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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General
Instructions. The following information is based on that document and is included here for

eMpitasis and fortheconverniernce of the user of theCode Tt isexpectedthattheCodeuser 15
fully cognizant of Sections 1 and 3 of ASME PTC 1 and has read them prior to applying this
Code.

ASME Performance Test Codes provide test procedures that yield results of the highest level
of accuracy consistent with the best engineering knowledge and practice currently available.
They were developed by balanced committees representing all concerned interests and,specify
procedures, instrumentation, equipment-operating requirements, calculation methods,'and uncer-
tainty analysis.

When tests are run in accordance with a Code, the test results themselves, witheut adjustment
for uncertainty, yield the best available indication of the actual performance 0f the tested equip-
ment. ASME Performance Test Codes do not specify means to compare thoserésults to contractual
guarantees. Therefore, it is recommended that the parties to a commercialtest agree before starting
the test and preferably before signing the contract on the method t0 be used for comparing the
test results to the contractual guarantees. It is beyond the scopé of any Code to determine or
interpret how such comparisons shall be made.
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FOREWORD

ASME Performance Test Codes (PTCs) have been developed and have long existed for determin-
ing the performance of most major components used in electric power production facilities. These

major component focused performance test codes served the industry well until changes in the
electric power generation industry exposed the need for a code addressing overall power plant
performance testing. In response to these needs, the ASME Board on Performance Test-Codes
approved the formation of a committee (ASME PTC 46) in June 1991 with the charter of develéping
a code for the determination of overall power plant performance. The organizational meéeting of
this Committee was held in September 1991. The resulting Committee included experienced and
qualified users, manufacturers, and general interest category personnel from both the regulated
and non-regulated electric power generating industry.

In developing the first issue of this Code, the Committee reviewed common industry practices
with regard to overall power plant and cogeneration facility testing. Th& €ommittee was not able
to identify any general consensus testing methods, and discovered many-conflicting philosophies.
The Committee has strived to develop an objective code which addresses the multiple needs for
explicit testing methods and procedures, while attempting td_provide maximum flexibility in
recognition of the wide range of plant designs and the mulfiple needs for this Code.

The first edition of ASME PTC 46 was found to be very béneficial to the industry, as predicted.
It was applied around the world by reference in conttracts, as well as applied as the basis of
ongoing plant performance engineering activities.

The committee members met about seven years@fter the initial publication to discuss lessons-
learned from experience with code applications, that required strengthening or otherwise modi-
fying the Code. New members with extensiveexperience using the Code were at that time brought
on to the committee.

All sections were revamped, based efthe lessons-learned study and industry assessment, to
clarify unforeseen misinterpretationistand to add more necessary information.

Section 3 was revised to sharpen-the descriptions of the fundamental principles used for an
overall plant performance test,'and to present information in a more organized fashion.

Section 4 was rewritten. The instrumentation technology was brought up-to-date, and more
in-depth information was\ptovided for each type of instrument, including harmonization with
ASME PTC 19.5. ASME PTC 46 was the first ASME Performance Test Code to clearly differentiate
between calculatedvariables and measured parameters, and classify them as primary or secondary.
Instrumentationfreqtiirements were thus determined as being Class 1 or Class 2. As such, selection
of instrumentation was made more structured, economical, and efficient. This information was
clarified fufther in the Section 4 revision. Details concerning calibration methodology both in the
instrumentation laboratory as well as for field calibrations were also added to Section 4.

Details'regarding application of the generalized performance equations to specific power tech-
nologies and test goals have been clarified and expanded in Section 5, providing additional
guidance for various types of plants and cycles. In the decade and a half since the publication
of the original version of this Code, the industry has had sufficient time to study the uncertainty
implications of testing plants with the inlet ajr conditioning equipment in service and also to accrue

a significant body of practical experience in the application of the Code. These developments have
led the authors to conclude that testing with inlet air conditioning equipment in service can be
accomplished within required considerations of practicality and test uncertainty. Based on this,
Section 5 was revised to recommend testing with the inlet air conditioning systems configured
to match the reference conditions provided the ambient conditions allow. The combined cycle
plant phase testing methodology was updated to account for additional parameters when going
from simple cycle to combined cycle operation and incorporates the use of “non-phased” CC
plant correction curves in combination with GT correction curves, which leads to a more accurate
test result while providing more usability for the set of correction curves. Section 5 also provides
more background on development of correction curves from integrated heat balance computer
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models as opposed to non-integrated heat balance computer models of Rankine cycle power
plants. By integrated model, it is meant that the steam generator is integrated into the heat balance
computer model. Additionally, Nonmandatory Appendix H was added to define a methodology to
determine part load test corrected heat rate at a specified reference condition. More direction is
given for testing Rankine cycle power plants in Nonmandatory Appendix E, with two new
detailed sample calculations (one using an integrated model and one using a non-integrated
model) given in the appendices for a coal-fired steam power plant.

A far more detailed uncertainty analysis was published than in the previous edition, and is
in harmony with ASME PTC 19.1. Detailed explanations are provided for each step of the

calculation in Nonmandatory Appendix F.

Lastly, ASME PTC 46 was perceived by some in the industry who had only passing acquaintance
with it as being applicable to combined cycle power plants only. The strengthening of Section)5
applications to Rankine cycles and the more thorough coal-fired plant sample calculations shieuld
go far to change that perception. Performance test engineers who are experienced users\of the
Code also recognize the applicability of the generalized performance equations and test mhethods
of ASME PTC 46 to tests of nuclear steam cycles or, to the thermal cycle of solargower plants,
and other power generation technologies. The committee has added language’ to“the Code to
confirm its applicability to such technologies, and looks forward to adding sample calculations
for nuclear, thermal solar, geothermal, and perhaps other power generation“technologies in the
next revision.

This Code was approved by the PTC 46 Committee and the PTC(Standards Committee on
March 12, 2015. It was then approved as an American National Standatd by the American National
Standards Institute (ANSI) Board of Standards Review on September 25, 2015.
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME Codes are developed and maintained with the intent to represent the consensus
of concerned interests. As such, users of this Code may interact with the Committee by requesting

mtarpratatione—bBroboesia ravisione——oor—a—casa—and—attandina Committaatmaatinas  Corrasbon

tations—propesta— IORS —and—att a-Conn & LFESPOR
dence should be addressed to:

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990

http:/ /go.asme.org/Inquiry

Proposing Revisions. Revisions are made periodically to the Code to incorpefate changes that
appear necessary or desirable, as demonstrated by the experience gained ffom' the application
of the Code. Approved revisions will be published periodically.

The Committee welcomes proposals for revisions to this Code. Such proposals should be as
specific as possible, citing the paragraph number(s), the proposed wording, and a detailed descrip-
tion of the reasons for the proposal, including any pertinent dogumentation.

Proposing a Case. Cases may be issued to provide alternatige rtiles when justified, to permit
early implementation of an approved revision when the need.is urgent, or to provide rules not
covered by existing provisions. Cases are effective immediately upon ASME approval and shall
be posted on the ASME Committee Web page.

Requests for Cases shall provide a Statement of Need and Background Information. The request
should identify the Code and the paragraph, figure, or table number(s), and be written as a
Question and Reply in the same format as existingCases. Requests for Cases should also indicate
the applicable edition(s) of the Code to whieh the proposed Case applies.

Interpretations. Upon request, the PTC Standards Committee will render an interpretation of
any requirement of the Code. Interpretations can only be rendered in response to a written request
sent to the Secretary of the PTC Stdndards Committee.

Requests for interpretation should preferably be submitted through the online Interpretation
Submittal Form. The form is accessible at http://go.asme.org/InterpretationRequest. Upon sub-
mittal of the form, the Inquirer will receive an automatic e-mail confirming receipt.

If the Inquirer is unable'to use the online form, he/she may e-mail the request to the Secretary
of the PTC Standards-Cormmittee at SecretaryPTC@asme.org, or mail it to the above address. The
request for an interpretation should be clear and unambiguous. It is further recommended that
the Inquirer submitvhis/her request in the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry
in one or two words.

Editiont Cite the applicable edition of the Code for which the interpretation is
being requested.

Question: Phrase the question as a request for an interpretation of a specific

requirement suitable for general understanding and use, not as a request

for an approval of a proprietary design or situation. Please provide a
condensed and precise question, composed in such a way that a “yes”
or “no” reply is acceptable.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explana-
tion as needed. If entering replies to more than one question, please
number the questions and replies.

Background Information: Provide the Committee with any background information that will assist
the Committee in understanding the inquiry. The Inquirer may also
include any plans or drawings that are necessary to explain the question;
however, they should not contain proprietary names or information.
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Requests that are not in the format described above may be rewritten in the appropriate format
by the Committee prior to being answered, which may inadvertently change the intent of the
original request.

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.

Attending Committee Meetings. The PTC Standards Committee regularly holds meetings
and /or telephone conferences that are open to the public. Persons wishing to attend any meeting

s

and/or telephone conference should contact the Secretary of the PTC Standards Committee.
Future Committee meeting dates and locations can be found on the Committee Page\at
go.asme.org/PTCcommittee.
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INTRODUCTION

APPLICATIONS AND LIMITATIONS

This Test Code provides explicit procedures for the determination of power plant thermal

performance-and-electrical coutout-—Test results brovide-ameasureof-the verformance-of-a-power
i T

r
plant or thermal island at a specified cycle configuration, operating disposition and/or fixed
power level, and at a unique set of base reference conditions.

Test results can then be used as defined by a contract for the basis of determination of fulfillment
of contract guarantees. Test results can also be used for comparison to a design number, to trend
performance changes over time, to help evaluate possible modifications or to validate-thém, or
for any application in which the overall plant performance is needed.

The results of a test conducted in accordance with this Code will not provide‘the sole basis
for comparing the thermo-economic effectiveness of different plant designs, or to einpare different
generation technologies.

Power plants, which produce secondary energy outputs, i.e., cogeneration.facilities, are included
within the scope of this Code. For cogeneration facilities, there is no requirement for a minimum
percentage of the facility output to be in the form of electricity; howevet, the guiding principles,
measurement methods, and calculation procedures are predicated.orfelectricity being the primary
output. As a result, a test of a facility with a low proportion of €lectric output may not be capable
of meeting the maximum allowable test uncertainties of this.Code.

Power plants are comprised of many equipment componerts. Test data required by this Code
may also provide limited performance information for{Some of this equipment; however, this
Code was not designed to facilitate simultaneous code’level testing of individual components of
a power plant. ASME PTCs that address testing of major power plant equipment provide a
determination of the individual equipment isolaféd from the rest of the system. ASME PTC 46
has been designed to determine the performance of the entire heat cycle as an integrated system.
Where the performance of individual equipment operating within the constraints of their design
specified conditions are of interest, ASME'PTCs developed for the testing of specific components
should be used. Likewise, determifiing overall plant performance by combining the results of
ASME Code tests conducted on each plant component is not an acceptable alternative to an
ASME PTC 46 test, and an ineerrect application of the other Codes.

GUIDANCE IN USING THIS-CODE

As with all PTC’s{ ASME PTC 46 was initially developed primarily to address the needs of
contract acceptance or compliance testing. This is not intended, however, to limit or prevent the
use of this Code for other types of testing where the accurate determination of overall power
plant performance is required. ASME PTC 46 is appropriate for all applications of Performance
Test Codes\tabulated in ASME PTC 1, see subsection 1-4.

This{Code is not a tutorial. It is intended for use by persons experienced in power plant
performance testing per ASME Performance Test Codes. A detailed knowledge of power plant
opetations, thermodynamic analysis and heat balance development, test measurement methods,
and the use, control, and calibration of measuring and test equipment are presumed prerequisites

Additional Performance Test Codes that the user should be highly experienced in using include
the following:

(a) ASME PTC 1, General Instructions

(b) ASME PTC 4, Fired Steam Generators, (if testing, for example, a Rankine cycle plant with
a coal-fueled fired steam generator in the test boundary)

(c) ASME PTC 19.1, Test Uncertainty

Other ASME PTC 19 Instrument and Apparatus Supplement series codes and other referenced
Codes & Standards will need to be consulted during the planning and preparation phases of a
test, as applicable. Use of ASME PTC 46 is recommended whenever the performance of a heat
cycle power plant must be determined with minimum uncertainty.

Xii
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ASME PTC 46-2015

OVERALL PLANT PERFORMANCE

Section 1

1-1| OBJECT

The object of this Code is to provide uniform test
methods and procedures for the determination of the
theyymal performance and electrical output of heat-cycle
electric power plants and cogeneration facilities.

This Code provides explicit procedures for the deter-
mination of the following performance results:

a) corrected power

(§) corrected heat rate or efficiency

(d corrected heat input

Tests may be designed to satisfy different goals,
inclpding specified unit disposition, specified corrected
power, and specified measured power.

=~

1-2| SCOPE
1-2{1 General Scope

This Code applies to any plant size. It'\¢can be used
to mheasure the performance of a plant.in its normal
opetating condition, with all equipment in a clean and
fully functional condition. This Code provides explicit
methods and procedures for €ombined cycle power
planpts and for most gas, liquid,,and solid fueled Rankine
cycle plants. There is no iftent to restrict the use of
this| Code for other types of heat cycle power plants,
proyiding the explicit procedures can be met. For
exaiple, the performance equations and test methods
hergin are applicable to the steam cycle portion of a
solar plant,<r of a nuclear plant steam cycle. Refer to
ASME PTC 47 for power block thermal performance test
progedutes associated with an IGCC plant (Integrated
Gaslfidation Combined Cycle).

Object and Scope

(b) a means must be availablé te determine,|through
either direct or indirect measurements, all of the parame-
ters to correct the results from the test to the bgse refer-
ence condition;

(c) the test result dncertainties should be les$ than or
equal to the uncertainties given in subsection 113 for the
applicable plant-type; and

(d) the wetking fluid for vapor cycles must He steam.
This restriction is imposed only to the extent that other
fluids may require measurements or measurement meth-
ods different from those provided by this Code fpr steam
cycles.

1-2.2 Tests Outside the Scope of ASME PTC 46

Tests addressing other power plant perfoymance-
related issues are outside the scope of this Code. These
include the following;:

(a) emissions tests: testing to verify compliafice with
regulatory emissions levels (e.g., airborne gasgous and
particulate, solid and wastewater, noise, ptc.), or
required for calibration and certification of emission-
monitoring systems.

(b) operational demonstration tests: the variqus stan-
dard power plant tests typically conducted during start-
up, or periodically thereafter, to demonstrate gpecified
operating capabilities (e.g., minimum load operation,
automatic load control and load ramp rate, fue] switch-
ing capability, etc.).

(c) reliability tests: tests conducted over an ¢xtended
period of days or weeks to demonstrate the cqpability
of the power plant to produce a specified njinimum
output level or availability. The measurement thethods,

This Code does not apply to component testing, for
example, gas turbines (ASME PTC 22) or steam turbines
(ASME PTC 6 or ASME PTC 6.2) or other individual
components. To test a particular power plant or cogener-
ation facility in accordance with this Code, the following
must be met:

(a) a means must be available to determine, through
either direct or indirect measurements, all of the heat
inputs entering the test boundary and all of the electrical
power and secondary outputs leaving the test boundary;

calculations and corrections to Hocign conditions
included herein may be of use in designing tests of this
type; however, this Code does not address this type of
testing in terms of providing explicit testing procedures
or acceptance criteria.

1-3 TEST UNCERTAINTY

The explicit measurement methods and procedures
have been developed to provide a test of the highest
level of accuracy consistent with practical limitations.
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Table 1-3-1 Largest Allowable Test Uncertainties

Corrected Heat

Input/Heat Rate Corrected

Type of Plant Description Efficiency, % Power, %
Simple cycle with steam Gas turbine with exhaust heat used for steam generation 1.25 0.80
generation
Combined cycles Combined gas turbine and steam turbine cycles with or without 1.25 0.80

supplemental firing of a steam generator

Steam cycle Direct steam input (i.e., geothermal) 1.5 1.0
Steam cydle Consistent liquid or gas fuel 1.5 10
Steam cydle Consistent solid fuel 3.0 NO
GENERAL NOTES:

(@) For gqs turbine based plants, the above largest allowable uncertainties have the gas turbine operating at conditions{as-defined by|the

gas tUrbine manufacturers, and for steam turbine plants the above largest allowable uncertainties have the steapturbine plants

operafing at or near full load.

(b) If a plant design does not clearly fall under one of the categories included in this table, the test uncertaintymay be higher. In all

cases] it is particularly important to examine the pretest uncertainty analysis to ensure that the lowest achievable uncertainty has peen

planngd by following the methods described in Section 4.

() Corredted power and heat rate are presented in this Table on a net basis.

Any departure from Code requirements could introduce
additiorjal uncertainty beyond that considered accept-
able to mneet the objectives of the Code.

The lgrgest allowable test uncertainties (as a percent
of test results) for selected power plant types are given
in Table|1-3-1.

It is gecognized there is a diverse range of power
plant dgsigns that cannot be generally categorized for
purposes of establishing testing methods and uncer-
tainty lignits. The uncertainty levels achievable from tests
ing in a¢cordance with this Code are dependent on the
plant type, specific design complexity, and consistency
of operdtion during a test. For example, because of the
wide rapge of process mass and energy flows, and the
locatiors for their extraction, uncertainty limits for
cogeneijators cannot be so generalized. Testing with
cogeneration efflux may increase the test uncertainty,
the amdqunt of which depends.jon the location in the
cycle angl the relative amountef-the cogeneration energy.

The special cases in paras.5-5.2 and 5-5.3 are also not
consideted in Table 1-3-1.

The vplues in Table 1-3-1 are not targets. A primary
philosophy underlying this Code is to design a test for
the highest pragctieal level of accuracy based on current
engineefing_knowledge. If the test is for commercial
acceptatpcethis philosophy is in the best interest of all

Publisher: Ameriecan-Gas Association, 400 North Capitol
Street NW~\#450, Washington, DC 2(001
(www.agalorg)

ANSI/IEEE Standard 120, Master Test Guide for
Electrical Measurements in Power Circuits
ANSI/IEEE Standard C57.13, Requirements| for
Instrument Transformers

Publisher: Institute of Electrical and Electrohics
Engineers, Inc. (IEEE), 445 Hoes Lane, Piscatajvay,
NJ 08854 (www.ieee.org)

ASME MFC 11, Measure of Fluid Flow by Mears of
Coriolis Mass Flowmeter

ASME PTC 1, General Instructions

ASME PTC 2, Definitions and Values

ASME PTC 4, Fired Steam Generators

ASME PTC 4.4, Gas Turbine Heat Recovery Stpam
Generators

ASME PTC 6, Steam Turbines

ASME PTC 6.2, Steam Turbines in Combined Cycl

ASME PTC 12.4, Moisture Separator Reheaters

ASME PTC 19.1, Test Uncertainty

ASME PTC 19.2, Pressure Measurement

ASME PTC 19.3, Temperature Measurement

ASME PTC 19.3TW, Thermowells

ASME PTC 19.5, Flow Measurement

14°)
92}

parties to the test. Deviations from the methods recom-
mended in this Code are acceptable only if it can be
demonstrated they provide equal or lower uncertainty.
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Power Generation Plants

ASME PTC 51, Gas Turbine Inlet Air-Conditioning
Equipment

ASME STP-TS-012-1, Thermophysical Properties of
Working Gases Used in Working Gas Turbine
Applications
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Section 2
Definitions and Descriptions of Terms

er, respectively, to correct to base reference
r power factor.

input afjd power, respectively, to correct to base refer-
ence inlet air conditions at the cooling tower or air-
cooled dondenser air inlet.

wsp, Aspiladditive correction factors to thermal heat input
and poyver, respectively, to correct to base reference
circulatipn water temperature.

wsc, Ascladditive correction factors to thermal heaf input
and poyver, respectively, to correct to base reference
condenser pressure.

ws, Ag: additive correction factors to thermal heat input
and poyver, respectively, to correct to’base reference
auxiliary loads.

w7, A7: additive correction factors to thermal heat input
and power, respectively, to.cotrect for measured power
differenf from specified)if ‘test goal is to operate at a
predetetmined powet."Can also be used if required unit
operatirlg dispositien is not as required.

Bi, oy, fh: multiplicative correction factors to thermal
heat inpjut, power, and heat rate, respectively, to correct
to base feference inlet temperature.

Br—ats——t mal
heat input, power, and heat rate, respectively, to‘cofrect
to base reference fuel analysis.

Bs, a6, fo: multiplicative correction factors to thefmal
heat input, power, and heat rate, respectively, to cofrect
to base reference grid frequency.

2-1.1 Symbols and Subscripts

Symbols used in this Code are listed in Table 2-1{1-1.
Subscripts used in this.Code are listed in Table 2-111-2.

2-2 TERMS

The termsdand values of physical constants jand
conversjon\factors common to equipment testing land
analysis afe defined in ASME PTC 2.

acceptance test: the evaluating action(s) to determing if a
new or modified plant satisfactorily meets its perfgrm-
ance criteria, permitting the purchaser to “accep}” it
from the supplier.

base reference conditions: the values of all the extgrnal
parameters, i.e., parameters outside the test boundlary
to which the test results are corrected. Also, the specfied
secondary heat inputs and outputs are base refergnce
conditions.

bias error: see systematic error.

calibration: the process of comparing the response df an
instrument to a standard instrument over some meagure-
ment range and adjusting the instrument to match the
standard, if appropriate.

calibration drift: a shift in the calibration characterigtics.

cogeneration plant: a cycle that produces both eleftric
power and at least one secondary output for use [in a
process external to the test boundary.

By, a, f: multiplicative correction factors to thermal
heat input, power, and heat rate, respectively, to correct
to base reference inlet pressure.

B3, as, f3 multiplicative correction factors to thermal
heat input, power, and heat rate, respectively, to correct
to base reference inlet humidity.

By, ay, fo: multiplicative correction factors to thermal
heat input, power, and heat rate, respectively, to correct
to base reference fuel supply temperature.

consistent liquid or gas fuels: fuels with a heating value
that varies less than +1% peak to valley during testing.

corrected heat input: the primary heat input entering the
test boundary corrected to base reference conditions.

corrected heat rate: the test calculated heat rate corrected
to base reference conditions.

corrected power: the power leaving the test boundary at
the test-specified operating conditions and corrected to
the base reference conditions.
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Table 2-1.1-1 Symbols

Units
Symbol Description U.S. Customary Sl
Cx Correction factor for gas turbine deterioration in a phased
performance test [Note (1)]
fa Multiplicative correction factor for heat rate or efficiency [Note (2)] C .
H Enthalpy Btu/lbm k)/kg
HH Higher heating value of fuel Btu/lbm k)/kg
HR Heat rate Btu/kW-hr k)/kW-h
HV Heating value Btu/lbm k)/kg
| Amps A A
LH Lower heating value of fuel Btu/lBm k)/kg
M Mass flow lbin/hr kg/s
P Power KW or MW KW or MW
p Pressure psia bara
PF Power factor S Ce
Q Thermal heat input from fuel Btu/hr kl/s
T Temperature °F °C
T Absolute temperature °R K
\Y Volts ' \%
Var Reactive power MVA MVA
Walts Real power kW or MW KW or MW
ap Multiplicative correction factor for power [Note (2)]
Bn Multiplicative correction for thermal heat input [Note (2)] - -
A, Additive correction factor for power [Note (3)] kW or MW KW or MW
S Additive correction factor for exhaust temperature flow in phased °F °C
performance test [Note (3)]
Vo Multiplicative correction factor for air flow in+phased performance
[Note (2)]
Mn Efficiency % %
An Multiplicative correction factor for dukiliary load [Note (2)] R c.
Lhn Additive correction factor for piping-pressure drop [Note (3)] kW or MW KW or MW
wp Additive correction factor for heat input [Note (3)] Btu/hr kl/s
NOTHS:
(1) $ee para. 5-5.3 for subscript definitions.
(2) $ee Table 5-1-2 for subscript definitions.
(3) $ee Table 5-1-1 for subscript definitions.

Table2-1:1-2 Subseripts

Symbol Description
corr Corrected measured or calculated result to base
reference conditions
meas Measured or determined result prior to correcting
to base reference conditions
GT Gas turbine
ST Steam turbine
db Dry bulb
wb Wet bulb
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disposition: the arrangement of plant hardware and soft-
ware to align the operation of the plant to support the
goal of the performance test.

efficiency: the electrical power output divided by the
thermal heat input. When there are secondary heat
inputs or outputs, such as steam for the process gener-
ated by a cogeneration power plant, the efficiency is
expressed at specified reference values of those second-

interlaboratory comparisons: the organization, perform-
ance, and evaluation of calibrations on the same or simi-
lar items by two or more laboratories in accordance with
predetermined conditions.

laboratory calibration: the process by which calibrations
are performed under very controlled conditions with
highly specialized measuring and test equipment that

has been calibrated by approved sources and remain
s NP

ary hea{- flowzs

emissiony: emissions are any discharges from the plant.
These npay include gaseous, particulate, thermal, or
noise dfscharges to the ambient air, waterways, or
ground.|They may be monitored for regulatory or other
requirerhents.

error (mdasurement, elemental, random, systematic): refer to
ASME HTC 19.1 for definition.

field calipration: the process by which calibrations are
performeed under conditions that are less controlled and
using lgss rigorous measurement and test equipment
than prgvided under a laboratory calibration.

heat inpyt: the energy entering the test boundary.

heat ratq: the reciprocal of thermodynamic efficiency,
expressgd as the quotient of thermal heat input to electri-
cal pow¢r output. When there are secondary heat inputs
or outpiits, such as steam for the process generated by
a cogeneration power plant, the heat rate is expressed
at specified reference values of those secondary heat
flows.

heat sinlf the reservoir to which the heat rejected to the
steam tfirbine condenser is transferred. For a. cooling
pond, riyer, lake, or ocean cooling system, the reservoir
is a body of water. For an evaporative or dry air-cooled
heat exdhanger system, the reservoir is«¢he ambient air.

heating dalue: the amount of thermal-energy released by
complete combustion of a fuel unit at‘constant pressure.

influencd coefficient: see sensitivity; the ratio of the change
in a resylt to a unit changgeiin a parameter.

inlet air:|air that enters/the test boundary at the planes
of applifable plant equipment.

inlet scipll: also/known as bellmouth, the fixed area
entrancq to the'gas turbine.

instrumdnt:_a_tool or device used to measure physical
dimensil i i i
other value of a parameter. These parameters can include
size, weight, pressure, temperature, fluid flow, voltage,
electric current, density, viscosity, and power. Sensors
are included that may not, by themselves, incorporate
a display but transmit signals to remote computer-type
devices for display, processing, or process control. Also
included are items of ancillary equipment directly affect-
ing the display of the primary instrument, e.g., ammeter
shunt. Also included are tools or fixtures used as the
basis for determining part acceptability.

Technology (NIST), a recognized international stafiflard
organization, or a recognized natural physical (intrifsic)
constant through an unbroken comparisons haying
defined uncertainties.

L 11 1L Lt ot £ Q1 pa| pu| ~ d
tfareCaore—ro—rvarrofrarmhStitate—oOr u\.u;tuuluofn

measurement error, 8: the true, unknown differ¢nce
between the measured value and)the true value.

out-of-tolerance: a condition ig\which a given measufring
instrument or measuringisystem does not meef the
designed prescribed limits’of permissible error as [per-
mitted by calibratioris, specifications, regulations, ¢tc.

parameter: a directymeasurement that is a physical qpan-
tity at a location)that is determined by a single ingtru-
ment, or by the average of several similar instruments.

parties ton'test: those persons and companies interested
in theldesults.

power: the plant electrical power leaving the Jtest
boundary.

power island: for a Rankine-cycle steam power plantf the
portion exclusive of the fired steam generator angl its
auxiliaries and of the heat sink system. For a combjned
cycle power plant, the portion of the cycle that is ejclu-
sive of the heat sink system.

precision error: see random error.

primary heat input: energy supplied to the cycle from|fuel
or other source (such as steam) available for conversion
to power plus secondary outputs.

primary parameters/variables: the parameters/variables
used in the calculation of test results. They are fusther
classified as

(a) Class 1: primary parameter/variables are those
that have a relative sensitivity coefficient of 0.2% or
greater.

ose
that have a relative sensitivity coefficient of less than
0.2%.

proficiency testing: a determination of the laboratory cali-
bration performance by interlaboratory comparisons or
other means.

random error, e sometimes called “precision error”; the
true random error that characterizes a member of a set of
measurements, € varies in a random, Gaussian-Normal
manner, from measurement to measurement.
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random uncertainty (25): an estimate of the plus or minus
() limits of random error with a defined level of confi-
dence (usually 95% which requires sufficient degrees of
freedom to have a Student’s ¢ equal to 2).

redundant instrumentation: two or more devices measur-
ing the same parameter with respect to the same
location.

reference material: a material or substance of which one

on a steam cycle plant (including maximum capability
testing) and base-load testing on a combined cycle plant
with or without duct firing.

systematic error, B: sometimes called “bias error”; the
true systematic or fixed error that characterizes every
member of any set of measurements from the popula-
tion; the constant component of the total measurement
error, 6.

or IfioTe pIOpPerties are suttictentty wett estabiishied 1o
be ysed for the calibration of an apparatus, the assess-
ment of a measurement method, or for assigning values
to nhaterials.

refeflence standard: a standard, generally of the highest
metrological quality available at a given location that
inclpides all measuring and test equipment and reference
materials that have a direct bearing on the traceability
and| accuracy of calibrations, from which the measure-
merjts made at that location are derived.

repefitability: the measure of how closely the results of
twol test runs correspond.

secopdary heat inputs: the additional heat inputs to the
test|boundary that must be accounted for, such as cycle
maKeup and process condensate return.

secopidary outputs: any useful non-electrical energy out-
put|stream that is used by an external process.

secopdary parameters/variables: the parameters/variables
that| are measured but do not enter into the calculatiofr
of the test results.

sensytivity: see influence coefficient; the ratio of the change
in af result to a unit change in a parameter.

sengitivity coefficient, absolute or relative: refer to
ASME PTC 19.1 for definition.

specjfied corrected power test: a tést)run at a specified
cortected power that is near to thé design value of inter-
est;|for example, an acceptance test of a steam cycle
plant where heat rate is.guaranteed at a specific load,
and|partial-load tests fordevelopment of heat rate curve
conglitions.

specffied disposition)fest: a test run at a specified plant
dispjosition with both load and heat rate determined by
the fest. Examples of this test goal are valve-point testing

systematic uncerfainty, B: an estimate ol the plus pr minus
() limits of systematic error with a definéd|level of
confidence (usually 95%).

test boundary: identifies the energy streams required to
calculate corrected results.

test reading: one recording, of all requifed test
instrumentation.

test run: a group of test'readings.

thermal island: for a_Rankine-cycle steam powpr plant,
the portion of the ‘ctycle consisting of the firdd steam
generator and its auxiliaries. For a combined cyde power
plant, “it js.Synonymous with power island”| or “the
thermaldsland is equivalent to the power islar{d.”

total ertor: the closeness of agreement between) a mea-
suredvalue and the true value.

traceability: the property of the result of a meagurement
whereby it can be related to appropriate standafds, gen-
erally national or international standards thrpugh an
unbroken chain of comparisons.

traceable: records are available demonstrating [that the
instrument can be traced through a series of calfbrations
to an appropriate ultimate reference such as National
Institute of Standards and Technology (NIST).

uncertainty, U: +U is the interval about the meaqurement
or result that contains the true value for a giveén confi-
dence interval.

variable: an indirect measurement that is an unknown
physical quantity in an algebraic equation thatfis deter-
mined by parameters.

verification: the set of operations that establighes evi-
dence by calibration or inspection that specified require-
ments have been met.
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Section 3
Guiding Principles

This $ection provides guidance on the conduct of
overall plant testing, and outlines the steps required to
plan, copduct, and evaluate a Code test of overall plant
performance. The subsections discuss the following:

(a) tegt plan (subsection 3-2)

(b) tegt preparations (subsection 3-3)

(c) cophduct of test (subsection 3-4)

(d) cafculation and reporting of results (subsection
3-5)

This Code includes procedures for testing the plant
to determine various types of test goals. It also provides
specific finstructions for multiple party tests conducted
to satisfy or verify guaranteed performance specified in
commergial agreements.

3-1.1 Test Goals

The fpllowing paragraphs define the three different

combined cycle plant with variable duct firing
theé) corrected power goal. In any case, the
power i$ sét to achieve a corrected power equal to the

_ : test
will be corrected power and either corrected héat|rate
or corrected heat input. The test must be designed with
the appropriate goal in mind to ensure proper proce-
dures are developed, the appropriate gperating nmjode
during the test is followed, and the gorrect performgnce
equations are applied. Section 5 provides informgtion
on the general performance equation and variations of
the equation to support spegific test goals.

3-1.2 General Precaution

Reasonable precautions should be taken when prepar-
ing to conduct a-Code test. Indisputable records shall
be made to identify and distinguish the equipment to
be tested and the exact method of testing seleLIIIled.
Descriptions, drawings, or photographs all may be fised
to give apermanent, explicit record. Instrument locdtion
shall.be predetermined, agreed to by the parties tq the
test,oand described in detail in test records. Redundant,
calibrated instruments should be provided for those
instruments susceptible to in-service failure or breakage.

3-1.3 Agreements and Compliance to Code
Requirements

This Code is suitable for use whenever performgnce
must be determined with minimum uncertainty. trict
adherence to the requirements specified in this Codle is
critical to achieving that objective.

3-1.4 Acceptance Tests

This Code may be incorporated by reference into fon-
tracts to serve as a means to verify commercial guafran-
tees for plant heat rate and power output. If this ode
is used for guarantee acceptance testing or for any gther
tests where there are multiple parties represented, those
parties shall mutually agree on the exact methogl of
testing and the methods of measurement, as well aslany
deviations from the Code requirements.

design value of interest and the corrected heat rate is
determined by the test

(c) Specified Uncorrected Power. The test can be run at
a specified (uncorrected) power regardless of operating
conditions or external conditions at the test boundary.
An example of this test goal is an acceptance test on a
duct-fired combined cycle plant with an output guaran-
tee over a range of inlet temperatures. Corrected or
uncorrected power and corrected heat rate may be deter-
mined by the test.

3-1.4.1 Prior Agreements. The parties to the test
shall agree on all material issues not explicitly prescribed
by the Code as identified throughout the Code and sum-
marized as follows:
(a) Approval of the test plan by all parties to the test.
(b) Representatives from each of the parties to the test
shall be designated who will be part of the test team
and observe the test and confirm that it was conducted
in accordance with the test requirements. They should
also have the authority, if necessary, to approve any
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agreed-upon revisions to the test requirements during
the test.

(c) Contract or specification requirements regarding
operating conditions, base reference conditions, per-
formance guarantees, test boundary, and environmental
compliance.

(d) Requirements in support of a Code test, including
test fuel supply and thermal and electrical hosts” ability
to accept loads

3-1.5 Test Boundary

The test boundary identifies the energy streams which
must be measured to calculate corrected results. The test
boundary is an accounting concept used to define the
streams that must be measured to determine perform-
ance. All input and output energy streams required for
test calculations must be determined with reference to
the point at which they cross the boundary. Energy

streams—within-the-boundaryneed-not-be-determined

(@ Notification requirements prior to test preparation
to ensure all parties have sufficient time to be present
for the test.

Reasonable opportunity to examine the plant and
agrde that it is ready to test.

'y Modifications to the test plan based on prelimi-
nary testing.

R) Cycle isolation and valve line-up checklist.

(i) Operations of equipment outside of suppliers’
instfuctions.

Actions to take if site conditions are outside the
limifts listed in Table 3-1.4.1-1.

K) Plant stability criteria prior to starting a test.

(I} Permissible adjustments to plant operations during
stabilization and between test runs.

) Duration of test runs.

(1) Resolution of non-repeatable test runs results.

(@ Rejection of test readings.

>R
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3-1.4.2 Data Records and the Test Log. A complete
set pf data and a complete copy of the test log shall be
proyided to all parties to the test. All data and records
of the test must be prepared to allow for clearand legible
repgoduction. The completed data records shall include
the Hate and time of day the observation was recorded.
The| observations shall be the actual*readings without
appllication of any additional/nstrument corrections
beypnd the calibration so that the relationship between
the factual reading and the value recorded for the test
are fraceable. The test 10g)should constitute a complete
recdrd of events. Erasures on or destruction or deletion
of afy data record,page of the testlog, or of any recorded
obs¢rvation is not-permitted. If corrected, the alteration
be entefed so that the original entry remains legible

forrhs that constitute original data sheets authenticated
by the observer’s signatures. For automatic data collec-
tion, printed output or electronic files shall be authenti-
cated by the Test Coordinator and other representatives
of the parties to the test. When no paper copy is gener-
ated, the parties to the test must agree in advance to
the method used for authenticating, reproducing, and
distributing the data. Copies of the electronic data files
must be copied onto tape or disks and distributed to
each of the parties to the test. The data files shall be in
a format that is easily accessible to all.

unless they verify base operating conditioris~gr unless
they relate functionally to conditions\out$ide the
boundary.

The methods and procedures of this) Code hgve been
developed to provide flexibility ih defining|the test
boundary for a test. The test bouridary is to bg defined
for the specific test objective®\For example, an acgeptance
test may be required forabottoming cycle that js added
in the re-powering poftion of an upgrade.

For this Code to apply, the test boundary musf encom-
pass a discrete eléctric-power-producing heat cycle. This
means that all energy streams must be accounted for
that cross theé\boundary.

For afarticular test, the specific test boundgry must
be established by the parties to the test. Some|or all of
the*typical streams required for common plapt cycles
ate’shown in Fig. 3-1.5-1.

Solid lines indicate some or all of mass flpw rate,
thermodynamic conditions, and chemical anplysis of
streams crossing the test boundary, which haye to be
determined to calculate the results of an overpll plant
performance test.

The properties of streams indicated by dashed lines
may be required for an energy and mass balgnce, but
may not have to be determined to calculate tesf results.
Determinations of emissions are outside the pcope of
this Code.

Typical test boundaries for the two most fommon
applications of steam power plants and combirfed cycle
power plants are shown in Figs. 3-1.5-2 and| 3-1.5-3,
respectively. If these plants were cogeneratiof plants,
secondary process input and output streams wguld also
be shown crossing the test boundary. More definitive
test boundaries for specific representative cycles are
shown in Figs. 5-4.1.5-1, 5-4.1.5-2, 5-4.1.5-3, and 5-7.4-1,
and in the appendices describing sample calcylations.

Some flexibility is required by this Code in defining
the test boundary, since it is somewhat dependent on a
particular plant design. Although not excluded from
use within this Code, extra care is to be taken if plant
instrumentation and distributed control system (DCS)
is to be used for recording primary measurements. In
general, in the case of the instrumentation, the factory
calibration is not to the standard required by this Code
for performance testing. Additionally, the DCS is not
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Fig. 3-1.5-1 Generic Test Boundary

e = s ——— Test boundar
| : ’

Fuel (heat) input —|> —1———> Net electrical output

|
—f——> Secondary heat output

(such as process steam)

Secondary heat input—i> |
(such as process return) .

Sorbent . > I—> Ultimate heat sink
I -
' 1
. ! — = —~ ' > Waste heat
Inlet air ———>» I
! L > _ 3y Emissions

— > Required to beidetermined for test calculation

—> Not required to be determined for test calculation

Fig. 3-1.5<2 Typical Steam Plant Test Boundary
Fuel Stack gas

Ash residue

Steam turbine

Inlet ajr —|—> Boiler

\— Test boundary

Heat sink
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Fig. 3-1.5-3 Typical Combined Cycle Plant Test Boundary

Fuel
r-r-+~—-r~-—-"~—-—-==—"*=—"*=""—"*=—/"-° A
1 1
| I
1 1
Inlet air _H Gas turbine } P Power
| v |
i HRSG @ bF=———=—=—=— . i— — — P Stack-gas
' * 4 '
| |
' Steam turbine =
| |
1 1
L e s e e s e — e — - |

_\— Test boundary

designeql to be used as a Code-level data acquisition
system. |If the DCS is to be used, the test lead must
understfand the compression (number of significant
figures necorded) and dead band settings within the DCS
or data |historian, the uncertainty of analog to digital
conversjons, and any algorithms that impact the reading
and its ifnpact on uncertainty within the DCS. In general,
measurgments or determinations are required for the
following streams.

3-1.4.1 Primary Heat Input. Measure or-calculate
fuel maps flow and heating value, inclading sensible
heat, at the point at which they cross the\test boundary.
The tes§ boundary would typically be”where the fuel
enters the plant equipment; however, the actual mea-
suremer)t may be upstream or(downstream of that point
if a bettqr measuring location is available and if the flow
and fuellconstituents at te:metering point are equivalent
to or cajn be accuratelyl corrected to the conditions at
the test poundary,
For g3s and liquid fuels, the method of primary heat
input dgtermination depends on the particular fuel and

1 cdl & J 1
value and sensible heat. If the plant is a steam plant
fired by solid fuels of consistent quality, or sometimes
for gas or liquid fuels, the heat input is determined by
the product of heat input to the steam and the inverse
of the steam generator fuel efficiency determined by
the energy balance method (also called the heat loss
method). If the plant is a steam turbine plant fired by
gas or liquid fuels, primary heat input can be determined
by the product of the measured fuel flow and the average
heating value and sensible heat.

12

Heat sink

For solid\fuels of consistent constituency, the enprgy
balance'method, as defined in ASME PTC 4, is requjred.

Theheating value of a fuel may be expressed as higher
hedting value, HHV, or lower heating value, LHV. Water
vapor is formed as a product of combustion of all hydro-
carbon-based fuels. When expressed as LHYV, all water
vapor formed is inferred to remain in the gaseous state.
When expressed as HHV, the water vapor formdd is
inferred to condense to liquid at the reference templera-
ture of the combustion reactants. The presentation of
HHYV therefore includes the heat of vaporization of water
in the reported value. This Code does not mandatg the
use of either HHV or LHV. When using the energy|bal-
ance method, the treatment of heat of vaporization hust
be consistent with the use of either HHV or LHV.

The equations in Section 5 are applicable for efther
higher or lower heating value. Equations utilized i} the
calculations of results should be reviewed to verify|that
all references to heating value are consistent (either all
lower or all higher) and that all correction curves|and
heat balance programs are based on the same definition
of heating value.

inputs to the cycle may include process energy return,
makeup, and low energy external heat recovery. Mea-
surements to determine the mass flow and energy level
are required for correction to the base reference
conditions.

3-1.6.3 Inlet Air Conditions. The pressure, tempera-
ture, and humidity must be determined for the air used
in combustion and heat rejection system components,
as applicable. The measurements of these properties
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shall be made at the plane representative of the air prop-  location is at the test boundary, but only if the measure-
erties where the air enters each of the combustion and  ment location is the best location for determining
heat rejection system components. The measurement of required parameters.

ambient air properties at a single location or multiple . .

locations upstream of the plant is not an acceptable ~ 3-1.8 Specific Required Measurements

alternative. A discussion of the rationale for this require- The specific measurements required for a test depend

ment is provided in Nonmandatory Appendix G. The  on the particular plant design and the test boundary

major components which have inlet air conditions mea- required to meet the specific test intent.

surement requirements, depending on the type of plant

and| the equipment in the test boundary, are 3-1.9 Application of Corrections
(@ gas turbine The calculation of results for any plant“or|thermal
(}) cooling tower island described by this Code requires adjusting| the test-
(@ air-cooled condenser determined values of thermal input\and powdr by the
(d) fired steam generator application of additive and multiplicative corredtion fac-

tors. The general forms of these equations are ag follows:
-1.6.4 Sorbents. The quality, analysis, and quan-

tity |of sulfur sorbent or other chemical additives that Peorr = (Pmeas + @dditive P corrections)

affeft the corrected heat rate or corrected power must x (multiplicative P corrections)

be determined for correction to the design conditions.

Corfections for sorbent injection rate are limited to varia- Qeorr = (Qifeas + additive Q corrections)

tions attributable to differences between test and design x (multiplicative Q corrections)

fuellor sorbent characteristics, or due to variations attrib- . )

utalple to ambient conditions. MR, = Qmeas + additive Q corrections

O Preas + additive P corrections

-1.6.5 Electric Power. The electric power output X (multiphcative HR COI'I'ECtiOIlS)

fromh the plant is the plant output at the test boundary.

When the test boundary is on the high side of the step- oo = Prmeas + additive P corrections

up {ransformer, the specific point of measurement may “" " Qmeas + additive Q corrections

be aft that location, at a remote location, or may be made X (multiplicative 7 corrections)

by neasuring the generator outputs and the auxiliary
loads with corrections for step-up transformex (Iosses
bas¢d on transformer efficiency tests plus any significant

An alternate definition of corrected heat fate and
efficiency is

line|losses between the measurement point.and the test Quone
boupdary. The criteria for selection of the_specific mea- HReon = 3
sur¢ment points is based on a determination of the low- o
est achievable uncertainty. Peoe
Teorr =
QCQ[‘I‘

8-1.6.6 Secondary Outputs:— Nonelectrical energy

The format of the general equations identifies and
B-1.6.7 Heat Sinkt«Conditions. Corrections to the represents the various corrections to measured perform-

it is cvog: g
system (i.e., barometric pressure, dry-bulb temperature,
and wet-bulb temperature, as applicable). When the test
boundary excludes the heat rejection system, the correc-
tion is based on the steam turbine exhaust pressure.

balance computer program with the appropriate test
data input following a test run, so that the corrected
performance can be calculated from data with only one
heat balance run necessary.

While these correction factors are intended to account
for all variations from base reference conditions, it is
possible that plant performance could be affected by

Measurement locations are selected to provide the  processes or conditions that were not foreseen at the time
lowest level of measurement uncertainty. The preferred  this Code was written. In this case, additional correction

3-1.7 Criteria for Selection of Measurement
Locations

13
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factors, either additive or multiplicative, would be
required.

All correction factors must result in a “no correction”
if all test conditions are equal to the base reference condi-
tions. Test correction curves should reflect the final con-
trol settings.

3-1.10 Design, Construction, and Start-up
Considerations

such as supplier representatives, customer(s), wit-
nessing party(s), and outside laboratory and other
services.

A Test Coordinator shall be designated with the
responsibility for the execution of the test in accordance
with the test requirements. The Test Coordinator is
responsible for establishing a communication plan for
all test personnel and all test parties. The Test
Coordinator shall also ensure that complete written rec-

Durinjg the design phase of the plant, consideration
should pe given to accurately conducting acceptance
testing for overall performance for the specific type of
plant.

Consiferation should also be given to the require-
ments of instrumentation accuracy, calibration, recali-
bration [documentation requirements, and location of
perman¢nt plant instrumentation to be used for testing.
Adequdte provisions for installation of temporary
instrumentation where plant instrumentation is not ade-
quate tq meet the requirements of this Code must also
be cons{dered during the design stages. For example,
all voltdge transformers (VTs) must be calibrated and
all currgnt transformers (CTs) should be calibrated for
power rheasurement.

If the|electrical or steam hosts are unable to accept
electricify or process steam, then other provisions shall
be mad¢ to maintain the test values within the appro-
priate germissible deviations from design values in
Table 3-[.4.1-1.

Table |3-1.10-1 lists the items to consider during the
specific [plant design, construction, and startup.

3-2 THST PLAN

A detailed test plan shall be prepared prior to conduct-
ing a Code test to document all isstes affecting the

conduct|of the test and provide detailgd procedures for
performling the test. The test plan should include the
schedul¢ of test activities, designation, and description
of respopsibilities of the test team, test procedures, and
report of results.
3-2.1 Sghedule of Test Activities

A tesf schedule’should be prepared that includes the

sequencg of events, anticipated time of test, notification
of the parti€s) to the test, test plan preparations, test
preparation and conduct, and preparation of the report

ords of all test activities are prepared and maintaihed.
The Test Coordinator coordinates the setting of teqtfired
operating conditions with the plant operations staff.

3-2.3 Test Procedures

The test plan should include test précedures, sudh as
the following, that provide detdjls for the condu¢t of
the test.

