minimum interval of

y and Power Measurement

wer measurement includes the measurement of polyphase (three-phase) alternating current
pwer. Typically, the polyphase measurement will bethe net or overall primary electrical input
undary or a secondary electrical input or output.
ements of electrical power is provided in ASME PTC 19.6. See IEEE 120 for measurement
in ASME PTC 19.6 or this Section or for\any additionally required instruction.
1l be measured with 0.1% or better accuracdy class power metering, 0.3% or better accuracy
nt transformers, and 0.3% or better accuracy class (metering type) voltage transformers. For
al power, power measurements should be made using a Class A type of measurement as
0.6. An ASME PTC 19.6 Class B.measurement can be used for relative values of electrical
the ratio or difference in ESS“charging and discharging electrical power rates using the
instrument transformers:
an be measured with@nytype of power measurement device. The use of calibrated trans-
fest uncertainty; however, use of calibrated transformers is not a Code requirement. As a good
eters should be measured with 0.5% accuracy class power metering.

Power factor may be ca
measured directly using t
Power factor calculations
indicated power factor.

The energy meters sho
instantaneous value of a

culated from.méasurements of active and reactive power as described in ASME PTC 19.6 or
ree-phase power factor transducers when balanced load and frequency conditions prevail.
r direct‘measurements shall have a systematic uncertainty equal to or less than 0.01 of the

1d ‘have the capablllty to dlsplay, record, and prov1de a soft- or hard- -copy output of the
tive power kil i

power factor with a time stamp of 0.5 s or better and the time-integrated value of active energy (in kilowatt-
hours), reactive energy [in kilovolt-amperes reactive hours (kVARh)], and total electrical energy (in kilovolt-amperes).

The following five types of electrical-metering equipment may be used to measure electrical energy:

(a) Wattmeters measure instantaneous active power.

(b) Watt-hour meters measure active energy.

(c) VAR meters measure instantaneous reactive power.

(d) VAR-hour meters measure reactive energy.

(e) Power factor meters measure power factor.

Single- or polyphase metering equipment may be used. However, if polyphase metering equipment is used, the output

from each phase must be

available or the meter must be calibrated for three-phase measurements.

21


https://asmenormdoc.com/api2/?name=ASME PTC 53 2022.pdf

ASME PTC 53-2022

The warm-up time of electrical-metering equipment shall be in accordance with the manufacturer’s recommendations
to ensure instrument specifications are met. Electrical-metering equipment with various measurement range settings
should be selected to minimize the reading error while encompassing the test conditions. The systematic uncertainty
associated with digital power analyzers using some form of digitizing technique to convert an analog signal to digital form
shall consider influence quantities including, but not limited to, environmental effects such as ambient temperature,
magnetic fields, electric fields, humidity, power factor, crest factor, digital-to-analog output accuracy, timer accuracy
(integration time), and long-term stability.

The leads to the instruments shall be arranged so that inductance or any other similar cause will not influence the
readings. Inductance may be minimized by using twisted and shielded pairs for instrument leads. The whole arrangement

of instruments should be checkpd for stray fields. Additionally, the lead wires shall have insulation resistance appropriate
for their ratings.

To minimize the voltage drop in the voltage circuit, wire gage shall be chosen considering the length of the wiring, the
load on the voltage transformdr circuit, and the resistance of the safety fuses. For an accurate absolute value of power
measurement, the errors due tp wiring resistance (including fuses) shall always be accounted for by either voltage-drop
measurement or calculation. Fpr a relative value of measured power difference or ratio, measurements of voltage drop
and correction for instrument|transformer calibrations and burdens are not necessary if the same instrument transs
formers are used for each insfrument.

Extreme care must be exercised in the transportation of calibrated portable instruments. The instruments should’be
located in an area as free of sfray electrostatic and magnetic fields as possible. Where integrating meters ate-lised, a
suitable timing device shall bg¢ provided to accurately determine the real power during the test period.

Toreduce the effect of instrufnental loss on measurementaccuracy, power-metering equipment should beselected that
uses a separate source of powef and has high-impedance voltage inputs (i.e., 2.4 M) and low-impedafice current inputs
(i.e., 6 mQ).

Wattmeters and watt-hour meters, collectively referred to as power meters, shall be calibratéd by applying power
through the test power meter ’rld a wattmeter or watt-hour meter standard simultaneously. This'comparison should be
conducted at a minimum of fivé power levels across the expected power range. The difference between the test and the
standard instruments for each power level should be calculated and applied to the powermeasurement data from the test.
For test points between the calipration power levels, a curve-fit or linear interpolation should be used. The selected power
levels should be approached injan increasing and decreasing manner. The calibratién data at each power level should be
averaged to minimize any hystgresis effect. Should polyphase metering equipmentbe used, the output of each phase must
be available, or the meter mujt be calibrated with all three phases simultaneously.

When calibrating watt-hour fneters, the output from the wattmeter standard should be measured with frequency high

meter output.

Wattmeters should be calibrpted at the electrical line frequéncy of the equipment under test, i.e.,, a meter calibrated at
60 Hz should notbe used on 50 Hz equipment and vice versd. Wattmeter standards should have power flow through them
before calibration. The standalrd should be checked fof zero reading each day before calibration.

To calibrate a VAR meter or VAR-hour meter, either @ VAR standard or a wattmeter standard and an accurate phase-
angle measuring device shall b¢ used. The device uSed to supply power through the standard and test instruments must
have the capability of shifting phase to create several different stable power factors. These different power factors create
reactive power over the calibfation range of\the instrument.

If a VAR meter standard is used, the above procedure for calibration of wattmeters should be used. If a wattmeter
standard and phase-angle metpr is us¢d; simultaneous measurements from the standard, phase-angle meter, and test
instrument should be taken. THe VARlevel shall be calculated from the average watts and the average phase angle. VAR
meters should be calibrated at|the eléctrical llne frequency of the equlpment under test i.e., a meter calibrated at 60 Hz
should not be used on 50 Hz equ

used within 0.5 Hz of the calibration frequency

When calibrating VAR-hour meters, the output from the VAR meter standard or wattmeter/phase-angle meter combi-
nation should be measured with frequency high enough to reduce the random error during calibration so the total
uncertainty of the calibration process meets the required level. The average output can be multiplied by the calibration
time interval to compare against the VAR-hour meter output. If polyphase metering equipment is used, the output of each
phase must be available, or the meter must be calibrated with all three phases simultaneously.

Instrument transformers, including voltage and current transformers, are used to reduce the voltages and currents to
values that can be conveniently measured, typically to 120 V and 5 A, respectively, and to insulate the metering instru-
ments from the high potential that may exist on the circuit under test. Use and application of instrument transformers is
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described in ASME PTC 19.6. Additional details pertaining to instrument transformer practice are described in detail in
IEEE C57.13.

Voltage transformers shall be calibrated for turns ratio and phase angle and operated within their rated burden range.
The method of calibration should permit the determination of the turns ratio and phase angle to an uncertainty of £0.1%
and +0.9 mrad (3 min), respectively. The calibration shall consist of ratio and phase-angle tests from 90% to 110% of rated
primary voltage at rated frequency with zero burden and with the maximum standard burden for which the transformer
is rated at its best accuracy class.

Current transformers shall be calibrated for turns ratio and phase angle at zero external burden (0 VA) and atleast one
burden that exceeds the maximum expected during the test at 10% and 100% of rated primary current. Accuracy test

results may be used from|factory type (design) tests in the determination of turns ratio and phase-angle correction
factors. ASME PTC 19.6 shguld be consulted to determine the associated equations in providing an analytical determina-
tion of the transformer rgtio correction factor (RCFc).

4-7 PRESSURE MEASUREMENT

4-7.1 Introduction

This subsection presentp requirements and guidance for the measurement of pressure. Electronic pressure nfeasure-
ment equipment should b¢ used for primary measurements to minimize systematic and random error. Eletronic pres-
sure measurement equipmjent provides inherent compensation procedures for sensitivity, zero balance, thermal effect on
sensitivity, and thermal effect on zero. Other devices that meet the uncertainty requirements of this subsection may be
used. Factors affecting the fincertainty of the pressure measurementinclude, but are notlimited to,ambient temperature,
resolution, repeatability, linearity, hysteresis, vibration, power supply, stability, mounting position, radio frequency
interference (RFI), stati¢ pressure, water leg, warm-up time, data acquisition, spatidl/variation, and primary
element quality.

The piping between the[process and the secondary element must accurately transfer’the pressure to obtain accurate
measurements. Possible squrces of error include pressure transfer, leaks, friction loss/trapped fluid (i.e., gas in a liquid
line orliquid in a gasline), density variations within legs (i.e., water legs), and densitywvariations between legs (differential
pressure only).

All signal cables should lhave a grounded shield and twisted pairs to drain anyinduced currents from nearby electrical
equipment. All signal cables should be installed away from devices that-produce electromotive force (EMF) such as
motors, generators, electrjical conduit, cable trays, and electrical service panels.

Before calibration, the pfessure transmitter range may be altered to better match the process. However, the sensitivity
to ambient temperature fluctuation may increase as the range(isyaltered.

Additional calibration goints will increase accuracy but aré not required. During calibration, the measuring point
should be approached from an increasing and decreasingsmanner to minimize hysteresis effects.

Some pressure transmitfers allow the user to change the range once the transmitter is installed. The transmitters must
be calibrated at each range used during the test period.

Where appropriate for 4team and water processes;the readings from all static pressure transmitters and any differ-
ential pressure transmittdrs with taps at different’elevations (such as on vertical flow elements) shall be adjusted to
account for elevation head|in water legs. This‘adjustment shall be applied at the transmitter either automatically by the
control system or data acquisition systenmt@r=manually by the user after the raw data is collected. Care must be taken to
ensure this adjustment is|applied properly, particularly at low static pressures, and that it is applied only once.

4-7.2 Required Uncertainty

The required uncertainfy.depends on the type of parameters and variables being measured per the measurement
classification and instrumkentation categarization

Class 1 primary parameters and variables shall be determined with a 0.1% accuracy class pressure transmitter or
equivalent that has an instrument systematic uncertainty of #0.3% or better of calibrated span. Barometric pressure shall
be measured with a pressure transmitter that has an instrument systematic uncertainty of +0.1% or better of calibrated
span.

Class 2 primary parameters and variables shall be determined with a 0.25% accuracy class pressure transmitter or
equivalent that has an instrument systematic uncertainty of £0.50% or better of calibrated span.

Secondary parameters and variables can be measured with any type of pressure transmitter or equivalent device.
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ure Measurement Devices

Pressure transmitters are the recommended pressure measurement devices. The three types of pressure transmitters
are absolute pressure transmitters, gage pressure transmitters, and differential pressure transmitters; the selection of
type of transmitter is based on application considerations.

4-7.3.1 Absolute Pressure Transmitters

(a) Application. Absolute pressure transmitters measure pressure referenced to absolute zero pressure. Absolute
pressure transmitters should be used on all measurement locations with a pressure equal to or less than atmospheric.

Absolute pressure transmitters

(b) Calibration. Absolute p
(1) The first calibration f
vacuum at desired levels. Su
divider piston mechanism wit]
(2) The second calibratio|
vacuum in a chamber to which
maintained at constant vacuu
(3) Other methods and de
of care is taken.

essure transmitters can be calibrated using one of the following methods:

nethod involves connecting the test instrument to a device that develops an accurate

h a device can be a deadweight gage in a bell jar referenced to zero pressure or a

h the low side referenced to zero pressure.

h method uses a suction-and-bleed control mechanism to develop and hold a constant

he testinstrument and the calibration standard are both connected. The chamber must be
during the calibration of the instrument.

Vices can be used to calibrate absolute pressure transmitters provided that the samgfléyel

4-7.3.2 Gage Pressure Trapsmitters

(a) Application. Gage pressu
spheric pressure must be sub

where
Daps = absolute pressure
Patm = atmospheric pressu
pg = gage pressure

This test site atmospheric p
mitters may be used only on md
are preferred over absolute pr
are easier to calibrate.

(b) Calibration. Gage pressu
by the deadweight gage must b
actual mass of weights, actual

Fe transmitters measure pressure referenced to atmospheric pressure. The test site atmo-
racted from the absolute pressure to obtain gage pressure:
Pg (4-7-1)

= Bbs ~ Btm

ressure should be measured by an absolute;pressure transmitter. Gage pressure trans-
asurement locations with pressures higherthan atmospheric. Gage pressure transmitters
Pssure transmitters in measurement.locations above atmospheric pressure because they

'e transmitters can be calibrated by an accurate deadweight gage. The pressure generated
e corrected for local gravity; air buoyancy, piston surface tension, piston area deflection,
piston area, and working medium temperature. If these corrections are not made, the

pressure generated by the deadweight gage may be indccurate. The actual piston area and mass of weights are determined

each time the deadweight gage
that the same level of care is

4-7.3.3 Differential Pressu

(a) Application. Differential
or where pressure drops in a
(b) Calibration. Differential

is calibrated. Otherdevices can be used to calibrate gage pressure transmitters provided
faken.

re Transmitters

bressure transmitters are used where flow is determined by a differential pressure meter,
duct.or pipe must be determined and it is practical to route the pressure tubing.
bressure transmitters used to determine Class 1 primary parameters and variables must

be calibrated at line static pressure unless available Information detailing the elfect ol [INe Static pressure on ISt ument
accuracy demonstrates compliance with the uncertainty requirements of para. 4-7.3. Calibrations at line static pressure
are performed by applying the actual expected process pressure to the instrumentas it is being calibrated. Calibrations at
line static pressure can be accomplished by one of the following three methods:

(1) two highly accurate deadweight gages

(2) a deadweight gage and divider combination

(3) one deadweight gage and one differential pressure standard

Differential pressure transmitters used to determine either Class 2 primary parameters and variables or secondary

parameters and variables do notrequire calibration atline static pressure. These differential pressure transmitters can be
calibrated using one accurate deadweight gage connected to the “high” side of the instrument.
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If line static pressure calibration is not used, the span must be corrected for high-line static pressure shift unless the
instrument is internally compensated for the effect. Once the instrument is installed in the field, the differential pressure
from the source should be equalized and a zero value read. This zero bias must be subtracted from the test-measured
differential pressure. Other devices can be used to calibrate differential pressure transmitters provided that the same
level of care is taken.