(a) object of test

(b) method of operation

(c) test acceptanceicriteria for test completion

(d) base referencé gonditions

(e) defined testboundary identifying inputs and
puts and medstirements locations

(f) complete pretest uncertainty analysis, with |sys-
tematic‘dncertainties established for each measurerpent
and afvjestimate of random uncertainties

(g) specific type, location, and calibration reqyire-
ments for all instrumentation and measurement sysfems
and frequency of data acquisition

(h) sample, collection, handling, and analysis method
and frequency for fuel, sorbent, ash, etc.

(i) method of plant operation

(j) identification of testing laboratories to be used for
fuel, sorbent, and ash analyses

(k) required operating disposition or accounting for
all internal thermal energy and auxiliary power congum-
ers having a material effect on test results

(I) required levels of equipment cleanliness
inspection procedures

(m) procedures to account for performance degrpda-
tion, if applicable

(n) valve line-up requirements

(0) preliminary testing requirements

(p) pretest stabilization criteria

(g) required steadiness criteria and methods of nfain-
taining operating conditions within these limits

out-

and

of results.

3-2.2 Test Team

The test plan shall identify the test team organization
that will be responsible for the planning and prepara-
tion, conduct, analysis, and reporting of the test in accor-
dance with this Code. The test team should include test
personnel needed for data acquisition, sampling, and
analysis, as well as operations and other groups needed
to support the test preparations and implementation,

14

(r) allowable variations from base reference condi-
tions and methods of setting and maintaining operating
conditions within these limits

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

(t) test start and stop requirements

(1) data acceptance and rejection criteria

(v) allowable range of fuel conditions, including con-
stituents and heating value

(w) correction curves with curve-fitting algorithms,
tabular data, or a thermal model
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Table 3-1.10-1 Design, Construction, and Start-up Considerations

Item Elect Flow Pressure Temperature Note

Permanent plant instrumentation used for test measurements X X X X ®

Connections and spool sections X X X X )

Changes in location X X X 3)

Changes in loop routing - X X X ()]

Applicability X X X X (5)

Access X X X X (6)

Environment effects X X X X @)

Quantity .. c X X ®

Layolit X X X - ©)

Abilify to duplicate measurement X X X X (10

Installation timing X (11)

Upstfeam and downstream straight lengths X . (12)

Watgr leg correction X X (13)

Watdgr leg inspection X X (14)

Condensate pots X X (15)

Heat|tracing X X (16)

NOTHS:

(1) | It must be considered in the plant design if it is desired to use some permanent plant instpumentation for primary measurements.
Such permanent plant instrumentation must meet the Class 1 requirements of Section 4. if'it must be considered Code qualfty
Class 1 instrumentation, or the Class 2 requirements of Section 4 if lesser accuracy issacceptable. This includes obtaining appropriate
laboratory calibrations and submitting all laboratory calibration reports, certificatiofis or calibration results for all permanen{ plant
instrumentation used for the test, as applicable. The ability to do post-test recalibrations or verifications is required as desgribed in
this Code. Many times, after considering such requirements, it may be decided to use temporary instrumentation in some afeas
where permanent instrumentation was initially desired to be used. Similaty; it might also be determined to use alternate pgrmanent
instrumentation. These decisions are best taken care of in the design._stages.

(2) | Connections and spool sections required for temporary test instrumentation which will be used for primary measurements. Pressure
connections, thermowells, spool sections for flow meters, and electrical metering tie-ins for temporary test instrumentation heeded to
meet the Class 1 requirements of Section 4 should be incorperated into the plant design.

(3) | Documentation that records the relocation of items in the\precess variable loop routing during the design and/or the constfuction
phase of the plant. Any impact on test uncertainty should be identified and reviewed with consideration to contractual and [code limi-
tations. An example is the relocation of a flow meter‘within a process line.

(4) | An example is the rerouting of condensate legs.

(5) | The proximity to the desired test process value measured. Note whether the recorded value is an instantaneous or average palue.
Note also the historical logging capabilities‘necessary for the testing.

(6) | Access is required for inspection, calibration, and any temporary instrument installation and removal.

(7) | Minimize EMF effects, vibration and-pulsation to instruments, and instrument loops. Ensure proper grounding for instrument circuits
and digital systems.

(8) | Quantity of devices and instrument ports available at one location to reduce uncertainty and provide contingency data acqufisition. An
example is using two (2) or 'dual element thermocouples to measure critical temperatures.

(9) | Layout of instrument logps to minimize measurement error. Precautions are listed in Section 4 of this Code. If instrument transform-
ers are used, adequate\wire size should be used to reduce voltage drops and a neutral cable should be provided to enable|accurate
3-phase watt metering

(10) | This allows a validation of process value and includes a contingency plan for test measurements. A separate device should|be identi-
fied to collaborate and backup a test measurement.

(11) | Timing of/flow elements installation with respect to acid cleaning and/or steam blows. For instance, a calibrated flow meas{rring
device Should not be installed prior to acid cleaning or steam blows.

(12) | Upstream and downstream straight lengths for flow elements to minimize uncertainty. The upstream and downstream lengths impact
the.flow measurement uncertainty, and therefore should be maximized.

(13) Lvaterteg—correctionnecessary-foracetrate-process—rariabte-meastrement—Ardifference—i-flow-meastrement—tap-etevationwill alter

(14)
(15)
(16)

the differential pressure measured at a zero flow condition. Flow measurement devices should be installed in horizontal pipe runs.

Ability to inspect water legs to validate water leg height.

Accessible condensate pots to check or refill condensate lines to transmitter.

Validate the installation of heat tracing. A check should be made to validate that heat tracing done on water legs is in acco
with manufacturer’s instructions to prevent boiling of condensate.

15
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(x) sample calculations or detailed procedures speci-
fying test run data reduction and calculation and correc-
tion of test results to base reference condition

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

(z) requirements for data storage, document reten-
tion, and test report distribution

(aa) testreport format, contents, inclusions, and index

observers. Automatic data-logging and advanced instru-
ment systems shall be calibrated to the required accu-
racy. No observer shall be required to take so many
readings that lack of time may result in 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. The data collection and handling
requirements are discussed in detail in subsection 4-9.

3-3 THST PREPARATIONS

All palrties to the test shall be given timely notification,
as defined by prior agreement, to allow them the neces-

rence,

in the test should be considered. For example,
of safe access to test point locations, availabil-
ity of sujtable utilities and safe work areas for personnel
as well gs potential damage to instrumentation or cali-
bration phifting because of extreme ambient conditions
such as ffemperature or vibration.

Docuinentation shall be developed or be made avail-
able for alculated or adjusted data to provide indepen-
dent verification of algorithms, constants, scaling,
calibrafion corrections, offsets, base points, and
conversjons.

The r¢mainder of this subsection describes-prepara-
tions relating to various aspects of testing.

3-3.1 Test Apparatus

Test 1
4-1.2.3.
be at les

nstruments are classified a§ described in para.
nstrumentation used for data collection must
st as accurate as instfumentation identified in

porary
Multi

random error impact on the post-test uncertainty analy-
sis. The use of automated data acquisition systems is
recommended to facilitate acquiring sufficient data.

Calibration or adequate checks of all instruments must
be carried out, and those records and calibration reports
must be made available.

3-3.2 Data Collection

Data shall be taken by automatic data-collecting
equipment or by a sufficient number of competent

16

3-3.3 Location and Identification of Instruments

Instruments shall be located/positioned t¢ minifize
the effect of ambient conditions on uncextainty, e.g., fem-
perature or temperature variations. £are shall be fised
in routing lead wires to the data.colection equiprhent
to prevent electrical noise in thé gignal. Manual ingtru-
ments shall be located so that they can be read vith
precision and conveniencesby the observer. All ingtru-
ments shall be marked.uniquely and unmistakably for
identification. Calibration tables, charts, or mathemati-
cal relationships shall be readily available to all pafties
of the test. Obser¥ers recording data shall be instrufcted
on the desired degree of precision of readings.

3-3.4 Test Personnel

Testpersonnel are required in sufficient number|and
expertise to support the execution of the test (see gara.
3:2.2, Test Team). Operations personnel must be fandiliar
with the test operating requirements in order to opgrate
the equipment accordingly.

3-3.5 Equipment Inspection and Cleanliness

Since an ASME PTC 46 test is not intended to proyide
detailed information on individual components, [this
Code does not provide corrections for the effect offany
equipment that is not in a clean and functional sfate.
Prior to conducting a test, the cleanliness, condifion,
and age of the equipment should be determined by
inspection of equipment or review of operational|rec-
ords, or both. Cleaning should be completed priqr to
the test and equipment cleanliness agreed upon.

The plant should be checked to ensure that equip-
ment and subsystems are installed and operatinfg in
accordance with their design parameters and the glant
is ready to test.

] the
test, they should have reasonable opportunity to exam-
ine the equipment, correct defects, and render the equip-
ment suitable to test. The manufacturer, however, is not
thereby empowered to alter or adjust equipment or con-
ditions in such a way that regulations, contract, safety,
or other stipulations are altered or voided. The manufac-
turer 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
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must be documented and immediately reported to all
parties to the test.

3-3.6 Preliminary Testing

Preliminary test runs, with records, serve to determine
if equipment is in suitable condition to test, to check
instruments and methods of measurement, to check ade-
quacy of organization and procedures, and to train per-

Table 3-4-1 Typical Pretest Stabilization Periods

sonnel. All parties to the test may conduct reasonable
preliminary test runs as necessary. Observations during
preliminary test runs should be carried through to the
calculation of results as an overall check of procedure,
layqut, and organization. If such a preliminary test run
conjplies with all the necessary requirements of the
appfopriate test code, it may be used as an official test
run|within the meaning of the applicable code. Some
reagons for a preliminary run are

(@ to determine whether the plant equipment is in
suithble condition for the conduct of the test

(@ to make adjustments, the needs of which were not
evident during the preparation of the test

(d to check the operation of all instruments, controls,
and| data acquisition systems

(d) to ensure that the estimated uncertainty as deter-
mined by the pretest analysis is reasonable by checking
the complete system

(@ to ensure that the facilities operation can be main-
tainked in a steady state performance

to ensure that the fuel characteristics, analysis, ahd
heating value are within permissible limits, angthat
suffficient quantity is on hand to avoid interrupting
the ftest

(9) to ensure that process boundary ifipiits and out-
put$ are not constrained other than those identified in
the ftest requirements

() to familiarize test personnel with their
assipnments

(i) to retrieve enough data’to fine tune the control
systiem, if necessary

=

3-4| CONDUCT(OF THE TEST

This subsection provides guidelines on the actual con-
duct of the pefformance test and addresses the following
areqs; ‘starting and stopping tests and test runs
(pafja.8-4.1), methods of operation prior to and during

Type of Plant Stabilization
Gas fired boiler 1 hr
Oil fired boiler 1 hr
Pulverized coal-fired boiler 1 hr
Fluidized bed combustor 24 hr
[Note (1)]
Simple cycle with heat recovery 1 hr
Combined cycle 1 hr
Reciprocating engines 1 Hr
Stoker and cyclone stabilization inhr

GENERAL NOTE:

has been operating near or at the test target-so as to h

heat soak and transient behaviors mitigated. These perig

include time from cold start.

NOTE:

(1) If chemical stability has béen satisfied, then testing
mence one (1) hr following achievement.

This Table represents recommendéd timelafter plant
ve proper
ds do not

nay com-

Table 3-4-2 (Recommended Minimum Test Run
Durations
Type of Plant Test Runp
Gas fired boiler 2 hr
Oil fired boiler 2 hr
Pulverized coal-fired boiler 2 hr
Fluidized bed combustor 4 hr
Simple cycle with heat recovery 1 hr
Combined cycle 1 hr
Stoker and cyclone stabilization 4 hr

(c) Table 3-4-1, Typical Pretest Stabilization Periods
(d) Table 3-4-2, Recommended Minimum Test Run
Durations

3-4.1 Starting and Stopping Test and test Runs

The Test Coordinator is responsible for ensufing that
all data collection begins at the agreed-upon stgrt of the
test, and that all parties to the test are informgd of the
starting time.

3-4.1.1 Starting Criteria. Prior to starting gach per-
formance test, the following conditions fnust be
satisfied:
(a) Operation. Operation, configuration, and|disposi-

tests (para. 3-4.2), adjustments prior to and during tests
(para. 3-4.3), duration and number of test runs and num-
ber of readings (para. 3-4.4), and constancy of test condi-
tions (para. 3-4.5).

In addition, this subsection contains the following
tables:

(a) Table 3-1.4.1-1, Guidance for Establishing
Permissible Deviations from Design

(b) Table 3-1.10-1, Design, Construction, and Start Up
Considerations
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tion for testing have been reached in accordance with
the agreed-upon test requirements, including

(1) equipment operation and method of control

(2) unit configuration, including required process
efflux flow

(3) valve line-up/cycle isolation

(4) availability of consistent fuel and fuel supple-
ments within the allowable limits of the fuel analysis
for the test (by analysis as soon as practicable preceding
the test)
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(5) plant operation within the bounds of the per-
formance correction curves, algorithms, or programs

(6) equipment operation within allowable limits

(7) for a series of test runs, completion of internal
adjustments required for repeatability

(b) Stabilization. Prior to starting the test, the plant

must be operated for a sufficient period of time at test
load to demonstrate and verify stability in accordance
with para. 3-4.2.5.

Process energy (process steam and condensate) must
be controlled in the most stable manner possible. This
may require operation in manual mode or venting to
the atmosphere if the host is unable to satisfy stability
or quantity criteria.

3-4.2.2 Valve Line-up/Cycle Isolation. A cycle isola-
tion checklist shall be developed to meet the goals of
the test. The checklist should be divided into three cate-

(c) Ddta Collection. Data acquisition system(s) shall
be functjoning, and test personnel shall be in place and
ready tq collect samples or record data.

3-4.1.2 Stopping Criteria. Tests are normally
stopped when the Test Coordinator is satisfied that
requirements for a complete test run have been satisfied
(see pargs. 3-4.4 and 3-4.5). The Test Coordinator should
verify that methods of operation during test, specified
in para.3-4.2, have been satisfied. The Test Coordinator
may extend or terminate the test if the requirements are
not met

Data

ness ang

ogging should be checked to ensure complete-
quality. After all test runs are completed, secure
equipmént operating for purposes of test only (such as
vent stegm). Return operation control to normal dispatch
functiors, if appropriate.

3-4.2

ethods of Operation Prior to and During

be accoynted for in a manner agreeable to all parties.

Typicpl but nonexhaustive examples of operating
equipmlent for consideration includésfutel handling
equipmént, soot blowers, ash handling systems, gas tur-
bine compressor inlet chillers or evaperative coolers, gas
compregsors, water treatment equipment, environmen-
tal contfol equipment, and blowdown.

3-4.2.1 Operating Mode. The operating mode of
the plant during the testshall be consistent with the goal
of the tgst and which-forms the basis of the correction
method¢logy. THe'corrections utilized in the general per-
formande equation and the development of correction
curves ill ‘be affected by the operatmg mode of the

desired, the plant Control system should be Conflgured
to maintain the load during the test. If a specified dispo-
sition is required, the control system should maintain
the disposition and not make changes to the parameters,
which should be fixed, such as valve position.

The plant equipment should be operated in a manner
consistent with the basis of design or guarantee, or in
a manner that will reduce the overall test uncertainty
and in a manner that will permit correction from test
operating conditions to base reference conditions.
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1 1 1 1o 1. 1: 1
gories-mantal-valveisolationchecldistattomatievialve

isolation checklist, and test valve isolation checkligt.

3-4.2.2.1 Manual Valve Isolation Chegklist. [lhis
checklist should be an exhaustive list©f all manual
valves that should be closed during normal operation,
and that affect the accuracy or results of the test if they
are not secured. The plant equipmentshould be operhted
in a manner consistent with the basis of design or guar-
antee or in a manner that will' reduce the overall|test
uncertainty, and in a manner that will permit corredtion
from test operating conditions to base reference condi-
tions. These valve positions should be checked bgfore
and after the test,

3-4.2.2.2) Adtomatic Valve Isolation Checklist. [[his
checklist isa list of valves that should be closed dufring
normal ‘@pération but may from time to time cycle qpen
(such(@s feedwater heater emergency dump valves). As
in ‘para. 3-4.2.2.1, these are the valves that affec| the
dccuracy or results of the test if they are not secyred.
These valve positions should be checked prior tq the
preliminary test and monitored during subsequent fest-
ing. (To the extent available from the plant control |sys-
tem, these valve positions should be continuflly
monitored during the test.)

3-4.2.2.3 Test Valve Isolation Checklist.
checklist is a list of those valves that should be cl

[his
sed

during the performance test. These valves shouldl be
limited to valves that must be closed to accurately 1pea-
sure the plant performance during the test. For exa

be closed prior to the prehmmary test. The Valves may
need to be opened between test runs.

Effort should be made to eliminate leaks through
valves that are required to be closed during the test,
and to determine the magnitude of any valve through-
leakage if elimination is not possible. The following
methods are suggested for isolating or verifying isola-
tion of miscellaneous equipment and extraneous flows
from the steam-feedwater cycle:

(a) double valves
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(b) blank flanges

(c) blank between two flanges

(d) removal of spool piece for visual inspection

(e) visual inspection for steam blowing to atmosphere
from such sources as safety valves, start-up vent valves,
and blowdown tank vents

(f) close valve which is known to be leak-proof (test
witnessed by both parties) and is not operated prior to

or dnring test

to electrical output and heat rate. Table 3-1.4.1-1 was
developed based on achieving the overall test uncertain-
ties described in Table 1-3-1. Excessive corrections to
plant performance parameters can adversely affect over-
all test uncertainty. To maintain compliance with test
Code requirements, the actual test should be conducted
within the criteria given in Tables 3-1.4.1-1, 3-4-1, and
3-4-2 or other operating criteria that result in overall test
uncertainty compatible with Table 1-3-1.

) temperature indication (acceptable only under
certpin conditions with mutual agreement necessary)

Iffthrough-leakage cannot be eliminated, methods are
available if agreed upon to quantify leakages. Some non-
intrusive methods are frequency spectrum analysis,
Doppler effect analysis, and transient analysis that can
be ysed for flow detection through valves.

Legvels of the various storage tanks in the water-steam
(e.g., hotwell, drums, etc.) should be measured in
ordé¢r to estimate unaccounted for cycle losses.

-4.2.3 Equipment Operation. Plant equipment
required for normal plant operation shall be operated
as defined by the respective equipment suppliers’
instfuctions (to support the overall objectives of the plant
test). Equipment that is necessary for plant operation or
thaf would normally be required for the plant to operate
at Hase reference conditions must be operating or
accqunted for in determining auxiliary power loads.
n equipment checklist shall be developed. The
chefklist should be divided into the following two
ories:
electrical auxiliaries
non-electric internal energy consumers” checklist
The checklist shall include a tabulation of the required
opefrating disposition of all electrictand non-electric
intefnal energy consumers that (have the potential to
affeft corrected plant output by)more than 0.05%, as
well as the actual status duting testing.
y changes in equipthent operation that affect test
resylts by more than 0:26% will invalidate a test run, or
may be quantified-and included in test result calcula-
tions. A switch over to redundant equipment, such as
tandby ,pump, is permissible. Intermittent
nontelectrigal internal energy consumption and electri-
cal quxiliaty loads, such as prorating, or proportioning,
mustibe-accounted for in an equitable manner and

3-4.2.5 Stabilization. The length of operahlng time
necessary to achieve the required steady sfate will
depend on previous operations, using Table 3}4-1 as a
guide.

3-4.2.6 Plant Output. A test.may be conducted at
any load condition, as required to satisfy the|goals of
the test. For those tests that require a specified dorrected
or measured load, thestest run electrical outpuft should
be set so that the estinfated test result of electrichl power
is within 1% of the{applicable design value. Hor those
tests that requiréa specified disposition of the lant, the
test electricaloutput will be dependent on the perform-
ance of the.plant itself and will not be contrplled. At
no time should the actual test conditions exdeed any
equipment ratings provided by the manufactufrer.

3-4.2.7 Plant Thermal Energy. Cogeneratipn plant
thermal energy export shall be set at levels spgcified. If
automatic control of export energy does not|provide
sufficient stability and proximity to design copditions,
manual control or venting of export energy| may be
required.

3-4.2.8 Fuel and Fuel Supplements. Conspimption
and properties of fuel and fuel supplements [such as
limestone) should be maintained as constant as practica-
ble for the duration of the preliminary test ar|d actual
test. Permissible deviations in fuel properties fof various
fuels and components are specified in Table 341.4.1-1.

3-4.2.9 Emissions. While there may be
instances dictated by contractual requirements {n which
environmental compliance or other compliance|require-
ments and thermal performance must be demgnstrated
simultaneously, this is not a technical requirgment of
this Code.

3-4.2.10 On-line Cleaning. On-line clegning of

specific

apPliCL‘l i.U i.}lC PUVVCI CUlL lDLlllllJi.iUll Ulr d LUlll}J}C;.C Ek:luil,)'
ment operating cycle over the test period. Examples of
intermittent loads include water treatment regeneration,
well pump, material handling, soot blowing, blowdown,
heat tracing, and air preheating.

3-4.2.4 Proximity to Design Conditions. It is desir-
able to operate the plant during the test as closely as
possible to the base reference performance conditions,
and within the allowable design range of the plant and
its equipment so as to limit the magnitude of corrections
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boiler heat transter surtaces and gas turbine compressors
should be addressed.

3-4.3 Adjustments Prior to and During Tests

This subsection describes the following three types of
adjustments related to the test:

(a) permissible adjustments during stabilization peri-
ods or between test runs

(b) permissible adjustments during test runs

(c) nonpermissible adjustments
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3-4.3.1 Permissible Adjustments During Stabilization
Periods or Between Test Runs. Any adjustments may
be made to the equipment and/or operating conditions,
but the requirements for determination of stable opera-
tion (see para. 3-4.2.5) still apply. For example, if the
fuel distribution on a stoker is altered, sufficient stable
operating time must be allowed for a complete change
of the ash on the grates. Similarly, a change in fluidized
bed combustor ash reinjection must permit restabiliza-

temperature traverse for exhaust flow or high velocity
thermocouple probe in a boiler to determine oxygen and
temperature distribution, the test run should be long
enough to complete two full traverses. Test runs using
blended or waste fuels may also require longer durations
if variations in the fuel are significant. Test run duration
should consider transit times of samples.

3-4.4.2 Number of Test Runs. A run is a complete

tion of the bed. Changes in nonprimary measurements,
such as fteam temperature, may be made so long as the
requirerpent for stability of primary measurements still
holds.

Typical adjustments prior to tests are those required
to corrept malfunctioning controls or instrumentation
or to opfimize plant performance for current operating
conditigns. Recalibration of suspected instrumentation
or measjurement loops are permissible. Tuning and/or
optimizgtion of component or plant performance is per-
missiblg Adjustments to avoid corrections or to mini-
mize thp magnitude of performance corrections are
permissible.

3-4.312 Permissible Adjustments During Test Runs.

Permissible adjustments during tests are those required
to corre¢t malfunctioning controls, maintain equipment
in safe dperation, or to maintain plant stability. Switch-
ing from automatic to manual control, and adjusting
operatir}g limits or set points of instruments or equip-

ment, should be avoided during a test.

3-4.3.3 Nonpermissible Adjustments. Any adjust-
ments that would result in equipment being operated
beyond manufacturer’s operating, design, or safety lim-
its and /jor specified operating limits are not pérmitted.
Adjustnjents or recalibrations which would adversely
affect thie stability of a primary measurement during a
test are plso not permitted.

3-4.4

ration of Runs, Number of Test Runs, and
mber of Readings

3-4.4.1 Duration of Runs. The duration of a test run
shall be| of sufficient-length that the data reflects the
average efficieneyand / or performance of the plant. This
includeq consideration for deviations in the measurable
paramefters<due to controls, fuel, and typical plant
operatirlg characteristics. The recommended test dura-
tions are tabulated in Table 3-4-2.

The Test Coordinator may determine that a longer
test period is required. The recommended times shown
in Table 3-4-2 are generally based upon continuous data
acquisition. Depending upon the personnel available
and the method of data acquisition, it may be necessary
to increase the length of a test in order to obtain a
sufficient number of samples of the measured parame-
ters to attain the required test uncertainty. When point-
by-point traverses are required, such as velocity and
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set—of observations—withtheumit—at—stabteoperating
conditions. A test is a single run or the averageof a
series of runs.

While not requiring multiple runs, the.advantaggs of
multiple runs should be recognized. Conducting rhore
than one run will

(a) provide a valid method of réjecting bad test rfuns.

(b) examine the validity of thé\results.

(c) verify the repeatability:0fthe results. Results may
not be repeatable due to variations in either test method-
ology (test variations) or-the actual performance of the
equipment being tested (process variations).

After completifig the first test run that meets the drite-
ria for an acceptable test run (which may be the prelimi-
nary test ruh), the data should be consolidated [and
preliminary-results calculated and examined to enpure
that the results are reasonable.

3:4.4.3 Evaluation of Test Runs. When compajring
results from two test runs (X; and X,) and their
uncertainty intervals, the three cases illustratefd in
Fig. 3-4.4.3-1 should be considered.

(a) Case 1. A problem clearly exists when there is no
overlap between uncertainty intervals. Either urfcer-
tainty intervals have been grossly underestimated, an
error exists in the measurements, or the true valye is
not constant. Investigation to identify bad readihgs,
overlooked or underestimated systematic uncertajinty,
etc., is necessary to resolve this discrepancy.

(b) Case 2. When the uncertainty intervals complgtely
overlap, as in this case, one can be confident that there
has been a proper accounting of all major uncertdinty
components. The smaller uncertainty interval, X, 4 Uy,
is wholly contained in the interval, X; + U;.

(c) Case 3. This case, where a partial overlap of
uncertainty exists, is the most difficult to analyze,
both test run results and both uncertainty intervals to
correct, the true value lies in the region where the urcer-
tainty intervals overlap. Consequently, the larger the
overlap, the more confidence there is in the validity of
the measurements and the estimate of the uncertainty
intervals. As the difference between the two measure-
ments increases, the overlap region shrinks.

Should a run or set of runs fall under case 1 or case
3, the results from all of the runs should be reviewed
in an attempt to explain the reason for excessive varia-
tion. If the reason for the variation cannot be determined,
then either increase the uncertainty band to encompass

the
For
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Fig. 3-4.4.3-1 Three Post-test Cases
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Funs to make them repeatable, or conduct more runs
hat the precision component of uncertainty may be
ulated directly from the test results.

he results of multiple runs shall be averaged to deter-
e the mean result. The uncertainty of result is calcu-
 in accordance with ASME PTC 19.1.

3-4.4.4 Number of Readings. Sufficient readings

shall be taken within the test duration to yield total

unc
Ided
all 11
and|

brtainty consistent with those listed in Table1-3-1.
lly at least 30 sets of data should be recorded for
on-integrated measurements of primary parameters
variables. There are no specific requiréments for the

number of integrated readings or for measurements of

secd

3-4

T]
thaf]
ene
and
ble
a te
tion
ent

ndary parameters and variables for each test run.

5 Constancy of Test Conditions

he primary criteria forsteady-state test conditions is
the average of the datareflects equilibrium between
gy input from fuelhand energy output to thermal
or electrical generation. The primary uncontrolla-
parameters.affecting the steady-state conditions of
t are typically the ambient conditions. Testing dura-
s and, schedules must be such that changes in ambi-
conditions are minimized. See para. 3-4.2.5.

3-5.1 Causes for Rejection of Readings

Upon epmpletion of the test or during the t
the test data shall be reviewed to determing
from, gertain time periods should be rejected
the calculation of test results. Refer to ASME 1
tor data-rejection criteria. A test log shall be k
plant upsets that causes test data to violate the

st itself,
if data
prior to
PTC 19.1
bpt. Any
require-

ments of Table 3-1.4.1-1 shall be rejected. A njinimum

of 10 min following the recovery of these crite
also be rejected to allow for re-stabilization.

Should serious inconsistencies that affect th|
be detected during a test run or during the ca

ria shall

b results
culation

of the results, the run shall be invalidated comnpletely,

or it may be invalidated only in part if the affe
is at the beginning or at the end of the run. A
has been invalidated shall be repeated, if necsg
attain the test objectives. During the test, shq
control system set points be modified that affed
ity of operation beyond Code allowable limits aj
in Table 3-1.4.1-1, test data shall be considered
tion from the calculations of test results. Th
rejected shall start immediately prior to the chd
end no less than 10 min following the recovel
criteria found in Table 3-1.4.1-1.

An outlier analysis of spurious data should

ted part
run that
ssary, to
uld any
ks stabil-
defined
or rejec-
b period
nge and
y of the

also be

pprfnrmpr‘ in accordance with ASME PTC 19

1 on all

3-5 CALCULATION AND REPORTING OF RESULTS

The data taken during the test should be reviewed
and rejected in part or in whole if not in compliance with
the requirements for the constancy of test conditions. See
para. 3-4.5.

Each Code test shall include pretest and post-test
uncertainty analyses and the results of these analyses
shall fall within Code requirements for the type of plant
being tested.

primary measurements after the test has ended. This
analysis will highlight any other time periods that
should be rejected prior to calculating the test results.

3-5.2 Uncertainty

Test uncertainty and test tolerance are not inter-
changeable terms. This Code does not address test toler-
ance, which is a contractual term.

Procedures relating to test uncertainty are based on
concepts and methods described in ASME PTC 19.1,
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Test Uncertainty. ASME PTC 19.1 specifies procedures
for evaluating measurement uncertainties from both
random and systematic errors, and the effects of these
errors on the uncertainty of a test result.

This Code addresses test uncertainty in the following
four Sections.

(a) Section 1 defines maximum allowable test
uncertainties.

(b) Section 3 defines the requirements for pretest and

The pretest uncertainty analysis shall include an anal-
ysis of random uncertainties to establish permissible
fluctuations of key parameters in order to attain allow-
able uncertainties. In addition, a pretest uncertainty
analysis can be used to determine the correction factors
that are significant to the corrected test. For simplicity,
this Code allows elimination of those corrections that
do not change the test results by 0.05%. Also, pretest
uncertainty analysis should be used to determine the

post-tesf uncertainty analyses, and how they are used
in the tept. These uncertainty analyses and limits of error
are defifed and discussed in para. 3-5.2.1.

(c) Sqction 4 describes the systematic uncertainty
required for each test measurement.

(d) Section 7 and Nonmandatory Appendix F provide
applicaljle guidance for determining pretest and post-
test uncprtainty analysis results.

3-5.2.1 Pretest and Post-test Uncertainty Analyses

(a) Prptest. A pretestuncertainty analysis shall be per-
formed po that the test can be designed to meet Code
requirerpents. Estimates, systematic, and random errors
for each| of the proposed test measurements should be
used to fhelp determine the number and quality of test
instruments required for compliance with Code or con-
tract sp¢cifications.

level of accuracy required for each measurement to
maintain overall Code standards for the test,

(b) Post-test. A post-test uncertainty amalysis ghall
also be performed as part of a Code test,-The postttest
uncertainty analysis will reveal the actual quality of the
test to determine whether the allowablé test uncertdinty
described in Section 1 has beendealized.

3-5.3 Data Distribution and Test Report

Copies of all data will’be distributed by the [lest
Coordinator to thosé«réquiring it at the conclusiop of
the test. A test yepott shall be written in accordgnce
with Section 6,0f this Code and distributed by the [Test
Coordinator{ A ‘preliminary report incorporating cglcu-
lations and results may be required before the final test
report is\submitted.

22
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Section 4
Instruments and Methods of Measurement

4-1
4-1

This Section presents the mandatory provisions for
instfumentation utilized in the implementation of an
ASME PTC 46 test. Using the philosophy of ASME
Performance Test Codes (ASME PTC 1) and subsec-
tion| 1-1 herein, it does so in consideration of the mini-
muin reasonably achievable uncertainty.

The Instruments and Apparatus Supplements to
ASME Performance Test Codes (ASME PTC 19 series)
outlines the details concerning instrumentation and the
governing requirements of instrumentation for all ASME
Code performance testing. Users of this Code must be
intimately familiar with ASME PTC 19.1, ASME
PT( 19.2, ASME PTC 19.3, ASME PTC 19.5, and ASME
PT( 19.22 as applicable to the instrumentation specified
and| explained in this Section.

For the convenience of the user, this Section reviews
the ritical highlights of portions of those Supplements
that| directly apply to the requirements of this Code:
Thig Section also contains details of the instrumentation
reqpirements of this Code that are not specifically
addfressed in the referenced Supplements. Stich details
inclpde classification of measurements forthe purpose
of ifstrumentation selection and maintenance, calibra-
tion| and verification requirementsgelectrical metering,
and|other information specific to'an' ASME PTC 46 test.

If|the instrumentation requirements in the Instrument
and| Apparatus Supplement.become more rigorous as
they are updated, due te~advances in the state of the
art, [their requirements\shall supersede those set forth
in this Code. New.devices and methods may be
employed in lied of any instrumentation recommended
in this Code as“they become available, provided that
they

1 Introduction

is a physical quantity at a location that is_def
by a single instrument, or by the average ofithe

qualities, such as inlet air temperature. Similarly, multi-
ple instruments may be used{to determine a parameter
simply for redundancy,tg reduce test randorh uncer-
tainty, such as using two'temperature measurements of
the fluid in a pipe in.the same plane, where the fempera-
ture gradient is‘expected to be insignificant{ Typical
parameters meastired in an ASME PTC 46 test fare tem-
perature and ‘pressure.

A variabl€ is considered an indirect measurethent and
is an tinknown quantity in an algebraic equatidn that is
detérmined by parameters. The performance efjuations
iSection 5 contain the variables used to calcpilate the
performance results including corrected power, cor-
rected heat input, and corrected heat rate. Typjcal vari-
ables in these equations are flow, enthalpy, correction
factors, and electrical power. Each variabl¢ can be
thought of as an intermediate result needed to d¢termine
the performance result.

Parameters are therefore the quantities mleasured
directly to determine the value of the variableg needed
to calculate the performance results per the equptions in
Section 5. Examples of such parameters are temperature
and pressure to determine the variable enthalpyf; or tem-
perature, pressure, and differential pressure fof the cal-
culation of the variable flow.

4-1.2.2 Measurement Classification. A parameter
or variable is classified as primary or secondary depen-
dent upon its usage in the execution of this Codd. Param-
eters and variables used in the calculation of tegt results

meet the‘allowable uncertainty specified herein. . . . -
; . are considered primary parameters and primary vari-
Bpth @.S." Customary and SI units are shown in all .
o 1 . . ables. Alternatively, secondary parameters and second-
equptions in this Section. In text, tables, and figures, the vy variables do not enter into the caleulation of the

SI value 15 followed by the U.S. Customary value in
parentheses. However, any other consistent set of units
may be used.

4-1.2 Criteria for Selection of Instrumentation

4-1.2.1 Measurement Designation. Measurements
may be designated as either a parameter or variable.
The terms “parameter” and “variable” are sometimes
used interchangeably in the industry, and in some other
ASME Codes. This Code distinguishes between the two.
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results, but are used to ensure that the required test
condition was not violated.

Primary parameters and primary variables are further
classified as Class 1 or Class 2 depending on their rela-
tive sensitivity coefficient to the results of the test. Class 1
primary parameters and Class 1 primary variables are
those that have a relative sensitivity coefficient of 0.2%
or greater. The primary parameters and primary vari-
ables that have a relative sensitivity coefficient of less
than 0.2% are classified as Class 2 primary parameters
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and Class 2 primary variables. Due to an arbitrary zero
point, in the case of temperature measurements for pri-
mary parameters and primary variables, the relative sen-
sitivity coefficient of 0.2% shall be substituted as 0.2%
per °C (0.11% per °F).

4-1.2.3 Instrumentation Categorization. The instru-
mentation employed to measure a parameter will have
different requlred type accuracy, redundancy, and han-

output prior to the test period. This verification can be
by calibyation or by comparison against two or more
indepenjdent measurements of the parameters refer-
enced td the same location. The instruments should also
have requndant or other independent instruments that
can verify the integrity during the test period. Instru-
mentatipn is categorized as Class 1 or Class 2, depending
on the Instrumentation requirements defined by that
paramefer. Care must be taken to ensure the instrumen-
tation meets the requirements set forth in this Code with
regards [to classification.

4-112.3.1 Class 1 Instrumentation. Class 1 instru-
mentatipn must be used to determine Class 1 primary
paramefers. Class 1 instrumentation requires high accu-
racy and must meet specific manufacturing and installa-
tion requirements, as specified in the ASME PTC 19
series sfipplements. Class 1 instrumentation requires
precision laboratory calibration.

4-112.3.2 Class 2 Instrumentation."€lass 2 instru-
mentatipn, or better, shall be used to determine Class 2
primary|parameters. Some Class,2 instrumentation may
meet urjcertainty requirementsyset forth in this Code
with thq factory calibration¢performed for certification,
but it dges require verificatioh by techniques described
in para.{4-1.3.2.

4-1.3 Ipstrument=Calibration and Verification

4-1.3|1 Introduction. The result of a calibration per-
mits thelestimation of errors of indication of the measur-

compensating corrections shall be applied to calibration
results obtained in an environment that departs from
acceptable conditions. Calibrations performed in accor-
dance with this Code are categorized as either laboratory
or field calibrations. Laboratory calibration applications
shall be employed on all Class 1 instrumentation.

4-1.3.1.1 Laboratory-Grade Calibration. Labora-
tory—grade calibrations shall be perforrned in strict com-
; —jand

ob]ectlves of a laboratory’s quality assurance prégfam.
Consideration must be taken to ensure proper sgace,
lighting, and environmental conditions such as templera-
ture, humidity, ventilation, and low noise‘and vibrdtion
levels.

4-1.3.1.2 Field Calibration{) Adequate measjires
shall be taken to ensure that(the necessary calibrdtion
status is maintained during\transportation and while
on-site. The response of the reference standards to gnvi-
ronmental changes or.other relevant parameters shalll be
known and documented. Field calibration measurerhent
and test equipmiént requires calibration by apprgved
sources that remain traceable to NIST, a recognized ifter-
national standard organization, or a recognized nafural
physical (intrinsic) constant through unbroken compari-
sons hiaving defined uncertainties. Field calibrations’
achievable uncertainties can normally be expected to be
larger than laboratory calibrations due to allowancep for
aspects such as the environment at the place of caljpbra-
tion and other possible adverse affects such as those
caused by transportation of the calibration equipnjent.
Field calibration applications are commonly empldyed
on instrumentation measuring secondary paramgters
and Class 2 instrumentation that are identified as jout-
of-tolerance during field verification as described in
para. 4-1.3.2. Field calibrations should include loop fali-
brations as defined in para. 4-1.3.8. Field calibratfons
should be used as a check of Class 1 instrumentqtion
that is suspected to have drifted, or that does not have
redundancy.

4-1.3.2 Verification. Verification provides a mgans
for checking that the deviations between values indi-
cated by a measuring instrument and correspongling
known values are consistently smaller than the limifs of
the permissible error defined in a standard, regulation,
or specification particular to the management off the

ing insttument, measuring system, or the assignment
of values to marks on arbitrary scales. The result of a
calibration is sometimes expressed as a calibration fac-
tor, or as a series of calibration factors in the form of a
calibration curve. Calibrations shall be performed in a
controlled environment to the extent necessary to ensure
valid results. Due consideration shall be given to tem-
perature, humidity, lighting, vibration, dust control,
cleanliness, electromagnetic interference, and other fac-
tors affecting the calibration. Where pertinent, these fac-
tors shall be monitored and recorded, and as applicable,

measuring device. The result of the verification leads to
a decision either to restore to service, or to perform
adjustments, repair, downgrade, or declare obsolete.
Verification techniques include field calibrations, non-
destructive inspections, intercomparison of redundant
instruments, check of transmitter zeros, and energy
stream accounting practices. Nondestructive inspections
include, but are not limited to, atmospheric pressure
observations on absolute pressure transmitters, field
checks including visual inspection, and no-load readings
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on power meters. Intercomparisons include, but are not
limited to, water or electronic bath checks on tempera-
ture measurement devices and reconciliations on redun-
dant instruments. Energy stream accounting practices
include, but are not limited to, mass, heat, and energy
balance computations. The applicable field verification
requirements shall be judged based on the unique
requirements of each setup. As appropriate, manufactur-
er’s_recommendations and the Instruments and

These instruments may be calibrated against a calibrated
instrument.

4-1.3.4 Environmental Conditions. Calibration of
instruments used to measure primary parameters
(Class 1 or Class 2) should be performed in a manner
that replicates the condition under which the instrument
will be used to take the test measurements. As it is often
not practical or possible to perform calibrations under

Apparatus Supplements to ASME Performance Test
Codes should be referenced for further field verification
techniques.

-1.3.3 Reference Standards. Reference standards
shall be routinely calibrated in a manner that provides
tracpability to NIST, other recognized international stan-
dardl organization, or defined natural physical (intrinsic)
congtants and have accuracy, stability, range, and resolu-
tion| for the intended use. They shall be maintained for
proper calibration, handling, and usage in strict compli-
ancg with a calibration laboratory quality program.
When it is necessary to utilize reference standards for
field calibrations, adequate measures shall be taken to
ensfire that the necessary calibration status is main-
tained during transportation and while on-site. The
inteprity of reference standards shall be verified by profi-
ciency testing or interlaboratory comparisons. All refer-
enc¢ standards should be calibrated at the frequency.
spegified by the manufacturer unless the user has data.to
support extension of the calibration period. Supporting
datq is historical calibration data that demonstrates a
calibration drift less than the accuracy of the réference
starjdard for the desired calibration period:

e collective uncertainty of reference standards shall
be Known and the reference standardsshould be selected
such that the collective uncertainty of the standards used
in the calibration contributes less.than 25% to the overall
calibration uncertainty. The.overall calibration uncer-
tainfy of the calibrated instrument shall be determined
at a|95% confidence level. A reference standard with a
lowpr uncertaintydmay be employed if the uncertainty
of the referencelstandard combined with the random
uncprtainty ,of\the instrument being calibrated is less
than the aceufacy requirement of the instrument. For
exampléfor some kinds of flow metering the 25% rule
canfot’be met. However, curve fitting from calibration

replicated environmental conditions, additionallelemen-
tal error sources must be identified and estimated. Error
source considerations must be given to-all) profess and
ambient conditions that may affect-the”meaqurement
system including temperature, pressure, humidity, elec-
tromagnetic interference, and radiation.

4-1.3.5 Instrument Ranges and Calibration Points.
The number of calibratiopeints depends on th¢ classifi-
cation of the parameter'the instrument will fneasure.
The classificationstare’ discussed in para. 4-1{2.2. The
calibration should have points that bracket the ¢xpected
measurement range. In some cases of flow measfirement,
it may be/hecessary to extrapolate a calibrafion (see
ASME PTC"19.5).

4-1.3.5.1 Primary Parameters

{(a) Class 1 Instrumentation. The instruments [measur-
ing Class 1 primary parameters should be laQoratory-
calibrated at a minimum of 2 points more than the order
of the calibration curve fit, whether it is necgssary to
apply the calibration data to the measured dgta, or if
the instrument is of the quality that the d¢viation
between the laboratory calibration and the ingtrument
reading is negligible in terms of affecting the tept result.
Flow metering that requires calibration should have a
20-point calibration. Instrument transformerf do not
require calibration at 2 points more than the order of the
calibration curve fit and shall be calibrated in acfordance
with para. 4-7.6.
Each instrument should also be calibrated duch that
the measuring point is approached in an increaping and
decreasing manner. This exercise minimizes any possi-
bility of hysteresis effects. Some instruments pre built
with a mechanism to alter the range once the ingtrument
is installed. In this case, the instrument must] be cali-
brated at each range to be used during the tesf period.
Some devices cannot practically be calibrated|over the

is achievable from a 20-point calibration in a lab with
an uncertainty of better than 0.2%.

In general, all Class 1 and Class 2 instrumentation
used to measure primary (Class 1 and Class 2) parame-
ters shall be calibrated against reference standards trace-
able to NIST, other recognized international standard
organization, or recognized natural physical (intrinsic)
constants with values assigned or accepted by NIST.
Instrumentation used to measure secondary parameters
need not be calibrated against a reference standard.
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entire operating range. For example, flow-measuring
devices are often calibrated at flows lower than the
operating range and the calibration data is extrapolated.
This extrapolation is described in subsection 4-5.

(b) Class 2 Instrumentation. The instruments measur-
ing Class 2 primary parameters should be calibrated at
a minimum of the number of points equal to the order
of the calibration curve fit. If the instrument can be
shown to typically have a hysteresis of less than the
required accuracy, the measuring point need only be
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approached from one direction (either increasing or ~ Occasionally the instrument calibration drift is unaccept-
decreasing to the point). able. Should the calibration drift, combined with the
Some Class 2 instrumentation may meet uncertainty = reference standard accuracy as the square root of the
requirements set forth in this Code with the factory = sum of the squares, exceed the required accuracy of the
calibration performed for certification, but it does instrument, it is unacceptable.
require field verification by techniques described herein. Calibration drift can result from instrument malfunc-
tion, transportation, installation, or removal of the test
instrumentation. When a field verification of calibration
indicates unacceptable drift to meet the uncertainty
requirements of the test, further investigatio|n is

4-1.3.5.2 Secondary Parameters. The instruments
measuring secondary parameters should undergo field
verificatfors—asdescribed i para 21322 —and, if ali=
brated, [need only be calibrated at one point in the

, . required.
expectedt operating range. A post-test laboratory calibration may be ondered,Jand
4-1.3.6 Timing of Calibration. Because of the vari- engineering judgment must be used g deternmine

ance in dlifferent types of instrumentation and their care, whether the initial calibration or the recalibration is|cor-
no mandate is made regarding the time interval between rect by evaluating the field verifications. Below are spme

the initfal laboratory calibration and the test period. recommended field verification/practices that leafl to
Treatmeht of the device is much more important than  the application of good engineering judgment.

the elapped time since calibration. An instrument may (1) When instrumentatien\is transported to the|test
be calibfated one day and mishandled the next. Con-  site between the calibtation and the test period, a
versely, pn instrument may be calibrated and placed on  single-point check priorto and following the test period
a shelf ih a controlled environment and the calibration ~ can isolate when the/dtift may have occurred. For eam-

ain valid for an extended time period. Similarly, ~ ple, verify the zefe-pressure point on the vented pressure
the instfument may be installed in the field but valved ~ tansmitters, the zero-load point on the wattmeters, or
out of sqrvice, and/or it may, in many cases, be exposed the ice point on the temperature instrument.
to signifjcant cycling. In these cases, the instrumentation (b) Indocations where redundant instrumentatign is
ct to vibration or other damage, and must  employed, calibration drift should be analyzed to d¢ter-
field verification. mine which calibration data (the initial or recalibrafion)

All teft instrumentation used to measure Class 1 pri-  ptoduces better agreement between redundant
mary parameters shall be laboratory-grade calibrated (s <instruments.
prior to |the test and must meet specific manufacturing,
installatjon, and operating requirements, as specifieduin
the ASME PTC 19 series supplements. No mandate is
made fgegarding quantity of time between the
laboratdry-grade calibration and the test period. Some
test instfumentation used to measure Class2 parameters
may megt uncertainty requirements set forth in this Code

4-1.3.8 Loop Calibration. All instruments used to
measure primary parameters (Class 1 or Class 2) shpuld
be loop calibrated. Loop calibration involves the calibra-
tion of the instrument through the signal-conditiohing
equipment. This may be accomplished by calibrj:cing
instrumentation using the test signal-conditioning
equipment either in a laboratory or on-site during|test
setup before the instrument is connected to prodess.
Alternatively, the signal-conditioning device may b cal-
ibrated separately from the instrument by applying a
known signal to each channel using a precision sipnal
generator.
If loop calibration is not performed, an uncertdinty
analysis in accordance with ASME PTC 19.1and
ASME PTC 19.22 must be performed to ensure that the
combined uncertainty of the measurement system nfeets

damage} ther further investigation is required. Flow-
elementdevice eetiro—HTe—renrtiTerTe o o

this Code to measure Class 1 and Class 2 primary param- 4-1.3.9 Quality Assurance Program. Any facility
eters and variables need not undergo inspection follow- ;¢ performs a calibration for Class 1 instrumentation

ing t.h'e test if the de'vices h’f“’? not experience'd shall have in place a quality assurance program that
conditions that would violate their integrity. Such condi-  3,cuments the following information:

tions include steam blows and chemical cleaning. (a) calibration procedures

4-1.3.7 Calibration Drift. When field verification (b) calibration technician training
indicates the drift is less than the instrument accuracy, (c) standard calibration records
the drift is considered acceptable and the pretest calibra- (d) standard calibration schedule
tion is used as the basis for determining the test results. (e) instrument calibration histories
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The quality assurance program should be designed
to ensure that the standards are calibrated as required
and that properly trained technicians calibrate the
equipment in the correct manner.

The parties to the test should be allowed access to the
calibration facility for auditing. The quality assurance
program should also be made available during such
a visit.

warm-up time, data acquisition, spatial variation, and
primary element quality.

The piping between the process and secondary ele-
ment must accurately transfer the pressure to obtain
accurate measurements. Possible sources of error include
pressure transfer, leaks, friction loss, trapped fluid (i.e.,
gas in a liquid line or liquid in a gas line), density
variations within legs (i.e., water legs), and density vari-
ations between legs (differential pressure only).

4-1 gr—Ptamtistromrentation

Plant instrumentation can be used for primary mea-
sur¢ments, if the plant instrumentation (including
sigrjal-conditioning equipment) can be demonstrated to
medt the overall uncertainty requirements.

In) the case of flow measurement, all instrument mea-
surgments (process pressure, temperature, differential
pregsure, or pulses from metering devices) must be
recdrded.

4-1
Where experience in the use of a particular model or
typ¢ of instrument dictates that calibration drift can be
unafceptable, and no other device is available, redun-
danfy is recommended. Redundant instruments should
be fised to measure all primary (Class 1 or Class 2)
parameters, when practical. Exceptions are redundant
floy elements and redundant electrical metering
devjces, because of the large increase in costs.

Al benefit of redundant instruments is realized in @

reddiction in the random component of uncertainty. Fur-
ther} one gains the ability to monitor instrument integrity
thrqugh comparison techniques to detect instrument-
relafed problems.
QOther independent instruments in separate locations
can|also monitor instrument integrity. ‘A sample case
would be a constant enthalpy process where pressure
and|temperature at one point ifi’ @ Steam line verify the
pregsure and temperature of another location in the line
by ¢omparing enthalpies.

5 Redundant Instrumentation

PRESSURE MEASUREMENT
1 Introduction

4-2
4-2
This subséetion presents requirements and guidance
for [the measurement of pressure. Electronic pressure

megsurefient equipment should be used for primary
measurements to minimize systematic and random

All signal cables should have a grounded. ghield or
twisted pairs to drain any induced currents'frorth nearby
electrical equipment. All signal cables shpuld be
installed away from electromotive fotee (EMF)| produc-
ing devices such as motors, generators, electrjcal con-
duit, cable trays, and electrical service panels.

Prior to calibration, the gpressure transmittpr range
may be altered to match/the’ process better. However,
the sensitivity to ambient.temperature fluctuafion may
increase as the rangé-is altered.

Additional calibration points will increase the accu-
racy but are notvequired. During calibration, the mea-
suring point\should be approached from an irfcreasing
and decreaging manner to minimize the hyfsteresis
effects.

Some pressure transmitters allow the user t¢ change
the range once the transmitter is installed. The ransmit-
ters must be calibrated at each range to be usegl during
the test period.

Where appropriate for steam and water procgsses, the
readings from all static pressure transmitters and any
differential pressure transmitters with taps at different
elevations (such as on vertical flow elements) jmust be
adjusted to account for elevation head in wdqter legs.
This adjustment shall be applied at the transmitfer, auto-
matically by the control system or data acquisifion sys-
tem, or 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 pfessures,
and that it is applied only once.

4-2.2 Required Uncertainty

The required uncertainty depends on the type of
parameters and variables being measured. Refer to
paras. 4-1.2.2 and 4-1.2.3 for discussion on meaqurement
classification and instrumentation categoifization,
respectively.

error. Electronic pressure measurement equipment pro-
vides 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 uncertainty of the pressure measurement
include, but are not limited to, ambient temperature,
resolution, repeatability, linearity, hysteresis, vibration,
power supply, stability, mounting position, radio fre-
quency interference (RFI), static pressure, water leg,
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Class 1 primary parameters and variables Ishall be
determined with 0.1% accuracy class pressure transmit-
ters or equivalent that has an instrument systematic
uncertainty of +0.3% or better of calibrated span. Baro-
metric pressure shall be measured with a pressure trans-
mitter that has an instrument systematic uncertainty of
+0.1% or better of calibrated span.

Class 2 primary parameters and variables shall be
determined with 0.25% accuracy class pressure transmit-
ters or equivalent, that have an instrument systematic
uncertainty of +0.50% or better of calibrated span.
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Secondary parameters and variables can be measured
with any type of pressure transmitter or equivalent
device.

4-2.3 Recommended Pressure Measurement Devices

Pressure transmitters are the recommended pressure
measurement devices. Three types of pressure transmit-
ters due to application considerations are absolute pres-
sure transmitters, gage pressure transmitters, and
differential pressure transmitters.

4-2.3.1 Absolute Pressure Transmitters

(a) Agplication. Absolute pressure transmitters mea-
sure prefsure referenced to absolute zero pressure. Abso-
lute prgssure transmitters should be used on all
measurgment locations with a pressure equal to or less
than atrhospheric. Absolute pressure transmitters may
also be jused to measure pressures above atmospheric
pressurd.

(b) Cqlibration. Absolute pressure transmitters can be
calibrat¢d using one of two methods. The first method
involveq connecting the test instrument to a device that
developp an accurate vacuum at desired levels. Such a
device cpn be a deadweight gage in a bell jar referenced
to zero gressure or a divider piston mechanism with the
low sidg¢ referenced to zero pressure.

The s¢cond method uses a suction-and-bleed control
mechanjsm to develop and hold a constant vacuum in a
chambeft to which the test instrument and the calibration
standarfl are both connected. The chamber must be
maintained at constant vacuum during the calibration of
the instrument. Other devices can be utilized to calibrate
absolutq pressure transmitters provided that the-same
level of [care is taken.

4-2.3.2 Gage Pressure Transmitters

(a) Agplication. Gage pressure transmitters measure
pressurq referenced to atmospherie_pressure. The test
site atmpspheric pressure must be) subtracted from the
absolutq pressure to obtain gage pressure.
Pg /) Pabs — Pbaro (4'2'1)

This flest site atmospheric pressure should be mea-
sured byl an absolute pressure transmitter. Gage pressure

transmifters may be used only on measurement loca-
th_pressures higher than atmospheric. Gage

tions w
pressurg
sure transmitters in measurement locations above atmo-
spheric pressure because they are easier to calibrate.
(b) Calibration. Gage pressure transmitters can be cal-
ibrated by an accurate deadweight gage. The pressure
generated by the deadweight gage must be corrected
for local gravity, air buoyancy, piston surface tension,
piston area deflection, actual mass of weights, actual
piston area, and working medium temperature. If the
above corrections are not used, the pressure generated
by the deadweight gage may be inaccurate. The actual
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piston area and mass of weights is determined each time
the deadweight gage is calibrated. Other devices can be
utilized to calibrate gage pressure transmitters provided
that the same level of care is taken.

4-2.3.3 Differential Pressure Transmitters

(a) Application. Differential pressure transmitters are
used where flow is determined by a differential pressure
meter, or where pressure drops in a duct or pipe must

para. 4-2.2. Calibrations at line’static pressure are
formed by applying the actual expected process pre
to the instrument as it is-being calibrated. Calibra
at line static pressure.can be accomplished by one of
the following three methods:

(1) two highly accurate deadweight gages

(2) a deddweight gage and divider combinati

(3) cone deadweight gage and one differential
sure standard

Differential pressure transmitters used to deterrpine
Glass 2 primary parameters and variables or secon
parameters and variables do not require calibrati
line static pressure and can be calibrated using one
rate deadweight gage connected to the “high” side of
the instrument.

If line static pressure calibration is not used, the g§pan
must be corrected for high line static pressure ghift
unless the instrument is internally compensated fof the
effect. Once the instrument is installed in the fieldf the
differential pressure from the source should be equalfzed
and a zero value read. This zero bias must be subtracted
from the test-measured differential pressure. Other
devices can be utilized to calibrate differential pressure

transmitters provided that the same level of care is tajken.
4-2.4 Absolute Pressure Measurements

4-2.4.1 Introduction. Absolute pressure meagure-
ments are pressure measurements that are beloy or

above atmospheric pressure. Absolute
mitters should be used for these measurements. Typical
absolute pressure measurements in an ASME PTC 46
test may include barometric pressure and condenser
pressure.

For vacuum pressure measurements, differential pres-
sure transmitters may be used with the “low” side of
the transmitter connected to the source to effectively
result in a negative gage that is subtracted from atmo-
spheric pressure to obtain an absolute value. This latter
method may be used but is not recommended for Class 1
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primary parameters and variables since these measure-
ments are typically small and the difference of two larger
numbers may result in error.

4-2.4.2 Installation. Absolute pressure transmitters
used for absolute pressure measurements shall be
installed in a stable location to minimize the effects
associated with ambient temperature, vibration,
mechanical shock, corrosive materials, and RFI. Trans-

before the instrument is installed. This will clear 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 non-

mitfers—shroutd—betrstatted—rthe—sameorterntatiorr=s
they were calibrated. If the transmitter is mounted in a
position other than that in which it was calibrated, the
zerq point may shift by an amount equal to the liquid
heagl caused by the varied mounting position. Impulse
tubing and mounting requirements should be installed
in gccordance with manufacturer’s specifications. In
general, the following guidelines should be used to
detprmine transmitter location and placement of
impjulse tubing:
(@ Keep the impulse tubing as short as possible.
(@ Slope the impulse tubing at least 8 cm/m (1 in. /ft)
upward from the transmitter toward the process connec-
tion| for liquid service.
(@ Slope the impulse tubing at least 8 cm/m (1 in./ft)
downward from the transmitter toward the process con-
necfion for gas service.
a) Avoid high points in liquid lines and low points
in gas lines.
(@ Use impulse tubing large enough to avoid friction
effefts and prevent blockage.
(f) Keep corrosive or high temperature process_fluid
out pf direct contact with the sensor module and-flanges.
I} steam service, the sensing line should:-extend at
least 0.61 m (2 ft) horizontally from the.source before
the Hownward slope begins. This hotizontal length will
allow condensation to form completely so the down-
warf slope will be completely(full’of liquid.
The water leg is the condensed liquid in the sensing
line| This liquid causes a sfatic pressure head to develop
in the sensing line. Thi§ static head must be subtracted
frorh the pressure méastirement. The static head is calcu-
latefl by multiplying the sensing line vertical height by
grayity and the'density of the liquid in the sensing line.
Alll vacuuin measurement sensing lines should slope
confinuously upwards from the source to the instru-
merjt. Theé Code recommends that a purge system be
usedl_that isolates the purge gas while measuring the

~

vacuum measurements, the leak check is pefformed
using a leak detection fluid on the impuls¢ tubing
fittings.

Barometric pressure devices shouldbe installpd in the
same general area and at the same® general ¢levation
that is most representative of the test boundary and
minimizes test uncertainty.

4-2.5 Gage Pressure Measurements

4-2.5.1 Introduction. Gage pressure measyrements
are pressure medsurements that are at or aboye atmo-
spheric pressure. These measurements may lpe made
with gagedt)jabsolute pressure transmitters. G3ge pres-
sure transmitters are recommended since they dre easier
to calibrate and to check in situ. Typical gage [pressure
meastirements in an ASME PTC 46 test may indlude gas
futel pressure and process return pressure. Cautjon must
be used with low-pressure measurements becajuse they
may enter the vacuum region at part load opefation.

4-2.5.2 Installation. Gage pressure transmitters
used for gage pressure measurements shall be nstalled
in a stable location to minimize the effects agsociated
with ambient temperature, vibration, mechanicpl shock,
corrosive materials, and RFI. Transmitters sjould be
installed in the same orientation as they were callibrated.
If the transmitter is mounted in a position other than
that in which it was calibrated, the zero point thay shift
by an amount equal to the liquid head causegl by the
varied mounting position. Impulse tubing and mount-
ing requirements should be installed in accordapce with
manufacturer’s specifications. In general, the fpllowing
guidelines should be used to determine transmifter loca-
tion and placement of impulse tubing;:

(1) Keep the impulse tubing as short as pospible.

(b) Slope the impulse tubing at least 8 cm/m [1 in. /ft)
upward from the transmitter toward the procesq connec-

process. A continuous purge system may be used; how-
ever, it must be regulated to have no influence on the
reading. Prior to the test period, readings from all
purged instrumentation should be taken successively
with the purge on and with the purge off to prove that
the purge air has no influence.

Each pressure transmitter should be installed with an
isolation valve at the end of the sensing line upstream
of the instrument. The instrument sensing line should
be vented to clear water or steam (in steam service)
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tion for liquid service.

(c) Slope the impulse tubing at least 8 cm/m (1 in. /ft)
downward from the transmitter toward the process con-
nection for gas service.

(d) Avoid high points in liquid lines and low points
in gas lines.

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

(f) Keep corrosive or high temperature process fluid
out of direct contact with the sensor module and flanges.
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In steam service, the sensing line should extend at
least 0.61 m (2 ft) horizontally from the source before
the downward slope begins. This horizontal length will
allow condensation to form completely so the down-
ward slope will be completely full of liquid.

The water leg is the condensed liquid or water in the
sensing line. This liquid causes a static pressure head
to develop in the sensing line. This static head must be
subtracted from the pressure measurement. The static

Fig. 4-2.6.2-1 Five-Way Manifold

Process

A A

Vent

head is ¢alculated by multiplying the sensing line verti-
cal height by gravity and the density of the liquid in the
sensing fline.

Each pressure transmitter should be installed with an
isolatior) valve at the end of the sensing line upstream
of the ipstrument. The instrument sensing line should
be ventgd to clear water or steam (in steam service)
before the instrument is installed. This will clear the
sensing lline 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 fransmitters are connected to the process, a leak
check must be conducted. The leak check is performed
using a|leak detection fluid on the impulse tubing
fittings.

4-2.6 Differential Pressure Measurements

4-2.6|1 Introduction. Differential pressure measure-
ments afe used to determine the difference in static pres-
sure befween pressure taps in a primary element.

4-2.6.2 Installation. Diffefential pressure transmit-
ters usef for differential ptessure measurements shall
be installed in a stable loeation to minimize the effects
associafed with ambient temperature, vibration,
mechanjcal shock, aorrosive materials, and RFI. Trans-
mitters phould be installed in the same orientation as
they wefe calibrated. If the transmitter is mounted in a
position| otheDd than that at which it was calibrated, the
zero pointimay shift by an amount equal to the liquid
head caused by the varied mounting position. Impulse
tubing and mounting requirements should be installed
in accordance with 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 at least 8 cm/m (1 in. /ft)
upward from the transmitter toward the process connec-
tion for liquid service.
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Instrument

Y

(c) Slope the impulse tubing at least 8 cm/m (1 in
downward from the transmitter toward the process
nection for gas service.

(d) Avoid high points in liquid lines and low p
in gas lines.

(e) Ensure both impulse legs are at the s
temperature.

(f) When using a sealing fluid, fill both impulse
to the same level.

(¢) Use impulse tubing large enough to avoid frigtion
effects and prevent blockage.

(h) Keep corrosive or high temperature process fluid
out of direct contact with the sensor module and flarjges.

In steam service, the sensing line should extend at
least 0.61 m (2 ft) horizontally from the source bgfore
the downward slope begins. This horizontal lengthfwill
allow condensation to form completely so the ddwn-
ward slope will be completely full of liquid.

/ft)

Fon-
ints
hme

legs

ith 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 instrument 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 transmitters should be installed
utilizing a five-way manifold, as shown in Fig. 4-2.6.2-1.
This manifold is recommended rather than a three-way
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manifold because the five-way eliminates the possibility
of leakage past the equalizing valve. The vent valve acts
as a telltale for leakage detection past the equalizing
valves.

Once transmitters are connected to process, a leak
check must be conducted. The leak check is performed
using a leak detection fluid on the impulse tubing
fittings.

When a differential pressure meter is installed on a

paras. 4-1.2.2 and 4-1.2.3 for discussion on measurement
classification and instrumentation categorization,
respectively.

Class 1 primary parameters and variables shall be
determined with temperature measurement devices that
have an instrument systematic uncertainty of no more
than +0.28°C (0.50°F) for temperatures less than 93°C
(200°F) and no more than +0.56°C (1.0°F) for tempera-
tures more than 93°C (200°F).

flow element that is located in a vertical steam or water
line} the measurement must be corrected for the differ-
enc¢ in sensing line height and fluid head change unless
the jupper sensing line is installed against a steam or
watpr line inside the insulation down to where the lower

senging line protrudes from the insulation. The correc-
tion| for the noninsulated case is shown in Fig. 4-2.6.2-2.
See |also Table 4-2.6.2-1 for units and conversion factor.
For upward flow
Aptrue = Apmeas + n*(pamb - ppipe)(g/gr)*AZ (4'2'2)
Fpr downward flow
Aptrue = Apmeas - 7’l*(pamb - ppipe)*(g/g()*AZ (4_2_3)

TEMPERATURE MEASUREMENT
1 Introduction

4-3
4-3
This subsection presents requirements and guidance
for the measurement of temperature. Recommended
temjperature measurement devices, and the calibrdtion
and| application of temperature measurement-devices
are [discussed. Electronic temperature méasurement
equjpment should be used for primary measurements to
minfimize systematic and random errér, Factors affecting
the uncertainty of the temperatureninclude, but are not
limitted to, stability, environment,self-heating, parasitic
resijtance, parasitic voltages, ;resolution, repeatability,
hysteresis, vibration, warm-up time, immersion or con-
duction, radiation, dynamic, spatial variation, and data
acqtusition.

Since temperature measurement technology changes
ovel time, this\Code does not limit the use of other
temperature_ measurement devices not currently avail-
ablg or net\currently reliable. If such a device becomes
avaijlable’and is shown to be of the required uncertainty
andlreliability, it may be nsed

Class 2 primary parameters and variables |shall be
determined with temperature measurement'deyices that
have an instrument systematic uncertainty of po more
than +1.7°C (3.0°F).

Secondary parameters and variables should lpe deter-
mined with temperature measuremient devices fhat have
an instrument systematic wrigertainty of no mpre than
+3.9°C (7.0°F).

The uncertainty limits*above are exclusivg of any
effects of temperature spatial gradient uncprtainty
effects, which are corisidered to be systematic.

4-3.3 Recomimended Temperature Measurement
Devices

Thermocouples, resistance temperature detecfors, and
thermistors are the recommended temperature neasure-
ment devices. Economics, application, and ungertainty
factors should be considered in the selection of fhe most
appropriate temperature measurement device.

4-3.3.1 Thermocouples. Thermocouples|may be
used to measure temperature of any fluid abgve 93°C
(200°F). The maximum temperature is dependeht on the
type of thermocouple and sheath material usgd. Ther-
mocouples should not be used for measurements below
93°C (200°F). The thermocouple is a differential-type
device. The thermocouple measures the difference
between the measurement location in questign and a
reference temperature. The greater this differgnce, the
higher the EMF from the thermocouple. Therefore,
below 93°C (200°F) the EMF becomes low and subject to
induced noise, causing increased systematic ungertainty
and inaccuracy.

Measurement errors associated with therm
typically derive from the following primary sq

(a) junction connection

(b) decalibration of thermocouple wire

(¢) shunt impedance

couples
urces:

All signal cables should have a grounded shield or
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.

4-3.2 Required Uncertainty

The required uncertainty depends on the type of
parameters and variables being measured. Refer to
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(d) galvanic action

(e) thermal shunting

(f) noise and leakage currents

(¢) thermocouple specifications

“The emf developed by a thermocouple made from
homogeneous wires will be a function of the tempera-
ture difference between the measuring and the reference
junction. If, however, the wires are not homogeneous,
and the inhomogeneity is present in a region where a
temperature gradient exists, extraneous emf’s will be
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Fig. 4-2.6.2-2 Water Leg Correction for Flow Measurement

—
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Table 4-2.6.2-1 Units and Conversion Factor for Water Leg Correction for Flow Measurement

Units In Elevation
Correction Equation

Elevation, Fluid Density, and Differential Pressure Units

Values of Constants

Proportionality Units Conversion

Symbol A, P g Az Constant, g, Constant, n
. k
Sl Units Pa _g; mz m g.=1.0 n=1.0
m s dimensionless dimensionless
[Note (1)]
U.S. Customary Units 1bf 1bm ft in g.=32.174056 n=*%%
in.” ft? sec”
lbm-ft 2
Ibf-sec? in¥?

GEN
{1-

RAL NOTE:

w/140)]} — 0.000003086 X meters elevation.
NOTH:
(1) N =kg-m/s?, and Pa = N/m?. Therefore, Pa = kg/m-s.?2

devkloped, and the output of the thermocouple will
deppnd upon factors in addition to the temperature dif-
ferepce between the two junctions. The homogeneity of
the fhermocouple wire, therefore, is an important factor
in afcurate measurements.”’

“All base-metal thermocouples become inhomoge-
neofis with use at high temperatures, however, if all the
inh¢gmogeneous portions of the thermocouple wires are
in afregion of uniform temperature, the inhomogeneous
portions have no effect upon the indications of the thet-
modouple. Therefore, an increase in the depth of immer-
sior] of a used thermocouple has the effect of bringing
preyiously unheated portion of the wires inta the region
of t¢gmperature gradient, and thus the indications of the
thefmocouple will correspond _to the original
emf-temperature relation, provided the increase in
imnpersion is sufficient to bring all.the previously heated
par{ of the wires into the zone ef/uniform temperature.
immersion is decreased, more inhomogeneous por-
of the wire will be-brotught into the region of tem-
perature gradient, thus giving rise to a change in the
indicated emf. Furthermore a change in the temperature
distfibution alorg inhomogeneous portions of the wire
neafly alwaystoecurs when a couple is removed from
onelinstallation and placed in another, even though the
megsured.immersion and the temperature of the mea-
suringjiinction are the same in both cases. Thus the

N

g is the local acceleration due to gravity, ft/sec? per an acknowledged source, or may be estimatedras: g = 31
D.0026373 X cos(2 x degrees latitude X w/180) + 0.0000059 X [cos? (2 x degrees latitude X /180)]} — 0.000003086 x fedt elevation
or fof SI, g = m/s? = 9.80616 x {1 — 0.0026373 X cos(2 x degrees latitude x w/180) + 0.0000059 X jcos? (2 X degrees

17245 %

atitude x

linsula-
nductor

care should be exercised to ensure good electricd
tion between,the-thermocouple wires and the c
to preventsstray currents in the conductor from fentering
the thermocouple circuit and vitiating the rpadings.
Stray xcurrents may further be reduced with the use of
guarded integrating analog-to-digital (A /D) techniques.
Further, to reduce the possibility of magnetically
induced noise, the thermocouple wires should be con-
structed in a twisted uniform manner.

Thermocouples are susceptible to drift after| cycling.
Cycling is the act of exposing the thermocouplp to pro-
cess temperature and removing to ambient conditions.
The number of times a thermocouple is cycled should
be kept to a minimum.

Thermocouples can effectively be ysed in
high-vibration areas such as main or high-presgure inlet
steam to the steam turbine. High-vibration theasure-
ment locations may not be conducive to other measure-
ment devices. This Code recommends that thg highest
EMF per degree be used in all applications. JIST has
recommended temperature ranges for each spegific type
of thermocouple.

4-3.3.1.1 Class 1 Primary Parameters. Thermo-
couples used to measure Class 1 primary pafameters
must have continuous leads from the measuringfjunction
to the connection on the reference junctiof. These
high-accuracy thermocouples must have a rpference

indicated emtf 15 changed-

The elements of a thermocouple must be electrically
isolated from each other, from ground and from conduc-
tors on which they may be mounted, except at the mea-
suring junction. When a thermocouple is mounted along
a conductor, such as a pipe or metal structure, special

! ASME PTC 19.3-1974 (R2004), chapter 9, p. 106, para. 70

2 AL Dahl, “Stability of Base-Metal Thermocouples in Air From
800°F to 2,200°F,” National Bureau of Standards, Washington, D.C.,
in Temperature, Vol. 1, Reinhold: New York, 1941, p. 1238
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junction at 0°C (32°F) or an ambient reference junction
that is well insulated and calibrated.

4-3.3.1.2 Class 2 Primary Parameters. Thermo-
couples used to measure Class 2 primary parameters
can have junctions in the sensing wire. The junction of
the two sensing wires must be maintained at the same
temperature. The reference junction may be at ambient
temperature provided the ambient is measured and the
measurement is compensated for changes in the refer-
ence junction temperature.
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4-3.3.1.3 Reference Junctions. The temperature of
the reference junction shall be measured accurately
using either software or hardware compensation tech-
niques. The accuracy with which the temperature of the
measuring junction is measured can be no greater than
the accuracy with which the 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 refer-

Fig. 4-3.3.2.1-1 Four-Wire RTDs

Measurement
loop
—~ " T~
7 N
N\
/ Current \
/ loop
d S v b
ST o
<

ence jurjctions are immersed in an ice bath, consisting
of a mixfure of melting, shaved ice, and water,’ the bulb
of a prqcision thermometer shall be immersed at the
same level as the reference junctions and in contact with
them. Ahy deviation from the ice point shall be promptly
correctefl. Each reference junction shall be electrically
insulatefl. When the isothermal—cold junction reference
method fis used, it shall employ an accurate temperature
measurgment of the reference sink. When electronically
controll¢d reference junctions are used, they shall have
the ability to control the reference temperature to within
+0.03°C|(0.05°F). Particular attention must be paid to
the ternjinals of any reference junction since errors can
be introgluced by temperature variation, material prop-
erties, of by wire mismatching can introduce errors. By
calibratipn, the overall reference system shall be verified
to have [an uncertainty of less than +0.1°C (0.2°F). Iso-
thermalthermocouple reference blocks furnished as part
of digitdl systems may be used in accordance with this
Code pyovided the accuracy is equivalent to the elec-
tronic r¢ference junction. Commercial data acquisition
systems|employ a measured reference junction, and ‘the
accuracy of this measurement is incorporated .into the
manufagturer’s specification for the device. The uncer-
tainty of the reference junction shall be included in the
uncertainty calculation of the measurementto determine
if the mpasurement meets the standatds of this Code.

4-3|3.1.4 Thermocouple Signal Measurement.

Many injstruments are used today to measure the output
voltage.|The use of each of these instruments in a system
to deterjnine temperatur@requires they meet the uncer-
tainty rpquirements-f6r the parameter. It is recom-
mended| that the thermocouple signal conversion use
Internatjonal Tefmperature Scale of 1990 (ITS-90) soft-
ware compensation techniques.

4-3.3.2\'Resistance Temperature Detectors (RTDs).

Measurement errors assogiated with RTDs typi
derive from the following primary sources:

(a) self-heating

(b) environmental

(c) thermal shunting

(d) thermal EMF

(e) stability:

(f) immersion

Although RTDs are considered a more linear dgvice
than-thermocouples, due to manufacturing technology,
RIDs are more susceptible to vibrational applications.
As such, care should be taken in the specification|and
application of RTDs with consideration for the effedt on
the devices stability. Field verification techniques shpuld
be used to demonstrate the stability is within the urjcer-
tainty requirements of para. 4-3.2.

ally

4-3.3.2.1 Class 1 Primary Parameters. Class 1
mary parameters shall be measured with Grad
four-wire platinum RTDs as shown in Fig. 4-3.3.2
Three-wire RTDs are acceptable only if they ca
shown to meet the uncertainty requirements of
Code.

pri-
e A
1-1.
h be
this

4-3.3.2.2 Class 2 Primary Parameters. Class 2
mary parameters shall be measured with Grade A three-
wire platinum RTDs as shown in Fig. 4-3.3.2.2-1.|The
four-wire technique is preferred to minimize effects
associated with lead-wire resistance due to dissimilar
lead wires.

pri-

Resistance temperature detectors (RIDs) may only be
used to measure 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, pressure, vibra-
tion, and mechanical shock to improve the performance
and longevity of these devices.

3 ASTM MNL 12, Manual on the Use of Thermocouples in
Temperature Measurement, chapter 7, Reference Junctions.
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7-3:3:2-3 RTD Signat Measurement. Vany devices

are available to measure the output resistance. The use
of each of these instruments in a system to determine
temperature requires they meet the uncertainty require-
ments for the parameter.

4-3.3.3 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, the signal is low and susceptible
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Fig. 4-3.3.2.2-1 Three-Wire RTDs

Compensation or lead
resistance loop

/\

Current and
measurement

Np

(three or four sets of calibration data). The calibration
history should include the temperature level the device
experienced between calibrations. A device that is stable
after being used at low temperatures may not be stable
at higher temperatures. Hence, the calibration history
of the device should be evaluated to demonstrate the
required stability of the parameter.

During the calibration of any thermocouple, the refer-
ence junction shall be held constant, preferably at the ice

to efror from current induced noise. Although positive
temperature coefficient units are available, most thermis-
torslhave a negative temperature coefficient (TC); that is,
unlike an RTD, their resistance decreases with increasing
temperature. The negative TC can be as large as several
perdent per degree Celsius, allowing the thermistor cir-
cuit|to detect minute changes in temperature that could
not |be observed with an RTD or thermocouple circuit.
As duch, the thermistor is best characterized for its sensi-
tivify while the thermocouple is the most versatile and
the RTD the most stable.

Measurement errors associated with thermistors typi-
cally derive from the following primary sources:

(4 self-heating

() environmental

(d thermal shunting

(d) decalibration

(@ stability

(ff immersion

Typically, the four-wire resistance measurement is not
required for thermistors as it is fox, RTDs measuring
Clags 1 primary parameters due touits high resistivity.
Thus the measurement lead resistance produces an error
magnitudes less than the equivalent RTD error. How-
evef, in the case where long lead length wires, or wires
witlh high resistance aretised which was not part of the
calibration, the lead-wiré resistance must be compen-
sated for in the measutement. Thermistors are generally
mote fragile than RTDs and thermocouples and must
be darefully/metnted and handled in accordance with
marjufacturer’s specifications to avoid crushing or bond
sepgration.

point with an electronic reference junction, isithermal
reference junction, or in an ice bath. The calibratfion shall
be made by an acceptable method, with-the gtandard
being traceable to a recognized natiofial standafds labo-
ratory such as NIST. The calibrationvshall be cqnducted
over the temperature range in\which the ingtrument
is used.

The calibration of temperature measurement devices
is accomplished by insertitig the candidate temperature
measurement devicé-into a calibration medium along
with a traceable reférence standard. The calfbration
medium type igselected based on the required calibra-
tion range afid commonly consists of either a bjock cali-
brator, fluidized sand bath, or circulating bath. The
temperature of the calibration medium is then get to the
calibration temperature set point. The tempefature of
the calibration medium is allowed to stabilize until the
temperature of the standard is fluctuating less [than the
accuracy of the standard. The signal or reading [from the
standard and the candidate temperature meaqurement
device are sampled to determine the bias of the candi-
date temperature device. See ASME PTC 19.3 fdr a more
detailed discussion of calibration methods.

4-3.5 Temperature Scale

The International Temperature Scale of 1990|(ITS-90)
is realized and maintained by NIST to provid¢ a stan-
dard scale of temperature for use by science and fndustry
in the United States.

Temperatures on the ITS-90 can be expressed|in terms
of International Kelvin Temperatures, represgnted by
the symbol Tqg, or in terms of International] Celsius
Temperatures, represented by the symbol tg. T}, values
are expressed in units of kelvin (K), and foy Yalues in
degrees Celsius (°C). The relation between T}, (in K)
and tgg (in °C) is

[ Yoo Jhe B4

ent Mansz
J

instruments are available to measure the output resist-
ance. The use of each of these instruments in a system
to determine temperature requires they meet the uncer-
tainty requirements for the parameter.

4-3.4 Calibration of Primary Parameter Temperature
Measurement Devices

This Code recommends that primary (Class 1 or
Class 2) parameter instrumentation used in the measure-
ment of temperature have a suitable calibration history

for=—TFo—273+ (4-3-1)
Values of Fahrenheit temperature, f; (in °F), are
obtained from the conversion formula
tr = (9/5)tog + 32 (4-3-2)

The ITS-90 was designed in such a way that the tem-
perature values on it very closely approximate kelvin
thermodynamic temperature values. Temperatures on
the ITS-90 are defined in terms of equilibrium states of
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pure substances (defining points), interpolating instru-
ments, and equations that relate the measured property
to Top. The defining equilibrium states and the values
of temperature assigned to them are listed in NIST
Technical Note 1265 and ASTM MNL 12.

4-3.6 Typical Applications

4-3.6.1 Temperature Measurement of High-Pressure
Fluid in a Plpe or Vessel. Temperature measurement of

Fig. 4-3.6.2-1 Flow-Through Well

Measurement
device

Cork

Fluid
to be

a fluid ip-a-pipe-or-esseHs-aecomplished-by-installing
a thermpwell. A thermowell is a pressure-tight device
that profrudes from the pipe or vessel wall into the fluid
to protect the temperature measurement device from
harsh erfvironments, high pressure, and flows. The ther-
mowell |can be installed into a system by a threaded,
socket yeld, or flanged connection and has a bore
extending to near the tip to facilitate the immersion of
a tempefrature measurement device.

The bpre should be sized to allow adequate clearance
betweer| the temperature measurement device and the
well. Offten the temperature measurement device
becomeg bent, causing difficulty in the insertion of the
device.

The bpttom of the bore of the thermowell should be the
same shape as the tip of the temperature measurement
device. [fubes and wells should be as thin as possible,
consistent with safe stress and other ASME Code
requirefnents, and the inner diameters of the wells
should lpe clean, dry, and free from corrosion or oxide.
The bor¢ should be cleaned with high-pressure air prior
to inserfion of the device.

The thermowell should be installed so that the “tip
protrudés through the boundary layer of the fluid to be
measurgd. Unless limited by design considerations, the
temperature sensor shall be immersed in-the fluid at
least 75 jmm (3 in.) but not less than one-quarter of the
pipe digmeter. If the pipe is less thdn )I00 mm (4 in.)
in diameter, the temperature sensor_must be arranged
axially in the pipe, by inserting it in an elbow or tee.
If such fittings are not available, the piping should be
modified to render this possible. The thermowell should
be locat¢d in an area where the fluid is well mixed and
has no potential gradients. If the location is near the
discharge of a boilerxtturbine, condenser, or other power
plant componentythe thermowell should be downstream
of an elpow ifi:the pipe.

If mo e than one thermowell is installed 1r1 a given

on the opp051te 51de of the plpe and not dlrectly down-
stream of the first thermowell.

When the temperature measurement device is
installed, it should be “spring-loaded” to ensure positive
thermal contact between the temperature measurement
device and the thermowell.

For Class 1 primary parameter measurements, the
portion of the thermowell or lag section protruding out-
side the pipe or vessel should be insulated, along with
the device itself, to minimize conduction losses.

36

:
measurcu

=

For measuring the temperature of desuperhegted
steam, the thermowell locationrelative to the desuper-
heating spray injection must be carefully chosen.|The
thermowell shall be Jocated where the desuperhedting
fluid has thoroughly-tnixed with the steam. This cah be
accomplished by placing the thermowell downstrpam
of two elbows.in the steam line, past the desuperhedting
spray injection point.

Please refer to ASME PTC 19.3 and ASME PTC 19.
for further guidance.

Fluid

TW

4-3.6.2 Temperature Measurement of Low-Pressure
Fluid in a Pipe or Vessel. As an alternative to installing
a thermowell in a pipe, if the fluid is at low presgure,
the temperature measurement device can be instdlled
directly into the pipe or vessel or “flow-through wells”
may be used.
The temperature measurement device can be instdlled
directly into the fluid using a bored through-type dom-
pression fitting. The fitting should be of proper sige to
clamp onto the device. A plastic or Teflon-type fefrule
is recommended so that the device can be removed egsily
and used elsewhere. The device shall protrude thrqugh
the boundary layer of the fluid. The device should not
protrude so far into the fluid that the flowing fluid cafises
it to vibrate. If the fluid is a hazardous gas such as
natural gas or propane, the fitting should be che¢ked
for leaks.
A “flow-through well” is shown in Fig. 4-3.6.2-1. [This
arrangement is applicable only for water in a codli
system where the fluid is not hazardous and ca

the fluid to flow out of the plpe or vessel, over the tip
of the temperature measurement device.

4-3.6.3 Temperature Measurement of Air and
Combustion Products. Air (i.e., cooling, combustion,
blending, etc.) and combustion products (i.e., exhaust
gas, flue gas, etc.) flowing into and through a duct are
subject to spatial variations such as nonuniform velocity,
varying flow angle, temperature, and composition. This
is especially true at the inlet of a duct or near a flow
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disturbance, such as a bend, tee, fan, vane, damper, or
transition. Spatial variation effects, if not addressed by
the measurement approach, are considered errors of
method and contributors to the systematic uncertainty
in the measurement system. Generally, temperature
uncertainty can be reduced either by sampling more
points in a plane perpendicular to the flow or by using
more sophisticated calculation methods such as
flow /velocity weighting and flow angle compensation.

apply this adjustment as station instrument systems and
parameter/variable corrections based on these measurements may
already include this adjustment.

It is recommended that air and combustion products
of temperature be measured at the specified test bound-
ary; however, there may be cases where the measure-
ment upstream or downstream may be more practical
and result in a measurement of lower uncertainty such
as selecting to measure temperature inside the air inlet

The measurement plane should be located away from
benfls, constrictions, or expansions of the duct. If the
strafification is severe, mass/velocity flow weighting
shotild be applied to reduce potential errors in the deter-
minfation of average temperature. Temperature measure-
merjts shall be read individually and not be grouped
toggther to produce a single output. As such, the number
and| location of temperature measurement devices and
flow velocity measurement points should be determined
such that the overall systematic uncertainty of the aver-
agelinlet air temperature measurement devices is mini-
mized as much as practically possible. Velocity
weighting is not necessary in cases where pretest uncer-
tainty analysis, based on CFD or past experience of simi-
lar flow streams, demonstrates the uncertainty of the
avefage temperature of the stream meets the required
uncgrtainty limits without application of flow/velocity
weighting.

The total temperature of the stream is required and,
if tHe average velocity in the area of temperature mea?
surgment exceeds 30.48 m/s (100 ft/sec), then it is sug-

gested that the individual temperature reading be
adjysted for velocity effect.
T, =T+ V*/QJC) =T+T;
whgre
d, = the specific heat, kJ/Kg °C
] = the mechanical equivalent of heat, 1 000
kg-m?/kJ-s?
[ = the measured{temperature, °C
T; = the total temperature, °C
T, = the dynamic temperature, °C
Y = the gas-welocity, m/s
T, =T+ V*/Q2gC,) =T+T,
whgre

duct instead of at the inlet of the duct because pf better
mixing to attain a more representative bulk te
measurement. If measurements are made’ at Jocations
other than the specified test boundary, the Jocation
selected shall be such that no heat.addition or logs occurs
between the specified boundaty~and the selecfed mea-
surement location.

The following sections¢provide guidance on the more
prevalent encountereddboundaries that require empera-
ture measurement byZthis Code for air and corpbustion
products. Further ‘guidance on proper measfirement
techniques for plant boundaries can be foundl within
the equipment-specific test codes (i.e., ASME [PTC 22,
ASME PiI'C 4.4, ASME PTC 4, ASME PTC 30.1,
ASMENPTC 23, ASME PTC 51, etc.) and should be con-
sulted” when designing an ASME PTC #6 test.
ASME PTC 19.1 methods shall be used for the Hetermi-
nation of the uncertainty associated with| spatial
variations.

of Inlet

4-3.6.3.1 Temperature Measurement
Combustion Air. Measurement of tempera

stratification. The number of measurement poi
sary shall be determined to ensure that the mea
uncertainty for average inlet temperature i
0.55°C (1°F).

anenometers, or similar devices. Measurements of veloc-
ity at the inlet ajr stream shall be taken at the same point

G, the specific heat, Btu/Ibm °F

g. = the gravity constant, 32.1741 lbm-ft/(Ibfs)
J = the mechanical equivalent of heat,
778.1692623 ft-Ibf/Btu
T = the measured temperature, °F
T, = the total temperature, °F
T, = the dynamic temperature, °F
V = the gas velocity, ft/sec
NOTE: It is very important for the user of the Code, when

adjusting for the velocity effect, to ensure that it is appropriate to
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at which the temperature measurement is made. Velocity
weighting is not necessary in cases where pretest uncer-
tainty analysis, based on CFD or past experience of simi-
lar flow streams indicated, demonstrates the uncertainty
in the average inlet temperature is below 0.55°C (1°F).

Measurement frequency and locations shall be suffi-
cient to account for stratification of the air temperature
after applications with inlet cooling or heating system.
In applications with inlet fogging, evaporative cooling,
or chilling, the sensors shall be capable of measuring
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dry-bulb temperature at the boundary without the
effects of condensation or water droplet impingement.
The number of locations and frequency of measurements
shall be determined by the pretest uncertainty analysis.

4-3.6.3.2 Temperature Measurement of Products of
Combustion in a Duct. Measurement of temperature
and velocity of products of combustion requires several
measurement points to minimize the uncertainty effects
of stratifieation—Fhenumberof meastrementpoinisnee
essary shall be determined to ensure that the measure-

tempera

tempers
should he taken at centroids of equal areas or as appro-

profile iy determined using pitot traverses, laser aneno-
meters, pr similar devices. Measurements of velocity at
the products of combustion stream shall be taken at the
same pgint at which the temperature measurementis
made. Velocity weighting is not necessary in casesiwhere
pretest yncertainty analysis, based on CFD or{past expe-
rience of similar flow streams indicated, demonstrates
the uncgrtainty in the average inlet temperature is below
5.56°C (JLO°F).

Typidally, as in a steam generator or gas turbine
exhaust) the duct pressures are-low or negative so that
thermowells or protection tubes’are not needed. A long
sheathedl thermocouple or an‘insheathed thermocouple
attached to a rod or velecity probe will suffice. If the
product$ of combustion temperature are measured at a
point where the témperature of the gas is significantly
different from thetemperature of the surrounding sur-
face, an lerrof4s introduced. This situation occurs when
the gas ftemperature is high, and the surface is cooled

air wet-bulb temperature is required for the testing of
plant configurations with cooling towers inside the
boundary covered by this Code. The measurement of
inlet dry-bulb temperature is required for natural draft,
fan assisted, and wet/dry cooling towers. The measure-
ment of inlet dry-bulb temperature is also required for
mechanical draft cooling towers of forced draft design
in order to determine the fan inlet air density for fan
power correction. The devices selected for measurement
of dry-bulb and wet-bulb temperature shall meet’al] the
requirements for humidity measurement of paras4-#.3.2
with the exception of the wick and water supplyf for
dry-bulb measurements. The equipment-selected [and
the number of measurement points.necessary sheuld
be determined to ensure that the overall measurerhent
uncertainty for average inlet fémperature is below
1.11°C (2°F).

For the measurement ofsinlet dry-bulb and wet-pulb
temperature, the instruménts shall be located no rhore
than 1.5 m (5 ft) outside the air intake(s). Care shpuld
be taken to ensure that splashing at the air inlet ¢loes
not affect the insttuments. A sufficient number of rpea-
surement stations shall be applied to ensure that the test
average is\an dccurate representation of the true avefage
inlet wétbulb temperature.

It is’recommended that as a conservative starfing
point, one temperature measuring point per air inl¢t be
donsidered for the purposes of determining the avefage
dry-bulb and/or wet-bulb temperature at the codling
tower.

This instrumentation requirement around the coqling
tower can typically be reduced without significantly
impacting the test uncertainty for situations in which
the following apply:

(a) The equipment scope is combined cycle, for which
the ST performance is typically between one-qugrter
and one-half of the plant output.

(b) The operating regime of the ST last stage blades
and cooling tower are close to the middle of the design
operating envelope, which tends to reduce the sensjitiv-
ity coefficient of inlet air temperature difference$ on
plant results. Examples of this could include cold|day
operation of an air-cooled condenser, wet-bulb temglera-
tures 10R or more below the design maximum for af wet
cooling tower, or a test disposition without duct firing
for a unit that is designed with duct firing.

well below the gas temperature. The thermocouple is
cooled by radiation to the surrounding surface, and this
reduction in measured temperature should be taken into
account. Alternatively, when the measurement point is
at a location exposed to actual combustion processes or
in direct site, the thermocouple is heated by radiation
from the combustion process. A high-velocity thermo-
couple (HVT) probe can be used to reduce this error.

4-3.6.3.3 Measured Cooling Tower Inlet Dry-Bulb
and Wet-Bulb Temperature. The measurement of inlet

(c) Test scopes that have no anticipated sources of
either cooling tower inlet air stratification or tempera-
ture difference between the cooling tower and other test
boundary streams. Typical sources of stratification
include windy areas such as coastal sites as well as sites
with inlet air flow restrictions due to either structures
or natural terrain. Typical sources of temperature differ-
ence can come from plant waste heat streams (i.e., HRSG
stack and generator cooling systems) and neighboring
facilities with atmospheric heat-rejection equipment.
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Practical minima for instrument counts for cooling
towers are given as 4 for duties or for duties below
100 MWth, and 8 for duties greater than this. Further
reductions in instrument count require detailed sensitiv-
ity factor analysis as well as project-specific knowledge
of tower stratification.

4-3.6.3.4 Measured Air Cooled Condenser Inlet Dry
Temperature. The inlet air temperature measurement

Measurements to determine moisture content must
be made in proximity to measurements of ambient dry-
bulb or wet-bulb temperature to provide the basis for
determination of air properties.

All signal cables should have a grounded shield or
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

shall consist of a specified number of dry-bulb tempera-
ture sensors. The number of measurement points neces-
saryf shall be determined to ensure that the measurement
undertainty for average inlet temperature is below
0.55°C (1°F). At least one inlet dry-bulb temperature
megdsuring point per fan shall be selected, with a mini-
muin of 12 total inlet dry-bulb temperature-measuring
poinmts per unit. The measurement points shall be located
downstream from the fan discharge plane, within the
air gtream, as near to the fan deck elevation as practical.
The|walkway or fan bridge is a suggested location. Mea-
surgment points shall be generally in the outer half of
the [fan radius, on the side nearest to the closest ACC
perimeter wall and 1 m from the outer fan diameter.
A alternative arrangement is to locate the tempera-
turdinstruments around the perimeter of the ACC. These
instfuments shall be separated in equal amounts and
posftioned equidistantly around the ACC perimeter
with one in the center of the ACC plot. These instruments
shall be hung 1 m (39.37 in.) below the top of the:ait
inlef opening. If these locations are not accessible, due
to the design of the ACC, then other locations shall be
selerted and agreed upon.

4-4] HUMIDITY MEASUREMENT

4-411 Introduction

This subsection presents-requirements and guidance
for the measurement/of-humidity. Recommended
humidity measuremeht’devices and calibration and
application of humidity measurement devices are also
disqussed. Electronic humidity measurement equipment
shotild be used.for primary measurements to minimize
sysflematic ‘and random error.

The uncertainty of humidity measurement equipment
shalll conisider effects including, but not limited to, reso-

electrical service panels.

4-4.2 Required Uncertainty

The required uncertainty depends on thel type of
parameters and variables being mteasured. Refer to
paras. 4-1.2.2 and 4-1.2.3 for discussion on meagurement
classification and instrumentation categoifization,
respectively.