4-7.4 Absolute Pressure Measurements

4-7.4.1 Introduction. Absolute pressure measurements are the total pressure measured at a point and may be
expressed as the sum of the 2 i gag i i i
in a vacuum, where the atmhospheric pressure is zero. Absolute pressure transmitters should be used for these measure-
ments. Typical absolute pressure measurements in an ASME PTC 53 test may include barometric pressure and condenser

ADSQ

pressure.

For vacuum pressure me

mitter connected to the sol
obtain an absolute value. T
since these measurement

asurements, differential pressure transmitters may be used with the “low” side of the trans-
irce. This effectively results in a negative gage that is subtracted from atmospheric pressure to
his method may be used but is not recommended for Class 1 primary parameters and variables
are typically small and the difference of two larger numbers may result in error.

4-7.4.2 Installation. Aisolute pressure transmitters used for absolute pressure measurements shall be installed in a

stable location to minimiz
materials, and RFI. Trans

ismounted in a position ot
head caused by the differ

e the effects associated with ambient temperature, vibration, mechanical shock; corrosive
pitters should be installed in the same orientation as they were calibrated. If\the transmitter
er than thatin which it was calibrated, the zero point may shift by an amountequal to the liquid
ent mounting position. Impulse tubing and mounting requirements$hould be installed in

accordance with the manyfacturer’s specifications. In general, the following guidelines should be used to determine

transmitter location and j
(a) Keep the impulse t
(b) Slope the impulse tu

liquid service.

(c) Slope the impulse tul
for gas service.

(d) Avoid high points i

(e) Use impulse tubing

(f) Keep corrosive or h|

In steam service, the sen
slope begins. This horizon
full of liquid.

The water leg is the con
sensing line. This static h
multiplying the sensing li

All vacuum measuremer
system should be used tha
however, it must be regul
instrumentation should bé
influence.

Each pressure transmit

lacement of impulse tubing:
hibing as short as possible.
bing atleast 8 cm/m (1 in./ft) upward from the transmitter toward the process connection for

bing atleast 8 cm/m (1 in./ft) downward from the transmitter toward the process connection

h liquid lines and low points in gas lines.

large enough to avoid friction effects and prévent blockage.

gh temperature process fluid out of direct-contact with the sensor module and flanges.
sing line should extend atleast 0.61 m (2'ft)horizontally from the source before the downward
al length allows condensation to formcompletely so the downward slope will be completely

densed liquid in the sensing limexThis liquid causes a static pressure head to develop in the
pad must be subtracted from,the pressure measurement. The static head is calculated by
he vertical height by gravity and the density of the liquid in the sensing line.

t sensing lines should §lope continuously upwards from the source to the instrument. A purge
isolates the purge gasjwhile measuring the process. A continuous purge system may be used;
ated to have no.influence on the reading. Before the test period, readings from all purged
taken successively with the purge on and with the purge off to prove that the purge air has no

er should’be installed with an isolation valve at the end of the sensing line upstream of the

instrument. The instrumeit sensing line should be vented to clear water or steam (in steam service) before the instru-

ment is installed. This will

cleat the sensing line of sediment or debris. After the instrument is installed, allow sufficient

time for liquid to form in

the sensing line so the reading will be correct

Once transmitters are connected to the process, a leak check must be conducted. For vacuum measurements, the leak
check is performed by isolating first the purge system and then the source. If the sensing line has no leaks, the instrument
reading will not change. For nonvacuum measurements, the leak check is performed using a leak detection fluid on the

impulse tubing fittings.

Barometric pressure devices should be installed in the same general area and at the same general elevation that is most

representative of the test

boundary and minimizes test uncertainty.
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4-7.5 Gage Pressure Measurements

4-7.5.1 Introduction. Gage pressure measurements are pressure measurements that are at or above atmospheric
pressure. These measurements may be made with gage or absolute pressure transmitters. Gage pressure transmitters are
recommended since they are easier to calibrate and to check in situ. Typical gage pressure measurements in an ASME PTC
46 test may include gas fuel pressure and process return pressure. Caution must be used with low-pressure measure-

ments because they may enter the vacuum region at part load operation.

4-7.5.2 Installation. Gage pressure transmitters used for gage pressure measurements shall be installed in a stable
location to minimize the effects associated with ambient temperature, vibration, mechanical shock, corrosive materials,

and RFI. Transmitters should b
aposition other than thatin wh
by the different mounting posit
manufacturer’s specifications.
placement of impulse tubing:

(a) Keep the impulse tubin

(b) Slope the impulse tubing
liquid service.

(c) Slope the impulse tubing
for gas service.

(d) Avoid high points in liq|

(e) Use impulse tubing larg

(f) Keep corrosive or high f{

In steam service, the sensing
slope begins. This horizontal lg
full of liquid.

The waterlegis the condense
the sensing line. This static he
multiplying the sensing line v

Each pressure transmitter s
instrument. The instrument se
ment is installed. This will clea
time for liquid to form in the

Once transmitters are conne|
leak detection fluid on the im

b installed in the same orientation as they were calibrated. If the transmitter is mounted in
chitwas calibrated, the zero point may shift by an amount equal to the liquid head caused
on. Impulse tubing and mounting requirements should be installed in accordance with the
n general, the following guidelines should be used to determine transmitter location and

b as short as possible.
atleast8 cm/m (1 in./ft) upward from the transmitter toward the process connection fop

atleast 8 cm/m (1 in./ft) downward from the transmitter toward the process connéction

uid lines and low points in gas lines.

e enough to avoid friction effects and prevent blockage.

emperature process fluid out of direct contact with the sensor module and flanges.
ine should extend atleast 0.61 m (2 ft) horizontally from the sourcebefore the downward
ngth allows condensation to form completely so the downward slope will be completely

dliquid or water in the sensing line. This liquid causes a statie pressure head to develop in
d must be subtracted from the pressure measurement:The static head is calculated by
ertical height by gravity and the density of the liquidiin the sensing line.

hould be installed with an isolation valve at the end’of the sensing line upstream of the
hsing line should be vented to clear water or steam (in steam service) before the instru-
I the sensing line of sediment or debris. After‘the instrument is installed, allow sufficient
sensing line so the reading will be corregt:

cted to the process, a leak check must be\conducted. The leak check is performed using a
bulse tubing fittings.

4-7.6 Differential Pressure¢ Measurements

4-7.6.1 Introduction. Diffen

ential pressure measurements are used to determine the difference in static pressure

between pressure taps in a prithary element. Differentialpressure transmitters should be used for these measurements.

Typical differential pressure m
process return through a flow ¢
the pressure difference or pre

4-7.6.2 Installation. Differg
location to minimize the effects
and RFI. Transmitters should b
aposition other than that at wh

easurements in an ASME PTC 46 test may include the differential pressure of gas fuel or
lement or pressureloSs in a pipe or duct. The differential pressure transmitter measures
ssure drop us€d-to calculate the fluid flow.

ntial pressuretransmitters used for pressure measurements shall be installed in a stable
associated with ambient temperature, vibration, mechanical shock, corrosive materials,
b installed in the same orientation as they were calibrated. If the transmitter is mounted in
chitwas calibrated, the zero point may shift by an amount equal to the liquid head caused

by the different mounting posit

onvimbpulse tubing andmounting reauirementsshould beinstalledin accordancesith the.
T =3 5 o T

manufacturer’s specifications. In general, the following guidelines should be used to determine transmitter location and

placement of impulse tubing:

(a) Keep the impulse tubing as short as possible.
(b) Slope the impulse tubing atleast 8 cm/m (1 in./ft) upward from the transmitter toward the process connection for

liquid service.

(c) Slope the impulse tubing atleast 8 cm/m (1 in./ft) downward from the transmitter toward the process connection

for gas service.

(d) Avoid high points in liquid lines and low points in gas lines.
(e) Ensure both impulse legs are at the same temperature.
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(f) When using a sealing fluid, fill both impulse legs to the same level.

(g) Use impulse tubing large enough to avoid friction effects and prevent blockage.

(h) Keep corrosive or high temperature process fluid out of direct contact with the sensor module and flanges.
In steam service, the sensing line should extend atleast 0.61 m (2 ft) horizontally from the source before the downward

slope begins. This horizon
full of liquid.

tal length allows condensation to form completely so the downward slope will be completely

Each pressure transmitter should be installed with an isolation valve at the end of the sensing lines upstream of the
instrument. The instrument sensing lines should be vented to clear water or steam (in steam service) before the instru-

ment is installed. This will

clear the sensing lines of sediment or debris. After the instrument is installed, allow sufficient

time for liquid to form in|[the sensing line so the reading will be correct.

Differential pressure tr
recommended rather than
the equalizing valve. The

Once transmitters are
performed using a leak d

When a differential pres

|

nsmitters should be installed using a five-way manifold, as shown in Figure 4-7.6.2-1. This is
a three-way manifold because the five-way manifold eliminates the possibility of leakage past
vent valve acts as a telltale for leakage detection past the equalizing valves.

onnected to process, a leak check must be conducted. For gaseous fluids, a leak check is
btection fluid on the impulse tubing fittings.

sure meter is installed on a flow element located in a vertical steam or water line, the measure-

ment must be corrected fg
installed against a steam ¢
insulation.

For upward flow

r the difference in sensing line height and fluid head change unless the upper sensing line is
r water line inside the insulation down to where the lower sensing line protrudes.from the

Aptrue = Apmeas + n(pamb B pPiPe) X (g/gc) X Az (4-7-2)
For downward flow
Aptrue = Apmeas - n(pamb - ppipe) X (g/gc) X Az (4-7-3)
where
Pamb = ambient prespure
Ppipe = pressure insidle the pipe
Apmeas = change in mepsured pressure
Apywe = change in true pressure
Az = change in height
4-8 FLOW MEASUREMENT

4-8.1 Introduction

This subsection present§ requirements and guidanee for the measurement of flow. The recommended classes of meters
are differential pressure mleters (orifice, nozzle, and venturi), mass flowmeters (Coriolis flowmeters), and ultrasonic and
mechanical meters (turbifje meters and positive-displacement meters). Table 4-8.1-1 defines the recommended, ac-
ceptable, and not recomihended flowmeters-for different applications. This Code does not limit the use of other
flow measurement devicgs that are not\currently available or reliable; if such a device becomes available and is
shown to be of the requirfed uncertainty’and reliability, it may be used.

In accordance with ASME PTC 19.5, the flow must be either steady or changing very slowly as a function of time.
Pulsations of flow must be §mall compared with the total flow rate. The frequency of data collection must adequately cover
several periods of unsteady flow:Fluctuations in the flow shall be suppressed before the beginning of a test by very careful
adjustment of flow and lepel’Controls or by introducing a combination of conductance (e.g. pump recirculation) and

resistance (e.g., throttling the pump discharge) in the line between the pulsation sources and the flow-measuring device.
Hydraulic damping devices such as restrictors on instruments do not eliminate errors due to pulsations and therefore
shall not be permitted.

Two-phase flow measurement is beyond the scope of ASME PTC 19.5. ASME PTC 12.4 describes methods for the
measurement of two-phase flow when it is desirable to measure the flow rate of a two-phase mixture.
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Figure 4-7.6.2-1
Five-Way Manifold

Process

A A

Vent

Y Y

Instrument

Table 4-8.1-1
Recommended Flowmeters for Various Fluids

Type of Flowmeter

Fluid Orifide Nozzle or Venturi Coriolis Ultrasonic Turbine Positive Displacement
Fuel gas R N R A A N
Liquid fuel A N R N A R
Thermal fluid A N R N A R
Steam R R N N N N
Water R R R A A A
GENERAL NOTE: A = acceptable; N |= not recommended; and R = recommended.
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All signal cables should have a grounded shield and twisted pairs to drain any induced currents from nearby electrical
equipment. All signal cables should be installed away from EMF-producing devices such as motors, generators, electrical
conduit, cable trays, and electrical service panels.

Mass flow rate, as shown by computer printout or flow computer, is not acceptable without showing intermediate

results and the data used
include the discharge coe
include temperature and

for the calculations. In the case of a differential pressure class meter, intermediate results
fficient, the corrected diameter for thermal expansion, and the expansion factor. Raw data
static and differential pressures.

In the case of a mechanical meter, intermediate results include the meter constant or constants used in the calculation,

and how the constants are
pressure.

Fuel analysis and the int
ment devices.

4-8.2 Required Uncert

Primary parameters sh
than £0.5% of mass flow r
will result in a relative uj

4-8.3 Flow Measurem

determined from the calibration curve of the meter. Data include frequency, temperature, and

ermediate results used in the calculation of the fluid density are required for any flow measure-

inty

arl be determined with flow measurement devices that have a systematic uncertainty of no more

hte. Secondary parameters shall be measured with flow measurement devices/methods that
certainty contribution to the result of no more than +0.2%.

nt Devices

Differential pressure mdters (orifice, nozzle, and venturi), Coriolis flowmeters, ultrasonic flowmeters, and mechanical
meters (turbine and positiye displacement) are the recommended flow measurement devices. UnCertainty and applica-
tion considerations shouldl be used in the selection of the most appropriate flow measuremert*device.

When a flow measure

nt device is laboratory calibrated, the entire primary device must be calibrated. This shall

include the primary elemgnt, upstream and downstream metering runs, and flow conditioners. A positive, mechanical
alignment method shall b¢ in place to replicate the precise position of the meter run or\primary element when it was
calibrated. The flow sectioh must remain free of dirt and moisture for shipping and sterage. Whenever possible, the flow
section should be shipped as one piece, and not disassembled for shipping or installation.

4-8.3.1 Differential Pr
shall be laboratory calibra
included in the meter pipiry
within an uncertainty of
discharge coefficients of 13
oratory calibration data is
extrapolation of a calibrat
ASME PTC 19.5. Differenti
formulations for the disch
and the meter is designed

For a differential pressu
installed, and operated in
that Code. The documenta
installation including upstt
compliance with the requ

Primary parameters sha
differential pressure meas
the throat tap nozzle, the

netershould be manufactured with four sets of differential pressure taps, and two sets of taps
should be individually mejmrmmmmmmmm

averaged. The results shall
uncertainty.

ssure Meters. Differential pressure meters used ihthe measurement of primary parameters
Fed. If flow straighteners or other flow-conditioning devices are used in the test, they shall be
g run when the calibration is performed. Qualified hydraulic laboratories commonly calibrate
0.2%. Thus, with inherent curve-fitting inaccuracies, uncertainties of less than 0.3% in the
boratory-calibrated meters can be achieved. The procedure for fitting a curve through lab-
provided in detail in ASME PTC 19.5-fot"each differential pressure meter. The procedures for
on to a higher Reynolds number.than available in the laboratory are given for each meter in
al pressure meters used in the measurement of primary parameters may use the empirical
hrge coefficient for differential/pressure class meters if the uncertainty requirements are met
, manufactured, installed, and operated in strict accordance with ASME PTC 19.5.

e meter to be used for primary parameter measurement, it shall be manufactured, calibrated,
ccordance with ASMEPTC 19.5. The calculation of the flow must be done in accordance with
ion of factory measurements, manufacturing requirements, dimensional specifications of the
eam and downstream disturbances, and the start-up procedures must be examined to validate
rements,of -ASME PTC 19.5.

1be measured with aminimum of two sets of differential pressure taps, each with independent
irement devices. The two sets of pressure taps should be separated by 90 deg or 180 deg. For

be investigated if they differ from each tap set calculation by more than the flow measurement

In cases where the metering run is installed downstream of a bend or tee, the pairs of single taps should be installed so
that their axes are perpendicular to the plane of the bend or tee. Differential pressure meters should be assembled,
calibrated, and left intact for the duration of the test. Once manufactured and calibrated, the flowmeter assembly should
not be disassembled at the primary element flanges. If it is necessary to disassemble the section for inspection or other
purposes before the test, provisions for the accurate realignment and reassembly (e.g., pins) must be built into the section

to replicate the precise pos

ition of the flow element when it was manufactured and calibrated. If proper reassembly is not

assured by the recommended methods, then the flow element shall be treated as uncalibrated in the uncertainty analysis.
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In addition, gaskets or seal rings (if used) shall be inserted in such a way that they do not protrude at any point inside the
pipe or across the pressure tap or slot.

The total measurement uncertainty of the flow contains components consisting of the uncertainty in the determination
of fluid density, flow element (bore) and pipe diameter, pressure, temperature, and differential pressure measurement.
See ASME PTC 19.5 for the methodology in the determination of the systematic uncertainty.

4-8.3.2 Orifice Meters. Orifi

ce meters may be used for low-pressure steam and for fuel gas and liquids in pipes greater

than 5 cm (2 in.). Inaccordance with ASME PTC 19.5, the three types of available tap geometries are flange taps, D and D/2
taps, and corner taps. This Code recommends that only ﬂange or corner taps be used for prlmary measurements with

orifice meters. The procedure fo
discharge shall be conducted

4-8.3.3 Nozzle Meters. Noz
accordance with ASME PTC 19
high beta ratio nozzles, and thy
fabrication and installation and
PTC 19.5.

At least 20 calibration pointp

performance test. The proced
conducted in accordance with 4
evaluating the curve for the c

4-8.3.4 Venturi Meters. Ve
accordance with ASME PTC 1
Other venturis may be used if
calibrated in a laboratory wit

According to ASME PTC 19.5
due to similar design consider
over the widest range of Reynol
including extrapolation, and ey
ASME PTC 19.5.

n compllance w1th ASME PTC 19 5

rle meters may be used for steam flows and for water flow in pipes atleast 10 cm (4 in.). In
5, the three types of ASME-recommended primary elements are low beta ratio nozzles,
oat tap nozzles. Other nozzles may be used if an equivalent level of care is taken in their
ifthey are calibrated in alaboratory with the same care and precision asrequired by ASME

should be run over the widest range of Reynolds numbers possible that applies to the
re for determining whether the calibration curve parallels the theoretical curve shall’be
SME PTC 19.5. The procedures for curve fitting, including extrapolation if necessary, and
befficient of discharge shall be conducted in compliance with ASME PTC,19/5:

turi meters may be used for steam flows and for water flow in pipes atleast 10 cm (4 in.). In
.5, the ASME (classical Herschel) venturi is the recommended type of\primary element.
an equivalent level of care is taken in their fabrication and installation and if they are
 the same care and precision as required by ASME PTC 19.5;

ASME venturi meters commonly maintain the same physics of flow as throat tap nozzles
tions. As such, and similar to nozzle meters, at least 20 calibration points should be run
ds numbers possible that applies to the performance test.The procedures for curve fitting,
aluating the curve for the coefficient of discharge shall’be conducted in compliance with

4-8.3.5 Coriolis Flowmeters. Coriolis flowmeters may be used for gas fuel flows and liquid flows within the line

pressure and temperature spe
directly. Due to the meters’ in
requirements are typically necg
be verified at the testline temp
on Coriolis flowmeters.
Coriolis flowmeters are gene
other fluids. The calibration po
test. The effect of operating pre|
influence of operating conditio
the line pressure and line tem
identical to those present in tf
compensate for physical, elect
factors determined during lab

4-8.3.6 Ultrasonic Meters
measurements. These meters

rification and characterization of the flowmeter. Coriolis flowmeters measure mass flow
bensitivity to velocity profile distortion‘and swirl, no straight-run or flow-conditioning
ssary. To minimize measurement uncertainty, the zero reading of the Coriolis meter must
brature before the start of the performance test. ASME MFC 11 provides additional details

Fally calibrated with water, but other fluids may be used because the constants are valid for

nts shall be taken at flow rates that surround the range of flow rates expected during the
ksure and temperature on the flowmeter during the test must be applied to correct for the
1s different from calibration conditions. The Coriolis flowmeter must be characterized for
perature. The censtants within the meter’s processing during lab calibrations shall be
le meter whemt is put into operation and during performance testing. Such constants
Fical, and sensor characteristics. In addition, it should be confirmed that the calibration
calibration'are also applied correctly in the meter’s processor.

Ultrasonic flowmeters can be used for gas fuel flow measurements and water flow
measure velocity of the flowing fluid by which volumetric flow can be calculated by

known physical dimensions o

the metering section. ASME PTC 19.5, Section 10, describes ultrasonic flowmeters in

more detail. Due to the sensitivity of the velocity profile on its measurement, a flow conditioner shall be used in addition
to adequate upstream and downstream straight-run lengths. To ensure proper application, manufacturers often provide
ultrasonic flowmeters complete with flow conditioner and spool pieces of necessary straight-run length.

The laboratory calibration of ultrasonic flowmeters shall be conducted in a complete assembled spool piece config-
uration. When used for natural gas flow measurement, the laboratory calibration is typically conducted with natural gas at
flow rates that surround the range of flow experienced during base load operation of the gas turbine. The constants and
algorithms within the meter’s processing during laboratory calibrations shall be identical to those present in the meter
when it is put into operation and during performance testing. Such constants and algorithms compensate for physical,
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electrical, and sensor characteristics. In addition, it should be confirmed that the calibration factors determined during
laboratory calibration are applied correctly in the meter’s processor.

4-8.3.7 Mechanical Meters. This subsection presents the application and calibration requirements for the use of
turbine and positive displacement meters. Turbine meters are commonly classified as inference meters as they measure
certain properties of the fluid stream and “infer” a volumetric flow. Positive displacement meters are commonly classified
as direct meters as they measure volumetric flow directly by continuously separating (isolating) a flow stream into
discrete volumetric segments and counting them. Mechanical meters require periodic maintenance, testing, and recali-
bration as the calibration shifts over time due to wear, damage or contamination.

All mechanical meters usedd - S aborato 3
tions shall be performed o1 each meter using the ﬂuld operatlng condltlons and piping arrangements as nearly 1dent1cal
to the test conditions as practical. If flow straighteners or other flow-conditioning devices are used in the test, they shall be
included in the meter pipjng run when the calibration is performed.

4-8.3.7.1 Turbine Meters. Turbine meters are recommended for applications with liquid flow rates in pipes less than
8 cm (3 in.). The two bas|c turbine meter designs are electromagnetic and mechanical.

The electromagnetic-stylle meter has moving parts, including the rotor and bearings. The rotor velocity is monitoredby
counting pulses generated as the rotor passes through a magnetic flux field created by a pickup coil located in the
measurement module. A mleter factor, or K-factor, is determined for the meter in a flow calibration laboratory. by.counting
the pulses for a known volume of flow and is normally expressed as pulses per actual cubic feet (acf). ThisK-factor is
unique to the meter and @lefines its accuracy.

The mechanical-style mégter uses a mechanical gear train to determine the rotor’s relationship to volume flow. The gear
train is commonly compriged of a series of worm gears, drive gears, and intermediate gear assemblies that translates the
rotor movement to a mechpnical counter. In the mechanical-style meter, a proof curve is established in a flow calibration
laboratory and a combindtion of change gears is installed to shift the proof curve to 100%.

Turbine meter performpnce is commonly defined by rangeability, linearity, and repeatability.

(a) Rangeability is a mgasure of the stability of the output under a given set of flow conditions. It is the ratio of the
maximum meter capacity o the minimum capacity for a set of operating conditions,during which the meter maintains its
specified accuracy.

(b) Linearity is the totalldeviation in the meter’s indication over a stated flowange; it is commonly expressed by meter
manufacturers to be withip #0.5% over limited flow ranges. High-accuracy meters have typical linearities of £0.15% for
liquids and *0.25% for ggses, usually specified over a 10:1 dynamic range below maximum rated flow.

(c) Repeatability is thelability of the meter to indicate the same reading each time the same conditions exist; it is
normally expressed as +0.[l% of reading for liquids and +0.25% for \gases. Accuracy must be expressed as a composite
statement of repeatability] and linearity over a stated range of flow rates.

Dual-rotor turbine metdrs with self-checking and self-diagnostic capabilities are recommended to aid measurement
accuracy to detect and adjust for mechanical wear, fluid friction, and upstream swirl. Additionally, dual-rotor meter
electronics and flow algorjthms detect and make partialjadjustments for severe jetting and pulsation. ASME PTC 19.5
should be consulted for ggiidance for flow disturbances that may affect meter performance and standardized tests to
assess the effects of such |disturbances.

In accordance with ASME PTC 19.5, an individual calibration shall be performed on each turbine meter at conditions as
close as possible to the test conditions under:which the meter is to operate. This shall include using the fluid, operating
conditions (temperature ahd pressure)aid piping arrangements as nearly identical to the test conditions as is practical
with calibration data points that are taken at flow rates that surround the range of expected test flows. The orientation of
the turbine meter will inflyence thé.fature of the load on the rotor bearings and thus the performance of the meter at low
flow rates. For optimum acfurac§ys;the turbine meter should be installed in the same orientation in which it was calibrated.
The turbine meter calibrdtien-report must be examined to confirm the uncertainty as calibrated in the calibration
medium.

As the effect of viscosity on the turbine meter calibration K-factor is unique, turbine meters measuring liquid fuel flow
rate shall be calibrated at two kinematic viscosity points surrounding the test fluid viscosity. Each kinematic viscosity
point shall have three different calibration temperatures that encompass the liquid fuel temperature expected during the
test. A universal viscosity curve (UVC) should be developed to establish the sensitivity of the meter’s K-factor to a function
of the ratio of the output frequency to the kinematic viscosity. The UVC reflects the combined effects of velocity, density,
and absolute viscosity acting on the meter. The latter two effects are combined into a single parameter by using kinematic
viscosity.
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4-8.3.7.2 Positive Displacement Meters. This Code recommends positive displacement meters for liquid fuel flows
for all size pipes, butin particular for pipes less than 8 cm (3 in.). There are many designs of positive displacement meters
including wobble plate, rotating piston, rotating vanes, and gear or impeller types. All these designs measure volumetric
flow directly by continuously separating (isolating) a flow stream into discrete volumetric segments and counting them.
As such, they are often called “volumeters.” Because each count represents a discrete volume of fluid, positive displace-
ment meters are ideally suited for automatic batching and accounting. Unlike differential pressure class meters and
turbine meters, positive displacement meters are relatively insensitive to piping installations and otherwise poor flow
conditions. Use of positive displacement meters is recommended without temperature compensation. The effects of
temperature on fluid density can be accounted for by calculating the mass flow based on the specific gravity at the flowing

temperature.