Class 1 primary paraméters and variables |shall be
measured with hurhidity measurement devices that
determine relative/humidity to an uncertainty of no
more than =2%(points or 0.39°C (0.7°F) wet bylb.

Class 2 ptimary parameters and variables |shall be
measured\with humidity measurement devices that
determine relative humidity to an uncertaintly of not
mote than 4% points or 0.76°C (1.37°F) wet bylb.

Secondary parameters and variables can be

Relative humidity transmitters, wet- and
psychrometers, and chilled-mirror dew point
the recommended humidity measurement deviges. Eco-
nomic, application, and uncertainty factors should be
considered in the selection of the most appfopriate
humidity measurement device.

4-4.3.1 Relative Humidity Transmitters

4-4.3.1.1 Application. Relative humidify trans-
mitters employ specifically selected hydrophili¢ materi-
als. As the humidity changes at the ambient temperature,
the material exchanges enough moisture to regfin equi-

use sensors with a wide variety of hygrosc
stances, including electrolytes and substantially insolu-
ble materials. Relative humidity transmitkters are

lution, stability, environmental, temperature measure-
ment errors, pressure measurement errors, warm-up
time, spatial variation, nonlinearity, repeatability, analog
output, and data acquisition.

Since humidity measurement technology changes
over time, this Code does not limit the use of other
humidity measurement devices not currently available
or not currently reliable. If such a device becomes avail-
able or is shown to be of the required uncertainty and
reliability, it may be used.
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commonly employed for the direct measurement of
parameters such as relative humidity and dry-bulb tem-
perature, and use a thin polymer film as the sensor to
absorb water molecules. These instruments are often
microprocessor based, and from the parameters of rela-
tive humidity and dry-bulb temperature variables such
as dew-point temperature, absolute humidity, mixing
ratio, wet-bulb temperature, and enthalpy may be calcu-
lated. In cases where the instruments output moisture-
indicating parameters or variables that are used in the
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calculation of the test results (primary parameter or pri-
mary variable), the instrument’s internal calculation for-
mulas and basis shall be verified to demonstrate
compliance with the uncertainty requirements detailed
in para. 4-4.2. Relative humidity transmitters typically
provide accuracy specifications that include nonlinearity
and repeatability over relative humidity (RH) conditions
(i.e., £2% RH from 0% to 90% RH, and +3% RH from
90% to 100% RH).

4-4.3.2 Wet- and Dry-Bulb Psychrometers

4-4.3.2.1 Application. The wet- and dry-bulb psy-
chrometer consists of two temperature sensors and use
the temperature effects caused by latent heat exchange.
One sensor measures the ambient dry bulb temperature;
the other is covered with a clean wick or other absorbent
material, which is wetted and the resulting evaporation

. iy - temperature sensors are resistance temperaturevde¢tec-
highly sensitive to temperature equilibrium as a small . , )
tors or thermistors as discussed in paras. 4:3,3.2 [and

differerjce between the measured object and sensor
causes gn error. This error is greatest when the sensor
is coldgr or warmer than the surroundings and the
humidity is high.

The s¢nsor should be installed at a location that mini-
mizes s¢nor contamination. Air should circulate freely
around the sensor. A rapid airflow is recommended as
it ensurgs the sensor and the surroundings are at temper-
ature equilibrium. The installation orientation should
be in agcordance with the device manufacturer’s
specificgtions.

4+4.3.1.1.1 Primary Sources of Measurement
The primary sources of measurement errors
ed with relative humidity transmitters are

Errors.
associa
typically

(a) sehsor contamination

(b) arfalog output

(c) ingtallation location

(d) temperature equilibrium

(e) acfuracy

(f) regolution

4-4
ters are
The firsf
ity, certi
by grav

3.1.2 Calibration. Relative humidity transmit-
ommonly calibrated using one-oftwo methods.
method involves calibrating against high-qual-
ied humidity standards suclhras those generated
metric hygrometers tonachieve the maximum
achievalple accuracy. The second method calibrates with
certified|salt solutions thatmay include lithium chloride
(LiCl), thagnesium chleride (MgCl,), sodium chloride

4-3.3.3, respectively. The temperature sensors mugt be
shielded from solar and other sources 6f.radiation|and
must have a constant air flow across thejsensing elenjent.
Psychrometer measurements require skilled operdtors
to ensure careful control of amumber of variables |that
can affect the measurement testlts.

Sling psychrometers ate)susceptible to the effecfs of
radiation from the surretindings and other errors guch
as those resulting from faulty capillary action. If using
a sling psychronieter, it is important that the instruthent
is whirled fer“e’ sufficient number of times untill the
wet bulb témperature reaches a steady minimum value.
Once tHis.occurs, it is imperative that the temperature
be redd quickly with consideration for inertial effects
on*the temperature element in the case of a liquid-in-
glass thermometer to minimize observation errors. Pata
should be averaged from at least three observatiorfs.

Although not required, a mechanically aspirated psy-
chrometer, as described in (a) through (f) below, is|rec-
ommended as the device for Class 1 humifdity
determination. If a psychrometer is used, a wick shpuld
not be placed over the dry bulb temperature sensof (as
is required for measurement of wet bulb temperatfire).
If the air velocity across the sensing element is grdater
than 7.6 m/s (1,500 ft/min), shielding of the senking
element is required to minimize stagnation effects

The thermodynamic wet bulb temperature is th¢ air
temperature that results when air is adiabatically copled
to saturation. Wet bulb temperature can be inferredl by

(NaCl), pnd potassium’sulfate (K,SOy). During calibra- 5 properly designed mechanically aspirated psychrdme-
tion, thq 'temperatur? of th.e.sepsor and'that .of the mea- ter. The process by which a psychrometer operats is
sured. of ]SCt s.htalll Ee in equilibrium to rﬁl'glr.mze t;e elﬁ'or not adiabatic saturation, but one of simultaneous heat
assoc1at,. MDA the temperature equuiibrium. urt €1, and mass transfer from the wet bulb sensing elemjent.
when uding the second method, the equilibrium humid- - e ) L. i ;

ITIC ltbullllls LCIILPCLC{LULC dlllICVCU L).)/ d t)byLlllUll eter

ity of the salt solutions shall be corrected for the solu-
tions temperature using Greenspan’s calibration
corrections or equivalent.

Relative humidity transmitters shall be calibrated to
meet the uncertainty requirements in specific humidity
as described in para. 4-4.2. This shall be demonstrated
with the application of an uncertainty analysis with con-
sideration for the uncertainty associated with other mea-
sured parameters including barometric pressure and
ambient dry bulb or wet bulb temperature.
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is sufficiently close to the thermodynamic wet bulb tem-
perature over most range of conditions. However, a psy-
chrometer should not be used for temperatures below
5°C (40°F) or when the relative humidity is less than 15%.
Within the allowable range of use, a properly designed
psychrometer can provide a determination of wet bulb
temperature with an uncertainty of approximately
+0.14°C (+0.25°F) based on a temperature sensor uncer-
tainty of +0.08°C (+0.15°F).
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The mechanically aspirated psychrometer should
incorporate the following features:

(a) The sensing element is shielded from direct sun-
light and any other surface that is at a temperature other
than the dry bulb temperature. If the measurement is
to be made in direct sunlight, the sensor must be
enclosed by a double-wall shield that permits the air to
be drawn across the sensor and between the walls.

(b)_The sensing element is suspended in the airstream

adjusted until condensation forms as dew or frost. The
condensation is controlled at equilibrium and the surface
temperature is measured with a high-accuracy tempera-
ture device. Commercially available chilled-mirror dew
point meters use piezoelectric quartz element as the
sensing surface. A surface acoustic wave is generated
at one side of the quartz sensor and measured at the
other. Chilled-mirror dew point meters require a sam-
pling system to draw air from the sampling location

and|is not in contact with the shield walls.

(@ The sensing element is snugly covered by a clean,
cottpn wick that is kept wetted from a reservoir of dis-
tilled water. The length of the wick shall be sufficient
to njinimize the sensing element stem conduction effects
and| ensure it is properly wetted.

a) The air velocity across the sensing element is main-
tainged constant in the range of 240 m/min to 360 m/min
(80 ft/min to 1,200 ft/min).

(@ Air is drawn across the sensing element in such a
marner that it is not heated by the fan motor or other
soufces of heat.

(f) The psychrometer should be located at least 1.5 m
(5 ff) above ground level and should not be located
within 1.5 m (5 ft) of vegetation or surface water.

=~

4-4.3.2.1.1 Primary Sources of Measurement
Errgrs. The primary sources of measurement errors
assqciated with wet- and dry-bulb psychrometers are
typically

(4) temperature sensor

(§) installation location

(¢ radiation

(d) conduction (water in reservoir too/warm)

(d) faulty capillary action (very large wet bulb
depfession)

(f) too high or too low air flow across the wick

4-4.3.2.2 Calibration,~ The temperature sensors
of wet and dry bulb psychrometers shall be calibrated
in afcordance with pard. 4-3.4 and shall meet the uncer-
tainty requirements «n\'specific humidity as described
herdin. This shall.be demonstrated with the application
of gn uncertainty/analysis with consideration for the
uncprtainty dsseciated with other measured parameters
inclphding.barometric pressure.

4-4.3.3 Chilled-Mirror Dew Point Meters

across the chilled mirror at a controlled rate;,.Jommer-
cially available chilled-mirror dew point metersmeasure
the dew-point temperature with acctracy ranges of

+0.1°C to +1°C (+0.2°F to +2°F) over aldew-poinftemper-
ate range of —75°C to 60°C (-103°Ffo 140°F).

Measurement errors assocjiated with chillegl-mirror
dew point meters typically{derive from the fpllowing
primary sources:

(a) sensor contamination

(b) analog output

(c) installatiori<location

(d) accuraey

(e) resolution

4-4.3.3.2 Calibration. Chilled-mirror d¢w point

meters shall be calibrated to meet the uncprtainty

réquirements in specific humidity as describedl herein.
This shall be demonstrated with the applicatipn of an
uncertainty analysis with consideration for the uncer-
tainty associated with other measured parpmeters
including barometric pressure and ambient dry} or wet-
bulb temperature.

4-5 FLOW MEASUREMENT

4-5.1 Introduction

uidance
hlso dis-
Pes, cali-
blication

This subsection presents requirements and g
for the measurement of flow for this Code. It
cusses recommended flow measurement devi
bration of flow measurement devices, and ap
of flow measurement devices.

Differential pressure meters (orifice, nozzle, ind ven-
turi), mass flowmeter (Coriolis flowmeters), ultrasonic,
and mechanical meters (turbine and positive dlisplace-
ment) are the classes of meters recommended in this
Code. Table 4-5.1-1 defines the recommengled (R),

4-4.3.3.1 Application. The dew-point tempera-
ture is the temperature of moist air when it is saturated at
the same ambient pressure. The dew-point temperature
may be measured with chilled-mirror dew point meters.
The operation of these instruments is based on the estab-
lishment of the temperature corresponding to the onset
of condensation. The meter determines the partial pres-
sure of water vapor in a gas by directly measuring the
dew point temperature of the gas. The temperature of
the sensor surface or mirror is manually or automatically

41

acceptable (A), and not recommended (N) meters for
different applications.

See para. 4-5.3 for additional details on application
of flow measurement devices and 8 cm (3 in.). However,
since flow measurement technology will change over
time, this Code does not limit the use of other flow
measurement devices not currently available or not cur-
rently reliable. If such a device becomes available and
is shown to be of the required uncertainty and reliability,
it may be used.
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Table 4-5.1-1

Recommendations for Differential Pressure Meters for Different Applications

Fluid Orifice Nozzle or Venturi Coriolis Ultrasonic Turbine Positive Displacement
Water [Note (1)] R R R A A A
Steam R R N N N N
Natural gas R N R A A N
0il A N A N A R
Organic heat transfer fluid A N A N A R

GENERAL NOTE:

R = recommended, A = acceptable, and N = not recommended

NOTE:

(1) Positiye displacement or turbine meters are recommended for water flows in pipes smaller than 3 in.

Start-fip procedures must ensure that spool pieces are
providegl during conditions that may violate the integ-
rity of the flow measurement device to avoid altering
the devifes characteristics. Such conditions may include
steam blows or chemical cleanings. While the flow mea-
suremen)t device is stored, it must be capped and pro-
tected from environmental damage such as moisture
and dirf

In acdordance with ASME PTC 19.5, the flow must
be steadly, or changing very slowly as a function of time.
Pulsations of flow must be small compared with the
total flow rate. The frequency of data collection must
adequately cover several periods of unsteady flow. Fluc-
tuations|in the flow shall be suppressed before the begin-
ning of |a test by very careful adjustment of flow and
level coptrols or by introducing a combination of con-
ductancg, such as pump recirculation, and resistance,
such as| throttling the pump discharge, in the life
betweer] the pulsation sources and the flow-meaguring
device. Hydraulic damping devices such as restrictors
on instrfiments do not eliminate errors due to pulsations
and, thdrefore, shall not be permitted.

If the(fluid does not remain in a single phase while
passing [through the flow measurement device, or if it
has twq phases when entering"the meter, then it is
beyond [the scope of ASME PTG 19.5. In passing water
through|the flow measurentent device, the water should
not flash into steam. In passing steam through the flow
measur¢ment device,thé steam must remain super-
heated. ASME PTC 124 describes methods for measure-
ment of fwo-phase flow in instances when it is desirable
to measpire theflow rate of a two-phase mixture.

All signalZcables should have a grounded shield or
twisted pairs to drain any induced currents from nearby

factor, etc. Raw data includes static and differential pres-
sures, and temperature.

For the case of a mechanicalhmeter, intermed|iate
results include the meter constant(s) used in the caldula-
tion, and how it is determined.from the calibration cfirve
of the meter. Data includéssfrequency, temperature,|and
pressure.

For any flow meastrement devices, fuel analysisfand
the intermediate{results used in the calculation of the
fluid density is, required.

4-5.2 Required Uncertainty

Therequired uncertainty will depend upon the fype
of parameters and variables being measured. Refdr to
paras. 4-1.2.2 and 4-1.2.3 for discussion on measurethent
classification and instrumentation categorizatfion,
respectively.

If not otherwise specified by this Code, Class 1|pri-
mary parameters and variables shall be determined fvith
flow measurement devices that have a systematic urjcer-
tainty of no more than +0.5% of mass flow rate. Clgss 1
primary parameters and variables shall have a labora-
tory calibration performed.

Class 2 primary parameters and variables shall be
measured with flow measurement devices/methods
that will result in a relative uncertainty contributign of
the parameters and variables to the result of no rhore
than +0.2%.

Expansion: (relative sensitivity coefficient
X relative combined uncertainty) < or = 0.2%

Class 2 primary parameters and variables may|use
the empirical formulations for the discharge coeffigient

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 inter-
mediate results and the data used for the calculations.
In the case of a differential pressure class meter, interme-
diate results would include the discharge coefficient,
corrected diameter for thermal expansion, expansion

for differential pressure class meters if the uncertainty
requirements are met and the meter is manufactured,
installed, and operated in strict accordance with
ASME PTC 19.5. Mechanical meters used in the mea-
surement of Class 2 primary parameters and variables
shall be laboratory calibrated.

4-5.3 Flow Measurement Devices

Differential pressure meters (orifice, nozzle, and ven-
turi), Coriolis flowmeters, ultrasonic flowmeters, and
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mechanical meters (turbine and positive displacement)
are the recommended flow measurement devices for the
specific applications noted herein. Economic, applica-
tion, and uncertainty considerations should be used in
the selection of the most appropriate flow measurement
device.

In the case when a flow measurement device is labora-
tory calibrated, the entire primary device must be cali-
brated. This shall include the primary element, upstream

(b) piping and flow element diameters and round-
ness, and locations of roundness measurements

(c) piping smoothness

(d) internal smoothness of flow nozzle or venturi
element

(e) smoothness and flatness of upstream face of ori-
fice plate

(f) dimensions and machining tolerances for all

and|downstream metering runs, and flow conditioners.
A positive, mechanical alignment method shall be in
plade to replicate the precise position of the meter run
or primary element when it was calibrated. The flow
sectjon must remain dirt- and moisture-free for shipping
and| storage. Whenever possible it is preferred to ship
the flow section as one piece, and not disassembled for
shijping or installation.

-5.3.1 Differential Pressure Meters. In this subsec-
the application and calibration requirements for
se of orifice, flow nozzle, and venturi meters are

boratory calibrated. If flow straighteners or other
-conditioning devices are used in the test, they shall
be ificluded in the meter piping run when the calibration
i rformed. Qualified hydraulic laboratories com-
monly calibrate within an uncertainty of 0.2%. Thus,
witlh inherent curve-fitting inaccuracies, uncertainties.of
lesq than 0.3% in the discharge coefficients~of
labqratory-calibrated meters can be achieved. Thé.proce-
dures for fitting a curve through laboratory ealibration
datq is provided in detail in ASME PTC-19:5 for each
differential pressure meter. The procedures for extrapo-
latign of a calibration to a higher Reynelds number than
available in the laboratory, if necessary, is also given
for each meter in ASME PTC 19.5. Differential pressure
meters used in the measufement of Class 2 primary
parameters and variablesmay use the empirical formu-
latigns for the discharge,coefficient for differential pres-
surg class meters if the tincertainty requirements are met
and|the meter is deSigned, manufactured, installed, and
opetated in strict-accordance with ASME PTC 19.5.
For a diffezéntial pressure meter to be used as a Class 1
metpr, itshall be manufactured, calibrated, installed,
and| operated in accordance with ASME PTC 19.5. The

calculation of the flow must be done in accordance writh

dimensions of primary element given in ASME PTC 19.5

(g) sharpness of orifice plate edge

(h) thickness of orifice plate required

(i) inspection for assurances of nd/burrs, nigks, wire
edges, etc.

(j) location, size, and manufacturing requirements of
pressure taps, including ntachining and dimgnsional
tolerances

(k) location of temperature measurement

(I) eccentricity ofsprimary element and piping

(m) type and-manufacturing requirementd of flow
conditioner,4f used

Class Jy'primary parameters and variables
measured with a minimum of two sets of di
pressure taps each with independent differen
sure measurement devices. It is recommended
two sets of pressure taps be separated by 9
180 deg. Additionally, it is recommended for t
tap nozzle that the meter be manufactured W
sets of differential pressure taps and two sets
be individually measured. Further, the flow calculation
should be done separately for each pressure fap pair,
and averaged. Investigation is needed if the resylts differ
from each tap set calculation by more than the flow
measurement uncertainty. In cases where the fnetering
run is installed downstream of a bend or tee, it is recom-
mended that the pairs of single taps be installefl so that
their axes are perpendicular to the plane of thelbend or
tee. Differential pressure meters should be asgembled,
calibrated (if applicable), and left intact for the Huration
of the test since manufacture. Once manufactyred and
calibrated (if applicable), the flowmeter agsembly
should not be disassembled at the primary flement
flanges. If it is necessary to disassemble the seftion for
inspection or other means prior to the test, pjovisions
for the accurate realignment and reassembly,|such as

shall be
ferential
ial pres-
that the

deg or
e throat
ith four
of taps

that Code. The documentation of factory measurements,
manufacturing requirements, dimensional specifica-
tions of the installation including upstream and down-
stream disturbances, and of the start-up procedures,
must be examined to validate compliance with the
requirements of ASME PTC 19.5. Details shall be docu-
mented as suggested in (a) through (m) below.

(a) piping straight length requirements upstream and
downstream of the primary element and between the
flow conditioner (if used) and the primary element
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pins, must be built into the section to replicate the precise
position of the flow element when it was manufactured
and calibrated (if applicable). If proper reassembly is
not assured by the recommended methods, then the
flow element shall be treated as uncalibrated in the
uncertainty analysis. 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 when corner tap orifice meters
are used.
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Table 4-5.3.1-1 Units and Conversion Factor for Mass Flow Through a Differential Pressure Class Meter

Units In General Flow Mass Flow Meter Geometry, Fluid Density, and Values of Constants
Equation Rate Units Differential Pressure Units Proportionality Units Conversion
Symbol m dorD P Ap Constant, g, Constant, n
. k k:
Sl Units ?g m _g3 Pa g.=1.0 n=1.0
m dimensionless dimensionless
[Note (1)]
U.S. Custqmary Units lbm in lb—T g go = 32174056 n=3000
v ft n- tbm-ft 2 (in2  seAl®
lbm-ft sec? sec!| 7 AR )

NOTE:
(1) N = kg-m/s?, and Pa = N/m?. Therefore, Pa = kg/m-s>.

The general equation of mass flow through a differen-
tial pregsure class meter for liquids and gases flowing
at subsdnic velocity from ASME PTC 19.5 is

m = n2d’C, LS (4-5-1)
4 1-p
where

C =| discharge coefficient

d =| diameter of flow element (bore) at flowing
fluid temperature

gc =| proportionality constant

m =| mass flow

n =| units conversion factor for all units to be
consistent

B =| ratio of flow element (bore) and pipe diameters
(d/D), both diameters at the flowing-fluid
temperature

¢ =| expansion factor

p =| fluid density
Ap =| differential pressure

Table #-5.3.1-1 provides the appropriate units and the
conversjon factor for eq. (4-5-1)int U.S. Customary and
SI units

The ppocedures for defermining the discharge coeffi-
cient and expansion factor for the various devices are
given i ASME PTC-19.5. Note that because the dis-
charge ¢oefficienit’ is dependent on Reynolds number,
which in turris‘dependent on flow, both the sizing of
and calqulation of flow through these meters involve
iteratiorl._Eor a properly constructed differential pres-

formulations for discharge coefficient are based on stud-
ies of the results of large numbers of calibrations. A
cation of the empirical-formulations for discharge
coefficient may be used for Class 2 primary variables if
uncertainty requirenmients are met. In some cases [it is
preferable to perfornt a hydraulic laboratory calibrgtion
of a specific differéntial pressure meter to determing the
specific discharge coefficient. To meet the uncertdinty
requirements of this Code for Class 1 primary pargme-
ters and ‘variables, it is required to calibrate the ter.
The@expansion factor is a function of the diametegs of
the flow element and the pipe, the ratio of the differeptial
pressure to the static pressure, and the isentropic ekpo-
nent of the gas or vapor. It is used for compressible
flows; in this case commonly gas. It corrects the|dis-
charge coefficient for the effects of compressibility. [This
means that a hydraulic calibration of a differential gres-
sure flowmeter is equally as valid for compressible flow
application as in incompressible flow application with
trivial loss of accuracy. This is a strong advanta
differential pressure meters in general because la
tory determination of compressible flow is generally|less
accurate than of incompressible flow. The value of § for
water flow measurement is unity, since if is
incompressible.

The systematic uncertainty of the empirical formfula-
tion of the discharge coefficient and the expansion fgctor
in the general equation for each of the recommerjded
differential pressure meters is presented in ASME
PTC 19.5 and repeated in Table 4-5.3.1-2 for convenignce.

sure meter, the discharge coefficient is a function of the
Reynolds number of flow, and the diameters of the flow
element and the pipe for the range of flows found in
power plants. Discharge coefficients for nozzle and ven-
turi meters are in the order of 1.0, as compared to typical
discharge coefficients of orifice meters in the order of 0.6.

Laboratory calibration data for differential pressure
meters of like type and size, and relationships of dis-
charge coefficient (C) vs. Reynolds number, are available
for each type of differential pressure meter. Empirical

It should be noted that the tabulated uncertainty values
have analytical constraints on Reynolds numbers, bore
diameters, and beta ratios and it is to be emphasized
that these values assume that the flow measurement
device is manufactured, installed, and operated as speci-
fied in ASME PTC 19.5 and herein. In using the empirical
formulations, the uncertainty of the discharge coefficient
is by far the most significant component of the flow
measurement uncertainty, and is the dominant factor in
the uncertainty analysis, assuming that the process and
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Table 4-5.3.1-2 Summary Uncertainty of Discharge Coefficient and Expansion Factor

Uncertainty of Empirical Discharge Coefficient,

Uncertainty of Expansion

Location C, for an Uncalibrated Flow Element Factor, € [Note (1)]
Orifice 0.6% for 0.2 < B<0.6 M
B% for 0.6 < B < 0.75 P
Venturi 0.7% for 0.3 < B< 0.75 (4 + 1008%)(Ap)
P1
2(Ap)
NozZe, wall taps 1.0% tor 0.2 < 5<0.5 )
1
2
NozZe, throat taps 0.5% 0.25 < B<0.5 %
1
GENERAL NOTES:
(@) RBressure and differential pressure are the same units.
(b) RBlease see ASME PTC 19.5 for additional uncertainty sources (i.e., pulsation, alignment, etc.).
NOTH:

M 1

differential pressure instrumentation used in conjunc-
tion| with the meter is satisfactory.

The total measurement uncertainty of the flow con-
tains components consisting of the uncertainty in the
det¢rmination of fluid density, flow element (bore) and
pip¢ diameter, and of pressure, temperature, and differ-
entipl pressure measurement uncertainty in addition to
the components caused by the uncertainty in C and, &
Ref¢r to ASME PTC 19.5 for the methodology in“the
det¢rmination of the systematic uncertainty.

4.5.3.1.1 Orifice Meters

4-5.3.1.1.1 Application. Orifice meters may be
for fuel gas and liquids in pipesigreater than 5 cm
.) and low pressure steam.
accordance with ASME RTC 19.5, three types of
ceometries are available{and include flange taps, D
and|D/2 taps, and corneritaps. This Code recommends
thatlonly flange taps orcorner taps be used for primary
varipble measurements with orifice meters.
The lip-like upstream side of the orifice plate that
extdnds out of-the pipe, called the tag, shall be perma-
nently maxked with the following information:
a) identification as the upstream side
(B) ‘medsured bore diameter to five significant figures

use
21

Inj
tap

=~

he systematic uncertainty of the empirical formulation of the discharge coefficient and the expansion factor in the general e
for each of the recommended differential pressure meters is sourced from ASME PTC 19.5 and.provided in this Table for con

uation
Eenience.

curve fittingldncluding extrapolation, if necesdary, and
evaluating\the curve for the coefficient of discharge shall

be condtcted in compliance with ASME PTC [19.5.
4-5.3.1.2 Nozzle Meters
4-5.3.1.2.1 Application. Nozzle metdrs in an

ASME PTC 46 test may be used for steam fldws, and
for water flow in pipes at least 10 cm (4 in.). Fpr water
flows, calibrated ASME flow sections with a throat tap
nozzle can achieve a measurement uncertainty|of 0.3%.

In accordance with ASME PTC 19.5, three |types of
ASME primary elements are recommended ifcluding
low beta ratio nozzles, high beta ratio nozzles, aind throat
tap nozzles. Other nozzles may be used if equivalent
level of care is taken in their fabrication and ingtallation
and if they are calibrated in a laboratory with fhe same
care and precision as required in ASME PTC [19.5 and
herein.

As detailed in ASME PTC 19.5, the flow sgction is
comprised of the primary element, the diffusing section
if used, the flow conditioner, and the upstrgam and
downstream piping lengths.

4-5.3.1.2.2 Calibration. At least 20 calibration
points should be run over the widest range of Reynolds
numbers possible that applies to the performance test.

(cyeasuredupstreanT pipe diameter to five aigulﬁ-
cant figures if same supplier as orifice plate
(d) instrument, or orifice, identifying number

4-5.3.1.1.2 Calibration. Water calibration of an
orifice meter does not increase the measurement uncer-
tainty when the meter is used in gas measurements. The
uncertainty of the expansion factor in the fundamental
flow [eq. (4-5-1)] is the same whether the orifice is water
or air/gas calibrated. The uncertainty of the expansion
factor is shown in Table 4-5.3.1-2. The procedure for
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The-procedurefor-determining-whetherthe-ealibration
curve parallels the theoretical curve shall be conducted
in accordance with ASME PTC 19.5. The procedure for
fitting including extrapolation, if necessary, and evaluat-
ing the curve for the coefficient of discharge shall be
conducted in compliance with ASME PTC 19.5.

4-5.3.1.3 Venturi Meters

4-5.3.1.3.1 Application. Venturi meters in an
ASME PTC 46 test may be used for steam flows, and
for water flow in pipes at least 10 cm (4 in.).
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In accordance with ASME PTC 19.5, the ASME (classi-
cal Herschel) venturi is the recommended type of pri-
mary element. Other venturis may be used if equivalent
level of care is taken in their fabrication and installation
and if they are calibrated in a laboratory with the same
care and precision as required in ASME PTC 19.5 and
herein.

4-5.3.1.3.2 Calibration
ASME It T 10 0 pu |

In accordance with

by known physical dimensions of the metering section.
ASME PTC 19.5, Section 10 describes ultrasonic flow-
meters in more detail. Due to the sensitivity on velocity
profile on its measurement, a flow conditioner shall be
used as well as adequate upstream and downstream
straight-run lengths. To ensure proper application, man-
ufacturers often provide ultrasonic flowmeters complete
with flow conditioner and spool pieces of necessary
straight-run length.

+1 | S |

FE19-5-dueto-similar—designrconsiderations;
ASME yenturi meters commonly maintain the same
physics |of the flow as the throat tap nozzles. As such,
similar fo nozzle meters, at least 20 calibration points
should e run over the widest range of Reynolds num-
bers possible which applies to the performance test. The
procedufre for fitting including extrapolation, if neces-
sary, for| the coefficient of discharge shall be conducted
in complliance with ASME PTC 19.5.

4-5.3

4-5(3.2.1 Application. Coriolis flowmeters in an
ASME HTC 46 test may be used for gas fuel flows and
liquid flows within the line pressure and temperature
specifichtion and characterization of the flowmeter.
Coriolis|flowmeters measure mass flow directly. Due to
the metqrs insensitivity to velocity profile distortion and
swirl, nq straight-run or flow-conditioning requirements
are typiqally required. To minimize measurement uncer-
tainty, the zero reading of the Coriolis meter must be
verified [at the test line temperature prior to the start of
the perf¢rmance test. ASME MFC 11 provides additional
details ¢qn Coriolis flowmeters.

4-5.3.2.2 Calibration. The calibration of the
Coriolis|flowmeter is generally conducted with water.
Other flfiids may be used because the constants are valid
for othef fluids. The calibration pointsshall be taken at
flow rates that surround the range of flow rates expected
during the test. The effect of gperating pressure and
temperdture on the flowmetef during the test must be
applied [to correct for the influence of operating condi-
tions different than calibfation conditions. The Coriolis
flowmeter must be chatacterized for the line pressure
and line| temperature:-Care must be taken such that the
constan{s within{the meter’s processing that exist during
lab calibrations-are identical to those present in the meter
when it|is.plt into operation and during performance
testing. B
cal, and sensor characterlstlcs In addition, it should be
confirmed that the calibration factors determined during
lab calibration are also applied correctly in the meter’s
processor.

4-5.3.3 Ultrasonic Meters

4-5.3.3.1 Application. Ultrasonic flowmeters can
be used for gas fuel flow measurements and water flow
measurements. These meters measure velocity of the
flowing fluid by which volumetric flow can be calculated

.2 Coriolis Flowmeter
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4-5.3.3.2 Calibration. The laboratory caliertion
of ultrasonic flowmeters shall be conducted(in a qom-
plete assembled spool piece configuration.” When fised
for natural gas flow measurement, theylaboratory fali-
bration is typically conducted with matural gas at flow
rates that surround the range of flow, éxperienced dufing
base load operation of the gas“turbine. Care mugt be
taken such that the constants‘ahd algorithms within the
meter’s processing that exist‘during laboratory caljbra-
tions are identical to these-present in the meter when it
is put into operatioricand during performance tesfing.
Such constants and algorithms compensate for phydical,
electrical, andsénsor characteristics. In additiop, it
should be cenfirmed that the calibration factors deter-
mined during laboratory calibration are also applied
correctly.in the meter’s processor.

4-5:3.4 Mechanical Meters. In this subsection
application and calibration requirements for the us
turbine and positive displacement meters are preserjted.
Turbine meters are commonly classified as infer¢nce
meters as they measure certain properties of the fluid
stream and “infer” a volumetric flow while positive|dis-
placement meters are commonly classified as direct
meters as they measure volumetric flow directly by fon-
tinuously separating (isolating) a flow stream into|dis-
crete volumetric segments and counting them.
A fundamental difference between differential g
sure meters and mechanical meters is the flow equ
derivation. Differential pressure meters flow calcul

the
e of

ture, install, and operate a differential pressure
of known uncertainty. Conversely, mechanical
operation is not rooted deeply in fundamentals of

estabhshed by des1gn and cahbratlon PeI'lOdlC mainte-
nance, testing, and recalibration are required because
the calibration will shift over time due to wear, damage,
or contamination.

All mechanical meters used in the measurement of
Class 1 or Class 2 primary parameters and variables
shall be laboratory calibrated. These calibrations shall
be performed on each meter using the fluid, operating
conditions, and piping arrangements as nearly identical
to the test conditions as practical. If flow straighteners
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or other flow-conditioning devices are used in the test,
they shall be included in the meter piping run when
the calibration is performed.

4-5.3.4.1 Turbine Meters

4-5.3.4.1.1 Application. Recommended appli-
cations of turbine meters by this Code are liquid flow
rates in pipes less than 8 cm (3 in.).

The turbine meter is an indirect volumetric meter Its

of reading for liquids and +0.25% for gases. Accuracy
must be expressed as a composite statement of repeat-
ability and linearity over a stated range of flow rates.
Turbine meters are susceptible to over-registration
due to contaminants, positive swirl, nonuniform velocity
profile, and pulsations. In gas flow, contaminants can
build on internal meter parts and reduce the flow area
which results in higher-velocity fluid, a faster-moving
rotor, and a skewed rotor exit angle. The increased veloc-

maih component is an axial turbine wheel turning freely
in the flowing fluid. The turbine wheel is set in rotation
by the fluid at a speed that is directly proportional to
the pverage velocity of the fluid in the free cross section
of the turbine meter. The speed of the turbine wheel is
thetefore directly proportional to the volumetric flow
rate| of the flow, with the number of revolutions propor-

and mechanical.
e electromagnetic-style meter has two moving parts

itored by counting pulses generated as the rotor
es through a magnetic flux field created by a pickup
located in the measurement module. A meter factor,

or ‘|[K” factor, is determined for the meter in a flow
calipration laboratory by counting the pulses for a
knopwn volume of flow and is normally expressed as
pulses per acf (actual cubic feet). This “K” factor is
unigue to the meter and defines its accuracy.
The mechanical-style meter uses a mechanicahgear
traif to determine the rotor’s relationship to, velume.
The| gear train is commonly comprised of @;series of
wonm gears, drive gears, and intermedidte,gear assem-
bliep that translates the rotor movement to a mechanical
counter. In the mechanical-style meter, a proof curve
is eptablished in a flow calibration laboratory and a
conjbination of change gears ‘is/installed to shift the
pro¢f curve to 100%.

Tyirbine meter performance is commonly defined by
rangeability, linearity, and repeatability.
Rangeability. <Rangeability is a measure of the sta-
of the output'under a given set of flow conditions

pas
coil

the minitnum capacity for a set of operating condi-
arid-during which the meter maintains its specified
accyracy.

ity and the altered exit angle of the fluid cause fhe rotor
to over-register. For all fluids, positive upstregm swirl
may be caused by a variety of conditiens that may
include out-of-plane elbows, insufficient flow cqndition-
ing, partially blocked upstream filtets; or damagled inter-
nal straightening vanes. The positive swirl causes the
fluid flow to strike the rote® at an accentuatdd angle,
causing the rotor to overftegister. In cases whe¢re there
is a distortion of the yeloCity profile at the rdtor inlet
introduced by upstfeam piping configurationf valves,
pumps, flange misalignments, and other obstrugtion, the
rotor speed at a(given flow will be affected. Fof a given
average flow.rate, generally a nonuniform vel
file results'in'a higher rotor speed than a unifor
ity profile. In pulsating flow, the fluid velocity

deceleration of the rotor causing a net mea
over-registration. Dual-rotor turbine meters
checking and self-diagnostic capabilities ar¢ recom-
mended to aid measurement accuracy to defect and
adjust for mechanical wear, fluid friction, and ypstream
swirl. Additionally, dual-rotor meters electrohics and
flow algorithms detect and make partial adjistments
for severe jetting and pulsation. ASME PTC 19.5 should
be consulted for guidance for flow disturbarjces that
may affect meter performance and standardizedl tests to
assess the effects of such disturbances.

4-5.3.4.1.2 Calibration. In accordarjce with
ASME PTC 19.5, an individual calibration shall be per-
formed on each turbine meter at conditions as| close as
possible to the test conditions under which tle meter
is to operate. This shall include using the fluid, operating
conditions (temperature and pressure), and piping
arrangements as nearly identical to the test cqnditions
as is practical with calibration data points that dre taken
at flow rates that surround the range of expefted test
flows. The orientation of the turbine meter will ihfluence

(b) Linearity. Linearity is defined as the total devia-
tion in the meter’s indication over a stated flow range
and is commonly expressed by meter manufacturers to
be within +0.5% over limited flow ranges. High-accuracy
meters have typical linearities of +0.15% for liquids and
+0.25% for gases, usually specified over a 10:1 dynamic
range below maximum rated flow.

(c) Repeatability. Repeatability is defined as the ability
of the meter to indicate the same reading each time the
same condition exist and is normally expressed as +0.1%
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the nature of the load on the rotor bearings, and thus,
the performance of the meter at low flow rates. For
optimum accuracy, the turbine meter should be installed
in the same orientation in which it was calibrated. The
turbine meter calibration report must be examined to
confirm the uncertainty as calibrated in the calibration
medium.

As the effect of viscosity on the turbine meter calibra-
tion “K” factor is unique, turbine meters measuring liq-
uid fuel flow rate shall be calibrated at two kinematic
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viscosity points surrounding the test fluid viscosity. Each
kinematic viscosity point shall have three different cali-
bration temperatures that encompass the liquid fuel
temperature expected during the test. It is recommended
that a universal viscosity curve (UVC) be developed to
establish the sensitivity of the meter’s “K” factor to a
function of the ratio of the output frequency to the kine-
matic viscosity. The universal viscosity curve reflects
the combined effects of velocity, density, and absolute

it entrains air or gas in the fluid. Turndowns as high as
100:1 are available, although ranges of 15:1 or lower are
more common.

Use of positive displacement meters is recommended
without temperature compensation. The effects of tem-
perature on fluid density can be accounted for by calcu-
lating the mass flow based on the specific gravity at the
flowing temperature.

viscosity acting on the meter. The latter two effects are Guin = Go X Sg 45-2)
combingd into a single parameter by using kinematic
o Gun = 8337 X 60 X g, X s, 45-3)
viscosity.
The r¢sult of the calibration shall include where
(a) the error at the minimum flow and all the flowing gun = mass flow, kg/s (Ibm/hy)
flow rates that are above the minimum flow: g, = volume flow, L/s (gal/min)
0.1/0.25/0.4/0.7 of the maximum flow; s, = specific gravity at flowing temperatjure,
(b) te name and location of the calibration dimensionless
laboratary; 8.337 = density of wateérat 60°F, Ibm/gal
(c) the method of calibration (bell prover, sonic noz- 60 = minutes per.hour, m/h

zles, crifical flow orifice, master meters, etc.);

(d) the estimated uncertainty of the method, using
ASME HTC 19.1;

(e) the nature and conditions (pressure, temperature,
viscosity, specific gravity) of the test fluid; and

(f) th¢ position of the meter (horizontal, vertical —
flow up} vertical — flow down).

In prdsenting the calibration data, either the relative
error or|its opposite (the correction), or the volumetric
efficiendy or its reciprocal (the meter factor), shall be
plotted [versus the meter bore Reynolds number. (The
meter’s pore shall be measured accurately as part.of the
calibratipn process.)

4-5

415.3.4.2.1 Application. This Cede recommends
positive| displacement meters for liquid fuel flows for
all size pipes, but in particular fer pipes less than 8 cm
(3 in.). There are many designs of positive displacement
meters ihcluding wobble plate, Totating piston, rotating
vanes, and gear or impellor types. All of these designs
measurq volumetric flow directly by continuously sepa-
rating (ifolating) a floew stream into discrete volumetric
segmentfs and cdunting them. As such, they are often
called vplumeters. Because each count represents a dis-
crete volume of fluid, positive displacement meters are
ideally guifed for automatic batching and accounting.

3.4.2 Positive Displacement Meters

Fuel analyses shotild be completed on samples tdken
during testing, Tle lower and higher heating valye of
the fuel and the/specific gravity of the fuel shouldl be
determined from these fuel analyses. The specific grgvity
should be evaluated at three temperatures covering the
rangeof temperatures measured during testing. Thefgpe-
cific\gravity at flowing temperatures should then be
determined by interpolating between the measured|val-
ues to the correct temperature.

4-5.3.4.2.2 Calibration. The recommenjded
practice is to calibrate these meters in the same flu{d at
the same temperature and flow rate as is expected in
their intended performance test environment or seryice.
If the calibration laboratory does not have the identical
fluid, the next best procedure is to calibrate the metgr in
a similar fluid over the same range of viscosity-prespure
drop factor expected in service. This recommenddtion
implies duplicating the absolute viscosity of the [two
fluids.

4-6 PRIMARY HEAT INPUT MEASUREMENT
4-6.1 Consistent Solid Fuels

Consistent solid fuels are defined as those with a Heat-
ing value that varies less than 2.0% over the colurse
of a performance test. The heat input to the plant by

Unlike differential pressure class meters and turbine
meters, positive displacement meters are relatively
insensitive to piping installations and otherwise poor
flow conditions; they in fact are more of a flow distur-
bance than practically anything else upstream or down-
stream in plant piping.

Positive displacement meters provide high accuracy
(£0.1% of actual flow rate in some cases) and good
repeatability (+0.05% of reading in some cases) and accu-
racy is not significantly affected by pulsating flow unless
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consistent solid fuel flow must be measured and calcu-
lated by indirect methods since solid fuel flow cannot
be accurately measured using direct methods. The
approach requires dividing the heat added to the work-
ing fluid by the boiler fuel efficiency as follows:

boiler energy output
b.e.

facility heat input = (4-6-1)

3 losses + 2 credits
heating value
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where
b.e.
boiler energy output

boiler fuel efficiency

heat added to the working
fluid (including blowdown)
by the boiler, kJ /kg (Btu/lbm)
the energy added to the facil-
ity by the consistent fuel,
KJ/kg

facility heat input

provides details on the measurements required to calcu-
late the extraction flows to feedwater heaters and the
heat input to the steam turbine cycle.

Reheat spray flow must also be included as one of
the flow streams into the boiler. The reheat return flow
is the summation of the reheat steam flow to the boiler
and the cold reheat spray.

4-6.2 Consistent Liquid or Gaseous Fuels

The boiler fuel efficiency (b.e.) shall be calculated
usirlg the energy balance method per ASME PTC 4.

The boiler energy output is the energy added to the
boilpr feedwater as it becomes superheated steam and
as qteam is reheated if applicable. The boiler energy
output is calculated by drawing a mass and energy con-
trol|volume around the boiler. Then the product of the
flow and enthalpy of each water and steam stream cross-
ing the volume are summed. Flows entering the volume
are fegative and the flows leaving are positive. All steam
or water flows into or out of the boiler will be included.
Thepe flows include feedwater, superheat spray, blow-
down, sootblower steam, and steam flows.

The following is some guidance as to when flow
shopild be included and how to make measurements.

rheat spray/attemperator flow generally originates
e boiler feed pump discharge. However, occasion-
it originates from the feedwater line downstream of
any|feedwater heaters and downstream of the feedwater
dsurement. Should the latter be the case, do not
inclpide the superheat spray flow in the calculation.
Bpiler blowdown most often leaves the(cycle and
1ld be counted as one of the leaving streams. The
enthalpy of this stream is saturated liquid at the boiler
drum pressure. This Code recomntends that the boiler
bloydown be isolated since it is\difficult to measure a
satyrated liquid flow.

Spotblowing steam should/be counted as a leaving
flow stream if it originates-within the boiler. Often this
steam originates upstream of one of the superheat sec-
tions. If sootblowing’steam cannot be measured it should
be jsolated during the test. If the sootblowing steam
originates dewnstream of the main steam it should not
be ihcludedhint the calculation.

e maih steam flow is typically calculated by sub-
tracting blowdown and other possible extraneous flow

Consistent liquid or gaseous fuels are thos€wjith heat-
ing values that vary less than 1.0% over the\cofirse of a
performance test. Since liquid and gas flows and heating
values can be determined with highl@accuracy, |the heat
input from these type fuels is usually deternjined by
direct measurement of fuel flow~and the laborgtory- or
online-chromatograph-detesmined heating valfie. Con-
sistent liquid or gaseous fuels heat input can also be
determined by calculationas with solid fuels.

Homogenous gas‘and liquid fuel flows arg usually
measured directly for gas-turbine-based powelr plants.
For steam turbine plants, the lowest uncertainty] method
should be employed depending on the specifi¢ site.

Subsection 4-5 includes a discussion of the heasure-
ment Of liquid and gaseous fuel flow. Should the direct
method be employed, the flow is multiplied by fhe heat-
ing, value of the stream to obtain the facility h¢at input
to the cycle. The heating value can be meagured by
an online chromatograph or by sampling th¢ stream
periodically (at least three samples per test) and analyz-
ing each sample individually for heating value. The anal-
ysis of gas, either by online chromatography|or from
laboratory samples, in accordance with ASTM D1945,
results in the amount and kind of gas constituefits, from
which heating value is calculated. Sge also
ASME STP-TS-012-1 for Thermophysical Properties of
Working Gases Used In Gas Turbine Applicatipns. Lig-
uid fuel heating value may be determined by calprimeter
in accordance with ASTM D4809.

4-6.3 Solid Fuel and Ash Sampling

Refer to ASME PTC 4 for sampling requiremfents and
procedures.

4-7 ELECTRICAL GENERATION MEASUREMENT
4-7.1 Introduction

like sootblowing steam from the feedwater flow.

The reheat steam flow to the boiler is determined by
subtracting from the main steam flow any leakages and
extractions that leave the main steam before it returns
to the boiler as reheat steam. Leakages shall be either
measured directly, calculated using vendor pressure for
flow relationships, or determined by methods accept-
able to all parties. Extraction flows shall either be mea-
sured directly or calculated by heat balance around the
heater if the extraction is serving a heater. ASME PTC 6
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This subsection presents requirements and guidance
regarding the measurement of electrical generation.

The scope of this subsection includes

(a) the measurement of polyphase (three-phase) alter-
nating current (AC) real (active) and reactive power
output. Typically, the polyphase measurement will be
net or overall plant generation, the direct measurement
of generator output (gross generation), or power con-
sumption of large plant auxiliary equipment (such as
boiler feed pump drives).
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(b) the measurement of direct current (DC) power out-
put. Typically, the DC measurement will be on the gener-
ator side of any connections to the power circuit by
which power can enter or leave the circuit and as close
to the generator terminals as physically possible.

ANSI/IEEE Standard 120 is referenced for measure-
ment requirements not included in this subsection or
for any additionally required instruction.

Table 4-7.3-1 Metering Method Restrictions

4-7.2 Rpquited-Yncertainty

The r¢quired uncertainty will depend on the type of
paramefers and variables being measured. Refer to
paras. 411.2.2 and 4-1.2.3 for discussion on measurement
classifi¢ation and instrumentation categorization,
respectiyely.

4-7.2.1 Primary Parameters and Variables

(a) Clpss 1. Class 1 primary parameters and variables
shall bel measured with 0.1% or better accuracy class
power metering, 0.3% or better accuracy class (metering
type) current transformers, and 0.3% or better accuracy
class (mletering type) voltage transformers.

(b) Clpss 2. Class 2 primary parameters and variables
should lpe measured with 0.5% or better accuracy class
etering, 0.3% or better accuracy class (metering
rent transformers, and 0.3% or better accuracy

relative pensitivity of less than 0.02 percent per percent,
then it {s acceptable to determine the power with an
overall fincertainty of +0.5%.

4-7.2.2 Secondary Parameters and Variables,\'Sec-
ondary parameters and variables can be measured with
any typ¢ of power measurement device. The use of cali-
brated tfansformers will lower overall tést uncertainty,
if the cqlibration data is used in the caleculation of the
test results; however, use of calibrated” transformers is
not a C¢de requirement.

4-7.3 Pplyphase Alternating \Current Electrical

easurement System“Connections

The cpnnection of the{primary elements for measure-
ment of polyphase alternating current power systems is
subject o requiréd utncertainty and the degree of unbal-
eensphases which may be experienced. Many
and_special connections can be used for mea-

Summary

Configuration Restrictions
Code Application Connection Voltage Load
1.5 1Y% element 3 phase, 3-wire Balanced Balanced
2E 2 element 3 phase, 3-wire None None
3E 3 element 3 phase, 3-wire None None
2.5E 21/2 element 3 phase, 4-wire Balanced Balanced
3E 3 element 3 phase, 4-wire None None

the system govern the selection of the metering sysfem.
Hence, the minimum metering methods required for
use on each of these three-phasesystems can be divided
into the following categories;

(a) Three-Wire Power Systems” Three-wire power |sys-
tems consist of two single-phase meters or one {wo-
phase meter.

(b) Four-Wire Potwer Systems. Four-wire power [sys-
tems consist of thiee single-phase meters or one three-
phase meter,

Table 4:%7.3*1 provides guidance on the restrictfions
of various)connection metering methods to ensurg the
appropriate metering method is selected to meef the
uncertainty requirements as described in para. 4-7)3. It
should be noted, in the two-element configuration of
the three-phase, three-wire connection that if the Joad
(phase currents) is unbalanced, this method could r¢sult
in an error in calculating the total power factor gince
only two VA measurements are used in the calculation.
As such, the three-element configuration of the three-
phase, three-wire connection is the recommended fon-
figuration in the determination of power factor dye to
insensitivity in the load balance of a three-wire pgwer
system.

Three-wire and four-wire power systems are deffned
by connections between the generator and transfornpers:
wye-delta, delta-wye, wye-wye, delta-delta. The tyge of
connection and the site arrangement should be reviepved
before deciding which power-metering system is puit-
able to a given measurement application. Paragraphs
4-7.3.1 and 4-7.3.2 describe each of these systems |and
the measurement techniques.

4-7.3.1 Three-Wire Power Systems. Three-yire

suring plolyphase alternating current; however, the con-
nections covered in this Code will be for three-wire or
four-wire type systems and are recommended for meet-
ing the uncertainty requirements of this Code.

The fundamental principle on which polyphase alter-
nating current power measurement is based is that of
Blondel’s Theorem. This theorem states that for a system
of N conductors, N-1 metering elements are required to
measure the true power or energy of the system. This
is true for any condition of load unbalance. It is evident,
then, that the electrical connections of the generator to

power systems are used for several types of power sys-
tems as shown in Fig. 4-7.3.1-1. Brief descriptions of
various three-wire power systems are as follows:

(a) Open Delta. The open delta-connected generator
has no neutral or fourth wire available to facilitate a
neutral conductor; hence, it can be connected only in a
three-wire connection. The open delta-connected gener-
ator is common since it is associated with a higher level
of reliability (if one winding fails to open, the other two
can still maintain full line voltages to the load).
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Fig. 4-7.3.1-1 Three-Wire Metering System
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W High-Impedance Grounded Wye. A common three-
wirp system is a wye-connected generator with a
high-impedance neutral grounding device. The genera-
tor |s connected directly to a transformer with a delta
prithary winding, and load distribution is made on the
secqndary, grounded-wye side of the transformer. Any
load unbalance on the load distribution side of the gener-
atof transformer is seen as neutral current in the
grofinded-wye connection. On the generator side of the
transformer, the neutral current is effectively filtered out
duelto the delta winding, and a neutral conductor is not
ired.

Low-Impedance Grounded Wye. Another type of
-wire system utilizes a wye-connected generater

, the generator is connected to a three-wire-load
ibution bus and the loads are connected either

m isshown in Fig. 4-7.3.1-1. These instrument trans-

ers are connected to either two watt /var meters_a

PT3

Vars; total vars for three phases
Watts; = total watts f0r three phases

Alternatively, for(balanced three phase, thfee-wire
sinusoidal circuits, \power factor, PF, may be cglculated
from the phase-toyphase power measurement adfollows:

1

1 (WattsA_B - WattsC_B) 2
* (WattsA_B + Wattsc_g)

PF = (4-7-2)

where
PF = power factor
Wattspp = real power phase A to B
Wattscy = real power phase C to B

4-7.3.2 Four-Wire Power Systems. A typifal four-
wire power-metering system is shown in Fig. #-7.3.2-1.
There are two types of four-wire power systems, as
follows:

(a) In the first type, where generator output i$ desired
from a wye-connected generator with a solid of imped-
ance ground through which current can flow.

(b) In the second type, where plant generatiof is mea-
sured somewhere other than at the generator| such as
at the high side of the step-up transformer. In this case,
the neutral is simulated by a ground.

In addition, with the exception of the open dplta gen-
erator connection, all of the three-wire systems described
in para. 4-7.3.1 can also be measured using the four-
wire measurement system described in this pafagraph.

two-element watt/var meter, two watt hour/var-hour
meters, or a two-element watt hour/var hour meter. The
var meters are necessary to establish the power factor,
PE, as follows:

Watts;

[Watts? + Vars?
where

PF = power factor

PF = (4-7-1)

In a four-wire power system, power is measured using
three VTs and three CTs, as shown in Fig. 4-7.3.2-1. These
instrument transformers are connected to three watt/var
meters, a three-element watt/var meter, three
watt-hour/var-hour meters, or a three-element
watt-hour/var-hour meter. The var meters are necessary
to establish the power factor, PE as follows:

Watts;

/ Wa’cts,2 + Vars?

PF = (4-7-3)
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Fig. 4-7.3.2-1 Four-Wire Metering System
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where
PH = power factor
Vars| = total vars for three phases
Watts| = total watts for three phases

Alternatively, power factor, PF, may be determined
by meaguring each phase current and voltage, with the
following equation:

PF = Watts, 4
= VI, 574
where
I; =| phase current for each of the three phases

PF =| power factor
=| phase voltage for each of the three phases

=~
I

4-7.4 Electrical-Metering Equipment

There|are five types ofselectrical-metering equipment
that may be used to nieasure electrical energy.

(a) watt meters

(b) watt-hourdneters

(c) vaf meters

(d) Va(r—hour meters

(e) pawer factor meters

Connections for three wattmeters or one three-elementiwatt-hour meter

reading errorywhile encompassing the test conditjons.
The systematic uncertainty associated with digital
power dnalyzers that use some form of digitizing ech-
niquedto convert an analog signal to digital form ajccu-
racy \specifications shall consider influence quantities
including, but not limited to, environmental effects $uch
as ambient temperature, magnetic fields, electric fi¢lds,
and humidity, power factor, crest factor, D/A oufput
accuracy, timer accuracy (integration time), and lpng-
term stability.

The leads to the instruments shall be arranged softhat
inductance or any other similar cause will not influgnce
the readings. Inductance may be minimized by utiliging
twisted and shielded pairs for instrument leads. [It is
desirable to check the whole arrangement of instrumlents
for stray fields. Additionally, the lead wires shall have
insulation resistance appropriate for their ratings.

In order to minimize the voltage drop in the voltage
circuit, wire gage shall be chosen considering the lepgth
of the wiring, the load on the voltage transformer cirfuit,
and the resistance of the safety fuses. The errors dye to
wiring resistance (including fuses) shall always be tdken
into account, either by voltage-drop measurement gr by
calculation.

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 measure-
ments. These meters are described below.

The warm-up time of electrical-metering equipment
shall be in accordance with the manufacturer’s recom-
mendations to ensure instrument specifications are met.
Electrical-metering equipment with various measure-
ment range settings should be selected to minimize the

Extreme care must be exercised in the transportation
of calibrated portable instruments. The instruments
should be located in an area free of stray electrostatic
and magnetic fields as possible. Where integrating
meters are used, a suitable timing device shall be pro-
vided to accurately determine the real power during the
test time period.

To reduce the effect of instrumental loss on measure-
ment accuracy, power-metering equipment should be
selected that use a separate source of power and that
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have high-impedance voltage inputs (i.e., 2.4 M) and
low-impedance current inputs (i.e., 6 mQ).

4-7.4.1 Wattmeters. Wattmeters measure instanta-
neous active power. The instantaneous active power
must be measured frequently during a test run and aver-
aged over the test-run period to determine average
power (kilowatts) during the test. Should the total active
electrical energy (kilowatt-hours) be desired, the average

factor, as discussed in para. 4-7.3.2. The instantaneous
reactive power must be measured frequently during a
test run and averaged over the test-run period to deter-
mine average reactive power (kilovars) during the test.
Should the total reactive electrical energy
(kilovar-hours) be desired, the average power must be
multiplied by the test duration in hours.

Var meters measuring a Class 1 or Class 2 primary
variable shall have a systematic uncertainty equal to or

powerTust beuitiptied by thetest duratiomr i hours:
attmeters measuring a Class 1 primary variable such
as njet or gross active power generation shall have a
systiematic uncertainty equal to or less than 0.2% of
reading. Metering with a systematic uncertainty equal
to gr less than 0.5% of reading shall be used for the
megsurement of Class 2 primary variables. There are
no thetering accuracy requirements for measurement of
secqndary variables. The output from the wattmeters
mugt be sampled with a frequency high enough to attain
an gcceptable random uncertainty. This is a function of
the variation of the power measured. A general guide-
line|is a frequency of not less than once each minute.

4-7.4.2 Watt-Hour Meters. Watt-hour meters mea-
sur¢ active energy (kilowatt-hours) during a test period.
Thelmeasurement of watt-hours must be divided by the
test/duration in hours to determine average active power
(kilpwatts) during the test period.

Watt-hour meters measuring a Class 1 primary vari-
ablq such as net or gross active power generation shall
havp an uncertainty equal to or less than 0.2% of reading.
Metering with an uncertainty equal to or less than0.5%
of neading shall be used for measurement of Class 2
primary variables. There are no metering accuracy
rqu‘ilrements for measurement of secondary variables.
The resolution of the watt-hour meter output is often
so Ipw that high inaccuracies cafi occur over a typical
test|period. Often watt-hour meters have an analog or
dig'Ial output with a higher fesolution that may be used
to ifcrease the resolution:. Some watt-hour meters also
havg a pulse-type outputthat may be summed over time
to determine an acgurate total energy during the test
period. For disk+type watt-hour meters with no external
output, the diskirevolutions can be counted during a
test|to increaSe resolution.

me-electronic watt-hour meters also display blink-
ights‘or LCD elements that correspond to disk revo-

electrical output. In such cases, much higher resolution
can be achieved usually by timing a discrete repeatable
event (e.g., a certain number of blinks of an LCD or
complete rotations of a disk) rather than counting the
number of events in a fixed amount of time (e.g., number
of rotations of a disk in 5 min).

4-7.4.3 Var Meters. Var meters measure instanta-
neous reactive power. The var measurements are typi-
cally used on four-wire systems to calculate power

53

less than 0.5% of range. There are no metering faccuracy
requirements for measurement of secondary-variables.
The output from the var meters must be'sampjed with
a frequency high enough to attain an @eceptablerandom
uncertainty. This is a function of the variatiopn of the
power measured. A general guideline is a freqliency of
not less than once each minfite:

(kilovars) duting’the test period.

Var-houf Meters measuring a Class 1 or Cl
mary vdriable shall have an uncertainty equal fo or less
than 0.5% of range. There are no metering fccuracy
reqiirements for measurement of secondary vriables.

The resolution of var-hour meter output is |often so
fow that high inaccuracies can occur over a typical test
period. Often var-hour meters have an analog qr digital
output with a higher resolution that may be[used to
increase the resolution. Some var-hour meters dlso have
a pulse-type output that may be summed ovef time to
determine an accurate total energy during|the test
period. For disk-type var-hour meters with nofexternal
output, the disk revolutions can be counted fluring a
test to increase resolution.

4-7.4.5 Power Factor Meters. Power factof meters
may be measured directly using three-phase pqwer fac-
tor transducers when balanced load and frequency con-
ditions prevail. Power factor transducers shall have a
systematic uncertainty equal to or less than 001 PF of
the indicated power factor.

4-7.5 Electrical-Metering Equipment Calibratipn

4-7.5.1 Wattmeter and Watt-Hour Meter Caliljration.
Wattmeters and watt-hour meters, collectively|referred
to as power meters, are calibrated by applying power
through the test power meter and a wattmeter or watt-
hour meter standard simultaneously. This comparison
should be conducted at a minimum of five power levels
across the expected power range. The difference between
the test and standard instruments for each power level
should be calculated and applied to the power measure-
ment data from the test. For test points between the
calibration power levels, a curve fit or linear interpola-
tion should be used. The selected power levels should
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be approached in an increasing and decreasing manner.
The calibration data at each power level should be aver-
aged to minimize any hysteresis effect. Should poly-
phase metering equipment be used, the output of each
phase must be available or the meter must be calibrated
with all three phases simultaneously.

When calibrating watt-hour meters, the output from
the wattmeter standard should be measured with fre-
quency high enough to reduce the random error during

4-7.6 Instrument Transformers

Instrument transformers are used for the purpose of
reducing the voltages and currents to values that can be
conveniently measured, typically to ranges of 120 V and
5 A, respectively, and insulating the metering instru-
ments from the high potential that may exist on the
circuit under test. Instrument transformer practice is
described in detail in IEEE Standard C57.13.

The impedances—in-the transformer circuits—pu
r

t be

calibratipn so the total uncertainty of the calibration
process [meets the required level. The average output
can be multiplied by the calibration time interval to
compar¢ against the watt-hour meter output.

Wattmeters should be calibrated at the electrical line
frequengy of the equipment under test, i.e., do not cali-
brate meters at 60 Hz and use on 50-Hz equipment and
vice verpa.

Wattnpeter standards should have power flow through
them prjlior to calibration to ensure the device is ade-
quately [“warm.” The standard should be checked for
zero reading each day prior to calibration.

4-7.5.2 Var Meter and Var-Hour Meter Calibration.

To calibfate a var meter or var-hour meter, one must
have either a var standard or a wattmeter standard and
an accufate phase-angle measuring device. Also, the
device ysed to supply power through the standard and
test insfruments must have the capability of shifting
phase t¢ create several different stable power factors.
These different power factors create reactive power over
the calijration range of the instrument.

Shoulf a var meter standard be employed, thegproce-
dure fg@r calibration of wattmeters outlined in
para. 4-7.5.1 should be used. Should a wattmeter stan-
dard andl phase-angle meter be used, simultaneous mea-
suremernjts from the standard, phasetangle meter, and
test instfument should be taken, The'var level shall be
calculat¢d from the average watts.ahd the average phase
angle.

Var nfeters should be calibrated at the electrical line
frequengy of the equipfment under test, i.e., do not cali-
brate mieters at 60,.Hz and use on 50-Hz equipment

constant during the test. Protective relay devices oryyolt-
age regulators shall not be connected to the instrurhent
transformers used for the test. Normal station ingtru-
mentation may be connected to the test tfansformdrs if
the resulting total burden is known~and is withir| the
range of calibration data.
Instrument transformers include voltage transformers
and current transformers. Thetvoltage transformers hea-
sure voltage from a condtictor to a reference and the
current transformers measure current in a conductpr.
The instrument transformers introduce errors when
converting the high-primary voltage/current to allow
secondary voltagé/ current. These errors result in a vgria-
tion of the tr(ie ratio from the marked ratio and als¢ the
variation of.the phase angle from the ideal (zero).[The
magnittde’of the errors depends on the burden (nurhber
and kinds of instruments connected to the transformer),
the'secondary current (in the case of current transf¢rm-
éts), and in the case of power measurement, the pqwer
factor of the device being measured.
Testing near a power factor of unity minimizeq the
sensitivity of the measured power to the phase-ahgle
errors arising from the power meter, «, current tfans-
formers, B, and voltage transformers, y.

4-7.6.1 Voltage Transformers. Voltage transformers
measure either phase-to-phase voltage| or
phase-to-neutral voltage. The voltage transformers sprve
to convert the line or primary voltage (typically yery
high in voltage) to a lower or secondary voltage safg for
metering (typically 120 V for phase-to-phase systiems
and 69 V for phase-to-neutral systems). For this reason
the secondary voltage measured by the voltage trpns-
former must be multiplied by a marked ratio to calcylate

and vic¢ versa. Var.meters are p'art.icularly sensitive tp the primary voltage.

frequengy and should be used within 0.5 Hz of the cali- Voltage transformers are available in several metgring

bration frequency. accuracy classes. For the measurement of Class |l or
When| calibrating var-hour meters, the output from  (jaqq0 primary variables, 0.3% or better accuracy ¢lass

the var meter standard or wattmeter/phase-angle meter
combination 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.

Should polyphase metering equipment be used, the
output of each phase must be available or the meter
must be calibrated with all three phases simultaneously.
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(metering type) voltage transformers shall be used. In
the case of Class 1 primary variable measurements, volt-
age transformers must 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
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standard burden for which the transformer is rated at its
best accuracy class. The magnitude of such corrections
depend upon the burden (number and kinds of instru-
ments connected to the transformer) and in the case of
power measurement, the power factor of the device
being measured. The ratio is usually from 0.1% to 0.3%
below the nominal value for a small burden while the
phase angle is commonly negligible being slightly lead-
ing. Voltage transformer ratio correction factors shall be

losses in the transformer. Also, current transformer cores
may be permanently magnetized by inadvertent opera-
tion with the secondary circuit opened, resulting in a
change in the ratio and phase-angle characteristics. If
magnetization is suspected, it should be removed as
described in ANSI/IEEE Standard 120, under “Nature
of Deviations from Nominal Ratio in Current Transform-
ers.” When it is necessary to open the secondary circuit
while the current is in the primary winding, in order

applied for the actual burdens that exist during the test.
Acttial volt-ampere burdens shall be determined either
by dalculation from lead impedances or by direct mea-
surgment. IEEE C57.13 should be consulted for
detd¢rmining the associated equations in providing an
analytical determination of the transformer ratio correc-
tion| factor (RCF,). Corrections for voltage drop of the
hecting lines should be determined and applied.

using voltage transformers, care should be taken
to apoid short-circuiting the secondary. The circuit may
be qpened whenever desired.

-7.6.2 Current Transformers. Current transformers

high) to a lower or secondary metering current. For this
reagon, the secondary current measured by the current
transformer shall be multiplied by a marked ratio to
calcplate the primary current.

Clurrent transformers are available in several metering
accyracy classes. For the measurement of Class 1\or
Clags 2 primary variables, 0.3% or better accuracy class
(mefering type) current transformers shall be used. It
is recommended for primary variable médsurements,
curgent transformers be calibrated for turhs ratio and
phape angle at zero external burden (0 VA) and at least
onel|burden that exceeds the maximtim expected during
the fest at 10% and 100% of rated primary current. Accu-
racyf test results may be used-from factory type (design)
test$ in the determinationofiturns ratio and phase-angle
cortection factors. Type tests are commonly performed
on at least one transformer of each design group that
mayf have a different characteristic in a specific test.
Current transfermiers shall be operated within their
rated burderirange during the test and should be oper-

correction factors for current transformers may be
neglected due to their minimal impact on measurement
uncertainty; however, if the ratio or phase-angle correc-
tion factor is expected to exceed 0.02% at actual test
conditions, actual correction factors should be applied.

In using current transformers, care should be taken
never to open the secondary circuit while the current is
in the primary winding because of the dangerously high
voltage that may be developed and the excessive tem-
perature rise that may ultimately take place due to high
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to change the instrument for example, the/sdcondary
winding should be short-circuited, preférably at the
transformer terminals.

4-7.7 Calculation of Corrected Average Power
Corrected Total Energy

or

The calculation method for average power|or total
energy should be performed in accordanke with
ANSI/IEEE Standard 120 for the specific type offmeasur-
ing system used. ForClass 1 primary variablep, power
measurements shallbe corrected for actual voltage trans-
former ratio and) for phase-angle errors in ac§ordance
with the precédures of IEEE Standard C57.13. The error
for each¢phase is corrected by applying calibrafion data
from the transformers and the power meter as{follows:

PW¢e = SW x VIR X CTR x MCF
X VIRCF. x PACF: x VIVDC

(4-7-5)

where
CIR = current transformer marked ratio
CTRCEFE, = current transformer ratio correqtion fac-
tor from calibration data (if applicable)
MCF = meter correction factor from cafibration
data (if applicable)
PACF, = phase-angle correction factor fjom cali-
bration data
PW, = corrected primary power
SW = measured secondary power
VIR = voltage transformer marked ratfio
VIRCEF, = voltage transformer ratio cofrection
factor from calibration data
VIVDC = voltage transformer voltage-drop

correction

The meter correction factor (MCF) is determimed from
calibration data. Each phase of the meter sijould be
i i [he pro-
different
secondary voltages and at two different power factors.
The actual MCF at test conditions may be then
interpolated.

Phase-angle correction factor for each phase (PACFc)
accounts for the phase shift that occurs in the voltage
transformer, 7y, current transformer, 8, and the power
meter, a. The phase shifts of each transformer could
have an offsetting effect. For example, if the CT shifts
the current waveform to the right and the VT shifts
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the voltage waveform in the same direction, the power
meter output is not affected by a phase shift. Each of the
phase shifts should be determined from calibration data.

cos(@—a+B-7vy) cos(0—a+ B-7)

shall be 3,600 rpm for 60-Hz applications and 3,000 rpm
for 50-Hz applications.

The shaft speed may be measured by standard speed
sensors used in the turbine control system. For gas tur-

PACF¢ = = bines connected to AC electrical generators, the line
cos(6) PF .
frequency measured at the generator terminals may be
(4-7-6) . .
used instead of shaft speed to correct gas turbine per-
where formance since the shaft speed is directly coupled to
a = shift in the power meter phase anele the line frequency. The chosen method must meet the
B = phift in the current transformer phase angle uncertainty requirement in this Code.

v = phift in the voltage transformer phase angle
0 = prccos (Power Factor)

4-7.8 Ekcitation Power Electrical Measurement

If the neasurement of the excitation power is required,
the power supplied to the exciter may be determined
by the fpllowing two methods:

(a) Dgrivation from Breaker Currents. Excitation power
can be cplculated from the current and voltage input to
the excifer power transformer or breaker. Note that the
active ppwer to the exciter has a low power factor (~0.3)
so this theasurement contains harmonic distortion that
can implact the measurement uncertainty. The calcula-
tion is done as follows:

JB XV xAxPF

ExcLoss = 1000

4-7-7)
where
A = average phase field current (A) — mea-
sured value

ExcLogs = exciter power (kW)

HF = Power Factor — measured or calculated
value
V' = average field voltage (V) — measured
value
1000 = conversion factor from'wafts to kW

(b) Dgrivation from Field Voltage,and Current. Power
supplied to the exciter can be determined by calculating
the power output by the exciter and by correcting for
an assurthed AC to DC conversion efficiency. The calcula-
tion is done as follows:

4-9 DATA COLLECTION AND HANDLING

This subsection presents requirementscand guidgance
regarding the acquisition and handlihgjof test data. Also
presented are the fundamental elements that are essen-
tial to the makeup of an overall*data acquisition [and
handling system.

This Code recognizes that technologies and methods
in data acquisition and handling will continue to chdnge
and improve over time. If new technologies and mnfeth-
ods becomes available and are shown to meet| the
required standards stated within this Code, they may
be used.

4-9.1 Data Acquisition System

The purpose of a data acquisition system is to collect
data’ and store it in a form suitable for processing or
presentation. Systems may be as simple as a pefson
manually recording data to as complex as a digital
computer-based system. Regardless of the compléxity
of the system, a data acquisition system must be capable
of recording, sampling, and storing the data withir] the
requirements of the test and allowable uncertainty set
by this Code.

4-9.2 Manual System

In some cases, it may be necessary or advantagg¢ous
to record data manually. It should be recognized [that
this type of system introduces additional uncertainfy in
the form of human error, and such uncertainty should be
accounted for accordingly. Further, due to their linfited
sampling rate, manual systems may require longer peri-
ods of time or additional personnel for a sufficient nqum-
ber of samples to be taken. Test period duration shpuld
be selected with this in mind, allowing for enough {ime
to gather the number of samples required by the ltest.

FV x FC
ExXcloss = m (4-7-8)
where
AC il AC tU DC \_UllVCLD;Ull Cffi\_icll\_)’ f(ALtUL
(typically 0.975) — assumed value
ExcLoss = exciter power (kW)

FC = field current (DC A) — measured value
FV = field voltage (DC V) — measured value

4-8 GRID FREQUENCY

Grid frequency can be determined by measuring shaft
speed. Typically, for non-geared turbines the shaft speed

Data collection sheets should be prepared prior to the
test. The data collection sheets should identify the test
site location, date, time, and type of data collected, and
should also delineate the sampling time required for the
measurements. Sample times should be clocked using
a digital stopwatch or other sufficient timing device. If
it becomes necessary to edit data sheets during the test-
ing, all edits shall be made using black ink, and all errors
shall be marked through with a single line and initialed
and dated by the editor.
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4-9.3 Automated System

Automated systems are beneficial in that they allow
for the collection of data from multiple sources at high
frequencies while recording the time interval with an
internal digital clock. Rapid sampling rates serve to
reduce test uncertainty and test duration. These systems
can consist of a centralized processing unit or distributed
processmg to multlple locatlons in the plant

det¢rmine primary Class 1 parameters shall be prepared
and|supplied in the test report.

4-914 Data Management

4-9.4.1 Automated Collected Data. All automated
collected data should be recorded in its uncorrected,
unchlculated state to permit post-test data correction
for application of any necessary calibration corrections.
Immediately after test and prior to leaving the test site,
coples of the automated collected data should be distrib-
uted between the parties to the test to secure against the
chafce of such data being accidentally lost, damaged,
or modified. Similar steps should be taken with any
cortected or calculated results from the test.

4-9.4.2 Manually Collected Data. All manually col-
lected data recorded on data collection sheets must be
reviewed for completeness and correctness. Immedi?
ately after test and prior to leaving the test site, photo-
coples of the data collection sheets should be made and
distfibuted between the parties to the test to eliminate
the [chance of such data being accidentally~lost, dam-
agegl, or modified.

4-9.4.3 Data Calculation Systems:.\ The data calcula-
tion| system should have the capability to average each
inptit collected during the test.\The system should also
calcplate standard deviationnahd coefficient of variance
of epch instrument. The-system should have the ability
to lpcate and eliminate.spurious data from being used
in the calculation of the average. The system should also
havg the ability, to plot the test data and each instrument
reading over timme to look for trends and outlying data.

4-9
4-9.5:1 Data Acquisition System Requirements. The

5 Data‘Acquisition System Selection

frequency of data collection to meet the allowable test
uncertainty set by this Code. This information will serve
as a guide in the selection of data acquisition equipment
and system design.

The data acquisition system must meet the loop cali-
bration requirements of para. 4-1.3.8.

4-9.5.2 Temporary Automated Data Acquisition
System. This Code recommends the usage of tempo-
ATy 3 ing pur-
poses. These systems can be carefully calibrdted and
their proper operation confirmed in the laborafory and
then transported to the testing area, thus pgoviding
traceability and control of the complete systen}. Instru-
ments are limited in their exposgire to the elempnts and
avoid the problems associatéd\ with construcfion and
ordinary plant maintenance.
Site layout and ambierntconditions must bq consid-
ered when determining the type and applicatiof of tem-
porary systems.

4-9.5.3 Existing Plant Measurement and Control
System. This Code does not prohibit the ude of the
plant méasurement and control system. Howgver, the
systemi\must meet the requirements set forth in this
CodeThe limitations and restrictions of these|systems
should be considered when deciding whether to use
them for performance testing.

Most distributed plant control systems apply thresh-
old or deadband restraints on data signals. This results
in data that is only the report of the change in a parame-
ter that exceeds a set threshold value. All threshold val-
ues must be set low enough so that all data sighals sent
to the data acquisition system during a test are reported
and stored. In addition to deadbands, mopt DCSs
include analog-to-digital conversion andl apply
compression to the signal, which increases undertainty.
Similar to instrumentation, all systematic ungertainty
impacts of using the DCS as a data logger must be fully
understood and accounted for in the pretest apnd post-
test uncertainty analysis using the guide]lines of
ASME PTC 19.1 and ASME PTC 19.22.

Most plant systems do not calculate flow |rates in
accordance with this Code, but rather by simplified rela-
tionships. This includes, for example, constant discharge
coefficient or even expansion factor. A plant sysfem indi-
cation of flow rate is not to be used in the exelution of

test procedure should clearly dictate the type of mea-
surements to be made, allowable uncertainty of each
measurement, number of data points needed, the length
of the test, the number of samples required, and the
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this Code, unless the fundamental input parameters are
also logged and the calculated flow is confirmed to be
in complete accordance with this Code and
ASME PTC 19.5.
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The fgindamental performance equations (5-1-1), (5-1-2), (5-1-3), and (5-1-4) are applcable to any of the, typq
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Section 5
Calculations and Results

lants covered by this Code.
Fted Power is expressed as

rted Heat Input is expressed as

rted Heat Rate is expressed as

oy
4

i

N
=

d results back to base reference’ conditions. From the formats of egs. (5-1-1) through (5-1-4), it is seen
correction factors are applied to bring the performance of the decoupled subsystems of the plant tq

y conditions that impaet the entire plant: inlet conditions, fuel conditions and properties, and grid frequg
-1-1 and 5-1-2 summarize the correction factors used in the fundamental performance equations.
rrection factors'that are not applicable to the specific type of plant being tested, or to the test object
ly set equal(to) unity or zero, depending on whether they are multiplicative correction factors or add
n factors, ¥espectively.
correction’factors may be significant only for unusually large deviations from base reference conditi
allZinswhich case they can be ignored. An example of this is some secondary heat inputs, such as prg
bmperature in a cogenerator or condenser cooling water flow in a combined cycle plant. If the pr

1-1)

[1-2)

31-3)

F1-4)

rect
that

the
test
ncy.

ves,
tive

ons,
cess
ptest

uncertainty analysis shows a correction for a specific parameter impacts corrected test results by less than U.

at expected test conditions, it can either be ignored or included.
The fundamental performance equations, which are generalized, can then be simplified to be specific to the
particular plant type and test program objectives.

52 M

EASURED PLANT POWER AND HEAT INPUT TERMS IN THE FUNDAMENTAL EQUATIONS

Measured Plant Power may be measured directly at the test boundary, or expressed as

5%

k
Pmeas = |:E Pmeasured, :| - Pplant — Ptransformer — P line (5—2—1)

n=1 generator,, aux. losses losses
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Table 5-1-1

ASME PTC 46-2015

Summary of Additive Correction Factors in Fundamental Performance Equations

Additive Correction
to Thermal Heat

Additive Correction

Operating Condition or
Uncontrollable External
Condition Requiring

Input to Power Correction Comments
W Ay Thermal efflux (operating) Calculated from efflux flow rate and
energy level, such as process
steam flow and enthalpy
[ A, Power factor(s) (operating) Tmpact of off-design powdr factors
w3 As Steam generator(s) blow- BD is sometimes jsolatéd|so that
down different than performance maysthen He exactly
design (operating) corrected todesign BD flow rate.
Wy A, Secondary heat inputs Processretufn or makeup| tempera-
(external) turedisstypical
wsp Asp Inlet air conditions, cool- For&ome combined cyclep, may be
ing tower or air-cooled based on the conditiond at the
heat exchanger air inlet combustion turbine inlefs.
(external)
wsp Asp Circulating water tempera- To be used if there is no fooling
ture different than design tower or air-cooled condenser in
(external) the test boundary.
wsc Asc Condenser pressure If the entire heat rejectiof system
(external) is outside the test bounfary.
wsp Asp Circulating-water flow dif- To be used if there is no fooling
ferentsthan design tower or air-cooled condenser in
(external) the test boundary If the|impact
on corrected test resulty is lower
than 0.05%, the parties|could
agree on avoiding its application.
wg Ag Auxiliary loads, thermal (1) To account for auxiliary loads
and electrical (operating) when the multiplicative forrec-
tions are based on gros
generation
(2) To compensate for irrdgular,
cyclical, intermittent, or |off-design
auxiliary loads
w; A, Measured power different To account for (1) the sméll differ-
than specified if test ence in measured versup desired
goal is to operate at a power for a test run to Be con-
predetermined power, or ducted at a specified mgasured
operating disposition or corrected power levell or (2)
slightly different than small differences betwe¢n
required if a specified required and actual unif operating
disposition test disposition such as valve point
(operating) operation of a steam tufbine
plant

GENERAL NOTES:

(a) For additive corrections 1 through 6, for a given correction i, usually either w; or A; will be used for combined cycle plants, but not
both. Use of both usually means that a correction is being made twice for a given condition. For steam turbine plants, it is sometimes
necessary to use w; and A; corrections with the same subscript, as shown in the sample calculations.

(b) Additive correction factors with subscript 7 must always be used together. The correction w7 is the correction to heat input that corres-

ponds to A;.
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le 5-1-2 Summary of Multiplicative Correction Factors in Fundamental Performance Equations

Multiplicative

Mulitplicative Multiplicative A Operating Condition or
Correction to Correction to Correction to ! Uncontrollable External Condition
Thermal Heat Input Power Heat Rate,f; = Zé Requiring Correction Comments
j

B ay f1 Inlet temperature correction Determined at the test
(external) boundary at the inlet to

the equipment

[./? ’F lnlat oir praccllrn corraction Ac par Plg“ - ""1
(external)

B as fs Inlet air humidity (external) As per By, ai)\fi

B a, fa Fuel supply temperature Care must-be taken tp not
correction (external) doublgaccount if equa-

tion ymethod is useq to
correct for sensible jheat
in place of the corrgc-
tion curves.

Al as fs Correction due to fuel This correction is multivar-
analysis different than iate and varies by flel.
design (external)

B ag fe Grid frequency (ekternal)

GENERAL NOTE: Inlet air conditions and fuel/sorbent chemical analysis deviations from“base reference conditions are part of the corredtions
for the enprgy balance method for coal or solid fuel plant when that method is used to\determine thermal heat input. In those circumstahces,
they are rot part of the overall plant performance test corrections per para. 5-3.2(b):
Any ¢f the loss terms can be excluded from eq. (5-2-1) ) the test boundary so dictates.
Line losses can be calculated based on calculations™of linear resistance, line lengths, and measured electfical
current. |Transformer losses may be determined usitig-transformer factory test reports.
Heat input which can be calculated from measured fuel flow and heating value is expressed as
Qmeas = [(HV)(qm)]fuel +[qm * (hT - hRef)]fuel = [(HV)(qm)]fuel + SHfuel (5'2'2)
where
HV = lower or higher heating valiie (LHV or HHV) of the fuel as defined in specified reference conditions|and
goal of the test
hr = specific enthalpy of the fuel at the flowing temperature
hret F specific enthalpy.of the fuel at the reference temperature
gm F actual mass flow
SH = sensible héat input of fuel (may be different for power/heat rate test and heat balance calculation) see
Note)
NOTE: Referenge,temperature for heat rate determination is fuel temperature at specified reference conditions. Reference temperhture
for heat Halane€)determination is user-specified enthalpy reference temperature. Often the agreed calculation of heat input for aJheat
rate test is based solely on latent heat with no sensible heat component. In such cases, test correction curves may be used to acdount

for variations in fuel supply temperature (see para. 5-4.2.2). In particular, when fuel conditioning systems (such as fuel gas performance
heaters, gas compressors, etc.) are within the test boundary, it is recommended to utilize correction curves to account for the difference
between test and reference fuel supply temperature instead of using the sensible heat component in eq. (5-2-2).

If the fuel flow cannot be directly measured, Qneas, it may be determined from results of heat input computations
based on other energy balance methods.

For solid fuel power plants, heat input may be calculated based on measured boiler absorption (defined as the
heat added to the working fluid by the fuel) and measured steam generator fuel energy efficiency. Steam generator
measured fuel energy efficiency would be determined by the energy balance method per ASME PTC 4. Boiler
absorption is determined by steam generator water-/steam-side measurements. Corrected heat input would then
be determined by the methods described in para. 5-3.2(b).
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PARTICULARIZING FUNDAMENTAL PERFORMANCE EQUATIONS TO SPECIFIC CYCLES AND TEST
OBJECTIVES

1 General

The applicable corrections to use in the fundamental performance equations for a particular test depend on the
type of plant or cycle being tested, and the goal of the test. The equations in this subsection might be further
reduced depending on plant or test specifics (i.e., an additive correction shown might be zero, or a multiplicative

COrr

ection shown might be unity for a specific test).

5-3
If

2 Specified Disposition lTest Goal

the goal of the test is to determine plant power and heat rate under a specified unit operating dis

position

without setting output to a predetermined numerical power, then egs. (5-1-1) and (5-1-3) are simplified differently

dep
(dl
out
fact
accq
the

E
Apj
(
to 4
For
ino
test
app

F
fact

steam generator data analysis. Qme,ifot the overall plant test is the corrected thermal input as determir]

an 4
H
equ
T

ending on the type of power plant.

Combined Cycle Plants: Specified Unit Disposition. For combined cycle plants without duet firing, or dy
of service, and the specified operating disposition being the base loading of the gas tuirbines, the A ¢
brs are the only additive corrections that are used. Use of both types of additive cotrections would be
unting. Note that all the A corrections through subscript 5 are steam turbine ¢ycle power related e
bas turbine generator power factor correction. For a combined cycle plant, egs.\(5-1-1) and (5-1-4) red

Peorr = (Pmeas + A+ A+ A7) a1 @ a3 g A5

QmCaS

(Preas + A1 + Ay + ..

HRcorr = - A7) (flf2f3f4f5f6)

kamples of applications of egs. (5-3-1) and (5-3-2) are shown in\Nonmandatory Appendix A and Nonmj
endix C.

Rankine Cycle (Steam Turbine) Plants: Specified Unit Disfosition. For steam turbine plants, if the test go
specified disposition, it is usually based on either a\valve point operating mode, or on the throttle f]
a steam turbine plant, the steam generator calculdtions are done separately from the overall plant cal
Fder to calculate ASME PTC 46 measured fuel energy input. However, in the case where the specified dis
is performed while utilizing an integratedxmodel of the steam turbine plant, eqs. (5-3-1) and (5-3-2
ly with the inclusion of A; and w; undercertain specified dispositions.

r a nonintegrated thermal heat balancerodel (see subsection 5-4 and para. 5-7.4), the multiplicative c
brs for inlet air conditions (exclusive-ef the heat sink) and fuel analysis and conditions are embedde

ASME PTC 4 test (see para. 57:4).

ence, the multiplicative corfection factors are all unity (except for grid frequency) in the overall plant perf
htions, and some of the@dditive correction factors with the same subscript are used.

he fundamental performance equations for nonintegrated model for power, eq. (5-1-1), becomes

Peorr = (Preas + A] + Ay + . Ay)

r measurediboiler fuel heat input

O _ Measured Boiler Absorption
boller meas ™ \easured Boiler Fuel Efficiency per ASME PTC 4

ct firing
rrection
double-
cept for
uce to

(5-3-1)
(5-3-2)

ndatory

hl is tied
ow rate.
ulations
position
) would

rrection
d in the

ed from

prmance

(5-3-3)

(5-3-4)

For nonintegral models, corrected boiler fuel heat input becomes

O _ Measured Boiler Absorption
boller corr ™ Corrected Boiler Fuel Efficiency per ASME PTC 4

For heat rate, eq. (5-1-3), for nonintegral models then becomes

HR _ Qboiler corr T W1 + w3 + w7
corr Pmeas + A] + AQ + .. A7

The A; and w; corrections only apply if the specified disposition is throttle flow.
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In eq. (5-3-6), Qboiler corr 15 thus equal to the steam generator tested output (boiler absorption) as defined in
ASME PTC 4, including blowdown energy if applicable, divided by the steam generator corrected fuel energy
efficiency calculated per ASME PTC 4 (see subsection 5-2).

The w factors are used to correct the calculated measured thermal input to the plant base reference conditions
process efflux, and required operating disposition.

For steam cycle plants that use an integrated thermal model, egs. (5-3-1) and (5-3-2) apply.

For a nonintegrated model (see subsection 5-4 and para. 5-4.6), the w correction curves are calculated by heat
balance using base reference steam generator test corrected fuel energy efficiency. If the tested corrected efficiency
deviates significantly from reference, then recalculation of the w corrections simply by multiplying each one by the
ratio of pase reference fuel energy efficiency to the test corrected fuel energy efficiency can be done if the differgnce
affects the results significantly.

Examples of application of the performance equations to steam plants are shown in Nonmandatory Appendjx E.

Note that eq. (5-3-4) is in the format

HRory = g (33-7)
corr

5-3.3 Teciﬁed Corrected Power

Speci
plants

(a) with duct burning or some form of power augmentation, or

(b) for part load testing.

Whern| a test is run with the goal that heat rate is determined at a specific corrected power, the unit operating
power, dfter being corrected to the base reference conditions, is adjusted for the test, to be as close as possible to
the design value of interest. A; and w; are applied to adjust for the'small difference between the actual adjusted
power and the desired adjusted power.

The applicable equations are identical to those in para. 5-3.2 when the goal is to test at a fixed operating disposifion,
with theg exception that A; and w; are applied to adjust forthe small difference between the actual adjusted pqwer
and the|desired adjusted power. For a combined cycle plant, for which a test is run at baseload with duct burping
or somelform of power augmentation, the equations inpara. 5-3.2(a) apply, while for Rankine cycle plants, equatfions
in para.|5-3.2(b) apply. For combined cycle part load”testing, refer to the formulation outlined in Nonmandajtory
Appendlix H.

ied corrected power tests can be conducted for steam turbine plants or, in;some cases, for combined dycle

5-3.4 Specified Measured Power

The other test whose required unit@©perating disposition dictates adjustment of power to a predetermined vplue
for testing is a Specified Measured Power test where the goal is heat rate. This test is conducted for a combjned
cycle pgwer plant with duct firing or other form of power augmentation, such as steam or water injection when
used foq that purpose.

For this test, the power iS\sét as closely as possible to a specified amount regardless of test boundary conditjons.

The of additive correetions are applicable (but not the A corrections except Ay).

A; anfl w; are applied to adjust for the small difference between the actual adjusted power and the dedired
adjusted power.

In thi$ case, the fundamental performance equation for corrected power simplifies to

Peorr = Phase reference = (Pmeas + A7) (8-3-8)

The fundamental equation for corrected heat rate simplifies to

(QmS+a)1+w2+(u3+(u4+w5+a)6+w7)
HReorr = = P T Ay (flﬁf3f4j:5f6) (5-3-9)
meas

Note that eq. (5-3-9) is also in the format of eq. (5-3-7). Because a; = 1, then g; = f;.

Table 5-3.4-1 summarizes the format of the general performance equations to use for various types of power
plants or thermal islands, and test objectives discussed in this subsection. There may be other applications for
which different combinations of the correction factors are used, but the general performance equations should

always apply.
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Table 5-3.4-1 Examples of Typical Cycles and Test Objectives — Corresponding Specific Performance

Equations
Type of Plant or Applicable Performance
Thermal Island Test Objective Test Equations Test Objective Type
Combined cycle (steam turbine/ Unit disposition is to be operating base Power: eq. (5-3-1) Specified disposition
gas turbine). No heat recovery steam loaded for the test Heat Rate: eq. (5-3-2)
generator duct firing.
Combined cycle (steam turbine/ Operate base loaded and fire external ~ Power: eq. (5-3-6) Specified measured power
gad turbine). Heat recovery steam duct firing to the same required plant Heat Rate: eq. (5-3-7)
gerlerator duct firing. power level regardless of test bound-
ary conditions
Combined cycle (steam turbine/ Operate part load at a given percentage Refer to Nonmandatory Specified correctdd power
gaq turbine) with or without heat of plant base load output or at a spe-  Appendix H
recpvery steam generator duct firing cific corrected output
or pther power augmentation
Stepm turbine plant (Rankine cycle) Fire until the design power level for the Power: eq. (5-3-3) Specified correctdd power
base reference conditions at the time Heat Rate: eq. (5:344)
of the test is reached
Steafn turbine plant (Rankine cycle) Operate at required valve point Power: eg. \(5-3-3) Specified disposifion
disposition Heat Rate: eq. (5-3-4)
Steafn turbine plant (Rankine cycle) Operate at required throttle flow rate Power: eq. (5-3-3) Specified disposifion
Heat Rate: eq. (5-3-4)
5-3/5 Alternate to A, and w, Correction Factors
Diuring a test run for which the test objective requires setting the power level, power will not be precisgly at the

reqiiired level because

(a1
(4
(g

in a
T
fact
T]
the
are
disp
ach
T

Similarly, during a specified disposition-testof a steam turbine plant, the unit may be found to have been o

adjustments are made utilizing readings of most operating conditions from the control room
there are normal fluctuations during the test run after the unit is set for testing
desired power level might be dependent-on final fuel analysis, which has to be assumed for the tes

slightly different disposition than required for the same reasons.

here are two ways to handle these situations. The preferred method is to incorporate the A; and w; ¢
IS,

he second and alternate technique is to interpolate through the results of several test runs to determir
results are at the desired power level or desired disposition. If the alternate method is used, then A
hot applicable and cafi be eliminated from the performance equations. However, the measured power
osition of the test,funs should have enough of a spread given the test uncertainty for reasonable resy
eved this way.
his is shownitt.the example in Nonmandatory Appendix E for a fixed corrected power test. In lig

ad

For [stean:tiirbine plants in particular, heat rate vs. power at full loads is a relatively flat curve.

5-316 \Different Test Goals for the Same Cycle

tive corrections A; and wy, three tests were conducted and the result was interpolated.
ually, power levels can be set close enough to desired levels such that the alternate method is not n

t.
perating

rrection
e where
b and w;
levels or
Its to be

u of the

pcessary.

Tests with different objectives can be conducted at the same power plant, in which case care must be taken to
ensure that appropriate sets of correction factors are calculated based on the test goal.

5-4

DISCUSSION OF APPLICATION OF CORRECTION FACTORS

The format of the fundamental equations allows decoupling of the appropriate correction effects (process efflux,
inlet air conditions, etc.) relative to the measured prime variables of heat rate and power, so that measured
performance can be corrected to the base reference conditions. Corrections are calculated for parameters at the test
boundary different than base reference conditions which affect measured performance results. Tables 5-1-1 and 5-1-2
indicate whether each correction is considered due to uncontrollable external conditions, or to operating conditions.
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Correction curves applied to measured performance are calculated by a heat balance model of the thermally
integrated systems contained within the test boundary with the exception of off-design fuel composition for Rankine
cycle plant. Off-design fuel composition for Rankine cycle plant shall be addressed using the correction procedures
prescribed in ASME PTC 4. The heat balance model represents the mathematical definition of the expected perform-
ance of the energy conversion facility. Each correction factor is calculated by running the heat balance model with
a variance in only the variable to be corrected for over the possible 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 vendors.
Inasmuch as practical, the test correction curves should reflect the final control settings.

Some [of the correction factors require a family of curves. For example, the correction for relative humidity usy
containg curves across the humidity range at multiple inlet air temperatures.

It is

oted that for convenience, identical subscripts for all additive correction factors, and similarly fo

multiplicative correction factors, represent the same variable to be corrected for, but the symbolS-are diffe
depending on the result being corrected.