Fuel analyses should be com
the specific gravity of the fuel s
three temperatures covering th

tures should then be determined by interpolating between the measured values to the correct temperature.

Positive displacement mete
expected in their intended p4
the identical fluid, the next be

ity-pressure drop factor expected in service. This recommendation implies duplicating the absolute viscosity of the two

fluids.

4-9 TEMPERATURE MEAS

4-9.1 Introduction

This subsection presents rec
ture measurement devices an
Electronic temperature measu
and random error. Factors aff]
vironment, self-heating, parasi
time, immersion or conductio

Since temperature measurer
measurement devices not curré
be of the required uncertainty

All signal cables should havg

bleted on samples taken during testing. The lower and higher heating value of the fuel and
hould be determined from these fuel analyses. The specific gravity should be evaluated at
e range of temperatures measured during testing. The specific gravity at flowing tempera-

s should be calibrated in the same fluid at the same temperature and flow rate as is
rformance test environment or service. If the calibration laboratory does not haye
Kt procedure is to calibrate the meter in a similar fluid over the same range of viscos*

JREMENT

uirements and guidance for the measurement of temperature. Recommended tempera-
 the calibration and application of temperature measurement devices are discussed.
rement equipment should be used for primary measureménts to minimize systematic
ecting the uncertainty of the temperature include, but ‘are not limited to, stability, en-
ic resistance, parasitic voltages, resolution, repeatability, hysteresis, vibration, warm-up
h, radiation, dynamics, spatial variation, and data‘acquisition.

hent technology changes over time, this Code does not limit the use of other temperature
ntly available or not currently reliable. If such a’device becomes available and is shown to
and reliability, it may be used.

a grounded shield or twisted pairs to{dnain any induced currents from nearby electrical

equipment. All signal cables s

hould be installed away from devicés that produce electromagnetic fields, e.g., motors,

generators, electrical conduit, |cable trays, and electrical seryice\panels.

4-9.2 Required Uncertaint

The required uncertainty depends on the type of parameters and variables being measured. Class 1 primary param-
eters and variables shall be d¢termined with temperature measurement devices that have an instrument systematic
uncertainty of no more than 20.28°C (+0.50°E)ifotr temperatures less than 93°C (200°F) and no more than +0.56°C
(¥1.0°F) for temperatures mote than 93°C(200°F).

Class 2 primary parameters fand variables-shall be determined with temperature measurement devices that have an
instrument systematic uncertdinty of fie more than £1.7°C (+3.0°F).

Secondary parameters and pariables should be determined with temperature measurement devices that have an
instrument systematic uncertdinty-of no more than +3.9°C (+7.0°F).

These uncertainty limits are i
considered systematic.

4-9.3 Recommended Temperature Measurement Devices

The recommended temperature measurement devices are thermocouples, resistance temperature detectors (RTD),
and thermistors. Economics, application, and uncertainty factors should be considered in the selection of the most
appropriate temperature measurement device. The thermistor is best characterized for its sensitivity, the thermocouple
is the most versatile, and the RTD is the most stable.
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4-9.3.1 Thermocouples. Thermocouples may be used to measure the temperature of any fluid above 93°C (200°F).
The maximum temperature is dependent on the type of thermocouple and sheath material used. Thermocouples should
not be used for measurements below 93°C (200°F). Thermocouples used to measure primary parameters must have
continuous leads from the measuring junction to the connection on the reference junction. These high-accuracy thermo-
couples musthave areference junction at 0°C (32°F) or an ambient reference junction thatis well insulated and calibrated.

The elements of a thermocouple must be electrically isolated from each other, from ground, and from conductors on
which they may be mounted, except at the measuring junction. When a thermocouple is mounted along a conductor, such
as a pipe or metal structure, special care should be taken to ensure good electrical insulation between the thermocouple
wires and the conductor to prevent stray currents in the conductor from entering the thermocouple circuit and vitiating

the readings. Stray currents may further be reduced with the use of guarded integrating analog-to-digital (A/D) tech-
niques. Further, to reduce the possibility of magnetically induced noise, the thermocouple wires should be constructed in
a twisted uniform mannef.

Thermocouples are sugceptible to drift after cycling. Cycling is the act of exposing the thermocouple to process
temperature and then rerpoving it to ambient conditions. The number of times a thermocouple is cycled should be
kept to a minimum. Thermocouples can be used effectively in high-vibration areas such as main or high-pressure
inlets to a steam turbing. High-vibration measurement locations may not be conducive to other measurement
devices. This Code recommends that the highest electromagnetic field per degree be used in all applications."NIST
has recommended tempefature ranges for each specific type of thermocouple.

The temperature of the feference junction shall be measured accurately using either software or hardwdre compensa-
tion techniques. The accurfcy with which the temperature of the measuring junction is measured can be'no greater than
the accuracy with which thie temperature of the reference junction is known. The reference junction temperature shall be
held at the ice point or at the stable temperature of an isothermal reference. When thermocouple reference junctions are
immersed in an ice bath (ile., a mixture of melting shaved ice and water), the bulb of a precision/thermometer shall be
immersed at the same leve] as the reference junctions and in contact with them. Any deviationfrom the ice point shall be
promptly corrected. Each feference junction shall be electrically insulated. When the isothermal-cold junction reference
method is used, it shall employ an accurate temperature measurement of the reference sink. When electronically
controlled reference juncfions are used, they shall have the ability to control thé reference temperature to within
+0.03°C (+0.05°F). Particylar attention must be paid to the terminals of any réference junction since errors can be
introduced by temperature variation, material properties, or wire mismatching. By calibration, the overall reference
system shall be verified to|have an uncertainty of less than +0.1°C (+0.2°F)=Isothermal thermocouple reference blocks
furnished as part of digital|systems may be used in accordance with this'*Cede provided the accuracy is equivalent to the
electronic reference junctipn. Commercial data acquisition systems use:a measured reference junction, and the accuracy
ofthis measurementis incgrporated into the manufacturer’s specification for the device. The uncertainty of the reference
junction shall be included In the uncertainty calculation of the measurement to determine if the measurement meets the
standards of this Code.

The thermocouple sign
sation techniques.

conversion should use International Temperature Scale of 1990 (ITS-90) software compen-

4-9.3.2 Resistance Temperature Detectors. RFDs/may only be used to measure temperature from -270°C to 850°C
(-454°F to 1,562°F). ASTM E1137 provides standard specifications for industrial platinum resistance thermometers and
includes requirements for] manufacture, pressute, vibration, and mechanical shock to improve the performance and
longevity of these devices| Field verificatioh-techniques should be used to demonstrate that the stability is within the
uncertainty requirements|of this Code\

Primary parameters shalll be measured with Grade A four-wire platinum RTDs. Three-wire RTDs are acceptable only if
they can be shown to megt the uncértainty requirements of this Code.

Secondary parameters shallbemeasured with Grade A three-wire platinum RTDs. The four-wire technique is preferred
to minimize effects associated-with lead-wire resistance due to dissimilar lead wires.

Many devices are available to measure the output resistance. Each of these instruments shall meet the uncertainty
requirements for the parameter measured.

4-9.3.3 Thermistors. Thermistors are constructed with ceramic-like semiconducting material that acts as a thermally
sensitive variable resistor. This device may be used on any measurement below 149°C (300°F). Above this temperature,
many instruments are available to measure the output resistance. Each of these instruments shall meet the uncertainty
requirements for the parameter measured.
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4-9.4 Calibration of Primary Parameter Temperature Measurement Devices

Primary parameter instrumentation used to measure temperature should have a suitable calibration history such as
NIST. The calibration shall be conducted over the temperature range in which the instrument is used. See ASME PTC 19.3
for a more detailed discussion of calibration methods.

4-9.5 Temperature Scale

ITS-90 is realized and maintained by NIST to provide a standard scale of temperature for use by science and industry in

the United States.

4-10 DATA COLLECTION AND HANDLING

This subsection presents requirements and guidance regarding the acquisition and handling of test data. The funda-

mental elements essential to

e makeup of an overall data acquisition and handling system are also presented.

This Code recognizes that t¢chnologies and methods in data acquisition and handling will continue to change and
improve over time. If new tecnologies and methods become available and are shown to meet the required standards

stated within this Code, they

ay be used.

4-10.1 Data Acquisition System

The purpose of a data acquis
Systems may be as simple as
Regardless of the complexity
storing the data within the r¢
shall also ensure that recordin
ommended that a proper auton
avoided and correct time stan|

4-10.1.1 Manual System. In
recognized that this type of sy4
should be accounted for accor
periods of time or additional p
this in mind, allowing enough t
prepared before the test. The
collected, and should also delix
using a digital stopwatch or oth
edits shall be made using black
editor.

4-10.1.2 Automated Systen
multiple sources at high frequl
rates serve to reduce testuncer
distributed processing to mult
The setup, programming, ch
up the automated system used

4-10.2 Data Management

tion system is to collect data and store it in a form suitable for processing or preSentation.
A person manually recording data or as complex as a digital computer:based system.
bf the system, a data acquisition system must be capable of recordifig, sampling, and
quirements of the test and allowable uncertainty set by this Code, Data acquisition
g of all data is achieved with proper time synchronization and time stamping. It is rec-
lated data acquisition system be used for tests under this Code so,that human error can be
ping with proper time synchronization of each parameter is' achieved.

some cases, it may be necessary or advantageous to record data manually. It should be
tem introduces additional uncertainty in the form of-htiman error, and such uncertainty
Hingly. Further, due to their limited sampling rate;manual systems may require longer
ersonnel for sufficient samples to be taken. Testperiod duration should be selected with
me to gather the number of samples required by the test. Data collection sheets should be
Hata collection sheets should identify the(test site location, date, time, and type of data
eate the sampling time required for the tneasurements. Sample times should be clocked
er sufficient timing device. If it becontes necessary to edit data sheets during the testing, all
nk, and all errors shall be marke@through with a single line and initialed and dated by the

. Automated systems are peneficial in that they allow for the collection of data from
encies while recording the time interval with an internal digital clock. Rapid sampling
fainty and test duration. Automated systems can consist of a centralized processing unit or
iple locations in, the plant.

nnel lists, signal.conditioning, operational accuracies, and lists of the equipment making
o determinéprimary Class 1 parameters shall be prepared and supplied in the testreport.

4-10.2.1 Automated Collec

edData. All automated collected data should be recorded in its uncorrected, uncalculated

state to permit posttest data correction for application ol any necessary calibration corrections. [Immediately after the test
and before the parties to the testleave the test site, copies of the automated collected data should be distributed between
the parties to the test to secure against the chance of such data being accidentally lost, damaged, or modified. Similar steps
should be taken with any corrected or calculated results from the test.

4-10.2.2 Manually Collected Data. All manually collected data recorded on data collection sheets must be reviewed
for completeness and correctness. Immediately after the test and before the parties to the test leave the test site, photo-
copies of the data collection sheets should be made and distributed between the parties to the test to eliminate the chance
of such data being accidentally lost, damaged, or modified.
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ion Systems. The data calculation system should have the capability to average each input
he system should also calculate standard deviation and coefficient of variance of each instru-
ave the ability to locate and eliminate spurious data from use in the calculation of the average.

The system should also be able to plot the test data and each instrument reading over time to look for trends and outlying

data.

4-10.3 Data Acquisition System Selection

4-10.3.1 DataAcquisition System Reqmrements The test procedure should clearly dictate the type of measurements

to be made, allowable unce
of samples required, and
information will serve as 4
system must meet the lod

4-10.3.2 Temporary Al
data acquisition systems f
confirmed in the laborato
the complete system. Ten
associated with constructi
when determining the typ

4-10.3.3 Existing Plant
measurement and control s
and restrictions of these s
Most distributed control
data that are only the repo
setlow enough thatall datd

he frequency of data collection to meet the allowable test uncertalnty set by this Code. This
guide in the selection of data acquisition equipment and system design. The data acquisition
p calibration requirements of para. 4-4.2.

tomated Data Acquisition System. This Code recommends the use of temporary automated
r testing purposes. These systems can be carefully calibrated, their proper operation can be
y. They can then be transported to the testing area, thus providing traceability and conttrohof
porary instruments are limited in their exposure to the elements and avoid the problems
on and ordinary plant maintenance. Site layout and ambient conditions must be ¢ensidered
e and application of temporary systems.

Measurement and Control System. This Code does not prohibit the use of an existing plant
ystem. However, the system must meet the requirements set forth in this Code. The limitations
ystems should be considered when deciding whether to use them for‘performance testing.
systems (DCS) in plants apply threshold or deadband restraints ondata signals. This results in
't of the change in a parameter that exceeds a set threshold value All'threshold values must be
signals sent to the data acquisition system during a test are reported and stored. In addition to

deadbands, most DCS inclyde analog-to-digital conversion and apply compression to the signal, which increases uncer-

tainty. As with instrument
stood and accounted for ir
19.22.