In lie
the test
run are
above f(
than 0.2
post-tes
all the H

Either
Rankine
cycle. T
precauti
plant pq
correcti
for somg
to the d

For d
should
operatin
be agreg
to be rej
in order]
those sp

of application of the equations in subsection 5-3, a heat balance computer model may/be applied
using the appropriate test data and boundary conditions so that all the corrections for the particular
ralculated simultaneously. Heat balance studies of different cycles using the performance equations ir
rmat have demonstrated that interactivity between correction factors usually.restilts in differences of
Yo compared to calculation of the complete heat balance post-test with the test'data. An advantage of
heat balance calculation is a reduction in or elimination of heat balance calculations required to geng
eat balance correction curves.

an integrated method or a nonintegrated method can be used to corfect the performance of a steam tur
cycle plant. A nonintegrated method separates the steam generator from the remainder of the Ran
he steam generator performance is corrected in accordanceswith the method of ASME PTC 4, ta
on not to take inappropriate corrections to the steam generator efficiency that are internal to the ov
rformance test (refer to para. 5-7.4 for the method to gerrect the steam generator performance). T
ns for an ASME PTC 4 test are inappropriate to apply{because they correct steam generator perform
b steam-generator-based reference conditions that arelinapplicable to the overall plant performance test|
fferences in the test boundary.
ita reduction following each test, when all test logs and records have been completed and assembled,
pe examined critically to determine whether-or not the limits of permissible deviations from spec
g conditions have exceeded those prescribed by the individual test code. Adjustments of any kind sh

beated. Inconsistencies in the test record or test result may require tests to be repeated in whole or in
to attain test objectives. Corrections resulting from deviations of any of the test operating conditions
ecified are applied when compuiting test results.

d upon, and explained in the test repott.’If adjustments cannot be agreed upon, the test run(s) may Eve

5-4.1 Additive Correction Factors: A'and «

ally

- all
rent

nfter
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the
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rate
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kine
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The aflditive corrections aré discussed below in paras. 5-4.1.1 through 5-4.1.7.
5-4.1.1 Correction Due to'Thermal Efflux Different Than Design: A; or w;. For a cogeneration power plant} the
design power and heat rate is specified at a design thermal efflux, or secondary output. These are the correctfions
for deviptions from, design reference thermal efflux during the performance test run, when applicable.
If thetmal efflux\is'in the form of process steam, which is the most common, then the design thermal efflux for
each prgcess may-be defined as
chermal efflux, design = [(Mh)process steam (Mh)process return (mprocess steam — Mprocess return\) hmakeup—‘ ) (5'4'1)
If the design process return flow is equal to design process steam flow, then eq. (5-4-1) simplifies to
chermal efflux, design = |:(mprocess steam)(hprocess steam hprocess return):| (5'4'2)
design

Test results are corrected for deviations from base reference conditions of each term in eq. (5-4-2). The sum of
the corrections equals Ay (or ).

It is also permissible to include the process return energy correction as part of the correction A, (or ws, which is
for secondary heat inputs) into the cycle (see para. 5-4.1.4), if more convenient.

If that option is selected, then process return is not considered as part of the A; (or w;) correction.
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5-4.1.2 Power Factor Correction: A, or w,. The output of each generator is corrected to its design power factor
rating. Care must be taken to ensure that corrections include the off-design characteristics of all equipment in the
test boundary, including isolated phase bus ducting, excitation systems, and step-up transformers as applicable.
The sum of all the corrections to each generator comprise A; (or w;).

In the event that the plant corrections are calculated based on the low side of the step-up transformers and do
not include consideration of the impact of off-design power factor on step-up transformer loss, and the test boundary
includes the transformers, then eq. (5-2-1) is expressed as follows:

k
e /E 2 et (5'4'3)
\;1:1 "

Pcorr w/o step-up transformer — (Pmeas + A1 + AZ o+ '"A7) a1 Q304050 (5-4-4)
‘generatortexciter
and
P corr w/step-up transformer =P corr w/o step-up transformer — p step-up transformer losses, Pc‘Jrr & PF design (5'4'5)
P step-up transformer losses, P & PF design = EP step-up transformer NO-LOAD losses (5_4_6)
P 2
corr w/o step-up transformer
+ 2 Pstep-up transformer LOAD losses, PF, . X P
esIgT rated
whdre
Piaea = the rated active power (based on the rated MVA) of the step-up transformer at design powger factor

(PF gesign); A are the additive corrections applicable to either the GT or ST component
PFaesign = the design (test boundary) power factor

LPAD losses are the MVA-dependent losses associated“with the step-up transformer.
NO-LOAD losses are the fixed step-up transformer losses independent of load.

If Pstep—up transformer losses, measured PF and AZ step-up transformer COME from the same dGSign or test data/ then e - (5'4'5)
simplifies to

Peorrw /step-up transformer T, Peorr w/o step-up transformer — P step-up transformer losses, design PF (5'4'7)

whgre Pgiepup transformer, design PE 1S the tranisformer loss at the design power factor and corrected powet output
upsfream of the step-up transformer,"’kW.

5-4.1.3 Steam Generator Blowdewn Correction: A; or w;. To compare test results to design reference heaf balance
valyes, it is recommended te isolate blowdown if possible and to correct to the design blowdown flow rhte. This
simplifies the test because of-the difficulty in determining actual blowdown flow rates.

8-4.1.4 SecondarytHeat Input: A, or w,. Secondary heat inputs are all heat inputs to the test bounddry other
thar primary fuel/Examples are makeup water and low level external heat recovery. The process steamn return
portion for a cogeheration unit can be considered in this correction term or as part of A (or wy.)
Effects of differences in makeup temperature or flow from design should be considered for those cases [where it
has[impact; The same holds true for process steam returned as water.
If|any-of the return is stored in a tank and then added to the cycle, as opposed to direct return to the dycle, the
conglitiens prior to entering the cycle are corrected to reference conditions.

5-4.1.5 Heat Sink: A; or ws Factors. Only one of the correction factors Asa, Asp, or Asc (Or wsa, wsp, OF wsc) is
applied, depending on the cycle test boundary, or cycle configuration of the plant or the thermal island.
Figures 5-4.1.5-1, 5-4.1.5-2, and 5-4.1.5-3 show configurations where these corrections are respectively applicable
for a combined cycle power plant.

(a) Inlet Air Conditions at the Cooling Tower or Air-Cooled Condenser Air Inlet: Asp, or wsa. If cooling tower(s) or air-
cooled condenser(s) exist within the test boundary, then a correction is made for cooling tower/air-cooled condenser
atmospheric inlet conditions. For a wet cooling tower, applicable inlet conditions are wet bulb temperature and
barometric pressure. Humidity and dry bulb temperature may be used in lieu of wet bulb temperature. Typically,
for a dry cooling tower, or air-cooled condenser, dry bulb temperature and barometric pressure are the required
applicable inlet air conditions. The barometric pressure component of this correction can be incorporated into the
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subscripted “2” multiplicative correction factors. For certain air-cooled condenser installations, it may be necessary
to consider the impact of wind velocity on the performance.

(b) Circulating Water Temperature: Asg or wsp. If there are no cooling tower(s) or air-cooled condenser(s) within
the test boundary, then the heat sink correction is made based on measured circulating water temperature.

(c) Circulating Water Flow: Asp or wsp. If there are no cooling tower(s) or air-cooled condenser(s) and also no
circulating water pumps within the test boundary, then a correction can be made based on measured circulating
water flow.

(d) Condenser Pressure: Asc or wsc. If the condenser is not part of the test boundary, a correction is made to the
steam turbine cycle based on the measured condenser pressure.

-4.1.6 Thermal and Electrical Auxiliary Loads: A¢ or wg. These corrections are for off-design auxilipry load
linepip at the tested conditions. Care must be taken to assure that no overlap exists between corrections taken here
as well as for inlet temperature and other external condition corrections in which normal auxiliary load vhriations
with varying external conditions have already been considered. For off-design loads that ate eonstant pver the
range of inlet air and other conditions, the A4 or w, corrections are additive and may be(applied outside of the
bragkets, meaning that this factor is applied to the test result after correction for the remaining additive agnd then
the multiplicative factors.

Disposition: A; or w;. For Specified Measured Power and Specified Corrected-Power Tests, in which the power
during the test is set, these corrections are used to correct for the fact that measured or corrected power wjill never
equpl precisely the desired power for the practical reasons tabulated in para,*5-3.5. These corrections mudt always
botl be used together. Once power is corrected to the precise value it\should have been exactly set to, fthen the
confomitant change in thermal heat input must be considered.
For the same reasons, these corrections are used when the required unit operating disposition is slightly different
than required for a steam turbine plant.
Note that the difference in power is to be small and this corréction is for the minor adjustment of the power to
the Hesign value. This correction is not intended to correct the'power up when there is a deficiency in powet output.

-4.1.7 Small Difference in Measured Power From Target Power, or Actual Unit"Disposition From HIZerating

5-4]2 Multiplicative Correction Factors: «, f, and 8

For combined cycles, once the appropriate electrical additive corrections and the water/steam portign of the
cycle has been corrected to base reference conditions by the additive corrections, then the plant performgance can
be qorrected based on inlet air conditions andtother external quantities using the multiplicative correctio factors
as described below.
a|multiplicative corrective factors are used to correct measured power, and either f or B is used to corfect heat
ratel or measured thermal heat input)\respectively.

The multiplicative correction factors are discussed below in paras. 5-4.2.1 through 5-4.2.4.

3-4.2.1 Inlet Temperature, Pressure, and Humidity Corrections a1, a,, a3 and fi, f,, and f;, or B4, B>, and Bs.

Corfection is made to plant\performance based on the inlet temperature (¢ and fi, or B;), inlet pressureg (a, and
fa, or B2), and inlet humidity (a3 and f;, or ;). For combined cycle plants, the inlet air temperature and Humidity
are fypically measured at the inlet filter house of the gas turbine, while the pressure is measured at the gas turbine
cenferline. For an integrated steam plant test, inlet air conditions are typically measured at the combustioh air fan
inlef of the boilér.

5-4.2.2 Fuel'Supply Temperature Correction: e, and f, or 8,. Fuel supply temperature upstream of any cqndition-
ing [device-such as preheating which is different than base reference affect performance. Provision is rhade for
ection’ in the performance equations for this.

g 2 2 2 ! atihg value
used for results calculation is the sum of the fuel heating value at reference conditions and the fuel sensible heat
at the measured temperature. Care should be made by the user of the Code not to accidentally double account for
the impacts of fuel sensible heat by using the equation method with application of the a, and ¢,, or B, at the same time.

Variations in fuel pressure impact the fuel sensible heat; however, the impact on plant performance is usually
minimal except for extreme changes in pressure.

5-4.2.3 Fuel Analysis Correction: as and fs, or Bs. Differences in fuel properties between the design fuel and
the performance test fuel can lead to variance from design performance. This corrects for difference in fuel properties.

5-4.2.4 Grid Frequency Correction: a; and f;, or B;. When operated at off-design frequency, turbomachinery
performance is impacted. This correction compensates for this condition.
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Due to the highly nonlinear nature of grid frequency corrections, it may be necessary to calculate corrections by
averaging the corrections calculated from individual measurements, if grid frequency is highly variable over the
test duration.

5-5 SPECIAL CONSIDERATIONS OF PERFORMANCE EQUATIONS AS APPLIED TO COMBINED CYCLES
5-5.1 Multiple Locations of Air Inlet

Corrected performance by utilizing the fundamental performance equations in the formats for combined cycles
; " 3 o ot the-air-at-cach-sas-turbine injets valont . ceittan to
sfy the requirement for separate measurement of air inlet conditions at the cooling tower(s) or air‘copled

For facilities with more than one gas turbine, it is almost always acceptable to average the inlet measuremjents
s turbine inlets and use the average for the determination of the gas turbine inlet correction’ (a;, B, |and

inlet will not impact the calculated results if the machines are all the same model and falfill the base loagling
requirethent of unit disposition.
A sepprate correction for inlet conditions at the heat sink different than at the inlets shall be developed and fised
(Asa o1 psp).
Baronpetric pressure can be assumed uniform for the entire site if measured in-the vicinity of the gas turpine
inlets.
If necgssary, expansion of eq. (5-3-1) for a cycle mandating a test goal of eonstant unit disposition is writteh as

Total # of gas
turbines

6
Pcorr = E Pmeas,grossGT + AZGT Hanc.r
m=GT, " Lt L,

Total # of
steam turbines

5
+ 2 |:(Pmeas,grossST7 & 2 Ak‘ )

j=1 k=1 5T

6
n ansr} &5-1)

n=1 i
6
- Paux HAVI - Ptransformer loss — pline loss
n=1

if it is more prudent not to average conditions at each gas turbine inlet due to unusual site conditions.

The sfibscripts for the new multiplicative corréction factors, A,, refer to the same parameters to be corrected for
as in th¢ other multiplicative corrections. Cafe i5 taken in calculating heat balances to determine correction fagtors
for the fprmat of eq. (5-5-1) to base the A, correction factors on gross power. Heat balance calculations to deterrhine
correctigns to inlet air conditions utilizing the format of eq. (5-3-1) include auxiliary load effects in that equatfon’s
respectiye as.

Note that the « corrections for the' steam turbines in eq. (5-5-1) will not be unity even if the cooling tower is
outside fthe test boundary, due-te-the inlet air effect at the gas turbine inlet on steam production.

Simildrly, for the test goal-ef-a specified unit disposition without setting output to a predetermined level (para.
5-3.2), the corrected heat. rate’equation may be expanded into the following format if eq. (5-5-1) is used in ligu of
eq. (5-341):

total # of

fuel inputs 6
E |:(Qmeasm> H,Bnm:|
n=1

m=1

HReorr = &5-2)

Peorr per eq. (5-5-1)

Similar formulations can be developed for specified measured power tests for combined cycles in which there
is duct firing, if necessary.

5-5.2 Special Case of Inlet Air Conditioning Equipment(s)

The Code recommends testing with the inlet air conditioning systems configured to match the reference conditions,
provided the ambient conditions allow. Some specific cases are addressed hereunder.

(a) For an evaporative cooler, it is advised to execute the test in normal operating conditions of the evaporative
cooler and apply the corrections via a model or a family of curves as a function of dry bulb temperature and
humidity within the limits of operating range of the evaporative cooler (i.e., typically at ambient temperatures
higher than 15°C to 20°C). If the evaporative cooler is not operational during the test due to operational limitations
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specified by manufacturer, the plant performance test can still be executed and the parties to the test are encouraged
to reach mutual agreement with regards to the evaporative cooler performance. Parties are also encouraged to agree
on the ambient conditions envelope during which the performance test will be conducted so as to minimize the
error introduced due to inherent measurement uncertainties (e.g., humidity).

(b) Fogging and high fogging systems are usually installed in order to saturate incoming air with water vapor
or go oversaturation at a predetermined level (high fogging). In either case, if the plant reference conditions include
operation of these systems, the test may be conducted with these systems in service. As with plants equipped with
evaporatlve coolers, attention should be paid to the operating limits of the fogging system. The operatlonal window
ng wh erational

5-5

idity). Also, care should be taken when choosing the type and the quantity of instrumentation used'to
pmbient conditions to ensure that the accuracy requirements defined in this Code are met or ‘exceede|

(@ For inlet chiller systems, it is noted that the auxiliary loads necessary for operation may be signifi

cult to model in nonbase reference conditions.

(d) For electrical resistance-based anti-icing systems, the auxiliary loads necessary for operation may be si

difficult to model in nonbase reference conditions.

ctual air inlet temperature and modeling off-design compressor behavior are:likely to lead to high un
therefore, usually it is advised not to run guarantee verification tests in Suc¢h condition.

Nonmandatory Appendix I can be referenced if these considerations lead-te the decision to conduct test

inlet air conditioning equipment out of service.

ASME PTC 51-2011 provides detailed methods for testing inlet air‘conditioning equipment.

3 Staged Testing of Combined Cycle Plants for Phased Construction Situations

This subsection details a methodology to test for new and(¢lean power and heat rate of a combined cy

whdn it is constructed in phases. The gas turbines of the plant usually operate for several months in sim
modle while the steam portion of the combined cycle plant is being constructed.

I} order to determine the combined cycle new and-clean performance, it is therefore necessary to tes

turhjines when they are new and clean (Phase 1 test series), and combine those results with new and cleg
turfine cycle performance data (Phase 2 test series). In the event that the expected or measured chang
turfjine performance parameters (air flow;.Qutput, heat consumption, and exhaust temperature) is sma

thei]
con:

I respective relative test uncertainty, then an alternate technique, such as a degradation curve, sk
bidered by the parties to the test,

e are

(@) air flow rate deteriorationof the gas turbines.

() output deteriorationt of the gas turbines.

(@ heat consumptiofi, deterioration of the gas turbines.

(d) exhaust temperature deterioration of the gas turbines. Note that degradation can cause an increase iry

temperature.

2 te)

to s
T

are

Deeterminatien. of these items requires gas turbine test data taken with the steam cycle bypassed during t

5t seriesadf the plant does not include a bypass, the simple cycle Phase 2 test should be conducted ji
hut down for the HRSG tie-in.

fure and
measure

d.
fant and

bnificant

For compressor air recirculation type anti-icing systems, the difficulties associatéd with both deternination

rertainty

ing with

Cle plant
ple cycle

the gas
n steam
e in gas
ler than
ould be

his protocol requires correctionis~in addition to the standard corrections tabulated in Tables 5-1-1 apd 5-1-2.

exhaust

he Phase
1st prior

lon tests

hesimple cycle tests during Phase 2 are called Phase 2A tests, while the final combined cycle operat

<1 1 Bl OR-
COISIUCTICU d5 I'IldSE ZD 1CS51S.

Nomenclature for the unique correction factors to this protocol are as follows:

Cr = correction to steam cycle gross power output at design reference conditions to new and clean air flow
rate of the gas turbines
Cy = correction to Phase 2B combined cycle thermal heat input at design reference conditions to account for

gas turbine heat consumption deterioration

C, = correction to Phase 2B gas turbine gross power output at design reference conditions to account for output

deterioration between test phases

C: = correction to steam cycle gross power output at design reference conditions to new and clean

temperature of the gas turbines
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Table 5-5.3-1 Required Test Series for Phased
Construction Combined Cycle Plants

Test
Phase Reasons for Tests Operating Mode

Phase 1  New and clean gas turbine Simple cycle operation
performance after initial simple
cycle start-up

Phase 2A Gas turbine performance to  Simple cycle operation

Table
output 1
operatig
with Ph
factors i

per parg

5-5.3

(a) Te
turbine
(1)

(2)

(3)

(4)

(5)

determine degradation effect (see para. 5-5.3)
on output, heat consump-

tion, exhaust gas flow rate,

and exhaust temperature

changes
Phase 2B For determination of com- Full combined cycle
bined cycle plant perform- operation

ance in new and clean
condition. This is accom-
plished by combining the
Phase 2B combined cycle
performance data, with
appropriate degradation cor-
rections based on Phase 1
and Phase 2A tests.

5-5.3-1 summarizes the reasons for each test series. Note that there is usually an air flow reduction
eduction, a heat rate increase, and an exhaust'témperature increase in the simple cycle mode after exter
n, which is why the second phase of testing should be done in two parts. Phase 2A is used in conjung

| is critical to ensure that the gas turbines are properly inspected and cleaned prior to the gas turbine
. 3-3.5.

.1 Phase 1 Testing
t Series Objective — Phase jI" The objective of the Phase 1 test series is to establish the new and clean
performance for each{machine as follows:

gas turbine new and,clean corrected power in simple cycle operation

gas turbine new.and clean corrected heat input in simple cycle operation with unheated fuel
air flow at riew and clean conditions

inlet air,conditioning, if any, effectiveness

exhaust témperature in new and clean conditions

, an
ded
tion

ise 1 to determine these degradation factors. In order to ensure an accurate determination of the degradation

ests

gas

is provided from the steam/water cycle, the Phase 1 test may be conducted with unhehted

(b) Tept Series Configuration — Phase 1. The Phase 1 tests will occur in the simple cycle mode of operatiof. In
cases wihere fuel heating is p / AU \ii L

fuel gas

on each gas turbine.

The total gas turbine corrected new and clean power in simple cycle operation is the measured power corrected
for deviations from base reference conditions as follows:

number of number of
gas turbines gas turbines
PoonGT, - Phase 1 = > P measGT ~Phase 1 + A2 |a1 @y a3 ay a5 ag (5-5-3)

i=1 j=1

The corrections in eq. (5-5-3) are calculated for simple cycle operation only.
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Total gas turbine measured new and clean heat input is expressed as the product of the fuel gas lower heating
value and the measured fuel gas flow.

number of number of
gas turbines gas turbines

21 QmeasGTl “Phase 1 = (LHV) El qmj)
i= j=

The GT new and clean heat rate corrected to base reference conditions is defined as follows:

¢ number of ; ; number of

(5-5-4)

In
may
the
(d
refe
Air

NOT
(d

exh.
be i

and|

NOT

~

4
pars:

(a
deg|
atel
par
met]
fron

(4

i=

gas turbimnes gas turbines
HRcorrGT —Phase 1 = E QmeasGTi — Phase 1/( 21 PmeasGT’. — Phase 1 T AZ)jfl f2f3f4f5f6
j=

tal gas turbine corrected new and clean heat input is therefore

number of number of

gas turbines - gas turbines

121 QcorrGT} ~Phase 1 = HRconrGT - Phase 1 X ]; P corrGT/ — Phase 4

situations where each gas turbine in the combined cycle plant is tested separately, egs. (5-5-3) throug]
be simplified to accommodate a single gas turbine at a time and these results may be aggregated for dete
total gas turbine simple cycle performance.
Air Flow at Baseload in New and Clean Conditions. Phase 1 test will provide air flow, adjusted to g
Fence conditions, for each gas turbine at baseload in simple cycle-Operation under new and clean c
flow can be determined either by using inlet scroll methods or/by-heat balance.

Mallcorr,GTi,Phase 1 — Mall'meas GTi,Phase X Y1Y2Y3Y4Y5%6

E: The definition of subscripts used is based on Table 5-1-2.

) Exhaust Temperature at Base Load in New and Clean Conditions. The Phase 1 test series will also provid
hust temperature for each gas turbine at base load’in simple cycle operation new and clean. This vari
Hentified as GTTeXhmeas,GTi,Phase 1-

easured exhaust temperature is corrected forthe inlet conditions during the test by the application of co
is then known as

GTTexheor,Griphased)= GTTexhmeas Griphase 1 + 61 + 82 + 83 + 84 + 85 + 6
E: The definition of subscripts used.is\based on Table 5-1-2, but treated as additive correction.

Inlet Air Conditioning Equipment. Inlet air conditioning equipment during phased testing is tre
. 5-5.2.

-5.3.2 Phase 2A Testing

Test Series Objectipe/— Phase 2A. The objective of the Phase 2A test series is to establish the magr]
radation to gasturbine air flow, output, heat input, and exhaust temperature in simple cycle operation
y prior to theé changeover to combined cycle operation. Special care is needed to verify that gas turbin
imeters for-variable guide vanes and firing temperature are consistent with the Phase 1 test. The Cod
ds that Rhase 2A testing be structured to recreate the instrumentation type, quantity, and installation
 Phase*l in order to reduce the effect of systematic errors in measurements between the phases.

(5-5-5)

(5-5-6)

h (5-5-6)

rmining

llarantee
ndition.

(5-5-7)

b the GT
hble will

Frections

(5-5-8)

hited per

itude of
 mmedi-
b control
b recom-
method

hes. The

Test’ Series Configuration — Phase 2A. Phase 2A tests will be carried out for each of the gas turbi

exh.
test

dustl Plﬁbbule Wlll ‘UC I.ELUIC[EL‘[ WiLll Lllt llldLl lilleb dl ‘Udbe 1Udd ill billll)le LyLlC UPUI.dLiUll. Tllt cli]. ﬂUW b‘lﬁg
is repeated from the Phase 1 tests.

adation

(c) Test Series Calculations — Phase 2A. Similar to Phase 1 calculations, the simple cycle corrected gas turbine
output, heat rate, air flow, and exhaust temperature will be calculated following the Phase 2A test. The equations
for the individual parameters defined in para. 5-5.3.1 apply, with the “Phase 1” subscript replaced with “Phase 2A.”

5-5.3.3 Phase 2B Testing
(a) Test Series Objective — Phase 2B. The objective of the Phase 2B test series is to determine the magnitude of
the final test values for plant power and plant heat rate corrected to the project base reference conditions and in

the

new and clean condition. This calculation shall be done in four parts as follows:
(1) determine combined cycle power at test conditions
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(2) calculate plant power corrected to new and clean conditions using CC correction curves and degradation
factors from Phase 1 and 2A tests
(3) determine plant heat input at test conditions while accounting for fuel heating
(4) calculate plant heat rate corrected at new and clean conditions using CC correction curves and degradation
factors from Phase 1 and Phase 2A tests
(b) Test Series Configuration — Phase 2B. Phase 2B tests shall be conducted with the gas turbines in parallel base
load operation exhausting through the HRSGs and with the Steam Turbine base loaded. In this test series the gas
turbines will operate with heated fuel if that is their normal combined cycle mode. In this phase the plant is
operating with the blowdown streams isolated.
(c) Tegt Series Calculation — Phase 2B. Similar to Phase 1 calculations, the corrected gas turbine output, heat rate,
and air |flow will be calculated following the Phase 2B test. These terms are required in order to caletlate the
individyal correction factors used to capture degradation. The equations for the individual parameters)definegd in
para. 5-5.3.1 apply, with the “Phase 1” subscript replaced with “Phase 2B.”
The irjdividual correction factors to capture the degradation from Phase 1 to Phase 2A for each of these paramgters
can be determined as follows:
(1) |C¢: The magnitude of the gas turbine air flow degradation correction is determinied using the correrted
air flow|from Phases 1, 2A, and 2B as follows:

—
Il

Cr = 1 - [mairy, * (SMaircorGriphase2a — SMAITcorsGT; Phaset) / Smairg e iPhase2s) ¥5-9)
where npairp is GT airflow impact factor (percent change in steam cycle output(per 1% change in GT airflow). [This
value can be determined by means of a thermodynamic model of the plant:
This fprmulation also accounts for any modifications to the hardware /Control systems regulating the Gas Turpine
air flow|(e.g., Variable Inlet Guide Vanes) between the simple cycle ahd combined cycle modes of operation.
Alterpatively, Cr may also be determined using gas turbine exhdust flow, obtained by gas turbine heat balgnce,
for the §wo test phases.
(2) |Cocti: The magnitude of the gas turbine output degradation correction is determined using the correfted

gas turbiine output from Phases 1, 2A, and 2B as follows:

CoGTi =1- [(Pcorr,GTi,PhaseZA - Pcorr,GTi,Phasel)/Pcorr,GTi,PhaseZB] (5' 5'10)

(3) [Cheri: The magnitude of the gas turbine lteat input degradation correction is determined using the correfted
gas turbiine heat consumption from Phases 1,24, and 2B as follows:

ChGTi = L= [(Qcorr,GTi,PhaseZA - Qcorr,GTi,Phasel) / Qcorr,GTi,PhaseZB] (5- 5-11)

(4) |Cy: The magnitude of Cigrpfor each gas turbine is determined using the corrected gas turbine exhpaust
temperdture from Phases 1 and2A as follows:

C=1- [TethF, # 3 (GTTethrr,GTi,PhaseZA - GTTexhcorr’GT,-,phasel) / (100 * number of gas turbines)] (5-p-12)

where Tpxhyp is GT exhaust temperature impact factor (percent change in steam cycle output per 1°F change irf GT
temperdture). Thistvalue can be determined by means of a thermodynamic model of the plant.
The cgrrecteditotal gross output of the steam turbine used for the combined cycle plant performance evaluatiohs is

# of steam
# of gas turbines 7
turbines .

Py 1 Al Lo 1 S
Feorr — 1\ : I meas,GTi = “oGTi] T 441 LL meas,STj - L‘f - ‘th) - kAlukJ
i=1 /= =

6
1 yrmem (5-5-13)

n=1

Equation (5-5-13) corrects the measured combined cycle power output to design reference conditions, and also
to gas turbine new and clean condition by application of C,, C;, and Cr. The A and « correction factors are per
Tables 5-1-1 and 5-1-2.

The corrected thermal heat input from the fuel used for the combined cycle plant performance evaluation is

f gas
fugbi%es 7 6
Qcorr = E [Qmeas,GTi * ChGT[] + E Wi HBn (5'5'14:)
k=1 n=1

i=1
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Equation (5-5-14) expresses the total thermal heat input from the fuel as corrected to reference conditions, and
in new and clean condition, by means of application of the factor C;. It also, inherently, accounts for any fuel
preheating introduced in the combined cycle mode of operation. The w and B correction factors are per Tables 5-1-1
and 5-1-2.

The total plant heat rate in new and clean conditions, combined cycle mode, and at new and clean base reference
conditions, is therefore expressed as

Qcorr

HReorr = P
corr

(5-5-15)

5-6| SPECIAL CASE WHEN PIPING IS OUTSIDE THE TEST BOUNDARY

Ir} the event that the power plant test boundary does not include the connective steam piping, it may be necessary
to cprrect the plant performance if these piping pressure drops deviate significantly from design;lirsuch an jnstance,
the forrected plant performance would be calculated as

7 i 6

Peorr = | Preas + E E Ijla] (5-6-1)
k=1 j

whgre Uy represents additive correction factors for each piping pressure drep-for which a correction {s made.
Performance is usually much more strongly impacted by pressure drop ih the steam piping than in tlhe water
piping, so corrections for the latter are not expected.

5-7| SPECIAL CONSIDERATIONS AS APPLIED TO STEAM TURBINE PLANTS
5-711
The specified disposition for a steam-turbine-based powerplant may be defined in multiple ways. These dgfinitions
inclpde a specified amount of main steam flow, a particular valve point condition, or the thermal input from the

fuell A Specified Corrected Power or a Specified Meastired Power test may also be conducted. The thernjal input
from the fuel is also used as a definition of full load.

5-72
The method of adjusting the firing rate umder a specified throttle pressure control mode and a test goall shall be
estaplished prior to developing the heat\balance model, correction curves, and calculation procedure.

5-733
For a test goal with a specified disposition at a valve point under a pressure control operating mode, perfprmance
cortlection to a reference condition requires knowledge or estimation of how the corrected plant electricdl output
varies with corrected fuelenergy input. Figure 5-7.3-1 illustrates how gross output of a steam-turbine-baged plant
varies with steam turbine throttle flow. If the specified disposition is a throttle flow rate, refer to para. 5{3.5. The
pla)pt may be tested.ower a range of steam turbine throttle flows sufficient to encompass the corrected perfprmance

vary if Calculated on a Valve pomt bas1s This performance is not reahzable but is synthes1zed by passing a
straight line through the steam turbine valve points. In practice, the actual performance varies from the valve point
performance by about 0% to 0.15% for a six-valve reheat machine and by 0% to 0.25% or more for a non-reheat
machine.

A steam turbine plant for which required operating disposition is based on operation at valve point must be
tested at that valve point.

5-7.4

The ASME PTC 4 energy balance method is used to determine the heat input to the plant from the fuel. Thus,
all the data required for an ASME PTC 4 test is taken during the ASME PTC 46 test. Care has to be taken to assure,
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Fig. 5-7.3-1 Output Versus Throttle Steam Flow
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, that the ASME PTC 4 corrections for parameters and operating dispositions internal to the ASME PT
ndary that are normally ASME PTC 4 corrections are not used for the ASME PTC 46 test in determi
Fgy input. The major corrections falling inte-that category would be final feedwater temperature, cold re|
mperature, and air quality control equipment integral to the boiler prior to the flue gas exiting the
imilarly, items that are sometimes not'considered as part of a boiler test boundary that are to be intd
SME PTC 46 test boundary, such.as FD, PA fans, and steam coil air preheaters, must be considered.
[E PTC 46 test, the base reference inlet temperature to the steam generator is at the inlet to the fans, if

46
ning
heat
b air
rnal
For
hey

are withiin the overall plant performaiice test boundary. In all cases, corrections for off-design fuel (and sorbent, if

applicah
ASME [

Figurg
generati

le) composition shall be'made using the fuel component substitution correction procedures prescribe
TC 4, subsection 5-18.
5-7.4-1 shows a typical test boundary for a reheat Rankine steam cycle that may be used in straight pq
on.

d in

wer
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Fig. 5-7.4-1 Typical Test Boundary for a Reheat Rankine Steam Cycle Power Plant
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Section 6
Report of Results

6-1 GH onate a Ao
and the test not included in the executive suhimary,
The tgst report for a performance test should incorpo-  gych as
rate the|following general requirements: (1) a historical perspective, if appropridte
(1) Executive Summary, described in subsection 6-2 (2) a cycle diagram showing thentést boundary
(b) Infroduction, described in subsection 6-3 (refer to the figures in the Appendices for examples
(c) Cdlculation and Results, described in subsection  of test boundary diagrams for specific plant typg or
6-4 test goal)
(d) Instrumentation, described in subsection 6-5 (3) description of the eqipment tested and |any
(e) Cqnclusions, described in subsection 6-6 other auxiliary apparatus; the operation of which may
(f) Appendices, described in subsection 6-7 influence the test result
This qutline is a recommended report format. Other (c) a listing of the‘representatives of the partids to
formats |are acceptable; however, a report of an overall ~ the test;
plant pgrformance test should contain all the informa- (d) any pretést agreements that were not tabulatdd in
tion desgribed in subsections 6-2 through 6-7inasuitable ~ the executivesummary, including a detailed descrigtion
location of deviatiens to the test procedure during the test, regolu-

tion, andvimpact to the test results
(e)the organization of the test personnel

6-2 EXECUTIVE SUMMARY (f) test goal per Sections 3 and 5

The Hxecutive Summary is brief and should contain~\" g_.4  CALCULATIONS AND RESULTS
the follqwing;:

(a) general information about the plant and the'test,

such as the plant type and operating configuration, and ~ the following information:

the test jobjective including the test objective'values (a) method of the test and operating conditions
(b) ddte and time of the test (b) the format of the general performance equdtion

that is used, based on the test goal and the applidable
corrections (this is repeated from the test requirements
for convenience)

(c) tabular summary of measurements and obsdrva-
tions including the reduced data necessary to calcilate
the results and a summary of additional operating fon-

(§) comparison withithe contract guarantee ditions not part of such reduced data

(h) arly agreements_among the parties to the test to (d) step-by-step calculation of test results from| the
allow afty major/deviations from the test requirements  reduced data including the probable uncertainty (refpr to
includi g a description of Why the deviation occurred, the appendices for examples of step-by-step calculations
the mitipation plan, and the impact to the uncertainty  for each plant type and test goal)
of the tgst\due to the deviation (e) detailed calculation of primary flow rates from
applicable data, including intermediate results, if
required (primary flow rates are fuel flow rates, and, if

This section of the test report should include, in ddtail,

(c) signature of Test Coordinator(s)

(d) signature of reviewer(s)

(e) apjproval signature(s)

(f) summary of the results-of-the test including uncer-
tainty afpd conclusions reached

6-3 INTRODUCTION cogeneration, process flow rates)
(f) detailed calculations of heat input from fuel from
The Introduction of the test report includes the follow-  a coal-fired power plant utilizing PTC 4 and water-/
ing information: steam-side measurements
(a) authorization for the tests, their object, contractual (g) detailed calculations of fuel properties — density,

obligations and guarantees, stipulated agreements, by =~ compressibility factor, and heating value (values of con-
whom the test is directed, and the representative parties  stituent properties, used in the detailed calculations
to the test shall be shown)
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(h) any calculations showing elimination of data for
outlier reason, or for any other reason

(i) comparison of repeatability of test runs

(j) clarity as to whether reported heat rate is based
on HHV or LHV

(k) correction factors to be applied because of devia-
tions, if any, of test conditions from those specified

(I) primary measurement uncertainties, including
method of application

control computer printout, or manual data sheet, and
any identifying tag number and/or address of each

(d) identification of the instrument that was used as
back-up

(e) description of data acquisition system(s) used

(f) complete description of methods of measurement
not prescribed by the individual code

(¢) summary of pretest and post-test calibration

~

) the test performances stated under the following
Hings:
(1) test results computed on the basis of the test
opefating conditions, instrument calibrations only hav-
ing [peen applied, and
(2) test results corrected to specified conditions if
operating conditions have deviated from those
spegified

(1) tabular and graphical presentation of the test
resylts
(d) discussion and details of the test results
uncprtainties
() discussion of the test, its results, and conclusions

hea

test]

6-5| INSTRUMENTATION

The Instrumentation section of the test report includes
the ffollowing information:

(@) tabulation of instrumentation used for the primary.
and| secondary measurements, including make, model
nunpber, tag name and number, calibration date, and
biag value

() description of the instrumentation location

(@ means of data collection for each data.point, such
as temporary data acquisition system printout, plant

6-6 CONCLUSIONS

This section of the test report includes the f
information:

(a) if a more detailed discussion of the test fesults is
required

llowing

(b) any recommended changes to future tegt proce-
dures due “lesson learned,
6-7 APPENDICES

Appendicés to the test report should includg the fol-
lowing information:

(a) the'test requirements

(b). eopies of original data sheets and /or datd acquisi-
tien system(s) printouts

(c) copies of operator logs or other recofding of
operating activity during each test

(d) copies of signed valve line-up sheets, apd other
documents indicating operation in the required |configu-
ration and disposition

(e) results of laboratory fuel analysis

(f) instrumentation calibration results fronf labora-

tories, certification from manufacturers
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Section 7
Test Uncertainty

re, and actual test data. ASME PTC 46 requires
ertainty be reported with a 95% level of

tion 7 and Nonmandatory Appendix F-provide
applicaljle guidance for calculating pretest and post-test
uncertainty.

ASME PTC 19.1 is the Performaiice Test Code
Supplement that covers general proeedures for calcula-
tion of fest uncertainty. A sample calculation is shown
in Nonrhandatory Appendix G-~of’this Code.

7-2 PRETEST UNCERTAINTY ANALYSIS

A pre
para. 3-

est uncertainty analysis is required as stated in
b.2.1 of this' Code to allow corrective action to
be taker) priot:to the test, either to decrease the uncer-
tainty tq a-level consistent with the overall objective of
the testor—te 5 He—sti
attaining the objective. An uncertainty analysis is also

80

will be required.

7-3 POST-TEST UNCERTAINTY ANALYSIS

A post-test uncertainty analysis is.required to d
mine the uncertainty intervals for the-actual test. A
test uncertainty analysis shall belconducted to verify
assumptions made in the pretést uncertainty analysi
particular, the data should be'¢xamined for suddenss
and outliers. The assumptions for random errors sh
be checked by determining the degrees of freedom
the standard deviation of each measurement. This arf
sis serves to validate the quality of the test result:
to expose problems.

7-4 INPUTS FOR AN UNCERTAINTY ANALYSIS

Te perform an uncertainty analysis for an ovg
plant, test inputs are required to estimate the uncerta
of each of the required measurements, and the sensit
of each of the required measurements on corre
results. Guidance on estimating the uncertainty and|
culating the required sensitivity coefficients ca
found in ASME PTC 19.1.

pter-
ost-
r the
s. In
hifts
uld
and
aly-
b, O

rall
inty
vity
rted
cal-
h be

The following is a sample list of some of the ifems

that should be considered when developing a pre-
post-test uncertainty analysis:

(a) calibration methodology

(b) linearity or nonlinearity of instruments

(c) spatial uncertainty

(d) uncertainty of the correction for evaporiﬁive

cooler or fogger performance, if tested separate
the overall plant

(e) method of calibration and correspong
regression

(f) actual operating conditions for instrument ve
designed use of instrument

and

om
ing

rsus

or dead band aplication prior to reading

ion,
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NONMANDATORY APPENDIX A

SAMPLE CALCULATIONS, COMBINED CYCLE COGENERATION

PLANT WITHOUT DUCT FIRING

A-1
T]

without duct firing as specified in Section 5. The numerical values of these corrections and the number of inde

vari

A-2
T
gas
T
preq
has
for
con
is n
T
con
T
is ¢

hea

A-3
B

Cros
N
mad
sup
F

Turbines Operating at Specified Measurement Gross Power

GENERAL

his Nonmandatory Appendix demonstrates the calculating procedure for a combined cycle cogenerati

pbles used to calculate apply to this example only. Unique corrections shall be developed for each speci

CYCLE DESCRIPTION

he plant to be tested is a non-reheat combined cycle cogeneration plant that is powered by two nomina|

he gas turbine exhausts produce steam in two triple-pressure heat recovery steam generators (HRSG). T
sure, 89.27 bara/482°C (1,280 psig/900°F) steam feeds the throttle of an 88 MW condensing steam turl
an intermediate pressure extraction port at 25.1.bara/(350 psig) to supply thermal efflux steam and
shortages of gas turbine injection steam. The ‘exhaust steam from the steam turbine is fed to an a
Henser. The low pressure, 3.1 bara/30 psig saturated steam is used only for boiler feedwater deaeratig
b supplemental firing capability in the HRSGs. The electrical grid frequency is stable at the reference c
hermal efflux is in the form of export-steam, primarily extracted from the steam turbine with steam cq
rolled to 21.7 bara/288°C (300 psig/550°F).

mpletely internal to the test boundary. The performance test goal is corrected net power and corre
rate.

TEST BOUNDARY DESCRIPTION

hsically, the entire plant is included within the test boundary, as is indicated on the process flow diag
ses the bouridary at the inlets of the gas turbines and the inlet to the air-cooled condenser.

et plant electrical output is determined from measurements of the output of each generator with an al
le for the Josses of each step-up transformer. Plant auxiliary loads are supplied from the utility high
bly during the test.
el flow rate and heating value are measured in the plant fuel supply line near where the fuel crosseq

turbines with inlet evaporative coolers and steam injection for NOx control and power augmentatior].

nea'(—Smk—eumptetely-hTtenTal-tu-the—fest-Bwndary—(l :
Test Goal: Corrected Net Power and Corrected Net Heat Rate With the-Gas

on plant
pendent
fic plant.

| 85 MW

he high-
bine that
makeup
r-cooled
n. There
ndition.
nditions

he operating disposition of this_plant is to have the gas turbines at a specified, measured power. The Qeat sink

cted net

Fam. Air

lowance
voltage

the test

bou

dary:

Export steam is measured in the steam export line where it crosses the test boundary.

A-4

REFERENCE AND MEASURED CONDITIONS

Refer to Table A-4-1.

A-5

MEASURED RESULTS

Refer to Table A-5-1.
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Table A-4-1 Reference

46-2015

and Measured Conditions

Steam export
Power factor

temperature
Ambient pressure
Relative humidity

Parameter Reference Conditon Measured Condition Unit
31.5 (250) 27.5 (218) kg/s (KPPH)
0.85 0.975 Ce
Gas turbine inlet temperature 21 (70) 15 (59) °C (°F)
Air-cooled condenser inlet air 21 (70) 16 (61) °C (°F)
0.9951 (14.433) 1.00635 (14.595) bara (psia)
60 77 %
60 60 Hz

Grid frequency

Table A-5-1 Measured Results

Parameter

Measured Results

Fuel input

Gas turbine 1 power
Gas turbine 2 power
Steam turbine power
Auxiliary load

579.4 MJ/s (1,977 MBtu/hr) HHV
87.0 MW

87.5 MW

49.5 MW

4.5 MW

A-5.1 Findamental Equations [Refer to Egs. (5-3-1) and (5-3-2)]

Peorr = (P mea

HReorr =

7 6
Qcorr = (Qmeas + lg;”i) H,B]

7 6
S+Z A1>]Ha]

1 1

QCOI‘[‘
Pcorr

j=1

A-6 REQUIRED CORRECTIONS AND CORRECTION FACTORS

Refer [to Table A-6-1.

A-7 CORRECTIONS NOT REQUIRED

The cprrections and correction-factors listed in Table A-7-1 have been determined to not be required for|this
specific frest. These factors afejalso listed with the reasons for not including such corrections and correction fadtors
in the cdlculations of the.test results.

The cprrections shown-in Table A-7-1 may be required for calculations of an actual test of a similar plant.|The
fact that such corrections were neglected in this particular example does not mean that they should alwayp be

neglected.

A-8 CORRECTION CURVES AND FITTED EQUATIONS

These curves and equations are linear and nonlinear regressions of calculated performance deviations based on
a model of a specific plant, and should not be used generically for any ASME PTC 46 test. Apply U.S. Customary

units to these equations.

where

4, = -221

F = kg/s x 7936.641 (KPPH)

yn = MW x 1000 x 0.987 x [0.01597 X (pf — 0.85) — 0.012104 x (pf> — 0.85%) — 0.021571 X (pf — 0.85)

80 + 88.8 X F

x MW /135)]
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Table A-6-1 Required Corrections and Correction

whdre

whdre

Factors
Correction/Factor Power Fuel Energy

Additive Corrections

Thermal efflux Aq

Gas turbine (1) power factor A

Steam turbine power factor Asp

Gas turbine (2) power factor Ay

Air-coaled condenser inlot air rnm'r_\nrnhlrn /1),_‘

Multiplicative Correction Factors

Gas turbine inlet air temperature @y B
Ambient pressure @ B2
Relative humidity as Bs

Table A-7-1 Correction Factors Not Required

Correction Factor Reason Not Required

A HRSG blowdown was closed for the’test and
the guarantee was based on_no blowdown

A4, There were no secondary heat,inputs

Asp Does not apply to this condéensing system

Asc Does not apply to this ‘condensing system

Ag There were no irregularor off-design auxiliary
loads during the.test

A4, The test was asconstant disposition test and
therefore this-Correction is zero

ay, and B, Fuel supply.conditions were the same as for
design

as and Bs Fuel ahalysis matched the design fuel

g Grid/frequency

= gas turbine power, MW
= power factor

Ay = MW x 1000 x 0.9825 x [0.01597 x (pf —0.85) — 0.012104 X (pf* —0.85%) — 0.021571 X (pf —0.85)
x MW/88]

= gas turbine power, MW
= power factor

Yhe = MW x 1000 x 0.987 x [0.01597 x (pf — 0.85) — 0.012104 x (pf> — 0.85%) — 0.021571 X (pf — 0.85)
x MW /135)]

where
MW

pf

where

gas turbine power, MW
= power factor

A5A (150 k Iby/hr steam flow) = —0.0130234 X & + 125416 x & — 1.30740E-12

(A-8-3)

(A-8-4)

(A-8-5)

air-cooled condenser inlet air temperature minus the gas turbine inlet air temperature, °C X 9/5 (°F)

A5A (250 k Ib/hr steam flow) — —5.95856E-02 X & + 95.3636 X & + 2.55795E-13
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where
6 = air-cooled condenser inlet air temperature minus the gas turbine inlet air temperature, °C X 9/5 (°F)

A5A (350 k Ib/hr steam flow) — 1.37108 x 52 + 49.2821 X 6 + 7.10543E-13 (A-8-7)

where
6 = air-cooled condenser inlet air temperature minus the gas turbine inlet air temperature, °C X 9/5 (°F)

a; = 0.844902 + 0.00146818 X (T) + 0.000010612 X (T) (A-8-8)

T = [gas turbine inlet air temperature, °C X 9/5 + 32 (°F)

a, = 2.134403 - 0.07858 X (p) (AL8-9)

p = pmbient pressure, bara/0.0689476 (psia)

a; = 0.957444 + 0.078668 X (RH/100) — 0.01301 X (RH/100)> (A--10)

RH =5 relative humidity, %

B = 0.852007 + 0.001696891 X (T) + 5.9245E-06°% (T)> (A-B-11)

T = [gas turbine inlet air temperature, °C X 9/5 + 32 (°F)

B, = 2.045731 — 0.07245% (p) (A

3-12)

p = pmbient pressure, bara X 0.0689476 (psia)
B; = 0.958413 + 0.078079°%”(RH/100) — 0.01474 x (RH/100)> (A-B-13)

where
RH

relative humidity, %

A-9 DISCUSSION

Correftions are for factors affécting plant performance that are outside the control of the party running the [test.

Stean| export flow rate has been corrected to guarantee temperature and pressure conditions in the measurerhent
process.

Correftions for fuel energy input have been used instead of those for heat rate based on a personal prefergnce
for this particular methiod of correction.

The ghs turbinednlet air temperature used for this correction is the average dry bulb air temperature at the iflets
of the tyvo gas tutbines. The relative humidity is the average of the measurements taken at the inlets of the [two
gas turbfines.