Most existing plant systg
ships. This includes a cons
notbe used in the executio
is confirmed to be in com

htion, all systematic uncertainty effects of using the DCS*as a data logger must be fully under-
the pretest and uncertainty analyses using the guidelines of ASME PTC 19.1 and ASME PTC

ms do not calculate flow rates in accordance with this Code, but rather by simplified relation-
ant discharge coefficient or even expansion factor. A plant system indication of flow rate shall
h of this Code, unless the fundamental input parameters are also logged and the calculated flow
plete accordance with this Code and(ASME PTC 19.5.
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Section 5
Computation of Results

5-1 INTRODUCTION

This Section presents the cor
applied to measured paramet
(a) corrected primary char
(b) corrected primary disch
(c) corrected fuel heat rate
(d) corrected charge power
(e) corrected discharge poy
(f) corrected primary energ
(g) corrected rate of fuel e
(h) corrected secondary en
(i) corrected rated discharg

hputation of corrected performance parameters of an ESS and the correction factors to be
brs for alternative test methods. The following corrected parameters are computed:
pe energy, EC,corr
arge energy, ED,corr
FHRcorr
PC,corr
Ver, PD,corr
y rate, PER o+
hergy flow during discharge, Qp corr
ergy rate, SERcorr
e interval, Atpcorr

(j) corrected overall efficiency, ncorr total

The parties to the test shall

5-2 TEST METHODS

Methods of testing are interv
may be selected to suit the sy
(a) Interval Tests. Interval td

agree to the test method and the application of correction factors before the test.

pl or cycle as represented in Figures 5-4.1-1 and 5-4.2-1\Test methods and the type of test
stem under test and the test objectives.
sts apply to charging and discharging processes. The test may start at any state of charge

and operate for any length of tilne. The state of charge at the beginning and enid-of the test may be used to extrapolate the

rated state of charge. Mass and
boundary.
(1) Interval tests may be
determined by physical meas
(-a) sensible heatstora
rate and temperature of the eng
from the reservoir level meas
(-b) latent heat storage
and temperature of the storage
reservoir level measurements
(-c) gravitational stora
storage media crossing the test
ments and a profile of the res
(-d) electrochemical std
storage media crossing the test

)

or energy may cross the testboundary fromthe storage reservoir, which is outside the test

sed with systems for which the change-of internal energy of the storage reservoir can be
rement. Examples of such systems, include the following:

be of incompressible liquids (e.g., iiolten salt) in tanks using measurement of the mass flow
rgy storage medium crossing the boundary. The rated state of charge may be extrapolated
irements.

in liquid/vapor media.(e.g., cryogenic liquids) using measurement of the mass flow rate
media crossing theitest boundary. The rated state of charge may be extrapolated from the

be (e.g., pumpedhydro) using measurement of volume flow rate and temperature of the
boundary.Fherated state of charge may be extrapolated from the reservoir level measure-
ervoir yolume versus depth.

rage-(€:g., flow batteries) using measurement of the mass flow rate and valence state of the
boundary. The rated state of charge may be extrapolated from the reservoirlevel measure-

ments.
(-e) Kkinetic storage (e.g

., flywheels) using measurement of the rotational speed (rotations per minute). The rated

state of charge may be estimated by comparing speed measurements to a reference speed curve.
(2) For the types of systems in (-a) through (-e), interval tests may also provide an estimation of standby losses by

(-a) measurement of th
leaving the reservoir during d

e change in temperature of media entering the reservoir during charging vs. that of media
ischarging

(-b) measurement of the change of reservoir volume or measurement of the change in rotational speed

(3) There may be additio

nal uncertainty when interval tests are performed with systems whose reservoir char-

acteristics make internal energy extrapolation more difficult, such as the following:
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(-a) Pneumatic storage (e.g., compressed air) may use measurement of mass flow rate, pressure, and temperature
of the energy storage medium crossing the test boundary. However, the internal energy state is path dependent, and bulk
reservoir volume and temperature may not be observable; thus, extrapolation to 100% state of charge may require

additional assumptions.
(-b) Sensible heats

torage in solid media (e.g., concrete) may use measurement of the mass flow rate and tempera-

ture of the heat transfer fluid crossing the test boundary. However, the bulk reservoir mass, temperature, and heat

capacity may not be observable; thus, extrapolation to 100% state of charge may require additional assumptions.
(b) Cycle Tests. Cycle test methods encompass charge, standby, and discharge intervals over a cycle that begins and

ends at the same state of charge. The principal challenge with a cycle test is the determination of the cycle state of charge

with sufficient accuracy to|begin and end at the same state. Cycle tests may use the interval test correction curves during
charging and discharging |intervals.

5-3 STATE OF CHARG

State of charge is a mea
related to both the total e
tions.

re of the primary energy available for discharge from the system. Thus, the state of chargesis
rgy stored and the discharge efficiency, which may depend on operating and ambient condi-

Total energy is comprised of internal energy, Kinetic energy, and potential energy. Energy is typically stored'dsone of
the three components of fotal energy:

E = U + KinE + PotE (5-3-1)

All terms in this Sectiop are defined in Tables 2-2-1 and 2-2-2.

5-3.1 Internal Energy

Internal energy is an ext
the storage defined as

Because the conversion
charge cannot be known a
indication based on obser
conditions. A test may be

Charging and dischargi
discharge, and standby duj

btorage

ensive thermodynamic property proportional to the mass of storage medium contained within

U=G+ TS + pV (5-3-2)
from primary energy to internal energy is dependéntion the thermodynamic path, the state of
briori, but is only known after the system is discharged. A vendor may provide a state of charge
ation or modeling of the storage reservoir, thé\charging and discharging history, and ambient
performed to calibrate or assess the state;of charge indication.

ng of storage reservoirs is an inherentlyunsteady process, and the rate of charge, rate of
ation may affect measured and calculated performance due to path dependence of the internal

energy as well as the infljience of losses or gains of mass.and energy.

(a) Nonreacting Storag
energy is zero.

For many systems, it is
calculated.

(b) Sensible Heat Storaq,
change in internal energy|

This can be approximat

b Media. If there are no chemical reactions in the storage medium, the change in Gibbs free
onvenient to use intensivejproperties (i.e., per unit of mass), which are readily measured or

e in an Incompressible Medium. For bulk storage of incompressible liquids and solids, the
equals the change'in enthalpy:

AU = MAh or Au = rmAtAh (5-3-3)
ed for liquids with constant heat capacity as
AU = Mc, AT or Au = rmAtc, AT (5-3-4)

(c) Compressed Air Energy Storage (CAES). For compressed air systems, internal energy is path dependent, and the
compression and expansion of the storage medium depend on the reservoir pressure and temperature and frictional
characteristics at the cavern entrance or within the interstices of aquifers.

Deep underground storage reservoirs may require consideration of gravitational pressure in addition to heat transfer,
velocity-dependent acceleration, and frictional effects:
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AU

Q-w

2 2
Q+ f Vdp + 55 4+ Azf 4 Y (5-3-5)
1 2g. 8

CAES may require cycle test methods because the work of compression/decompression processes depends on the
thermodynamic path by which pressure is changed as well as the rate-dependent frictional effects.

(d) Flow Batteries. For ideali
(Actual batteries may include

zed flow batteries, the change in internal energy is the rate of change of Gibbs free energy.
enthalpy changes.)

5-3.2 Kinetic Energy Storage

For flywheel energy storagsg

5-3.3 Potential Energy Stq

For pumped storage, the cha;
medium:

5-4 TEST OBJECTIVES

The operating disposition du
between the charging, standbj

5-4.1 Interval Tests

Interval tests can be used to
Figure 5-4.1-1 shows an ideg
flow rates of energy as measu
duringa testthey may vary due
of the medium flowing from th
during the test. The limits of re
corrected rated discharge dur
Similar curves apply to a ch
energy, the reservoir’s energyj
The primary energy rate is o
Simultaneous charge and dis|
independent paths and meter
thermal storage where chargi

5-4.2 Cycle Tests

Cycle tests evaluate overall p|

AU = AG = nFe = mAtKe (5-3-6)
, the change in total energy is computed as follows:
AKinE = %Im(QSZmt -2 (5-3-7)

rage

1ge in total energy is represented by the change in pressure of the volume, V, of.thie storage

VA A
AU = 4 or Au = vep (5-3-8)

ring a test may be steady state or it may include transient cofiditions including transitions
y, and discharge modes.

evaluate performance at specific dispositions,Such as rated charge or discharge power.
lized discharge interval test conducted at steady-state power. [llustration (a) shows the
Fed and as corrected. Although the measured energy flow rates are shown as constant,
Lo changes in ambient conditions or in the'state of charge (such as pressure or temperature
 storage reservoir). [llustration (b) shows the cumulative corrected primary energy flow
ervoir capacity can be extrapolated from reservoir-level measurements to determine the
htion of the system.

hrge interval test. Because the state of charge is referenced to the discharge of primary
storage capacity must be“extrapolated.

btained by multiplyifigithe stored energy rates for the charging and discharging intervals.
charge interval tests' may be convenient for testing and are acceptable provided there are
ng to and from¢storage reservoirs. One example of an acceptable system is multitank
g of one tank-does not affect the discharging of a second tank.

erfeormance over a cycle of charge, standby, and discharge intervals, beginning and ending

at the same state of charge. C
conducted during a cycle test.

| DT Lo d o 2l " .. Lo e s 1 Loarde. 1t ead 1
CITLEOLS HILIUUT LT LI AlISIUIUILS UTLWETITH UPTCLdUlllg HIUUTS.  THITT VAL LSt TUllS Ilidy Ut

The cycle test may begin at any interval.
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Figure 5-4.1-1
Extrapolation of Energy Flow From Storage to Determine Corrected Discharge Duration for Linear ESSs
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GENERAL NOTE: For nonlineai| ESSs, suitable correction curves may be provided by the manufacturer and agreed to by the parties to the test.
Figure 5-4.2-1 shows anlidealized cycle test, ignoring the ramp’s with constant power during discharging and charging,
with the same state of charge at the beginning and end of'the test. The standby period may be specified or measured.
In the idealized case, thg charge and discharge power is instantaneously available at the start of the respective charge
and discharge intervals andl is steady throughout theTespective intervals. In the idealized case, measurements of material
and energy flows crossing the test boundary can be corrected, as is done for an interval test.

In arealistic cycle test, the mass and materidlflows crossing the test boundary will change at the beginning and end of
each interval. Startup and §hutdown transjents will occur for the charging and discharging processes as they are adjusted
to the required dispositioh. A sequence-thight include the following steps:

Step 1. Discharge startyp transientfrom zero to a specified disposition, such as rated power output.

Step 2. Discharge at thq specifiéd’ disposition until a specified state of charge is reached.

Step 3. Discharge shutdpwrn.transient from a specified discharge disposition to zero output.

Step 4. Wait during a stg ndby 1nterva1 the standby mterval can be a specified duratlon or a duratlon determined by
external factors, such as aviailab of powerforcha s o-duration-ofchargingneeded
of charge.

Step 5. Charge startup transient from zero to a specified disposition, such as rated power input.

Step 6. Charge at the specified disposition until the original state of charge is reached.

Step 7. Charge shutdown transient from the specified discharge disposition to zero input.
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Figure 5-4.2-1

Idealized Cycle Test Beginning and Ending at the Same State of Charge
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5-5 EQUATIONS FOR INTHRVAL TESTS

Interval test boundaries exdlude the storage reservoirs and measure the flow of mass andjenergy to and from the
storage reservoirs. Interval tests may be conducted over a single interval (e.g., the discharge interval, a standby interval, or

a charge interval) or they may
the system be returned to the s
each interval and for the over

5-5.1 Discharge Interval

Additive and multiplicative
common reference condition.
The corrected discharge ou

For systems that do not us
discharge, the corrected rate

The corrected discharge en

e conducted over a sequence. If conducted over a sequeng¢e; there is no requirement that
bme state of charge at the end of the sequence. Performance metrics can be calculated for
all test.

correction factors defined in Table 5-7:1¢1"are used to adjust test measurements to a
put power is

l m
PD,corr = (PD}meas + Zi:l AI)HJ=1 (l] (5'5'1)

fuel for discharge, the corrected fuel input is zero. For systems that use fuel during
f fuel input during{discharge is

1 m
QD,corr = (QD,meas + Z,‘=1 wi) Hj=1 'B] (5-5-2)

brgy frofy/storage is

I m c.
Ep,corr = (AU + z,-=1 q’i)Hj:l & (553)

The corrected secondary energy is

! m
XD,COI‘I‘ = (XD,meas + Zi:l §1>H]:1 l//] (5_5_4)

The corrected discharge primary energy is the average (indicated by overbar) of the corrected discharge power during
the discharge interval multiplied by the duration of the discharge interval:

YD,corr,cycle = PD, corr tD,meas (5-5-5)
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use fuel, the corrected fuel heat rate is zero. For systems that use fuel during discharge, the

corrected discharge fuel heat rate is expressed as

Q
FHR .o, = D,corr (5-5-6)
YD,corr
The corrected discharge stored energy rate from storage is expressed as
E
SER}) corr = —22 (5-5-7)
D corx
The corrected discharg¢ secondary energy rate is expressed as
X
XERD corr = Dycorr (5-5-8)
D, corr

For systems with measu
duration is corrected accq

5-5.2 Charge Interval

Additive and multiplical
common reference condit
The corrected charge p

The charge energy is th

The charge stored enertg

For systems with measy
duration is corrected accqg

5-5.3 Standby Interval

(a) Standby energy flow
charge or discharge procg

red mass flow rate, mMy,e.s, from storage reservoirs rated to contain a mass, My,cq, the discharge
rding to the enthalpy flows from the reservoir:

Miated

D, corr = m
mmeasszl

(5-5-9)
K

five correction factors defined in Table 5-7.2-1 are used to adjush test measurements to a
on.
bwer is

! m
PC,corr = (PC,meas + Zi:l a,-)l_[j:1 rj (5-5-10)
e integral of the charge power over charge time:
EC,corr = PC, corrtC,meas (5-5-11)

y rate expresses the conversion of charge-énergy to internal energy of the storage medium:
I
>IN

i=1
red mass flow rate, m,,s, iito Storage reservoirs rated to contain a mass, M;,teq, the charge
rding to the enthalpy flows: into the reservoir, as follows:

Ec m

AU

1 (5-5-12)

SER¢ = 1

Miated

tC,éor = m (5-5-13)
Mmeas H

affects'the extensive internal energy of the system, including state of charge or the state of the
ss. Examples of energy flow include

(1) heat loss from hd

t thermal ESSs

)
3
&)
()
(6)

mass loss due to

heat gain into cryogenic storage systems
heat loss from or heat gain into the charge and discharge equipment

leakage from pumped hydro, compressed air, or cryogenic storage systems

self-discharge for batteries
kinetic energy loss for flywheels

(b) Energy may cross the test boundary during standby to maintain state of charge or to mitigate heat loss. Examples
that may be metered include
(1) heating or cooling of batteries or their electrolytes

(2) heat tracing of m

olten salt piping and equipment

(3) molten salt tank immersion heaters
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(4) boil-off gas compressors for recondensing cryogenic storage media
(5) flywheel magnetic bearings

(6) house loads

(c) During standby, there may be unmetered influx or efflux of mass and energy such as
(1) heat gain into cold storage media or associated equipment
(2) heat loss from hot storage media or associated equipment
(3) mass loss from surface evaporation of water reservoirs; compressed air leakage; boil-off gas from cryogenic
storage tanks; or leakage from hydro reservoirs, joints, glands, or seals

(4) mass gain into hydro

reservoirs from precipitation and runoff or surface condensation

(d) There may be additional
of the charging or discharging
(e) The amount of energy fl
interval. Determination of star
unobservable or the quantity
The corrected standby ener

Additive and multiplicative
common reference condition.