The cprrection for differences between the gas turbine inlet air temperature and the air-cooled condenser {nlet
air temperature—{ds)—for-this—plant-was-determined-based-on—the—resulis—ofmodeling—to-be-a—funetion—of-export
steam flow only; however, the effects of other ambient conditions on the As4 correction (for example, ambient
pressure and ambient relative humidity) should be verified to be negligent by means of modeling before being
ignored for a given testing situation.

To simplify the calculations, the power factors of the three generators are assumed to be equal during the
measurement period. This is not always true.

Refer to Table A-9-1.
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Table A-9-1 Correction Factors

u.s.
Customary
Type Description Value Units Sl Value Units
basis Steam export 250 k b/hr 31.5 kg/s
basis Power factor 0.85 0.85
basis Gas turbine inlet air temperature 70 °F 21
basis Air-cooled condenser inlet air temperature 70 °F 21
basi Ambient pressure 14,433 psia 0,99512
basis Relative humidity 60 % 60
test Gas turbine 1 power 87,000 kw 87 000
test Gas turbine 2 power 87,500 kw 87 500
test Steam turbine power 49,500 kw 49 500
test Auxiliary load 4,500 kw 4 500
test Fuel input-HHV 1,977.0 MBtu/hr 579.4
test Steam export 218 k lb/hr 27.5
test Power factor 0.975 0.975
test Gas turbine inlet air temperature 59 °F 15
test Air-cooled condenser inlet air temperature 61 °F 16
test Ambient pressure 14.595 psia 1.0063
test Relative humidity 77 % 77
test Transformer losses 0.5 % 0.5
test Gross power 224,000 KW 224 000
test Auxiliary load 4,500 kw 4 500
test Transformer losses 1,120 kW 1120
test Net power 219,500 kw 219 500
Thermal Efflux — delta*1
test Steam export 218 k lb/hr 27.5
curv Correction delta 1 (2,822) kw (2 822)
Gas Turbine Power Factor — delta 2A and 2C
test Power factor 0.975 kw 0.975
test Gas turbine 1 power 87,000 kw 87 000
curv GT 1 corr delta 2A (215) kw (215)
test Gas turbine 2 power 87,500 kw 87 500
curv GT 2 corr delta 2C 217) kw 217)
add Total corr delta 2A & 2C (432) kw (432)
Steam Turbine Power Factor — delta 2B
test Power factor 0.975 0.975
test Steam turbine power 49,500 kw 49 500
curv Corr delta 2B (111) kw (111)
Air-Cooled Condenser Inlet Air Temperature — delta 5A
test Air-cooled condenser inlet air temperature 61 °F 16
Test Gas turbitie inlet air temperature 59 °F 15
test Stéam“export 218 k lb/hr 27.5
curv Cortection delta 5A (150 k Ib/hr steam flow) 251 kw 251
curv: Correction delta 5A (250 k Ib/hr steam flow) 190 kW 190
interpolated Correction delta 5A 210 kw 210
Gas Turbine Inlet Air Temperature — Power — alpha 1
test Gas turbine inlet air temperature 59 °F 15
curv Conalphal 0.96846 0.96846.
Ambient Pressure — alpha 2
test Ambient pressure 14.595 psia 1.0063 bar(a)
curve Corr alpha 2 0.98756 0.98756
Relative Humidity — Power — alpha 3
test Relative humidity 77 % 77 %
curve Corr alpha 3 1.01030 1.01030
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Table A-9-1 Correction Factors (Cont’d)

u.S.
Customary
Type Description Value Units Sl Value Units
Gas Turbine Inlet Air Temperature — Fuel Flow — beta 1
test Gas turbine inlet air temperature 59 °F 15 °C
curve Corr beta 1 0.97275 0.97275
Ambient Pressure — Fuel Flow — beta 2
test Ambient pressure 14.595 psia 1.0065 bar(a)
curve Corr beta 2 0.98831 0.98831
Relative Humidity — Fuel — beta 3
test Relative humidity 77 % 77 %
curve Corr beta 3 1.00980 1.00980
Corrected Power
test Net power 219,500 kw 219 500 kw
curve Delta 1 (2,822) kw (2822 kw
curve Total delta 2A 432) kw (432) kw
curve Delta 2B (111) kw (111) kw
curve Delta 5A 210 kw 210 kw
curve Alpha 1 0.96846 0.96846
curve Alpha 2 0.98756 0.98756
curve Alpha 3 1.01030 1.01030
calc Corrected net power 209,046 kw 209 046 kw
Corrected Fuel
test Fuel input — HHV 1,9779 MBtu/hr 579 M)/s
curve Beta 1 0.97275 0.97275
curve Beta 2 0298831 0.98831
curve Beta 3 1.00980 1.00980
calc Corrected fuel input — HHV 1,919.3 MBtu/hr 562.1 M)/s
Corrected*Heat Rate
calc Corrected fuel input — HHV 1,919.3 MBtu/hr 562.1 M)/s
calc Corrected net power 209,046 kw 209 046 kw
calc Corrected net heat rate — HHV 9,181 Btu/kWh 9 680 k) /kWh
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NONMANDATORY APPENDIX B

SAMPLE CALCULATIONS, COMBINED CYCLE COGENERATION

PLANT WITH DUCT FIRING

B-1
T]

with duct firing as specified in Section 5. The numerical values of these corrections and the number of inde

vari

B-2

T
firin
Fig.
turh
Wh
qual
the

T
fuel
outj
turh
duc
pow

T]
pow

B-3
T
T
(a
(0

HeatSinkr Externattothe Test Boundary

Test Goal: Measurement of Corrected Heat Rate at the
Specified, Corrected Net Power — Operate to the Desired Power|Leve
By Duct Firing the HRSG

GENERAL

his Nonmandatory Appendix demonstrates the calculating procedure for\eombined cycle cogenerati

pbles used to calculate apply to this example only. Unique corrections shall be developed for each speci

CYCLE DESCRIPTION AND UNIT DESCRIPTION

his cycle consists of a gas turbine that exhausts to a two pressure level heat recovery steam generator y
g, plus a single case steam turbine that exhausts to a water-cooled condenser. (Refer to the cycle dia
B-2-1.) HP steam from the HRSG goes to the steam“turbine throttle valve. An extraction port on tf
ine provides steam for gas turbine NOx control. The'steam turbine also has an LP induction/extract
bn little or no process steam is required, LP steanr’from the HRSG is inducted into the turbine. Whe
htities of process steam are required, LP steamis extracted from the turbine and combined with LP ste
HRSG. The cycle also includes a fuel preheater, a deaerator, and a chemical cleaning system.

he operating disposition of this plant is §uch that it allows adjustment to plant power by adjusting th
to the duct burner. The heat sink is éxternal to the test boundary. The gas turbine is base loaded and i

ine must provide the difference:between the design power level and the gas turbine power output. By
burner fuel flow, the necessary amount of steam in the HRSG is produced to meet the required stean
er output and process steam’ flow requirements.

hus, the performance test.goal is to duct fire until design power is reached. The unit was designed to 1
er level on a 365-day.per year basis in a temperate climate zone.

TEST BOUNDARY DESCRIPTION

he test boundary is also shown on Fig. B-2-1. Note that the condenser is outside the test boundary.
he streams with energy entering the system that need to be determined are

air.for the gas turbine

fuel'to both gas turbine and the duct burner

(&

bn plant
pendent
Fic plant.

Fith duct
gram in
je steam
on port.
h design
hm from

P rate of
s power

but is a function of ambient conditions. The electrical grid frequency is stable at the design value. The steam

varying
turbine

heet this

1 £]
7 ITenCCUpPTIOvY

(d) saturated condensate from the condenser to the condensate system

The streams with energy leaving the system that need to be determined are
(e) electrical power

(f) process steam

(g) steam turbine exhaust to condenser

(h) blowdown from the HRSG

B-4

TABLE OF REFERENCE CONDITIONS

The parameters requiring correction, and their design values, are given in Table B-4-1.
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Table B-4-1 Reference Conditions

Reference Condition Description Reference Value
Gross plant power output 81,380 kW
Ambient temperature -1.1°C (30°F)
Ambient pressure 101.2 kPa (14.68 psia)
Ambient relative humidity 60%

Gas turbine fuel temperature 177°C (350°F)

Fuel heating value, HHV 50 723.6 kJ/kg

(21,826 Btu/lbm)

Fuel carbon to hydrogen ratio 3.06
Gas turbine generator power 0.85

factor
Steam turbine generator 0.85

power factor
HRSG HP drum blowdown 1% steam flow
HRSG LP drum blowdown 1% steam flow
Makeup water temperature 16°C (60°F)

Excess makeup water flow 0 kg/s (0 Ib/hr)

[Note (1)]

Condenser pressure 5.08 kPa (1.50 in.(HgA)
Process steam flow 6.2999 kg/s
(50,000 lb/h¥)
Process steam enthalpy 2 882.9 k/Kg
(1,240.5.Btu/lbm)
Grid frequency 60.00 HZ
NOTE:

(1) This is the flow in excess of that required for makeup due to
NO, steam, process steam, ete.s~that enters the cycle.

REQUIRED CORRECTION FACTORS

r the test, the plant is operated by adjusting the amount of duct firing until the design power level is
e it is desired to minimize corrections.to power, additive corrections are made to heat input usir

cortections [refer to eq. (5-3-6)]. Multiplicative corrections are made to heat rate using the f correction fact

to €]
meg3
T}

and|

sured power to design power:
herefore, from the overall general heat rate equation

(Qmeas + 2(")l)IIB/

HR =
o (Pmeas + EA!)HOIJ

the relationship

the

test'equation for this specific plant and test becomes

reached.
g the o
rs [refer

. (5-3-7)]. There is one additive €orrection to power 4;, which is used in combination with w; to corect from

(Qmeas + ®1 + W3 + 03 + Wy + 05 + Wy)
(Pmeas + A7)

HRcorr = f1f2f3f4f5

The individual corrections in this equation are described in Tables B-5-1 and B-5-2.

B-6

CORRECTION CURVES AND FITTED EQUATIONS

A series of heat balances were run in order to determine the performance test corrections.
The corrections are first presented in equation form followed by a series of curves (see Figs. B-6-1 through B-6-11).
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Table B-5-1 Required Correction Factors

Symbol Description

N Correction to heat input to account for process efflux (i.e., process steam) different than design

w, Correction to heat input to account for generator power factor different than design. This is broken down to
w,a for the GT generator and w,p for the ST generator.

w3 Correction to heat input to account for blowdown different than design

wy Correction to heat input to account for secondary heat inputs (i.e., makeup) different than design

wsc Correction to heat input to account for condenser pressure different than design. (The correction(Would be
wsp for cooling tower air inlet temperature different than design. The correction would be wsg for Circulpting
water temperature different than design.)

w; Correction to heat input to account for difference between measured power and design_power

A4, Difference between design power and measured power

fi Correction factor to plant heat rate to account for ambient temperature different than“design

fo Correction factor to plant heat rate to account for ambient pressure different than‘design

f Correction factor to plant heat rate to account for relative humidity different thdn’design

fa Correction factor to plant heat rate to account for fuel temperature differentithan design

fs Correction factor to plant heat rate to account for fuel composition differént than design

Table B-5-2 Measured Data

Description Measured Value

Gross gas turbine power 54 921 kW

output
Gross steam turbineyoutput 27 244 kW
GT generator power factor 0.95
ST generater power factor 0.95
Inlet air temperature 8.5°C (47.3°F)
Ambiéntpressure 101.8 kPa (14.76 psia)
Ambient inlet relative 30%

Rumidity
Gas turbine fuel temperature  180°C (356°F)
Fuel heating value, HHV 53 103 kJ/kg (22,850 Btu/lbm)
Fuel carbon to hydrogen ratio 3.05
HRSG HP drum blowdown Isolated
HRSG LP drum blowdown Isolated
Makeup water temperature 17.9°C (64.2°F)
Condenser pressure 4.06 kPa (1.20 in. HgA)
Process steam pressure 1299 kPa (188.4 psia)

Process steam temperature 239.6°C (463.3°F)

The data below is calculated from other measurements:

Gas turbine fuel flow 3.2641 kg/s (25,906 lbm/hr)
Duct burner fuel flow 0.6864 kg/s (5,448 lbm/hr)
Process steam flow 5.8748 kg/s (46,626 lbm/hr)
NOx steam flow 5.7395 kg/s (45,552 lbm/hr)
Makeup flow 11.630 kg/s (92,303 lbm/hr)
Process steam enthalpy 2 904.5 k)/kg (1,249.8 Btu/lbm)
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Correction to heat input to account for process efflux (i.e., process steam) different than design, expressed in
U.S. Customary units:

@, = 55,082,885 — 78.4074405F + 6.7583*107'F? — 25,310.41H + 9.68613371H?
— 0.41827648FH — 1.0758*10°F2H — 0.00011342FH? + 4.2804*107 13 F2H?

where
F = process steam flow, kg/s X 7,936.641 (Ib/hr)
H = process steam enthalpy, k] /kg/2.326 (Btu/Ib)

U.S] Customary units:
wrp = 76,855,305.67 — 154,591,165(PF) + 75,497,833.33(PF)2 - 3,387.76765P + 0.034160678P>
+ 6,736.6085(PF)P — 3,236.47(PF)*P — 0.06782565(PF)P? + 0.032513667(PF)2P2
whdre
(BF) = gas turbine generator power factor

U.S] Customary units:
wp = 6,286,157 — 12,273,205(PF) + 5,738,500(PR)? % 443.8303P + 0.004955327P>
+ 914.5335714(PF)P — 461.6238095(PF)2P_£0.012295(PF)P? + 0.007606122(PF)*P?
whdre
(PF) = gas turbine generator power factor

whdre

dy = correction to heat input, Btu/hr

a@na = correction to heat input, Btu/hr

Cprrection to heat input to account for steam turbine generator power factor different than design, exp1

Crrection to heat input to account for blowdown different than design.
Cprrection from isolated to 1% HP blowdown, expressed in U.S. Customary units:

LP blowdown is-insignificant.
Cprrection to heat input to account for secondary heat inputs (i.e., makeup) different than design, expj

P

gross electric power output measured at gas turbine generator terminals, kW

P gross electric power output measured at-gas turbine generator terminals, kW
p = correction to heat input, Btu/hr

w3 = 592,390.1 — 672.4T + 1,000.0485T>

T inlet temperature,2C x 9/5 + 32 (°F)
p; = correction to heat’input, Btu/hr

prrection to heat input to account for gas turbine generator power factor different than design, ‘exptessed in

essed in

essed in

U.S{ Customary-units:
w; = -571,800 — 1,300.38F + 5.9631*107°F2 + 9,440T + 1.5T>
+ 0.17475FT + 6.7793*1072'F2T + 0.0002125FT? — 5.294*10"23FT?
where
F = excess makeup flow, kg/s X 7,936.641 (Ib/hr)
T = makeup temperature, °C X 9/5 + 32 (°F)
wy = correction to heat input, Btu/hr

Correction to heat input to account for condenser pressure different than design, expressed in U.S. Customary

uni

ts as follows:

wsc = 11,686,296.56 — 8,308,140.313P + 344,850.625P2 + 68,357.175T — 393.718125T2
— 52,424.275PT + 4,568.55P°T + 282.085625PT2 — 13.07125P>T?
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Fig. B-6-1 Correction to Heat Input for Thermal Efflux
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Fig. B-6-2 Correction to Heat Input for Gas Turbine Power Factor
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Fig. B-6-3 Correction to Heat Input for Steam Turbine Power Factor

Correction m,,, MJ/s

0.15
.
= = = = Gross ST Power = 21,000 kW
Gross ST Power = 28,000 kW -+ 429,393
V4
== = == Gross ST Power = 35,000 kW .
/7
0.10 r
: 7 L 329,393
7
-
7
4
I’ 4
V4 —+ 229,393 =
/A' / g
. // 2
0.05 V4 A 3
. 7 / c
- 7 S
=
7 1 129,393 8
b Ve S
. (&)
7 //
P~
7 ”
'// R A
9, ARSI A 4 29,393
Y 4 - -
0.00 T
b - = - o
/| /
4l
/ / -70,607
L 4
V4
L 4
-0(05 -170,607
0.0 095 0.90 fale]l~ 1.00

ST Generator Power Factor, PF

94



https://asmenormdoc.com/api2/?name=ASME PTC 46 2015.pdf

ASME PTC 46-2015

Fig. B-6-4 Correction to Heat Input for HP Blowdown
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Fig. B-6-5 Correction to Heat Input for Excess Cycle Makeup
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Fig. B-6-6 Correction to Heat Input for Steam Turbine Condenser Pressure
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Fig. B-6-7 Correction to Heat Input for Measured Power Different Than Design
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Fig. B-6-8 Correction to Heat Rate for Inlet Air Temperature
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Fig. B-6-9 Correction to Heat Rate for Ambient Pressure
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Fig. B-6-10 Correction to Heat Rate for Fuel Temperature
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Fig. B-6-11 Correction to Heat Rate for Fuel Analysis
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where
P = condenser pressure, kPa X 0.0345 (in. Hg, absolute)
T = inlet temperature, °C X 9/5 + 32 (°F)
wsc = correction to heat input, Btu/hr

Correction to thermal heat input to account for difference between measured power and design power, expressed
in U.S. Customary units:

w = -2 61186*10712 + 7260 752844, — (0 537355297A2 + 4 27425*10° 14T — 2 24607*10°15T2

whe

Btu
C
U.s

whe
T

C

unif

whe

whe
T

+ 26.6786625A;T + 0.018662119A3T — 0.222322188A,T2 — 0.000155518A3T2

re
l; = difference between design power and measured power, Pyesign = Pmeas (KW)
T = inlet temperature, °C X 9/5 + 32 (°F)
ifference between design power and measured power, where 4; = 81,380 — Ppeas,and A; = correction
hr.
orrection factor to heat input to account for inlet temperature different than design, a
Customary units as follows:
fi = 1.012975085 — 0.0004378037T + 1.766957*10~T*

re

= inlet temperature, °C X 9/5 + 32 (°F)
prrection factor to heat input to account for ambient pféssure different than design, applying U.S. Cy

s as follows:
5 = 1.617199959 =0.08191305P + 0.002715903P?

re
= ambient pressure kPa x 0.145059; psia

prrection factor to heat input te.aecount for relative humidity different than design.

fs = 1.0 (correction is insignificant)

0 heat input,

pplying

stomary

ipplying

prrection factor to heat input to account for gas turbine fuel temperature different than design, :
Customary units\as follows:
fi = 0.99301814 + 0.00001994817T
re
=>fael temperature, °C X 9/5 + 32 (°F)

Correction factor to heat input to account for fuel heating value different than design, applying

U.S. Customary units as follows:
fs = 2.66107573 — 0.00010133V + 3.3266*107°V2 — 1.06344696R + 0.17852287R>
+ 6.5632*10°VR - 2.1534*10 *VR - 1.1011*10°VR + 3.4844*10 4V*R?
where
R = fuel carbon to hydrogen ratio, no units
V' = fuel higher heating value, kJ/kg x 0.42992 (Btu/Ib)

103


https://asmenormdoc.com/api2/?name=ASME PTC 46 2015.pdf

ASME PTC 46-2015

B-7 SAMPLE CALCULATIONS AND RESULTS

The “Corrected Value” entries of Table B-7-1 are calculated as described below. The plant-specific test equation
is repeated for convenience.

(Qmeas+w1 + Wy + W3+ Wy + w5 + Wy
HRcorr =
(Pmeas + A7)

)f1fzf3f4f5

The additive correction to power is

82,165 kW — 785 kW = 81,380 kW

The aflditive corrections to heat input are

755,874,400 k] /hr + 2,415,228 kJ/hr + 346,164 kJ/hr + 144,560 kJ/hr + 827,610 kJ/hr — 127,245 k] /hr + 2,760,379 k] /hr
- 6,648,343 kJ /hr = 755,592,753 k] /hr

(716,438,900 Btu/hr + 2,289,194 Btu/hr + 328,100 Btu/hr + 137,016 Btu/hr + 784,423 .Btu/hr
— 120,605 Btu/hr + 2,616,334 Btu/hr — 6,301,412 Btu/hr = 716,171,950 Btd/hr)

The multiplicative corrections are

(0.9926623)(0.9998435)(1.000000)(1.0001197)(0.9964189) = 0989071059
The cpmplete equation is then
HR.pr = [(755,592,753 KJ/hr)(0.989071)1/81,380 kW
HRup = 9,183 kJ/kWshr
(HReor = [(716,171,950 Btu/he)(0.989071)] /81,380 kW)

(HRcorr = 8;704 Btu/ kW—hI‘)
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Table B-7-1 Peformance Corrections

Gross Plant Design Power

Description Measured Value Correction Corrected Value
GT generator gross power 54 921 kW
ST generator gross power 27 244 kKW
Gross plant power 82 165 kW S
Difference from design power A; = -785 kW

Corrected gross plant power

81 380 kW

Gas furbimegasftow
Duct|burner gas flow
Total| gas flow

Fuel heating value, HHV
Meagured heat input
Procgss steam flow
Procg¢ss steam enthalpy

Procgss efflux correction

>.2047T ;\5/'3
25,906 lbm/hr
0.6864 kg/s
5,448 lbm/hr
3.9505 kg/s
31,354 lbm/hr
53 149k kj/kg
22,850 Btu/lbm
755 886,026 kJ/h
716,438,900 Btu/hr

5.8748 kg/s

46,626 lbm/hr

2 907.0 kl/kg

1,249.8 Btu/lbm

w= 27415 237 kJ/h
v = 2,289,194 Btu/hr

GT generator power factor 0.95
GT generator power factor correction wopn = 346 165 kJ/h
wyn = 328,100 Btu/hr
ST génerator power factor 0.95 e
ST ge¢nerator power factor correction wyg = 144 561 kJ/h
wy; = 137,016 Btu/hr
HP apd LP blowdown Isolated R
Blowdown correction w3 = 827 610 kl/h
w3 = 784,423 Btu/hr
Exceps makeup flow 0.0157 kgis
125-bmmi/hr
Mak¢up temperature 17:9°C
64.2°F
Makgup correction w, = =127 245 kJ/h
w, = —120,605 Btu/hr
Condenser pressure 4,06 kPa
1.20 in. HgA
Condenser pressure correction wsc = 2760389 kJ/h
wsc = 2,616,334 Btu/hr
Powgr difference (A;) -785 kW
Powgr difference correction w; = —6 648 368 k]/h
w; = —6,301,412 Btu/hr
Amblent temperature 8.50°C
47.3°F
Amblent tempefature correction R fi = 0.9926623
Amblent pressure 101.8 kPa
14.76 psia
Amblent. pressiure correction £ = 09998435
Ambient relative humidity 30% .
Ambient relative humidity correction f = 1.0000000
GT fuel temperature 180°C
356°F

GT fuel temperature correction
Fuel heating value, HHV
Fuel carbon to hydrogen ratio

53,149 kJ/kg
22,850 Btu/lbm
3.05

fo = 1.0001197
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NONMANDATORY APPENDIX C
SAMPLE CALCULATIONS, COMBINED CYCLE COGENERATION
PLANT WITHOUT DUCT FIRING

Test Goal: Specified Disposition is Gas Turbine Base Loaded (Power Floats

C-1 INTRODUCTION

The cpmbined cycle/cogeneration plant for this sam-
ple calcflation is shown in Fig. C-1-1. The major equip-
ment itgms are as follows:

(a) gds turbine: 115 MW at ISO conditions {[15°C
(59°F), 40% RH, sea level (1,013 mbara (14.696 psia)]},
12 mbai| (4.8 in. H,O) inlet and 36 mbar (14.5 in. H,O)
exhaust|pressure drop, steam injection for NOx control
to 25 pgm, and pipeline natural gas.

(b) hefit recovery steam generator: three steam pressure
levels, one of which is used with an integral deaerator.
The dedign conditions at the outlet of the HRSG are
88 barg (1 276 psig) and 482°C (900°F) for the HP steam,
23 barg|(334 psig) and 260°C (500°F) for the IP steam,
and satyrated 1.0 barg (15 psig) steam for the integral
deaeratqr.

(c) stdam turbine: condensing type, 40 MW nominal
rating, |with an exhaust pressure of 67.5 mbara
(2.0 in.|Hg) with two extraction ports'at 21.7 barg
(315 psip) and 11.4 barg (165 psig).

(d) copdenser: shell and tube with'a.cooling water inlet
temperdture of 26.5°C (80°F) and_an 11 K (19.8°R) rise.

(e) deperator: integral with-LP drum with pegging
steam fijom IP steam line if.meeded.

C-2 THST BOUNDARY

The t¢st bounddry is shown in Fig. C-1-1. The mea-
suremen)t points for this calculation are as follows:
(a) cdmbined net power output from the gas and

C-3 TEST REFERENCE CONDITION

For the sample calculation” that follows, the design
reference conditions are

Reference Condition Calculation

Inlet air temperature 15.6°C (60.1°F)

Inlet air relative’humidity 60%

Inlet air pressure 1.01325 bar (14.696 psia)
Process steam flow 18.9 kg/s (150,000 Ib/hr)
Proces§/steam pressure 10.3 barg (149 psig)
Proeess steam temperature 189°C (372°F)
Gondensate return flow 75% at 82°C (180°F)
Makeup water temperature 16.1°C (61.0°F)
Blowdown flow 1.81 kg/s (14,365 Ib/hr)
Cooling water inlet 18°C (64.4°F)
temperature

Net plant power output
Net plant heat rate LHV

145,540 kW
8405 kJ/kWh (7,966 Btu/kWh)

C-4 CORRECTION FACTORS

The general equation for corrected power ffom
Section 5 is

7 6
Peorr = (Pmeas + E 4; )Ha/
i ]

The overall general heat rate equation from Section 5 is

reference)

steam turbine generator ‘
b) fuel i h bi ified f Qmens *+ 24 %
(b) fuel input to the gas turbine (specified as LHV for HR,,,, = = 1
Prews + > 4,77
(c) cogeneration steam flow to the user ( e 211 ‘)

(d) condensate return flow from the user

(e) inlet air conditions at the entrance to the gas tur-
bine filter house

(f) condenser cooling water inlet temperature

(g) blowdown from the HRSG

(h) makeup water temperature

The test requirements are based on fixed unit disposi-
tion which for this example is defined as the gas turbine
at base load with no duct burning. For this test configu-
ration, correction factors w; through w; and 4; all
become zero.
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Other specific simplifying assumptions for this exam-
ple are with regard to the variables found in the above
equation and in Tables 5-1-1 and 5-1-2.

(a) The generator power factor is specified as a con-
stant value of 0.9 lead and will not vary, thus 4,
becomes zero.

(b) The influence of the amount of condensate
returned and makeup water temperature is accounted
for in the calculation of net process steam energy

from the plant model calculations for different ranges of
the parameters. For each parameter the power correction
variable and/or the heat rate correction variables were
curve fit using a third-order polynomial fit. Following
the table containing the correction factors for each
boundary condition, a graph showing the data points
and the curve fits is presented (Figs. C-5-1 through
C-5-6).

expprted; therefore, 4, is zero.

(¢) Since net power is the measurement basis, 4
becmes zero.

4) Fuel temperature during the test is constant at the
design value, so a, and f; are unity.

(49 The fuel composition is relatively close to the
design value, so as and fs are unity.

(f) Grid frequency during the test is constant at the
design value, so a; and f; are unity.

The compete list of additive and multiplicative correc-
tions from Tables 5-1-1 and 5-1-2 that are applicable for
the poundary conditions described above are shown in
Table C-4-1.

The test equations for this specific plant and test
becpme

~

Peorr = (Pmeas + 4+ A3+ ASB) a aas
and

(Qmeas)
(Pmeas + Al + A3 + ASB) f1f2f3

HReorr =

C-5
T}
detd

plas
thrg

CORRECTED CURVES AND FITTED_EQUATIONS

he correction factors listed in subsection C-4 are best
rmined using a computer modehof the complete
nt. This subsection containg tables (Tables C-5-1
ugh C-5-6) that show the resulting correction factors

C-6 SAMPLE CALCULATION AND RESULTS

The measured test data for the sample|calculption are
shown in Table C-6-1.

Using the sample test data in Table'C-6-1, the 1
additive and multiplicative cofreetion factors a
lated based on the curve fitequations presente
section C-5. The calculated values of the co
factors are then inserted\into the appropriate e
to correct the as-testéd power and the heat ra
reference conditions. The boundary value inf
resulting correction values, the corrected po
corrected hedt rate, and the variance of the d
power afid \heat rate from the design point arg
sentedin ‘Tables C-6-2, C-6-3, and C-6-4.

Test’equations are

esulting
re calcu-
l in sub-
rrection
[uations
fe to the
uts, the
wer, the
orrected
all pre-

Peorr = (Pmeas + 4+ M3+ ASB) a1 an
and

(Qmeas)
(Pmeas + Al + AS + ASB)flefS

HRCOrl‘ =

C-7 DISCUSSION OF RESULTS

The corrected power is better than desi
corrected heat rate is worse than design.

en. The
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Fig. C-5-1 Inlet Temperature Correction Factors
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Fig. C-5-2 Inlet Pressure Correction Factors
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Fig. C-5-3 Inlet Relative Humidity Correction Factors
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Fig. C-5-4 Net Process Steam Energy Correction Factors
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Fig. C-5-5 Blowdown Flow Correction Factors
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Fig. C-5-6 Condenser Cooling Temperature Correction Factors
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Table C-4-1 Applicable Correction Factors

Operating Condition Correction Factor

Inlet air temperature ay, fL

Inlet air pressure ay, fr

Inlet air humidity a3, f3

Net process steam energy Ay

HRSG blowdown flow As
Condenser cooling water Asp

femperature

Table C-5-1 Inlet Temperature Correction Factors

Inleq Temperature, Net Plant Power, Net Plant Heat Rate, Power Heat Rate
T, °C PWR, kW HR, kJ/kWh Correction, &, Correction, f;
-1.1 153,010 8 478.3 0.9519180 0]995035

2.2 151,660 8 457.7 0.959647 0997455
5.6 150,170 8 445.0 0:969168 0998963
8.9 148,650 8432.1 0.979078 1]000488
147,220 8412.4 0.988589 11002834

12.2
145,540 8 404.6 1.000000 1}000000

15.6
142,880 8 428.2 1.018617 1j000951

18.9
140,190 8 4540 1.038162 0]997903

22.2
137,500 34794 1.058473 0994911

25.6
134,900 8 495.9 1.078873 01992971

28.9
132,170 8520.3 1.101158 0]990131

32.2

GENERAL NOTE:

Curvg fit results:
a = 2.09527972E-07T + 7.62627622E-05T> + 1.91448897E-03T + 9.54411598E-01
fi = 2.87124126E-07T — 4.46829321E-05T% + 9.56740929E-04T + 9.95746757E-01

Table C-5-2 Barometric Pressure Correction Factors

Inlefl Pressure, Net.Plant Power, Net Plant Heat Rate, Power Correction Heat Rate forrection
P, bar PWR, kW HR, kJ/kWh Variable, a, Variablle, f,
0191438 128,530 8 588.2 1.132343 0.978624
0192451 130,280 8 567.2 1.117132 0.981022
0193472 132,030 8 546.7 1.102325 0.983372
0194485 133,770 8526.8 1.087987 0.983672
0195506 135,520 8 507.3 1.073937 0.987921
0l96519 137,270 8 488.3 1.060246 0.99(0131
097533 139,020 8 469.9 1.046900 0.992289
0.98553 140,770 8 451.8 1.033885 0.994408
0.99567 142,510 8 434.2 1.021262 0.996485
1.00587 144,260 8 417.0 1.008873 0.998521
1.01601 146,010 8 400.1 0.996781 1.000528

GENERAL NOTE:
Curve fit results:
@ = -1.94411235P° + 7.29971817P% — 9.98633959P + 5.64668131
F 2.72208867E-01P% — 1.00252069P% + 1.38926529P + 3.38402125E-01
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Table C-5-3 Inlet Relative Humidity Correction Factors
Inlet Relative Net Plant Power, Net Plant Heat Rate, Power Correction Heat Rate Correction
Humidity, RH, % PWR, kW HR, kJ/kWh Variable, a3 Variable, f3
1 145,620 8 388.6 0.999451 1.001901
2 145,610 8391.9 0.999520 1.001510
3 145,590 8 395.0 0.999657 1.001145
4 145,570 8398.2 0.999794 1.000754
5 145,560 8 401.4 0.999863 1.000377
6 145,540 8 404.6 1.000000 1.000000
7 145,520 8 407.7 1.000137 0.999623
8 145,510 8 410.9 1.000206 0.999247
9 145,490 8 414.1 1.000343 0.998870
GENERAL NOTE:
Curve fit results:
a3 —3.43434344E-10RH? + 5.37229437E-08RH? + 8.92871573E-06RH + 9.99346381E-01

g}

-1.76767680E-11RH? + 6.81818186E-09RH? - 3.83800505E-05RH + 1.00228217

Table C-5-4 Net Process Steam Energy

Correction’Factors

Net Process Steam

Net-Rlant Power,

Power Correction,

Energy, SE, k)/s PWR, kW A, kW
35 652 148,600 -3,060
38 029 147,990 -2,450
40 406 147,380 -840
42 782 146,770 -1,230
45,159 146,150 -610
47)536 145,540 0
49913 144,920 620
52 290 144,310 1,230
54 666 143,690 1,850
57 043 143,080 2,460
59 420 142,460 3,080

GENERAL NOTE:

Curve fit results: A4, = —3.47212049E-12SE> +

5.48793642E-07SE? + 2.30118810E-01SE — 1.18045455E+04
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Table C-5-5 Blowdown Flow Correction Factors

Table C-6-2 Calculated Values

Blowdown Flow, Net Plant Power, Power Correction, Variable Value Units
BD, kg/s PWR, kW A, kW
Heat input 302 377 kl/s
0 145,970 =430 Heat input 1.0886E+09 kj/h
0.30250 145,910 -370 Process steam pressure 11.291 bar
0.60500 145,830 -290 Process steam enthalpy 2790.6 k)/kg
0.90750 145,760 =220 Process steam export energy 58 016 kl/s
1.21000 145,690 -150 Condensate return enthalpy 344.2 kl/kg
51250 145,610 —70 [Note (1)]
1.81500 145,540 0 Condensate return energy 5366 kl/s
3.11750 145,470 70 Makeup water flow 5.20 kg/s
3.42000 145,390 150 Makeup water enthalpy 89.1 kl/kg
4.72250 145,320 220 Makeup water energy 4633 ki/s
3.02499 145,250 290 Net process steam energy 52,187 kl/s
[Note (2)]
GENERAL NOTE: Curve fit results: A; = -2.73665363BD> +
1.35p40918E+01BD? + 2.22929081E+02BD — 4.32517398E+02 NOTES:
(1) Condensate return temperature is constant at the degign value
of 82°C.
i . (2) Net process steam energy is calculated as the differgnce
able C-5-6 Condenser Coollng Temperature between the process~steam export energy and the erlergy of
Correction Factors the returned condensate and makeup water.
Conglenser Cooling Net Plant Power, Power Correction,
Temperature, CT, °C PWR, kW Asp, kKW
10.0 145,850 310 Table C-6-3 Correction Factor Valuep
11.7 145,830 -290 Correction Factor Calculated Value
13.3 145,780 =240
15.0 145,710 -170 <% 1.063884
16.7 145,630 -90 ay 1.079442
18.3 145,520 20 as 1.000117
20.0 145,400 140 fi 0.994903
21.7 145,260 280, fo 0.987036
23.3 145,100 440 f5 0.999623
25.0 144,920 620 Ay 1,205.7
26.7 144,730 810 As -432.5
Asg 223.2
GENEFRAL NOTE: Curve fit results: Agg =41.63636364E-02CT> +
4.24505594CT? — 7.06153846E+01CT — 1.39160839E+01
Table C-6-4 Calculated Values
Table C-6-1 ( Measured Data Variable Value Units
Variable Value Units Corrected net plant power 145,757 k
Inletfair temperature 26.7 oC Corrected net plant heat rate 8 420.1 k{kwh
Inlet|relative humidity 70 % Guaranteed net plant power 145,540 K
Inlet|pressure 0.951 bar Guaranteed net plant heat rate 8 405.0 kJf kWh
Net power output 125910 kW Net plant power variance 217 kW
Fuel Flow. 6.045 kg/s Net plant heat rate variance 15.1 kjf kWh
Fuel héating value (LHV) 50 021 k)/kg
Steamftow-to—process 20-79 kgts
Steam to process pressure 10.34 barg
Steam to process temperature 189.0 °C
Condensate return flow 15.59 kg/s
Feedwater makeup temperature 21.0 °C
Cooling water inlet temperature 21.0 °C
HRSG blowdown 0 kg/s
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NONMANDATORY APPENDIX D
REPRESENTATION OF CORRECTION FOR DIFFERENT HEAT SINK
TEMPERATURE THAN GAS TURBINE AIR INLET TEMPERATURE
(45 OR w:), IF NECESSARY, FOR A TYPICAL COMBINED CYCLE
PLANT

D-1 GENERAL Figure D-1-1 is based on the temperature measgired
) ) at the inlet to the gas turbine. Figure D-1-2 is the| 454

The dalculation of Nonmandatory Appendix A orrection for the difference in temperature between the
assumedl that the inlet air conditions at the gas turbine(s) cooling tower inlet and the §ds turbine inlet.
inlet(s) ere identical to those at the cooling tower(s) The plant is a typical 150*"MW combined cycle. Note
air inlef(s), which is allowable per Section 5. See that, at 15°C (59°F) gas’turbine inlet temperature/ the
para. 5-3.1. For a combined cycle power plant, for which correction to plant power is approximately 35 kW| per
differenges in dry bulb temperatures at each location degrees kelvin (19 kW/°R) difference between the] gas
should He considered, Figs. D-1-1 and D-1-2 show typical ~ turbine comprés$or inlet and the cooling tower inl¢t —
correctign curves a; and 4s,, respectively. The intentis  a rather smalllamount considering the built-in errofs in
to show|how 454 can be represented. measurement of cooling tower air inlet.
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Fig. D-1-1 Gas Turbine Inlet Temperature Correction Curve
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GENERAL NOTE: Applicable for gas turbine base-loaded natural gas fuel.
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Fig. D-1-2 Inlet Air Condition Difference Between Cooling Tower and Gas Turbine

Cooling Tower W.B. - GT W.B., WB, °F

-9 -6 -3 0 3 6
| | | |
VOO0 T T T T TTTTTTIT] ' '
|| = = = - 35°F GTDryBulb Temp.
OO0 T I ————59°F GT Dry Bulb Temp.
L I == = =105°F GT Dry Bulb Temp.
600
/
Kl
400 ¢
pd
|
S 200 P
= ¢ I—
é’ y.4 "
< o - ’/”
iy I
E 0
E ——’/l -
al —__——-—- p.d
q — -
K m
g
-200 g
P
’
/'
-400 ‘
/|
o
-600 L
7
-800
-1,000
-5 -4 -3 -2 -1 0 1 2 3 4
Cooling Tower W.B. - GT W.B., WB, °C
GENERAL NOTE:<~ Applicable for gas turbine base-loaded natural gas fuel.
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NONMANDATORY APPENDIX E

SAMPLE CALCULATION OF A COAL-FIRED SUPERCRITICAL

CONDENSING STEAM TURBINE BASED PLANT

E-1| CYCLE DESCRIPTION

The ASME PTC 46 Example Steam Plant is a coal-fired supercritical condensing steam turbihe*based pl3
eight feedwater heaters and an uncontrolled extraction from the main steam line for process steam. Proce
conglensate is returned at low temperature to the plant water treatment system. The steaingenerator is py
coal, burning Western subbituminous coal. The condenser is cooled with circulating,wéter drawn from a
There are two plant cases available for this example. The first case (Case 1) is ah'eXample of a plant o
in fixed pressure mode at a specified measured net power. Case 1 also demonstrates a correction meth
usir}g an integrated plant model. The second case (Case 2) is an example of a plant operating in sliding
modle and operating at a specified throttle steam flow. Case 2 also demonstrates a correction methodolo
a n¢nintegrated plant model.

Allthough similar in size and configuration, the boiler and turbines are not identical for both cases.
For Case 1 (fixed throttle pressure with a fixed net power operating mode), the STG is sized to be
turljine valves-wide-open (VWO) with a throttle pressure of 3,689 psia at a steam flow of 5,065,000 Ib/hr aj
steam /reheat steam temperatures of 1,050°F/1,050°FE. The boiler is designed to produce 5,115,000 lb/h
boilpr output of 5,540.1 MBtu/hr HHV. At these STG inlet eonditions, the main steam pressure and tem
at the boiler are 3,789 psia and 1,055°F. The plant’s gross\electrical output is 748,010 kW, with net electricg
of 6/76,949 kW. The planned operating mode for Casecl;would be to vary the firing rate to maintain the t
output of 663,419 kW (98% electrical load) while maintaining a fixed pressure at the STG throttle.

For Case 2 (sliding throttle pressure with a fixed throttle flow operating mode), the STG is sized for 4
flow of 5,090,000 Ib/hr at a pressure of 3,792 psia and main steam/reheat steam temperatures of 1,050°F. T
outlet steam flow is 5,139,000 1b/hr at a SH:outlet pressure of 3,892 psia and a temperature of 1,050°F /1,03
thrqttle valves are always at VWO. The.design plant gross electrical output is 780,620 kW, with a net
output of 706,461 kW. The design bailer output is 5,569.2 MBtu/hr HHV. The planned mode of operatior]
test|lwould be to reduce the firing-tate of the boiler to maintain the nominal throttle flow of 4,940,000 1b
of design steam flow).

E-2| TEST BOUNDARY DESCRIPTION

int, with
Bs steam
lverized
river.

perating
odology
pressure
Py using

ht steam
nd main
. with a
perature
1 output
irget net

throttle
he boiler
0°F. The
blectrical
for this
hr (97%

The entire plant‘istlocated within the test boundary. Air enters the steam generators at the forced draft and

ary air fan (inlets. Cooling water from the river crosses the test boundary. Net electrical power is d
the highrtside of the step-up transformer. Net power measurement is taken on the low side of the
tranjsformerwith allowance for transformer losses. Gross steam turbine power is measured at the generator te
Plant auxiliary power is calculated from the difference between the measured gross and net power. Proce

elivered
step-up
rminals.
BS steam

is measured at the plant boundary with a calibrated flow measuring section.

E-3 GENERAL DESCRIPTION OF TEST CASES, MODELS, AND CORRECTIONS

There are two sets of sample calculations that are demonstrated with this example Appendix.

Case 1 is run with fixed steam pressure, specified measured net electrical output, and will address the use of an
integrated boiler model for calculations and corrections. The integrated method utilizes an overall plant model for
predicting the thermal performance characteristics of the boiler, turbine generator, heat sink, and feedwater heating
cycle. An important characteristic of an integrated thermal model is its ability to predict boiler efficiency at off-
design conditions, eliminating the need for correcting boiler performance to base reference conditions using the

ASME PTC 4 methodology (with the exception of corrections for fuel properties).
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Case 2 is run with sliding steam pressure, specified throttle steam flow, and will address the use of a nonintegrated
boiler model for calculations and corrections. The nonintegrated method calculates the net plant heat rate by
combining the corrected boiler efficiency with the corrected steam cycle performance.

Each test case sample calculation is a based on three independent test runs. Each test run is independently
corrected. The final test result is calculated as the average of the three corrected test runs.

A caution concerning boiler and turbine corrections that may be used should be noted here. Because this is an
Overall Plant Performance Test (based on corrections to external plant base reference conditions), certain boiler,
turbine, and perhaps other equipment corrections will not be part of the proper correction methodology for this
Code. For example, corrections based on internal plant parameters that would normally be part of ASME PTC 4
(for boiler efficiency) or ASME PTC 6 (for corrections to turbine output and heat rate) tests, should not be ysed.
A few npn-exhaustive examples are boiler auxiliaries, feedwater heater performance, generator hydrogen presqure,
etc. Thig also includes certain corrections in the ASME PTC 4 calculation methodology [e.g., feedwater temperature,
air heatgr performance (nonfuel related), excess air levels, etc.]. An exception to this caveat is that/if the goql of
the test fs to determine the plant performance at a specified operating condition, then that parameter may alsp be
a correction to plant performance (e.g., steam turbine throttle flow).

It is glso important to recognize how the choice of operating mode affects the plant p€rformance calculation
method¢logy. For a properly designed test, the thermal performance model should deyelop the plant (or steam
cycle) cqrrection curves, based on the established test goal and the planned mode of operation during the test.[The
plant mpist then be operated in accordance with the operating philosophy upon wihich the correction curveq are
based when executing the performance test.

Lastly the plant test boundary should include the forced draft and primary air*fans in the test boundary. When
a noninfegrated model is used, this requires that the air heater inlet tempetature be corrected to base reference
conditions by entering the design ambient air temperature plus the measutred fan rises forced draft/primary air
(FD/PA) into the ASME PTC 4 calculations. Corrections to the gas:temperatures leaving the air heater due to
changes|in ambient air temperature may also be implemented, basedyon the measured air heater effectivenesg.

E-3.1 Case 1 Sample Calculation: Specified Measured Output

The t¢st goal is to demonstrate plant performance at theispecified measured output of 663,419 kW. The glant
was opdrated in fixed steam pressure mode, with throttle' valves maintaining 3,689 psia. Boiler firing rate [was
adjusted to maintain constant specified measured output. Calculations were performed with an “integrated biler
model.”|(Throttle losses were estimated by the thermalmodel using a “mean of valve loops” calculation.) A specified
dispositjon correction adjusts the net output to@;constant value, with a corresponding adjustment to plant heat
input. A positive auxiliary load correction ¢orrects for additional nonessential equipment that was in operdtion
during the test.

The bpse reference conditions and test\data for Example Case 1 are as listed in Tables E-3.1-1 and E-3.1-2.

E-3.1%1 Corrected Output. Corrécted output for each test run is calculated using eq. (5-3-3), repeated beflow.
Terms if the equation are described in Section 5.

Peorr = Preas + 47

The ohly output corteetion applicable to this test protocol for Case 1 is 4;. This is because the test goal wgs to
hold oufput constant and let heat input vary with changes in test boundary conditions. Therefore, the corredtion
curves do not reflect'any change in output to be consistent with this test goal. Delta 7 (4;) is the only corredtion
applied |to account for small differences between the actual output and the test target output.

A summadry)'of the output and heat rate corrections for the test runs is given in Table E-3.1.1-1.

E-3.12—Ce d—Fu
according to the numerator of eq.

(5-3-4), where

Qeorr = (Qcorrfuel + @14 + WIC + @ + W4 + W51 + Wsp2 + W5 + W6 + W7)

Note that certain w corrections were deemed to be negligible (e.g., changes in process steam pressure), while
other corrections were expanded into several parts (e.g., fuel properties). The w terms are described in Table 5-1-1
in Section 5.