5-5.4 Roundtrip Primary E

The primary energy rate for
during charging and the rate

The corrected primary ener

nD,corr T

5-6 SECONDARY ENERGY

Secondary flows of heat and

primary energy and the fuel

(a) Examples of secondary

(1) process or waste hea

(2) process or waste heat

(3) waste cold inputs int

(b) Examples of secondary ¢
fuel input are

(1) process or waste hea

(2) process or waste hea

To account for differences fi

conditions as well as for the 1

energy gains and losses thatare not directly metered but thatare overcome during startup
process.

pw during standby depends on the ambient conditions and the duration of the standby
dby performance may not be practical or may be uncertain where the state of charge is
pf unmetered mass or energy is significant.

oy is calculated as follows:

l
Bp,corr = <BD,meas + Zizl 91')1_[

correction factors defined in Table 5-7.3-1 are used to adjust test measurements to a

;":1 Cj (5-5-14)

nergy Rate and Efficiency

the system is the product of the rate of conversion of primary enérgy’to internal energy
f conversion of internal energy to primary energy during discharging.

PERroundtrip,corr = SERC,corlrSERD,corlr (5-5-15)
gy efficiency for the system is calculated as follows:
Y
D, corr (5-5-16)

(PERroundtrip,corrYD,Corr) + QD,corr + (XD,corr ¥+ XC,corr)

power may cross the test boundary.during charging and discharging to supplement the
nergy.

energy flows during charging that may affect the primary energy power input are

[ inputs that supplement an_electrically heated thermal ESS

inputs that supplement an absorption chiller in an electrically cooled cold storage system
h a cryogenic cold storage system, such as from liquefied natural gas regasification
nergy flows during.discharging that may affect the primary energy power output or the

I inputs intoa“cryogenic system for regasification or warming of cold gas
[ inputs intesa thermal ESS
om referénce conditions, the secondary energy flows may be corrected for the ambient

Energy retained within the

sthoundary for use during a subsequent charge or discharge interval is not secondary
energy. Examples ofsecondarytnwmmmﬂmmmﬁ&mmmE&ﬁﬁﬂg—

hass-flow rate and temperature of the secondary energy crossing the test boundary.

discharge for cooling of a cryogenic charging system and waste heat from an air compressor that is captured during
charging and stored for air heating during discharge.

5-7 CORRECTION FACTORS

The format of the equations in this Section allows decoupling of the appropriate correction effects relative to the
measured prime variables of charge/discharge power, fuel heat, and charge/discharge duration. Corrections are calcu-
lated for parameters at the test boundary that are different from base reference conditions, which affect measured
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performance results, and for variance of the storage medium composition within the test boundary from the reference
condition.

Correction curves applied to measured performance may be calculated using a performance model of the ESS contained
within the test boundary or a method agreed to by parties to the test. The performance model represents the math-
ematical definition of the expected performance of the ESS at both rated and nonrated conditions. Each correction is
calculated by running the performance model with a variance in only the variable to be corrected over the range of
deviation from the reference condition. Correction curves are thus developed to be incorporated into the specific plant
test procedure document. The model is finalized following purchase of all major equipment and receipt of performance

information from all vend

ors.

Correction factors listed
factors may be appropria
Correction factors assu
transient startup or shutd

5-7.1 Correction Facto
See Table 5-7.1-1.

5-7.2 Correction Facto
See Table 5-7.2-1.

5-7.3 Correction Facto
See Table 5-7.3-1.

5-7.4 Use of Performa

In lieu of applying corrg
using appropriate test da
simultaneously. An advant
performance model can b

5-7.5 Use of ¢1, &1, K1

Composition changes m
performance of the ESS. T
following:

(a) fractionation, such

(b) degradation, such a4

(c) reaction with conta

Sampling and analysis

5-8 EQUATIONS FOR (

The cycle test boundary
energy within those storag
5-7.3-1 are used to adjus
secondary energy, and fug

in Tables 5-7.1-1 through 5-7.3-1 are not exhaustive. Additional or alternative correction
e for some ESSs.

ne steady-state operating conditions. Additional correction factors may be applied during
own to account for warm-up and cool-down of charging and discharging components.

's for Discharging

rs for Charging

rs for Standby

hce Model

ction factors to the equations, it is acceptable to apply the performance model after the test
a and boundary conditions so that all corrections for the particular test run are calculated
hge of this approach is that interactions between correction factors are fully compensated. The
e used to develop an uncertainty cloud for performance measurements.

and A; Correction Factors

hy affect the thermodynamic and transpott properties of the storage medium and hence the
he composition of the storage medium.may differ from the reference case due to any of the

hs preferential boil-off of oxygensin liquid air energy storage tanks

s conversion of nitrate to nitsite in molten salt systems

ners and piping

f the composition of the storage medium are outside the scope of this Code.

LYCLE TESTS

ncorporatesithe storage reservoirs, and the cycle test must begin and end at the same internal
e reservoirs. Additive and multiplicative correction factors defined in Tables 5-7.1-1 through
test measurements to a common reference condition. The flow rates of primary energy,
| are-theasured and corrected during the test cycle.

The corrected rate of p|

Fimary energy flow out of the ESS (i.e., discharge output power) is calculated as follows:

For systems that do no
discharge, the corrected r:

The corrected rate of p

) m
oo = G+ Ty [T -

t use fuel for discharge, the corrected fuel input is zero. For systems that use fuel during
ate of fuel input during discharge is calculated as follows:

l m
Q—D,corr = (QD,meas + zi=1 wi)szl ﬁ] (5-7-2)

rimary energy flow into the ESS (i.e, charge input power) is calculated as follows:
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l m
Fe,corr = (PC,meas + Zi:l Q)H]’:l 7 (5-7-3)

For systems that do not use secondary energy, the corrected rate of secondary energy into the ESS is zero. For systems
that use secondary energy, the corrected value is calculated as follows:

The corrected primary energ
test cycle multiplied by the du

1 m 2
chcle,corr = (chcle,meas + Zi=1 gi)Hj=1 V’j (5-7-4)

y into the system during charging is the average of the corrected charge power during the

ration-oftha-charaa cucla:
FaHeh—o+—+H £ yEres

The corrected discharge ene
duration of the charge cycle:

The corrected standby energ
duration of the charge cycle:

The corrected fuel heat rate
relevant corrected quantity (ful
output from the ESS. These rq

For systems that do not use
corrected fuel heat rate is exp

The corrected discharge pri

For systems that do not us¢g
energy, the corrected discharg

Discharge duration is measu
The corrected overall stora

Neorr

YC,corr,cycle = PC, corr tcycle (5-7-5)

gy is the average of the corrected discharge power during the test cycle multiplied by the

YD,corr, cycle = PD,corr tcycle (5-7-6)

y is the average of the corrected discharge power during the test cycle multiplied by the

Beorr, cycle = Beorr tcycle (5-7-7)
corrected primary energy rate, and corrected secondary energy rate,are ratios of the
el energy, primary energy, and secondary energy) input to the ESS te the primary energy
tios may be calculated for the cycle or for charge, standby, and discharge intervals.

fuel, the corrected fuel heat rate is zero. For systems that use fuel during discharge, the

ressed as

QD corr
FHRcorr,cyde = Y, (5-7-8)
D, corr,cycle
mary energy rate is expressed as
¥Ye corr,cycl
,corr,cycle
PERcorr,cycle = (5-7-9)

YD, corr,cyclé

secondary energy, the secondary energy rate is zero. For systems that use secondary
e secondary energy rate is expyessed as

X

Corr,cycle

SER (5-7-10)

corr,cycle-T=
’ Yp ,corr,cycle

red rather than cdlculated and may be affected by the composition of the storage medium.
be efficiency is\alculated as follows:

Yp ,corr,cycle

(5-7-11)
YC,corr,cycle + QD,corr,cycle + XD,corr,cycle + BD,corr,cycle
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Table 5-7.1-1
Correction Factors for Discharge Performance

Correction
Factor Description

w1, 44, P Additive correction factors to power, fuel input, and energy input from storage, respectively, to correct to base reference
thermal efflux to another process

w2, 43, P2 Additive correction factors to power, fuel input, and energy input from storage, respectively, to correct to base reference
generator power factor

w3, 43, ¢P3 Additive corrgction factors to power, fuel input, and energy input from storage, respectively, to correct to base reference steam
generator plowdown

Wy, A4, Py Additive cortfection factors to power, fuel input, and energy input from storage, respectively, to correct to base reference

Wsa, Asp, Psa

wsg, Asp, Psp

wsc, Asc, Psc

we, A6, Po

w7, 47, 7

wg, g, ¢g

o

ay, P1, €1, 1

@z, B2, €2, Mz

as, P3, €3, U3

Ay, Pa, €4y P4

as, fs, €5, Us

ag, Per €6 Mo

az, B7, €7, U7

asg, Ps, &g, Ug

&9
&1
Y1

secondary

Additive corn
air conditi

Additive cory
circulation|

Additive cory
condenser

Additive cory
auxiliary 1

heat inputs

ection factors to power, fuel input, and energy input from storage, respectively, to correct to base reference jinlet
bns at the cooling tower or air-cooled condenser air inlet

ection factors to power, fuel input, and energy input from storage, respectively, to correct to base/eference
water temperature

ection factors to power, fuel input, and energy input from storage, respectively, to correct to-base reference
pressure

ection factors to power, fuel input, and energy input from storage, respectively,tocorrect to base reference
ads

Additive correction factors to power, fuel input, and energy input from storage, respectively, to correct for measured power

different fy
disposition

Additive corrf
temperatu

Additive cort

Multiplicativ
respective

Multiplicativ
respective

Multiplicativ
respective

Multiplicativ
respective

Multiplicativ
respective

Multiplicativ
respective

Multiplicativ

om specified if test goal is to operate at a predetermined power; can alsobe used if required unit operating
is not as required

ection factors to power, fuel input, and energy input from storage,\respectively, to correct to base reference fuel
e

ection factor to energy input from storage to correct te,base reference composition of the storage medium

correction factors to power, fuel energy input, efergy input from storage, and mass flow rate from storage,
y, to correct to base reference ambient temperature

correction factors to power, fuel energy input, energy input from storage, and mass flow rate from storage,
y, to correct to base reference ambient pressure

correction factors to power, fuel'energy input, energy input from storage, and mass flow rate from storage,
y, to correct to base reference-ambient relative humidity

correction factors to power,/ fuel energy input, energy input from storage, and mass flow rate from storage,
y, to correct to base referénce fuel supply temperature

correction factofs/to power, fuel energy input, energy input from storage, and mass flow rate from storage,
y, to correct to\base reference fuel analysis

correction factors to power, fuel energy input, energy input from storage, and mass flow rate from storage,
ly, to_correct to base reference grid frequency

correction factors to power, fuel energy input, energy input from storage, and mass flow rate from storage,

respectivel

Yy, To correct to base reference blowdown mass [lOw rate

Multiplicative correction factors to power, fuel energy input, energy input from storage, and mass flow rate from storage,
respectively, to correct to base reference internal energy of storage

Multiplicative correction factor to efflux of energy from storage to correct to base reference composition of the storage medium

Additive corr

ection factor to influx of secondary energy during discharge to correct to base reference secondary energy input

Multiplicative correction factor to influx of secondary energy during discharge to correct to base reference secondary energy

input
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Table 5-7.2-1
Correction Factors for Charge Performance

Correction
Factor Description
01, 02, 03 Additive correction factors to primary energy input to correct to base reference ambient temperature, pressure, and relative
humidity, respectively
Ty, Tz, T3 Multiplicative correction factors to primary energy input to correct to base reference ambient temperature, pressure, and
relative humidity, respectively
mq, Ty, T3 Multiplicative corrction factors to mass flow rate into storage to correct to base reference ambient temperature, pressure, and
relative humidify, respectively
Kq Additive correctioh factor to influx of internal energy into storage to correct to base reference composition of the storage
medium
M Multiplicative correction factor to influx of internal energy into storage to correct to base reference composition of the storage
medium
& Additive correctiop factor to influx of secondary energy to correct to base reference secondary energy input
{1/ Multiplicative corfection factor to influx of secondary energy to correct to base reference secondary energy iaput
Table 5-7.3-1
Correction Factors for Standby Performance
Correction Factor Description
6; Additive correction factor to influx/efflux of standby energy to correct to account for unmetered energy flows
{1 Multiplicative correction factor to influx/efflux of standby, energy to correct to base reference temperature

46



https://asmenormdoc.com/api2/?name=ASME PTC 53 2022.pdf

ASME PTC 53-2022

Section 6
Report of Results

6-1 GENERAL REQUIRI

The test report for a pd
(a) Executive Summary
(b) Introduction

(c) Control Boundary
(d) Calculation and Reg
(e) Instrumentation
(f) Results Discussion
(g) Conclusions

(h) Appendices

This outline is a recomm

EMENTS

rformance test should incorporate the following general requirements:

ults

ended report format. Other formats are acceptable. However, a report of the’ESS performance

test should contain, as a fninimum, this information, described in detail in subsections 6-2 through 6-9.

6-2 EXECUTIVE SUMMARY

The Executive Summar
(a) general information
including the test objective
and storage duration)
(b) date and time of th
(c) signature of each te
(d) signature of each r
(e) approval signatureg
(f) summary of the res
(g) comparison with th
(h) any agreements amnj
requirementsincludingad
of the test due to the dev|

6-3 INTRODUCTION

The Introduction of the
(a) authorization for th
whom the test is directed|
(b) any additional geng
(1) a historical persg

 shall be brief and shall contain the following:
about the ESS (i.e., the ESS type and operating configuration), the test, and the test objective,
values (e.g.,, determination of heat rate, primary energy rate, charge power, discharge power,

e test
st coordinator
bviewer

ilts of the test including uncertainty and conclusions reached

e contract guarantee

ong the parties to the test (e(g.) an agreement to allow any major deviation from the test
escription of why the deviationioccurred, the mitigation plan, and the impact to the uncertainty
ation)

test report shallinclude the following:

E test, the objeet of the test, contractual obligations and guarantees, stipulated agreements, by
and th€ representative parties to the test

ral information about the ESS and the test not included in the Executive Summary, such as
ective) if appropriate

(2) acycle diagram s

howing the test boundary (see Nonmandatory Appendix A, Figure A-3-1, and Nonmandatory

Appendix B, Figures B-2-1 through B-5-1 for examples of test boundary diagrams for specific ESS types or test goal)

(3) description of the
test result
(c) alisting of the repr

equipment tested and any other auxiliary apparatus, the operation of which may influence the

esentatives of the parties to the test

(d) any pretest agreements that were not tabulated in the Executive Summary, including a detailed description of
deviations to the test procedure during the test, their resolution, and effect on the test results

(e) the professional affiliations of the test personnel

(f) test goal per Sections 3 and 5

47



https://asmenormdoc.com/api2/?name=ASME PTC 53 2022.pdf

ASME PTC 53-2022

6-4 CONTROL BOUNDARY

As this Code covers different

types of ESSs, the test party or parties shall agree on the boundary conditions for the ESS

before the test and shall include the same in the test report. The Control Boundary section of the test report shall also

include
(a) a suitable schematic of
(b) alist of primary inputs

the ESS with all its key equipment
and outputs crossing the boundary

(c) alist of secondary inputs and outputs crossing the boundary
(d) alist of primary parameters to be measured

(e) a list of secondary parag

£,

tao-ba masciiead
TeteFS—to—BetReasturea

6-5 CALCULATIONS AND RESULTS

The Calculations and Result
(a) the method of the test
(b) the format of the genera
(This is repeated from the teg

(c) a tabular summary of
results and a summary of ad

(d) a step-by-step calcula
Nonmandatory Appendices A
test goal.

(e) adetailed calculation of
results, if required. Examples o
rates.

(f) detailed calculations ofh
using ASME PTC 4 and waterH

(g) detailed calculations of
factor, and heating value). Thg

(h) any calculations showin

(i) a comparison of repeata

(j) correction factors applie

(k) primary measurement 1

(1) test performances stated

(1) test results computed
applied
(2) test results corrected

(m) a tabular and graphica

(n) discussion and details d

(o) discussion of the test, if

6-6 INSTRUMENTATION

s section of the test report should include, in detail, the following:

nd operating conditions.

performance equation that is used, based on the test goal and the applicable corrections,
t requirements for convenience.)

itional operating conditions that are not part of the reduced data.
ion of test results from the reduced data, including the probable uncertainty. See
and B for examples of step-by-step calculations for a representative ESS type and

Ia:easurements and observations, including the reduced data necessary to calculaté the

primary energy and/or material flow rates from applicable data, including intermediate
primary flow rates are electrical power, fuel flow rates, and, if cogengeration, process flow

bat input from fuel from any heat engine used to charge the ESS{(e.g., coal-fired power plant
or steam-side measurements).

uel properties for any heat engine used to charge the ESS (e.g., density, compressibility
values of constituent properties used in the detailed calculations shall be shown.

g elimination of data for outlier reason, or for ahyZéother reason.

bility of test runs.

d because of deviations, if any, of test conditions from those specified.

ncertainties, including method of application.

under the following headings:

on the basis of the test operating conditions, instrument calibrations only having been

to specified conditions if test{opéerating conditions have deviated from those specified
presentation of the test results.

f the test results uncertainties.

s results, and conclusions.

The Instrumentation sectio
(a) a tabulation of instru
number, tag name and numb
(b) a description of the ins

(c) the means of data collecki

computer printout, or manual
(d) the identification of the

of the test\report shall include the following:

ntation_used for the primary and secondary measurements, including make, model
r, efficiehcy, uncertainty of each instrument, calibration date, and bias value
rumentation location

data sheet, and any identifying tag number and/or address of each)
instrument used as backup

(e) a description of the data acquisition system or systems used
(f) a complete description of methods of measurement not prescribed by the individual code
(g) a summary of pretest and posttest calibration

6-7 RESULTS DISCUSSION

This Results section of the test report should include the following:

(a) a more detailed discuss

ion of the test results, if required
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(b) any recommended changes to future test procedures resulting from a “lesson learned” evaluation

6-8 CONCLUSIONS

The Conclusion of the test report shall summarize the following:

(a) performance parameters obtained from the test

(b) a comparison, if any, with the standard (“guaranteed” or desired) performance parameters
(c) a qualitative and/or quantitative concluding remark on the test results

6-9 APPENDICES

Appendices to the test feport should include the following:

(a) the test requiremerts

(b) copies of original dpta sheets or data acquisition system printouts, or both

(c) copies of operator logs or other recordings of operating activity during each test

(d) copies of signed valye line-up sheets, and other documents indicating operation in the required configurationand
disposition

(e) the results of laboratory fuel analysis

(f) instrumentation calibration results from laboratories or certification from manufacturers
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Section 7
Test Uncertainty

7-1 INTRODUCTION

Test uncertainty is an estima
true value with a given probabi
instrumentation information,
with a 95% level of confidend

This Code addresses test ur

te of the limit of error of a test result. It is the interval about a test result that contains the
ity or level of confidence. Itis based on calculations using statistics and probability theory,
alculation procedure, and actual test data. This Code requires uncertainty be reported
e.

certainty in

(a) Section 1, which defines naximum allowable test uncertainties above which the testis not acceptable for eachtype,

or configuration, of ESS.
(b) Section 3, which defines
the test. These uncertainty an
(c) Section 4, which descril
(d) Section 7 and Nonmand
uncertainty.
ASME PTC 19.1 covers gen
Nonmandatory Appendix A.

7-2 PRETEST UNCERTAIN]

A pretest uncertainty analy
decrease the uncertainty to a
while still attaining the obje
number of observations that ¥

the requirements for pretest and posttest uncertainty analyses and how theysareused in
hlyses and limits of error are defined and discussed in para. 3-5.2.1.

es the systematic uncertainty required for each test measurement.

tory Appendix A, which provide applicable guidance for calculating prétest and posttest

bral procedures for calculation of test uncertainty. A sample’¢alculation is shown in

[Y ANALYSIS

bis shall be conducted to allow corrective action:te’be taken before the test, either to
level consistent with the overall objective of thée“test or to reduce the cost of the test
tive (see para. 3-5.2.1). An uncertainty analysis is also useful for determining the
vill be required.

7-3 POSTTEST UNCERTAINTY ANALYSIS

A posttest uncertainty analy:
uncertainty analysis shall verif]
be examined for sudden shifts
degrees of freedom and the star]

results and to expose problen}

7-4 INPUTS FOR AN UNCE

To perform an uncertainty af
required measurements and t
estimating the uncertainty an

The following is a sample lis

is shall be conducted to determinethe uncertainty intervals for the actual test. A posttest
y the assumptions made in the pretest uncertainty analysis. In particular, the data should
and outliers. The assumptions for random errors should be checked by determining the
dard deviation of eachfmeasurement. This analysis serves to validate the quality of the test
S.

RTAINTY ANALYSIS

alysis for atroverall ESS, test inputs are required to estimate the uncertainty of each of the
ne sensitivity of each of the required measurements on corrected results. Guidance on
I calculating the required sensitivity coefficients can be found in ASME PTC 19.1.

t of'some of the items that should be considered when developing a pre- and post- test

uncertainty analysis:

(a) calibration methodology
(b) linearity or nonlinearity of instruments
(c) different uncertainties of instruments (e.g., hysteresis or sensitivity)

(d) spatial uncertainty

(e) uncertainty of data acquisition system

(f) method of calibration and corresponding regression

(g) actual operating conditions for instrument versus designed use of instrument, and signal degradation, manipula-
tion, compression, or dead band application before reading
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NONMANDATORY APPENDIX A

SAMPLE CALCULATIONS FOR A COMBINED CYCLE

A-1 GENERAL

This Appendix demonstt
storage providing 100% o
discharge tests. The nume
corrections apply to this

A-2 TEST OBJECTIVES

The performance test go|
is achieved by multiplying
standby losses is not a te

(a) Discharge Interval ]

(1) corrected net dis
(2) corrected net dis
(3) corrected net dis
(4) corrected net dis
(b) Charging Interval T
(1) corrected charge
(2) corrected charge
(3) corrected rated d
(c) Overall Test Goal. T

A-3 PLANT DESCRIPTI

The ESS for this sample d
the ESS test boundary as §
within the test boundary

A-3.1 Equipment

The major equipment i
(a) Molten Salt Storage
diameter, with a usable he
and 14 000 metric tons, res
nitrite, and sodium nitrate

POWER PLANT ESS

ates the calculating procedure for an ESS in a combined cycle power plant with thermal energy
f the evaporator duty. The test uses the interval test method applied to separate chargeand
Fical values of the corrections and the number of independent variables used to calculdte the
bxample only. Unique corrections shall be developed for each specific plant.

hls are accomplished by a discharge interval testand a charge interval test. Fhe overall test goal
the corrected stored energy rates from the charge and discharge interval tests. Calculation of
5t goal.

[est. The test goals for the discharge interval test are

charge power

charge fuel heat rate

charge stored energy rate

charge interval

pst. The test goals for the charging interval test ange

power

stored energy rate

ischarge duration

he overall test goal is to determine thé\primary energy rate.

ION

alculation is integrated witha93/45MW-gross combined cycle plant. The entire plant is within
hown in Figure A-3-1. Boundaries for the charge interval test and discharge interval test are
and exclude the moltensalt storage reservoirs.

ems of the ESStare

bystem (MSSS)-"The MSSS comprises two molten salt tanks, each with a 31.70 m (104 ft) inside
ght of 12,0 m (39.37 ft). The maximum capacity of the hot and cold tanks is 13 100 metric tons
pectively, of heat transfer salt (Hitec), which is a eutectic mixture of potassium nitrate, sodium
Rated average molten salt discharge temperatures are 425°C and 250°C for the hot and cold

tanks, respectively. The to

al salt invnnfnry delivered was 13 000 metric tons, which was melted and distributed within

tanks, heaters, and piping

(b) Molten Salt Steam Generator (MSSG). The MSSG is a single-pressure drum boiler that uses hot salt to produce
saturated steam from subcooled feedwater supplied by the heat recovery sensible heater. Blowdown is discharged across

the test boundary.

(c) Molten Salt Discharging System. The molten salt discharging system includes a pump to transfer salt from the hot

tank through the MSSG to

the cold tank.
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Figure A-3-1
System Boundary for Energy Storage Combined Cycle Power Plant, With Boundaries for Discharge Test and Charge Test

- Air Spray Fuel Air Air Makeup Stack gas
Electricity
+ A A
- - - _ - - - - - - - - - - T - T - T _ __i____Tl
| ]
| Air-cooled : |
| condenser, | |
[ IS ) Steam |
! GEN Mﬂe Condensate : !
' 4 & cleanin I |
g I
I system : |
. |
| ]
Y : |
! () Y Il
! U | l
| Y Gas Deaerator 44— |
| B —Y_ | turbine  Y_— : |
.- { GEN N
| i | S ,Lg , |
I
I : |
I : |
- - - Ak ] y Y Il
ppwer : |
! I
| > 1
I
| 1 |
Bt et ; i
\ J P I A Exhaust heat : |
Molten " : recovery ! |
I
ch:flt'n > Hot ' : |
ging tank : \: |
sysfem | > > ) : |
|
I
o I : |
e S D) | |
I
I
|
Cold : Mc:lten salt t |
tank : steam generator : |
Charge | : !
interval test _ : I |
boundary | Discharge interjal test boundary Jl |
- -
y Blowdown ESS test boundary

2202-€S J1d INSY


https://asmenormdoc.com/api2/?name=ASME PTC 53 2022.pdf

ASME PTC 53-2022

(d) Molten Salt Charging System (MSCS). The MSCS includes a pump to transfer salt from the cold tank through a heater
comprising 12 parallel 10 MW medium voltage resistance heaters. Flow rate and power are controlled to deliver a salt
temperature of 427°C at the heaters’ exit, which provides a margin to meet the MSSS hot tank rated discharge temperature

specification after losses.

(e) Molten Salt Auxiliaries. Molten salt auxiliaries include heat tracing and a nitrogen blanket system.

(f) Gas Turbine Generator (GTG). The GTG produces 49.95 MW at ISO conditions (15°C, 60% relative humidity, sea
level) and is an aero-derivative type with water spray intercooling (SPRINT).

(g) Steam Turbine Generator (STG). The STG produces 43.50 MW at ISO conditions, with live steam at 35 bar/425°C,
condensed at 0.088 bar by an air-cooled condenser. There is a single extraction at 3.824 bar to provide pegging steam for a

deaerator.
(h) Exhaust Heat Recov
with the MSSG and a low
(i) Water Treatment Sy
water for the gas turbine
(j) Step-Up Transformen
and used by the MSCS an

A-3.2 Operation

The operation of the E

ry. Recovery of exhaust heat is performed by superheater and economizer sections in series
pressure condensate heater to preheat condensate for the deaerator.
tem (WTS). The WTS includes blowdown treatment, condensate polishing, and demineralized
SPRINT.

The step-up transformer converts medium voltage electricity produced by the GTG and STG
l plant auxiliaries to high voltage.

S includes discharging, charging, and standby modes.

A-3.2.1 Discharge Ope

ating Mode. During discharge, hot molten salt is pumped from the hot tankthrough the MSSG

to produce saturated stear, and the cooled molten salt is transferred to the cold tank. Combustign turbine exhaust gas
heats feedwater to the MSYG and superheats steam from the MSSG. Steam exhausted from the turbine is condensed by an
air-cooled condenser. The fondensate is polished, pumped through a low-pressure exhaust-gaspreheater, and deaerated
using pegging steam extradted from the steam turbine. Feedwater is pressurized for delivery to the exhaust gas feedwater
heater. Blowdown is used [to control the accumulation of dissolved solids in the steam generator, and makeup water is

introduced to compensatg for water lost from the steam cycle.
The combustion turbing operates to effect the discharge of stored energy. Inlet dir is filtered and compressed with
SPRINT. Fuel heats the conppressed air, which produces power before exhausting into the heat recovery system. Exhaust

gas is cooled by successi
condensate.

heat transfer coils to provide superheated stean, economized feedwater, and preheated

Power from the generatprs is primary energy and crosses the test boundary at the transformer. The system uses fuel

energy during discharge.

A-3.2.2 Charge Operat
that draw power from ou
Power to the electric hed
energy crosses the test b

A-3.2.3 Standby Opera

here is no secondary energy during discharge.

ng Mode. During charging, molten salt is pumped from the cold tank through electric heaters
Eside the test boundary. The heated salt is then stored in the hot tank.

ters is primary energy and crosses the test boundary at the transformer. No fuel or secondary
undary during charging,

ing Mode. During standby, heat is passively lost from the storage tanks, resulting in atempera-

ture decrease of the molten salt. The decrease is dependent on duration of the standby mode, ambient temperature, and

the temperature of the salt
over the months following

within the tanks *Heat losses through the tank bottom into the foundation and earth will vary
plant commissioning until an equilibrium temperature profile is established in the ground.

Electric heat tracing maly be activated-to maintain the temperature of molten salt piping, pumps, valves, and instru-

ments above the freezing
During extended standb
the electric heaters.

point of the salt (142°C).
i perieds or layup, energy may be added to the salt by periodically circulating the salt through

A-3.2.4 Startup Losses

. Energy lost irom the molten salt components, beyond that replaced by operation of the

electric heaters during standby, reduces the temperature of the plant equipment. The plant equipment is reheated
during startup of charging or discharging by heat transfer from the molten salt or the combustion turbine exhaust,
by heat recovery equipment, and by indirect heat transfer to steam cycle components from the molten salt and
exhaust heat.
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A-4 DISCHARGE INTERVAL TEST

A-4.1 Discharge Interval Test Objectives

The discharge interval test is undertaken in accordance with this Code to measure the following:

(a) corrected net discharge
(b) corrected net discharge
(c) corrected net discharge
(d) corrected net discharge
The measured values are co

power
fuel heat rate
stored energy rate

interval
ared with the rated values listed in Table A-4 1-1

Table A-4.1-1
Plant Ratings

Param

bter Rated Value

Net discharge power
Net discharge fuel heat rate
Net discharge stored energy rate

Net discharge interval

91991 kW

4877 kJ/kW h (4,623 Btu/kW h) lower heating value
3251 kJ/kW h (0.903 kW h/kW h)

10.0 h

A-4.2 Discharge Interval T

The test objectives can be sat|
Figure A-3-1, with the storage
The measurement points fo
(a) power measured at the
(b) fuel input to the gas tu
(c) inlet air conditions at t
(d) inlet air conditions to t
(e) molten salt flow rate an
(f) blowdown flow rate and
(g) makeup water flow ratg

est Boundary

sfied by a test of the discharge system using the discharge interval téstboundary shown in
tanks and charging system outside the test boundary.

I the discharge calculation are as follows:

plant side of the step-up transformer

bine [specified as lower heating value (LHV) for reference]

16 entrance to the gas turbine filter house

e air-cooled condenser
d salt temperature in and out of the MSSG
temperature from the MSSG

and temperature

A-4.3 Discharge Rating and Test Conditions

The test requirements are
(a) GTG and STG at base log
(b) blowdown is isolated
For the sample calculation

A-4.4 Discharge Correctio

This plant does not use sec
Tables 2-2-1 and 2-2-2.
The corrected discharge po

ased on fixed unit dispositio, which for this example means that
ad are in steady state

hat follows, the rating, test, and corrected conditions are shown in Table A-4.3-1.

n Factors

ndary energy,/so the following fundamental equations apply. All terms are defined in

ver is

(A-4-1)

l m
Pp corr = (Preas + z,-_] Ai)H,-_] a;

The corrected fuel input for discharge is

)
Q,core = (Quneas + 2 V[T 4 (a-4-2)
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Table A-4.3-1

Rating and Test Conditions

Condition

Rating

As Tested

Power

Fuel

Ambient air temperature
Ambient air pressure

Ambient air relative humidity

91991.3 kW

124642 kW (425.29 MMBtu/h)
15.0°C

1.01325 bar absolute

82208.8 kW

107658 kW (367.35 kW)

26.7°C
0.951 bar absolute

Blowdown flow ]J

Molten salt flow from hot tan
Molten salt temperature
From hot tank
To cold tank

Molten salt mass available for

Stored energy flow rate from dtorage

Calculated fuel heat rate
Calculated stored energy rate

Calculated discharge duration

4623 Btu/kW h
0.925 kW h/kW h
10.02 h

60% 70%
0.465 kg/s 0.0 kg/s
3189 kg/s 342.6 kg/s
425.0°C 419.0°C
258.3°C 258.8°C

discharge 11500 metric tons 11975 metric tons
83030 kW 85687 kW

4469 Btu/kW h
1.042 kW h/kW h
931h

The corrected energy imput from storage during discharge input is

Corrected fuel heat ratg

is expressed as

1 m
ED,corr = (AUD + Zizl (ﬂi)szl &

Corrected primary enetgy rate is expressed as

For this plant, which use]
medium, the internal ener
interval, indicated by the

The rated discharge dur:

Q—D corr
FHR (o = -
PD,corr
Ep corr
PER o = X
PD,corr

(A-4-3)

(A-4-4)

(A-4-5)

s incompressible liquid (molten salt) as both the energy storage medium and the heat transfer
by term equals the average rate of heat flow from the molten salt storage system over the test
bar over the quantityon the right-hand side, where m is the mass flow rate of salt.

AU = ricy AT (A-4-6)

htion is the mass in hot storage divided by the rated discharge mass flow rate. Accordingly, the

corrected discharge duratfion is

Mavail

— (A-4-7)
mrated”-_ M

tp ,corr —

Other specific simplifying assumptions for this example in regard to the variables in eqgs. (A-4-1) through (A-4-7) are

described in para. A-4.4.1

A-4.4.1 Additive Correction Factors. The additive correction factors in this paragraph apply to fuel heat input, w;
power output, 4; and energy input, ¢, from storage and during discharge tests.

(a) There is no process

steam flow from the plant, so the thermal efflux additive corrections w1, 4, and ¢, are zero.

(b) The power factor is specified as a constant value of unity during charging and discharging and will not vary, so the

additive corrections w,, 4

2, and ¢, are zero.

(c) The blowdown flow rate is zero so the additive corrections w3, 43, and ¢3 become zero.
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(d) Thereis no process condensate return to the plant and, because blowdown is isolated, the makeup water require-
ment is too small to be meaningful, so the additive correction factors w,, 4,4, and ¢, are zero.

(e) Heat rejection is within

the test boundary, so the additive correction factors ws, 4s, and ¢s are zero.

(f) Auxiliary loads are within the test boundary, so the additive correction factors we, 46, and ¢4 are zero.
(g) The specified disposition for discharging is baseload, so the additive correction factors wy, 4;, and ¢ are zero.

(h) Fuelissupplied atappro
(i) Molten salt composition

ximately the rated temperature, so the additive correction factors wg, 4g, and ¢g are zero.
is per specification so the additive correction factor ¢q is zero.

(j) There is no secondary energy input to the plant, so the additive correction factor &; does not apply.

A-4.4.2 Multiplicative Corrg

power, a; thermal heat from fug
efflux from storage, .

| during discharge, ; thermal heatinput from stored energy durig discharge, ¢; and ma

SS

(a) Theambientairtemperajture atthe testboundary varies from the reference condition, so multiplicative corrections

ay, B1, €1, and py apply.

(b) Theambientair pressurg
B2, &2, and uy apply.

(c) Relative humidity of amH
tions as, B3, €3, and uz apply.

(d) The fuel supply tempera
and pu, are unity.

(e) The fuel compositionis

(f) The grid frequency durin|
unity.

(g) Theblowdown isisolate
7 apply.

(h) Losses from the therma|
crossing the test boundary, sd

(i) The molten salt compos

(j) There is no secondary e

The test equations for this

A-4.5 Plant-Specific Corre

A process model established
conditions to develop correcti
(a) ambient temperature

(b) ambient pressure

atthe testboundary varies from the reference condition, so multiplicative corrections a,,
ient air at the test boundary varies from the reference condition, so multiplicative corrée-
fure during the test is constant at the design value, so multiplicative corrections.dy;f4, €4,

elatively close to the design value, so multiplicative corrections as, fs, €5, and 5 are unity.
o the test is constant at the design value, so multiplicative corrections ag, fs-€6, and g are

] during the test to establish a known flow rate, so multiplicative cotrections a5, 7, €7, and

storage system (hot and cold tanks, piping, and pumps) affect’the temperature of salt
multiplicative correction factors ag, fs, €g, and pg apply.

tion is as delivered by the vendor, so the multiplicative*correction &g is unity.
hergy input to the plant, so the multiplicative correction factor 1); does not apply.
pecific plant under discharge test become

PD,corr = PD,measal ) 03 a7 ag (A-4-8)
QD,corr = QD,meas ﬂl ﬁ2 ﬁ3 ﬂ7 ﬂS (A-4-9)
Ep corr = (mdischargeCpAT>meaS€1 & E387 83 (A-4-10)
PDeorr = 7 Prated (A-4-11)

Mmeas H1 Koy H3 H7 Hg

ction Factors

performanee.dt the rated conditions and was used to assess the performance at off-design
pn factors for the following variations from the rated conditions:

(c) ambient relative humid
(d) blowdown flow rate

.
“y

(e) molten salt temperature

A-4.5.1 Ambient Temperature Correction. The ambient temperature affects flow through the combustion turbine and

heat recovery system and the

condensing temperature of the steam cycle. Low ambient temperature performance as

shown in Table A-4.5.1-1 reflects control system interactions. Polynomial curve fits of the form c = kg + k1 T + ko T? + k3T
were developed from data shown in Table A-4.5.1-1 and are plotted in Figure A-4.5.1-1 . Coefficients are listed in Table

A-4.5.1-2.
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Table A-4.5.1-1
Predicted Performance at Different Ambient Temperatures

Energy From Storage,

Ambient Temperature, °C Net Power, KW Fuel, MMBtu/h kw Salt Flow Rate, kg/s
40 741619 346.6 84815.76 325.878
35 78445.7 362.5 84318.99 323914
30 82754.3 381.41 83876.81 322.178
25 86827.7 399.94 83470.33 320.588
20 896955 443 8325742 349743
15 91991.3 425.29 83030.46 318.879
10 93791.2 436.63 83075.06 319.061
5 93792.2 436.28 82515.6 316.798
0 93249.1 433.08 85706.58 329.672
Figure A-4.5.1-1
Ambient Temperature Multiplicative Correction Factors
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Table A-4.5:1-2
Coefficients for Ambient Temperature Correction Factors

Coefficient
Ambient Temperature Corr¢ction Factor 7 T? T T°
a -163507 E-07 0.00023344 -0.002718763 0.987024
fi =2143924 E-06 0.000341341 -0.003604555 0.982492
&1 3.12945 E-06 -0.000244001 0.004920737 0.974647
Uy 3.27358 E-06 -0.000254845 0.005146568 0.973441
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