Omeas 15 similar to, but not identical to the steam generator tested output, Q,O, as defined in ASME PTC 4,
including blowdown energy (not applicable to the supercritical boiler example) or other losses, divided by corrected
fuel energy efficiency calculated per ASME PTC 4. Qpeqs in this sense represents the test fuel energy consumption
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Table E-3.1-1 Example of Test Boundary Conditions for Supercritical Unit — Case-1

Measurement Parameter Unit of Measure Design  Test Run 1A Test Run @B Tg¢st Run 1C
U.S. Customary Units
Site Hry bulb temperature °F 92.0 75.0 77.0 78.0
Site felative humidity % 52.36 87.07 86.13 34.35
Site parometric pressure psia 14.100 14,300 14.280 14.200
Procgss steam flow Ib/hr 50,000 63,000 66,000 60,000
Proc¢ss steam pressure psia 1,200 1,230 1,250 1,240
Process steam temperature °F 900 910 920 018
Proc¢ss condensate (makeup) return temperature °F 60,0 60.0 60.0 K0.0
Makg¢up enthalpy Btu/lb 28413 28.13 28.13 08.13
Rivel water temperature °F 55.0 62.0 60.0 59.0
S| Units
Site Hry bulb temperature °C 33.3 23.9 25.0 D5.6
Site felative humidity % 52.4 87.1 86.1 R4.3
Site parometric pressure bara 0.972 0.986 0.985 0.979
Procg¢ss steam flow kg/s 6.30 7.94 8.32 7.56
Procg¢ss steam pressure bara 82.732 84.801 86.180 35.490
Procgss steam temperature °C 12.8 16.7 15.6 15.0
Procg¢ss condensate (makeup) return temperature °C 15.6 15.6 15.6 15.6
Mak¢up enthalpy k)/kg 65.43 65.43 65.43 65.43
Riveq water temperature °C 12.8 16.7 15.6 15.0
Powgr Factor generator terminals coal properties (as fired); 0.840 0.960 0.970 0.960
PowWder River Basin, PRB
Carbon % wt 49.000 51.000 50.000 19.500
Hyldrogen % wt 3.400 4.000 4.200 3.800
Nifrogen % wt 0.800 0.800 0.800 0.800
Oxygen % wt 11.930 8.190 5.490 5.090
Sulfur % wt 0.510 0.510 0.510 0.510
Mgisture % wt 27.590 32.000 35.000 37.000
Ash % wt 6.770 3.500 4.000 3.300
HHV Btu/lb 8,535 9,284 9,472 0,182
HHV k)/kg 19 852 21 595 22 032 D1 358
Auxiliary loadycorrections (plus sign is addition to output) kw 0.0 450.0 300.0 100.0
GENBRAL NOTE: Load = 100%; Operating mode = fixed pressure; Goal = Specified measured net output; Model = Integrated.
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Table E-3.1-2 Case 1 Measured Data

Unit of
Measurement Parameter Measure Design Test Run 1A Test Run 1B Test Run 1C
(U.S. Customary Units)
Boiler Operating Parameters, as measured
Boiler SH outlet flow lb/hr 5,039,600 4,983,500 4,983,500 4,970,600
Boiler SH outlet enthalpy Btu/lb 1,455.5 1,455.5 1,455.5 1,455.5
Boiler losses Ib/hr 0.000 0.000 0.000 0.000
Boiler los tlllila'lpy Btoft 57070 500, 1 500.U 503.0
SH spray flow lb/hr 0.000 0.000 0.000 0.000
SH spray pnthalpy Btu/lb 269.0 269.5 269.5 2694
RH spray flow b/hr 0.000 0.000 0.000 0,000
Cold rehegt flow b/hr 3,861,588 3,839,140 3,836,131 3,832,547
Cold rehegt enthalpy boiler Btu/lb 1,286.4 1,282.8 1,282.7 1,282.7
Hot reheaf flow lb/hr 3,861,588 3,839,141 3,836(133 3,832,5p0
Hot reheaf enthalpy at boiler Btu/lb 1,546.3 1,547.1 1,547.1 1,547.1
Feedwater flow lb/hr 5,110,700 4,983,400 4,983,500 4,970,6P0
Feedwater enthalpy Btu/lb 570.5 566.1 566.0 565.8
SCAH flow (from boiler) b/hr 0.0 0.0 0.0 0.0
Boiler output, as measured MMBtu/hr  5,422.9 5,446.8 5,446.8 5,435.6
Boiler refdrence temperature (constant) °F 77.0 77.0 77.0 77.0
Measured|primary AH gas outlet temperature °F 360.00 357-00 356.00 358.00
Measured|secondary AH gas outlet temperature °F 355.00 352.00 351.00 353.00
Measured|air heater gas inlet temperature °F 630.00 636.00 635.00 635.00
Boiler auxliary load, uncorrected kw 13,928.1 13,339.3 13,391.0 13,373.B
Boiler fue| efficiency, as measured % 86.23 86.30 86.31 86.28
Key Operdting Parameters
Throttle flpw b/hr 4,990,232 4,920,952 4,917,682 4,910,7p3
Throttle pfessure psia 3,689 3,689 3,689 3,689
Throttle tgmperature °F 1,050.0 1,050.0 1,050.0 1,050.0
Hot reheaf temperature turbine °F 1,050.0 1,050.0 1,050.0 1,050.0
Process sfeam energy MMBtu/hr  72.04 91.08 95.77 87.01
Gross elegtrical output JeW 733,060 732,930 733,350 733,21
Auxiliary lpads (% of uncorrected gross), uncorrected % 9.50 9.10 9.13 9.12
Condensef cooling water flow b/hr 155,011,632 151,996,608 151,996,608 151,994,608
Makeup flow b/hr 120,987 63,012 66,003 60,002
Test Results, uncorrected
Boiler hedt output, HHV, uncorrected MMBtu/hr  5,422.9 5,446.8 5,446.8 5,435.6
Boiler effifiency, HHV, uncorrected % 86.23 86.30 86.31 86.28
Boiler hedt input, uncorrected MMBtu/hr  6,288.9 6,311.5 6,310.7 6,299.9
Net electr|cal output, uncorrected kw 663,419 666,233 666,395 666,341
Net heat fate, HHV, uncorrected Btu/kWh 9,479.5 9,473.4 9,470.0 9,454.5
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Table E-3.1-2 Case 1 Measured Data (Cont’d)

Unit of
Measurement Parameter Measure Design Test Run 1A Test Run 1B Test Run 1C

(S| Units)
Boiler Operating Parameters, as measured
Boiler SH outlet flow kg/s 634.99 627.92 627.92 626.29
Boiler SH outlet enthalpy k)/kg 3385.40 3 385.40 3385.40 3385.40
Boiler losses kg/s 0.00 0.00 0.00 0.00
Boilgrtossemnthatpy kitkeg 32708 316:68¢ 3165% +316.10
SH spray flow kg/s 0.00 0.00 0.00 090
SH spray enthalpy k)/kg 625.66 626.85 626.74 62p.69
RH spray flow kg/s 0.00 0.00 0.00 0.90
Cold|reheat flow kg/s 486.56 483.73 483.35 48p.90
Cold|reheat enthalpy boiler k)/kg 2 992.04 2 983.76 2 983:64 2 983.51
Hot feheat flow kg/s 486.56 483.73 483,35 48p.90
Hot feheat enthalpy at boiler k)/kg 3 596.64 3 598.53 3 598.56 3 498.60
Feedvater flow kg/s 643.94 627.90 627.92 62p.29
Feedvater enthalpy kl/kg 1327.08 1316.81 1316.54 1 316.10
SCAH flow (from boiler) kg/s 0.00 0.00 0.00 0.90
Boildr output, as measured GJ/h 5721.4 5 746)7 5746.7 5 434.8
Boildr reference temperature (constant) °C 25.0 2%.0 25.0 2540
Meagured primary AH gas outlet temperature °C 182.2 180.6 180.0 181.1
Meagured secondary AH gas outlet temperature °C 179.4 177.8 177.2 17B.3
Meagured air heater gas inlet temperature °C 332.2 335.6 335.0 33p.0
Boilgr auxiliary load, uncorrected kw 13 928.1% 13 339.326 13 390.971 13|373.7504
Boilgr fuel efficiency, as measured % 86.23 86.3 86.31 86|28
Key Pperating Parameters
Throttle flow kg/s 628.77 620.04 619.62 61B.76
Throftle pressure bara 254.340 254.340 254.340 25k.340
Throtftle temperature °C 565.6 565.6 565.6 56p.6
Hot feheat temperature turbine K 565.6 565.6 565.6 56p.6
Procg¢ss steam energy GJ/h 76.0 96.1 101.0 9118
Grosk electrical output kw 733 060 732930 733 350 73B 210
Auxiliary loads (% of uncorrected gross), uncorrected % 9.50 9.10 9.13 9.12
Condenser cooling water flow kg/s 19 531.34 19 151.45 19 151.45 19|151.45
Makgup flow kg/s 15.24 7.94 8.32 7.46
Test Results, uncorrected
Boildr heat output, HHV, uncorrected GJ/h 5721.4 5746.7 5746.7 5 434.8
Boildr efficiency, HHV, uncorrected % 86.23 86.30 86.31 86|28
Boilgr heat input, uncorrected GJ/h 6 635.1 6 659.0 6 658.2 6 446.8
Net ¢lectrical output, uncorrectéd kw 663 419 666 233 666 395 66p 341
Net heat rate, HHV, uncorrected k)/kWh 10 001.4 9 995.0 9991.3 9 975.0

125


https://asmenormdoc.com/api2/?name=ASME PTC 46 2015.pdf

Table E-3.1.1-1 Case 1 Corrected Test Results

ASME PTC 46-2015

Correction Factors (Net Output

and Heat Input) Unit of Measure Design Test Run 1A Test Run 1B Test Run 1C
(U.S. Customary Units)
Specified disposition, 4, kw -2,814 -2,976 -2,922
(electrical output)
Thermal efflux, w;
Process flow, 44 MMBtu/hr -11.7 -14.4 -9.0
Process| T8 ffBtorm Negtrgibte Negtigibte Negtrgiple
Process|temperature, w;c MMBtu/hr -0.3 -0.6 ~09
Generator|power factor, w, MMBtu/hr 5.0 5.5 5.0
Secondary heat inputs MMBtu/hr Negligible Negligible Negligiple
(MU temjperature), w,
Ambient donditions, wsp
Ambien} temperature, wsaq MMBtu/hr 14.6 12.9 12.0
Ambient relative humidity, wsa, MMBtu/hr -21.4 -20.8 -19.f
River watgr temperature, wsg MMBtu/hr -28.5 -173 -12.B
Auxiliary lpads, ws MMBtu/hr -4.6 <3.1 -1.4
Specified disposition, w; MMBtu/hr -28.7 ~30.3 -29.
Test Results
Boiler hedt input, HHV, corrected MMBtu/hr 6,288.9 6,235.7 6,242.3 6,24445
Net electr|cal output, corrected kw 663,419 663,419 663,419 663,419
Net heat fate, HHV, corrected Btu/kWh 9,479.5 9,399:3 9,409.3 9,41247
(SI Units)
Specified [disposition, 4, kw =2 814 -2 976 -2922
(electricgl output)
Thermal efflux, w;
Process| flow, wia GJ/h -12.3 -15.1 -9.9
Process| pressure, w;g GJ/h Negligible Negligible Negligiple
Process|temperature, w;c GJ/h -0.3 -0.7 -0.6
Generator|power factor, w, GJ/h 5.3 5.8 5.3
Secondary heat inputs (MU GJ/h Negligible Negligible Negligiple
temperafure), w,
Ambient donditions, wsa
Ambien} temperature, wsaq GJ/h 15.4 13.6 12.7
Ambient relative humidity, GJ/h -22.6 -22.0 -20.
Wsp2
River watdr temperature, wsg Gj/h -30.1 -18.3 -12.9
Auxiliary lpads, wg GJ/h -4.8 -3.2 -1.1
Specified [disposition, w; GJ/h -30.3 -32.0 -31.4
Test Results
Boiler hedt input, HHV, corrected GJ/h 6 635.1 6579.0 6 586.0 6 5883
Net electr|cal output, corrected kw 663 419 663 419 663 419 663 419
Net heat fate, HHV, corrected kJ/kWh 10 001.4 9916.8 9927.4 993018
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corrected to reference fuel and reference ambient temperature for the steam generator. The Q,O term used in
ASME PTC 46 differs from ASME PTC 4 in that it does not make corrections to boiler efficiency that include plant
internal parameters that do not cross the test boundary, such as feedwater temperature. This sample uses an
“integrated boiler efficiency model,” which means that the overall plant correction curves already have the boiler
efficiency effects incorporated.

The ground rules for determining corrected steam generator fuel efficiency must be considered prior to the test.
The base reference fuel analysis is detailed in Table E-3.1.2-1.

Umeas = WrU/ 7 fuel uncorrected

whdre

Q,0 steam generator tested output, including blowdown energy (if applicable]
Tfuel uncorrected = Steam generator corrected fuel energy efficiency expressed as a decimal

1ie] energy efficiency corrections are performed by utilizing the anlayzed fuel comppsition at the time off the test.
nce the actual heat input is known, the heat input is first corrected for fuel properties. This is done by subgtituting
the [design fuel properties into the ASME PTC 4 spreadsheet to determine boiler* fuel efficiency, to det¢rmine a
parfially corrected heat input, referred to as Qcorr fuel

O ™

Qcorr fuel = QVO/ 7 fuel uncorrected X 77 fuel uncorrected,/ 7] fuel corr for fuel

whdre
Tuel corr for fuel = Steam generator corrected fuel energyefficiency expressed as a decimal

Fliel energy efficiency corrections are performed by utilizing the design fuel composition in the cdlculated
effidiency instead of the anlayzed fuel composition-at the time of the test.
Cprrected heat rate for each test run is calculated from eq. (5-3-4).

(Qeorr fuel + Bga) ™ W1c + 02 + 04 + W51 + W58 + W55+ W6 + 07)  Qeonr

HR,,, = -
< (Pmeas + A7) Pcorr

Given here are the corrected\oiitput results and corrected heat rate results of each test run for Sample [Case 1.

E-32 Case 2 Sample«Calculation: Specified Steam Flow

The test goal isto‘demonstrate plant performance at a specified throttle steam flow of 4,940,000 1b/hr (622144 kg /s)
opetating in sliding pressure mode.
The base ¢etference conditions for Example Case 2 are as listed in Table E-3.2-1. These are identical tq Case 1,
with the exception of relative humidity.

the test.
] 1lations.
However, because Case 2 demonstrates an ASME PTC 46 Coal flred power plant test using a nonmtegrated”
thermal model (boiler not included), a corrected boiler efficiency using corrections per ASME PTC 4 must be
determined with the same cautions to this calculation as detailed in the Case 1 Sample calculation.

As in Case 1, corrections for boiler feedwater temperature and other ASME PTC 4 corrections for parameters
inside the plant test boundary on boiler fuel efficiency are not taken. It is assumed that changing fuel properties
have no significant effect on steam temperatures for this example. Output and heat rate correction curves assume
that the boiler firing rate is adjusted to maintain 4,940 lb/hr (622.44 kg/s) at the STG throttle; the turbine valves
are always at valves-wide-open (VWO).

In Table E-3.2-2, a corrected entering air temperature based on design FD/PA fan inlet temperatures and measured
fan rises is used in the calculation of corrected boiler efficiency.
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Table E-3.2-1 Example of Test Boundary Conditions for Supercritical Unit — Case 2
Measurement Parameter Unit of Measure Design Test Run 2A Test Run 2B Test Run 2C
(U.S. Customary Units)
Site dry bllb temperature °F 92.0 75.0 76.0 78.0)
Site wet Hulb temperature °F 75.0 75.0 75.0 75.0)
Site barometric pressure psia 14.100 14.100 14.100 14.1p0
Process sfeam flow b/hr 50,000 52,000 45,000 49,0p0
Process sfeam pressure psia 1,200 1§210 1,150 1,180
Process sfeam temperature °F 900 910 902 890
Process cpndensate (makeup) °F 60.0 52.0 56.0 57.0)
return temperature
Makeup epthalpy Btu/lb 28.13 20.11 24.12 25.1p
River watqr temperature °F 55.0. 51.0 51.0 52.0
(Sl Units)
Site dry bllb temperature °C 33.3 23.9 24.4 25.6)
Site wet Hulb temperature °C 23.9 23.9 23.9 23.9
Site barometric pressure bara 0.972 0.972 0.972 0.97p
Process sfeam flow kg/s 6.30 6.55 5.67 6.17
Process sfeam pressure bara 82.732 83.422 79.285 81.3p4
Process sfeam temperature °C 482.2 487.8 483.3 476y
Process cndensate (makeup) return temperature °C 15.6 11.1 13.3 13.9
Makeup epthalpy k)/kg 65.43 46.78 56.10 58.4p
River watgr temperature °C 12.8 10.6 10.6 11.1
Power facfor generator terminals 0.840 0.960 0.970 0.96Pp
Coal propgrties (as fired); Powder River Basin,PRB
Carbon % wt 49.000 48.860 48.860 48.860
Hydroge % wt 3.400 3.420 3.400 3.41p
Nitrogen % wt 0.800 0.723 0.710 0.69p
Oxygen % wt 11.930 10.479 11.170 11.1p5
Sulfur % wt 0.510 0.518 0.520 0.49p
Moisture % wt 27.590 31.300 30.500 30.6000
Ash % wt 6.770 4.700 4.840 4.77p
HHV Btu/lb 8,500 8,523 8,513 8,52
HHV ki/kg 19 852 19 824 19 801 19 818
GENERAL NOTE=_Noad = 100%; Operating mode = Fixed pressure; Goal = Specified steam flow; Model = Nonintegrated.
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Table E-3.2-2 Case 2 Measured Test Data

Measurement Parameter Unit of Measure Design Test Run 2A Test Run 2B Test Run 2C
(U.S. Customary Units)
Boiler Operating Parameters, as
measured
Boiler reference temperature °F 77.0 77.0 77.0 77.0
(constant)
Boiler SH outlet flow Ib/hr 4,989,410 4,970,000 5,010,000 4,990,000
BoilgrSttouttetentiatpy Btofth 555 54576 555675 1,457.0
Boilgr losses lb/hr 0.000 0.000 0.000 0.000
Boilgr loss enthalpy Btu/lb 571.5 570.1 571.4 570.7
SH spray flow lb/hr 0.000 0.000 0.000 0.000
SH spray enthalpy Btu/lb 269.6 268.5 269.0 268.7
RH spray flow lb/hr 0.000 0.000 0.00Q 0.000
Cold|reheat flow b/hr 3,831,472 3,820,243 3,854,227 3,837,178
Cold|reheat enthalpy boiler Btu/lb 1,278.1 1,280.8 1,280.0 1,280.4
Hot feheat flow b/hr 3,831,472 3,820,243 3,854,227 3,837,178
Hot feheat enthalpy at boiler Btu/lb 1,546.294 1,546.363 1,546.214 1,546.288
Feedvater flow lb/hr 4,990,000 4,970,000 5,011,000 4,991,000
Feed|vater enthalpy Btu/lb 571.5 570.1 571.4 570.7
SCAH flow (from boiler) b/hr 0.0 0.0 0.0 0.0
Boildr output, as measured MMBtu/hr 5,438.4 5;425.3 5,460.8 5,443.0
Boilgr fuel efficiency, as measured % 86.30 86.28 86.25 86.10
Boildr Operating Parameters
Base| reference ambient air temperature
Pefcent PA flow (percentage of total) °F 92.00 92.00 92.00 92.00
(@ssumed) % 17.00. 17.00 17.00 17.00
Mé¢asured PA fan temperature rise 20.00 21.00 21.00 21.00
Me¢asured FD fan temperature rise °F 18.00 16.00 17.00 16.00
Primary air temperature entering air °F 112.00 113.00 112.50 112.80
heater, corrected °F
Secondary air entering air heater, 110.00 108.00 109.00 108.00
cqrrected °F
Weighted entering air temperature, 110.34 108.85 109.60 108.00
cqrrected E
Meagured primary AH gas outlet °F 360.00 364.00 363.00 365.00
tgmperature
Mé¢asured air heater gas inet °F 632.00 634.00 638.00 632.00
tgmperature
Megasured primary air heater % 48.00 47.00 46.50 47.40
effectiveness
Primary air temperature entefing air °F 112.00 113.00 112.50 112.80
heater, corrected
Primary AH gas outlet. temperature, °F 382.40 389.13 393.64 385.90
cqrrected
Meagured secondary AH gas outlet °F 355.00 359.00 358.00 355.00
temperature
M¢asured.airheater gas inlet °F 632.00 634.00 638.00 632.00
tempetrature
Mé¢asured secondary air heater % 52.00 51.00 53.00 52.50
effectiveness
Secondary air temperature entering °F 112.00 113.00 112.50 112.80
air heater, corrected
Secondary AH gas outlet temperature, °F 361.60 368.29 359.49 359.42
corrected
Weighted air heater gas outlet °F 365.14 371.83 365.29 363.92

temperature, corrected
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Table E-3.2-2 Case 2 Measured Test Data (Cont’d)

Measurement Parameter Unit of Measure Design Test Run 2A Test Run 2B Test Run 2C
(U.S. Customary Units) (Cont’d)
Boiler auxiliary load, uncorrected kW 14,470.0 13,724.6 13,887.3 13,809.7
Boiler fuel efficiency, uncorrected 86.30 86.28 86.25 86.10
Boiler fuel efficiency, corrected per % 86.30 86.31 86.29 86.24
ASME PTC 4
Boiler efficiency versus load correction . 1.00 1.00 1.00 1.00
Boiler fyel efficiency, corrected % 86.30 86.31 86,29 86.24
Key Operdting Parameters
Throttle flpw (basis of correction curves) b/hr 4,940,000 4,918,457 4,965,453 4,94/1,859
Throttle pfessure psia 3,689 3,624 3,656 3,64D
Throttle tgmperature °F 1,050.0 1,050.0 1,050.0 1,05p.0
Hot reheaf temperature turbine °F 1,050.0 1,050.0 1,050.0 1,05p.0
Process sfeam energy MMBtu/hr 72.04 75.22 64.98 70.3p
Gross elegtrical output kw 761,580 754,100 760,530 757,110
Auxiliary lpads (% of uncorrected gross), % 9.50 9.10 9.13 9.12
uncorrected
Condensef cooling water flow lb/hr 150,339,968 152,546,768 152,546,768 152,646,768
Makeup flow lb/hr 49,998 52,000 45,008 49,0p8
Test Results, uncorrected
Boiler hedt output, HHV, uncorrected MMBtu/hr 5,438.4 5,425.3 5,460.8 5,44B.0
Net electr|cal output, uncorrected kw 689,230 685y477 691,094 688,062
Net heat fate, HHV, uncorrected Btu/kWh 9,143.1 9170.0 9,157.1 9,17p.9
(SI Units)
Boiler Opgrating Parameters, as
measured
Boiler refdrence temperature °C 25.0 25.0 25.0 25.0
Boiler SH foutlet flow kg/s 628.66 626.22 631.26 628.74
Boiler SH foutlet enthalpy k)/kg 3 385.4 3 390.2 3387.9 338p.1
Boiler losges kg/s 0.00 0.00 0.00 0.00
Boiler los§ enthalpy ki/kg 1329.3 1326.0 1329.0 132f.5
SH spray flow kg/s 0.00 0.00 0.00 0.00
SH spray pnthalpy k)/kg 627.1 624.4 625.8 62511
RH spray flow kg/s 0.00 0.00 0.00 0.00
Cold rehegt flow kg/s 482.76 481.35 485.63 483148
Cold rehegt enthalpy boiler k)/kg 2972.7 2979.1 29773 297B.2
Hot reheaf flow kg/s 482.76 481.35 485.63 483.148
Hot reheaf enthalpy at boiler kl/kg 3596.6 3596.8 3596.5 3 596.6
Feedwater flow kg/s 628.74 626.22 631.38 628.86
Feedwater enthalpy kj/kg 13293 1326.0 1329.0 132p.5
SCAH flow (from boiler) kg/s 0.00 0.00 0.00 0.00
Boiler output, as measured GJ/h 5737.8 5724.0 5761.4 574p.7
Boiler fue| efficiency, as meastred % 86.30 86.28 86.25 86.1p
Boiler Opg¢rating Parameters
Base refefence ambjient air temperature °C 33.3 33.3 33.3 33.3
Percent|PA flow_(péefcentage of total) % 17.0 17.0 17.0 17.0
(assumjed)
Measurgd \PA-fan temperature rise °C 11.1 11.7 11.7 11.7]
MeasuredFBfamtemperature Tise € 1070 8o o 89
Primary air temperature entering air °C 44.4 45.0 44.7 44.9
heater, corrected
Secondary air entering air heater, °C 43.3 42.2 42.8 42.2
corrected
Weighted entering air temperature, °C 43.5 42.7 43.1 42.7
corrected
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Measurement Parameter Unit of Measure Design Test Run 2A Test Run 2B Test Run 2C
(Sl Units) (Cont’d)
Measured primary AH gas outlet °C 182.2 184.4 183.9 185.0
temperature
Measured air heater gas inlet °C 333.3 334.4 336.7 333.3
temperature
Measured primary air heater % 48.0 47.0 46.5 47.4
€l CLLiVCIIl‘_‘)D
Primary air temperature entering air °C 44.4 45.0 44.7 44.9
heater, corrected
Primary AH gas outlet temperature, °C 194.7 198.4 200.9 196.6
cqrrected
Measured secondary AH gas outlet °C 179.4 181.7 181.1 179.4
tenjperature
Mé¢asured air heater gas inlet % 333.3 334.4 336.7 333.3
tegmperature
M¢gasured secondary air heater °C 52.0 51.0 53.0 52.5
effectiveness
Selcondary air temperature entering air °C 44.4 45.0 44.7 44.9
heater, corrected
Selcondary AH gas outlet temperature, °C 183.1 1868 181.9 181.9
cqrrected
Weighted air heater gas outlet °C 185.1 188.8 185.2 184.4
tegmperature, corrected
Boildr auxiliary load, uncorrected kW 14 470 13725 13 887 13 810
Boilgr fuel efficiency, uncorrected 86.30 86.28 86.25 86.10
Boilgr fuel efficiency, corrected % 8630 86.31 86.29 86.24
Boildr efficiency versus load 1.00 1.00 1.00 1.00
corfection per ASME PTC 4
Boildr fuel efficiency, corrected % 86.30 86.31 86.29 86.24
Key Pperating Parameters
Throftle flow (basis of correction curves) kg/s 622.44 619.72 625.64 622.67
Throftle pressure bara 254.338 249.837 252.033 250.931
Throftle temperature °C 565.6 565.6 565.6 565.6
Hot feheat temperature turbine °C 565.6 565.6 565.6 565.6
Procg¢ss steam energy GJ/h 76.0 79.4 68.6 74.2
Grosp electrical output kw 761 580 754 100 760 530 757 110
Auxiliary loads (% of uncorrected gross), % 9.50 9.10 9.13 9.12
undorrected
Condenser cooling water flow kg/s 18 942.71 19 220.77 19 220.77 19 220.77
Makgup flow kg/s 6.30 6.55 5.67 6.17
Test Results, uncorrected
Boilgr heat output, HHV/uncorrected GJ/h 5737.8 5724.0 5761.4 57427
Net ¢lectrical output, uncorrected kw 689 230 685 477 691 094 688 062
Net heat rate, HHY;~uncorrected k)/kWh 9 646.5 9 674.9 9 661.2 9677.9
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Also, the boiler fuel efficiency calculation uses a corrected air heater gas inlet temperature based on corrected
entering air temperature and air heater effectiveness. The flue gas exit temperature [air heater gas inlet temperature
(AHGIT)] from the primary and secondary air heaters at reference condition is as follows:

AHGIT..,, = AHGIT, e — 1%‘6 (AHGIT — AHAIT)
where
AHAIT = corrected-air-heaterair-inlet-temperature—E
AHGIT = measured air heater gas inlet temperature, °F

AHGIT,,, = air heater gas inlet temperature, corrected, °F
AHGITeos = air heater gas inlet temperature, measured, °F
My = measured air heater effectiveness, %

and air heater effectiveness (7,) is calculated as

_ AHGIT - AHGOT
T = "AHGIT — AHAIT

X 100
where
AHAIIT = measured air heater air inlet temperature, °F
AHGIT = measured air heater air inlet temperature, °F

AHGQT = measured air heater gas outlet temperature, °F

The pfimary and secondary air heater corrected gas inlet tempetatures are determined and weighted based or] gas
flow spljts between the primary and secondary air heaters. This'weighted corrected air heater gas inlet temperatyre is
used in [the corrected boiler efficiency calculation.

A list pf key operating parameters is also provided for thietest. Key parameters such as these should be determjned
for a specific plant configuration and test, and monitored during the test to verify plant stability and approptiate
operatirfg range.

E-3.2{11 Corrected Output. Corrected output-for each test run is calculated using eq. (5-3-3), modified to reflect
the spedific Case 2 example repeated below. Terms in the equation are described in Section 5.

Pt \=/Preas + d1apc + A2 + Ay + Asp + Agapc + 4y

Section 5 supplemental defifiitions are as follows:
A5 thermal efflux corréction, process flow
Ayp thermal efflux cofrection, process pressure
Ay thermal efflux-Correction, process temperature
Aga puxiliary,lead correction, fan power
Agqp quxiliarydoead correction, fuel effects on mills and fans
Aqc puxiliary load correction, intermittent loads

A summary of the output and heat rate corrections for the test runs are given in lable E-3.2.1-1.
Because this is a supercritical unit, there is no blowdown correction.

E-3.2.2 Corrected Fuel Boiler Output and Corrected Heat Rate. The corrected steam generator output (Q,0 corr)
is calculated according to the numerator of eq. (5-3-4), modified to reflect the specific example described in Case 2

Qro corr — Qro + wipaBCc t 07

where
Q0 = steam generator tested output, including blowdown energy (if applicable)
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Table E-3.2.1-1 Case 2 Corrected Test Results

Correction Factors (Net Output and Unit of
Boiler Output) Measure Design Test Run 2A Test Run 2B Test Run 2C

(U.S. Customary Units)

Thermal efflux, 4;

Process flow, 4,5 kw 0 63 -210 -54
Process pressure, 4, kw 0 3 -10 -5
Process temperature, 4;¢ kw 0 -27 -3 35
Gengratorpowerfactor, = T 19} =89 =+02¢ -908
Blowfdown, 4; kW NA NA NA
Secopdary heat inputs (MU kw 0 -3 -2 -1
temperature), 4,
Rivel water temperature, 4sg kw 0 -1,614 -1,614 -1,400
Auxiliary loads, 4¢
Cofrrection for air temperature kw 0 31 30 27
o fan power, Aga
Cofrrection for fuel effects on kw 0 -22 -17 -18
mjlls and fans, Agg
Corection for nonessential/ kw 0 345 360 420
intermittent loads, Adec
Spedfied disposition, 4, kw 0 2,868 -2,701 95
(copstant throttle flow)
Thermal efflux, w;
Prgcess steam flow, wia MMBtu/hr 0.0 ~1.8 4.2 0.8
Prpcess steam pressure, w;g MMBtu/hr 0.0 0.0 0.0 0.0
Process steam temperature, w; MMBtu/hr 0.0 0.0 0.0 0.0
Gengrator power factor, w, MMBtu/hr NA NA NA NA
Blowfdown, w3 MMBtu/hr NA NA NA NA
Secopdary heat inputs (MU MMBtu/hr NA NA NA NA
tenperature), w,
Riverl water temperature (multivariate MMBtu/hr NA NA NA NA
w/flow), wsg
Auxiliary loads, wg MMBtu/hr NA NA NA NA
Spedified disposition, w; MMBtu fhik 0.8 19.7 -21.6 -0.9
Test Results
Boildr heat output, HHV, corrected MMBtu/hr 5,439.1 5,443.2 5,443.3 ,442.9
Net ¢lectrical output, corrected kw 689,230 686,229 685,905 486,254
Boilgr efficiency, corrected per % 86.30 86.31 86.29 86.24
ASME PTC 4, HHV
Net heat rate, HHV, corrected Btu/kWh 9,144.4 9,190.2 9,196.9 ,196.9
(Sl Units)
Therpal efflux, 4,
Process flow, 4;a kw 0 63 -210 =54
Process pressure, Ay kw 0 3 -10 -5
Prpcess temperature, 4;¢c kw 0 =27 -3 35
Gengrator power factor, 4, kw 0 -892 -1,021 -908
Blowfdown, A% kW NA NA NA NA
Secondary-heat inputs (MU kw 0 -3 -2 -1
0 —1.614 —1.614 1,400

w/flow), Asg
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Table E-3.2.1-1 Case 2 Corrected Test Results (Cont’d)

Correction Factors (Net Output and Unit of
Boiler Output) Measure Design Test Run 2A Test Run 2B Test Run 2C
(Sl Units) (Cont’d)
Auxiliary loads, 4
Correction for air temperature on fan kw 0 31 30 27
power, Agn
Correction for fuel effects on mills kw 0 =22 -17 -18
and fags; =z
Correctipn for nonessential/ kw 0 345 360 420
intermiftent loads, dec
Specified [disposition, 4, (constant kW 0 2,868 -2,701 95
throttle flow)
Thermal |efflux, w
Proceqds steam flow, wia GJ/hr 0.00 -1.94 4.44 0.79
Proceqs steam pressure, wig GJ/h 0.00 0.00 0.00 0.0d
Proceqs steam temperature, w;c GJ/h 0.00 0.00 0.00 0.0(9
Generatgr power factor, w, GJ/h NA NA NA NA
Blowdown, ws GJ/h NA NA NA NA
Secondafy heat inputs (MU GJ/h NA NA NA NA
temperafure), w,
River watdr temperature, wsg GJ/h NA NA NA NA
Auxiliary lpads, wg GJ/h NA NA NA NA
Specified [disposition, w; GJ/h 0.77 1974 -21.64 -0.8p
Test Results
Boiler hegdt output, HHV, corrected GJ/h 5738.6 5742.9 5743.0 574216
Net electr|cal output, corrected kw 689 230 686 229 685 905 686 2b4
Boiler effifiency, corrected per % 86.30 86.31 86.29 86.24
ASME PTIC 4, HHV
Net heat fate, HHV, corrected kJ/kWh 9 6479 9 696.2 9703.2 9703|2
Certafn correction factors listed in eqs (5-3-4) in the above equation were determined to be negligible or| not
applicable for the stated choice of a test.goal.
Qcorr = Qro corr/ 7] fuel corrected
where
Qcorr = corrected plant heat input
Niukl corrected = SteAM generator corrected fuel energy efficiency expressed as a decimal
In thelabove eGuation, Q,O is similar to, but not identical to the steam generator tested output (Q,0) as defjned
in ASME PTG 4;including blowdown energy or other losses, divided by corrected fuel energy efficiency calculpted
per ASNIE PTC 4. Q,O in this sense represents the test fuel energy consumption corrected to reference fuel [and
referencg ambient temperature for the steam generator. The Q.0 term used in ASME PTC 46 differs from ASME PT'C 4

in that it does not make corrections to boiler efficiency that include plant internal parameters that do not cross the
test boundary, such as feedwater heater performance. This sample uses a “nonintegrated boiler efficiency model,”
which means that the correction methodology of ASME PTC 4 must be implemented.

The ground rules for determining corrected steam generator fuel efficiency must be considered prior to the test.
The base reference fuel analysis is detailed in Table E-3.2-1. The corrections to the measured test results (except
boiler efficiency) are shown in Table E-3.2.1-1.

The o terms are described in Table 5-1-1 in Section 5. For a nonintegrated example, the omega corrections are
to boiler output, not heat input. Using relationships and terms discussed above, corrected output is determined as

Peorr = Preas + diapc + 4o + Ay + Asp + deapc + 47
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Corrected heat rate for each test run is calculated from eq. (5-3-4).

(Qro + ®1A,B,C + w7) _ Qcorr

HReorr =
(Pmeas + AlA,B,C + AZ + A4 + ASB + AéA,B,C + A7) Mfuel corrected Pcorr

Given here are the corrected output and corrected heat rate results of each test run.

E-3.3 Case 1 Correction Curves

Figures E-3.3-1 through E-3.3-8 show Case 1 correction curves and changes in heat input.

E-3.|4 Case 2 Correction Curves

Figures E-3.4-1 through E-3.4-9 show Case 2 correction curves and changes in net output and beiler oytput.

E-3)5 Design Cases and Test Runs

Fgures E-3.5-1 and E-3.5-1M through E-3.5-8 through E-3.5-8M show examples of Design\Cases 1 and 2,|and test
run$ for each.

Fig. E-3.3-1 Change in Heat Input vs. Process Steam Flow
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Fig. E-3.3-2 Change in Heat Input vs. Process Steam Temperature

y=-0.03217x + 28.95929
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Fig. E-3.3-3
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E-3.3-4 Change in Heat Input vs. Ambient Temperature
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Heat Input Correction, wg,,, MMBtu/hr

Fig. E-3.3-5 Change in Heat Input vs. Relative Humidity
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Fig. E-3.3-6 Change'in Heat Input vs. River Water Temperature
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Heat Input Correction, w,, MMBtu/hr
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Fig. E-3.3-7 Change in Heat Input vs. Auxiliary Loads
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Fig. E-3.4-1 Change in Net Output vs. Process Steam Flow
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Fig. E-3.4-2 Change in_Net Output vs. Process Steam Pressure
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Fig. E-3.4-3 Change in Net Output vs. Process Steam Temperature
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Fig. E-3.4-4 Change in Net Output vs. Steam Turbine Generator Power Factor
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Fig. E-3.4-5 Change in Net Output vs. Makeup Temperature
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Fig. E-3.4-7 Change in Net Output vs. Change in Throttle Flow
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Fig. E-3.4-8 Change in Boiler Output vs. Process Steam Flow
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Fig. E-3.4-9 Change in Boiler Output vs. Change in Throttle Flow
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NONMANDATORY APPENDIX F
SAMPLE UNCERTAINTY CALCULATION:
COMBINED CYCLE PLANT WITHOUT DUCT FIRING
Test| Goal: Determine Corrected Net Electrical Output and Corrected Net Heg
Rate From Plant Base Load Specified Disposition (Power Floats)

F-1 INTRODUCTION

This Appendix illustrates the calculation of post-test uncertainty for corrected net glectrical output and corre|
net heat rate for a thermal performance test conducted on a nominal 600 MW 2X2X1 combined cycle plant.
uncertainty calculations are conducted in accordance with ASME PTC 19.1, Measurement Uncertainty. Sar
calculatfons of uncertainty for corrected net electrical output and corrected, net heat rate are given. The sar
calculatjons provided herein are based on a specific plant layout, test procedure, test equipment, and test data

taking ifito account the test objective, the calculation method, and thespecific measurement methods used for lheir

low NOy burners and with evaporative cooler inlet conditioning. The gas turbines exhaust into
triple-pijessure, heat recovery steam generators with intermediate pressure feedwater extraction for thermal suj
to one natural gas fuel heater. The steam-flows generated in the triple-pressure, reheat, heat recovery steam gener
(HRSGs) are fed into one, nominal 255-MW, condensing steam turbine. The exhaust steam from the steam tur|
is fed tq an air-cooled condenser-(ACC). There is no supplemental firing capability in the HRSGs.

The t¢st reference conditions'were based on fixed unit disposition designated by base loaded gas turbines |
evaporalive cooler inlet corditioning in service. The test was conducted with the evaporative cooler systems
of servige. The evaporative,coolers were tested separately in accordance with ASME PTC 51 and the results o
plant tegt were corrected for actual evaporative cooler as per Nonmandatory Appendix I. This Appendix has 1
written fo demonstrate the special case where evaporative coolers are removed from service and is not inter]
to contradict para: 5-5.2 which recommends testing with evaporative coolers in service. The steam turbine wa

11

cted
The
hple
hple

Do
inty

y is
ard
ptest

ant tested was a 2X2X1 combined cycle’plant powered by two nominal 174 MW gas turbines outfftted

WO,
bply
tors
bine

vith
out
the
een
ded
b set

at valvep wide Open/sliding pressure control. There was no bypass on the HRSG or the steam turbine generator

(STG), and ‘the "air-cooled condenser fans were set to full speed. Blowdown and makeup were isolated.

F-3 TEST BOUNDARY DESCRIPTION

The test boundary includes the entire plant, as indicated on the process flow diagram shown in Fig. F-3-1.

Air

crosses the boundary at the inlets of the gas turbines and the inlet to the condenser. Net plant electrical output of
each generator is exported on separate lines. Fuel flow rate is measured at the orifice flowmeter located in the
plant fuel flow line near the point at which the fuel crosses the test boundary. The fuel composition and resulting

heating value are based on grab samples taken in the plant fuel flow line, also near the point at which the
crosses the test boundary, yet downstream of the plant fuel moisture/filter separator unit.
(a) The streams through which energy enters the system include
(1) air for the gas turbines

160
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air for air-cooled condenser
fuel to both gas turbines
makeup water flow

(b) The streams through which energy exits the system include

(1)

(2)

(3)

(4

(5)

(6)

In ad
cross th

by the grid and outside the control of the plant, this influence must be taken into account in the analysis thrd

correcti

F-4 M

The td
Table FA
measurd

F-5 RE
The p

F-6 M

The p
3, and 4
The e}
cooler t

F-7 FU

For th
given by

and

gas turbine 1 net electrical output
gas turbine 2 net electrical output
steam turbine net electrical output
blowdown

RSG stack exhaust gas
air from air-cooled condenser
lition to the streams crossing the boundary, influences outside the boundary that affect the streams
e boundary must be addressed. An example of this is Power Factor. Since Power Factor is typically dr|

n.

FASUREMENTS

sting conducted was implemented utilizing a combination of station and temporary test instrumenta
4-1 provides a listing of the measurements taken and the number of ifistruments used to determine
ments.

FERENCE CONDITIONS

prameters requiring correction and their base referencealues are given in Table F-5-1.

FASURED CONDITIONS

[ant performance testing consisted of four 30=min test runs. Summaries of the averages for test runs
are given in Tables F-6-1, F-6-2, F-6-3,.and F-6-4, respectively.

Faporative cooler testing consisted of/onie 60-min test run. The summary of the averages for the evapor3
sting are given in Table F-6-5.

NDAMENTAL EQUATIONS ‘AND APPLICABLE CORRECTIONS

is example, the genetal) equations for corrected net electrical output and for corrected net heat rate
y

7 7
Peore = (Pmeas + 2 A )1]151]
- i=

that
ven

ugh

ion.

the

1, 2,

tive

are

(Qmeas 2 ) [ = (Qmeas)

w; 7
=1
HReorr = 7 5 7 {]lf}
EAi>J (Pmeas"'EAi)]
i=1 i=1

(Pmeas +

Since this plant is a combined cycle without duct firing, Section 5 specifies that the additive corrections of either
w; or A; can be used, but both factors can not be applied. For this example, the additive correction to power was
chosen in lieu of the correction to heat input although it is equally valid to perform the latter. Thus, for this example,
additive corrections for heat input are not utilized. Tables F-7-1 and F-7-2 provide summaries of additive correction
factors and multiplicative correction factors, respectively, applied for this example.
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Table F-4-1 Performance Test Measurements and Instruments

Measurement

Instrument Used

Time Data

CTG
CTG

1 fired hours
2 fired hours

Electrical Data

CTG
CTG
CTG
CTG
STG
STG
Com
Com
Stea
Com
Com
Stea

Amb
CTG
CTG
CTG
CTG
CTG
CTG
Baro|
ACC

Fuel
Plan
Plan
Plan
Plan
Plan
Plan

Fuel

1 net export (high side of transformer)
1 power factor (high side of transformer)

Gas turbine clock
Gas turbine clock

Revenue meter
Revenue meter

net export (nigh side of transformer)
D power factor (high side of transformer)
het export (high side of transformer)
bower factor (high side of transformer)
bustion turbine 1 generator output
bustion turbine 2 generator output
n turbine generator output
bustion turbine 1 generator reactive power
bustion turbine 2 generator reactive power
n turbine generator reactive power

ent/Inlet Data

Il compressor inlet temperature
P compressor inlet temperature
I ambient dry bulb temperature
D ambient dry bulb temperature
Il ambient relative humidity

D ambient relative humidity
metric pressure

nlet dry bulb temperature

Flow Data

fuel supply pressure (gas compressor inlet)
fuel flow differential pressure

fuel flowing pressure

fuel flowing temperature

fuel flow element pipe I.D.

fuel flow element throat diameter

nalysis Data

MetHane (xCH,)
Ethape (xCH,)
Proppne (xCH3)
Iso-Butane (XxICH,)
N-Butane (xNCH,)

Iso-

ntane (XICHs)

N-Peptane (XNCHs)

N-H
N-H
N-O

ane (xCH¢)
tane (xCH5)
ane (xCHg)

Nongne (xCHo)
Decane (xCH{p)
Carbpn djexide (xCO,)

Nitr
Oxy:

en.(xN5)
n (x02)

Revenue meter
Revenue meter
Revenue meter
Revenue meter
Station meter
Station meter
Station meter
Station meter
Station meter
Station meter

4 thermistors

4 thermijstors

8 thermistors @ filter house

8 thermistors @ filter house

2v\RH sensors

2 RH sensors

1 test pressure transmitter

12 thermistors with psychrometers

1 test pressure transmitter
2 test pressure transmitters
1 test pressure transmitter
1 thermistor

Laboratory measurement
Laboratory measurement

Gas Chromatograph Lab Analysis (300cc Grd
Gas Chromatograph Lab Analysis (300cc Gra)
Gas Chromatograph Lab Analysis (300cc Grd
Gas Chromatograph Lab Analysis (300cc Gra|
Gas Chromatograph Lab Analysis (300cc Grd
Gas Chromatograph Lab Analysis (300cc Gra
Gas Chromatograph Lab Analysis (300cc Grd
Gas Chromatograph Lab Analysis (300cc Gra|
Gas Chromatograph Lab Analysis (300cc Grd
Gas Chromatograph Lab Analysis (300cc Grd
Gas Chromatograph Lab Analysis (300cc Gra)
Gas Chromatograph Lab Analysis (300cc Gra
Gas Chromatograph Lab Analysis (300cc Gra)
Gas Chromatograph Lab Analysis (300cc Grd

b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
b Sample)

Gas Chromatograph 1ah Analysis (300cc Grab Sample)

Helium (xHe)

Hydrogen (xH,)

Carbon monoxide (xCO)
Hydrogen sulfide (xH,S)
Water (xH,0)

Gas Chromatograph Lab Analysis (300cc Gra
Gas Chromatograph Lab Analysis (300cc Gra
Gas Chromatograph Lab Analysis (300cc Gra
Gas Chromatograph Lab Analysis (300cc Gra
Gas Chromatograph Lab Analysis (300cc Gra

b Sample)
b Sample)
b Sample)
b Sample)
b Sample)
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Table F-5-1 Performance Reference Conditions

Sl Units U.S.. Customary Units

Dperating Points Test Value Units Test Value Units
Net plant felectrical output 515 000 kw 515,000 HwW
Net plant heat rate (LHV) 6638.5 kJ/kWh 6,292.1 BtufkWh
Ambient dry bulb temperature 14.4 °C 58.0 F
Ambient rplative humidity 53.0 % 53.0 o
Inlet evapprative cooler On R On g
Compresspr inlet temperature 10.3 °C 50.5 F
Elevation 3.658 m 12.00 ft
Barometrif pressure 1.012 bara 14.68 pfia
CTG fired hours <200 hr < 200 hr
CTG Powef Factor 0.85 lagging 0.85 lagging
STG Powef Factor 0.85 lagging .. 0.85 lagging g
Fuel supply pressure 13.79 barg 200.0 ppig
Fuel supply temperature 25.0 °C 77.0 F
Nitrogen 0.500 Mole % 0.500 Mole %
Carbon dipxide 0.800 Mole % 0.800 Mole %
Methane 95.032 Mole % 95.032 Mole %
Ethane 2.500 Mole % 2.500 Mole %
Propane 0.800 Mole % 0.800 Mole %
n-Butane 0.102 Mole % 0.102 Mole %
Iso-butan 0.105 Mole % 0.105 Mole %
n-Pentane 0.030 Mole % 0.030 Moje %
Iso-pentarje 0.045 Mole % 0.045 Mole %
n-Hexane 0.086 Mole % 0.086 Mole %
Specific vplume 1.38 M3/kg 22.10 SCF/lb
Fuel gas lpwer heating value (LHV) 48,339 k)/kg 20,782 Bt{i/lb
Fuel gas Higher heating value (HHV) 53,609 kl/kg 23,048 Btfi/lb
Fuel gas H/C atom ratio 3.895 e 3.895 g
GENERAL NOTES:
(@) Comblistion turbine at-base load as defined by the manufacturer's exhaust temperature control curve.
(b) Combjistion turkine*at new and clean condition as defined by the manufacturer (< 200 fired hr).
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Table F-6-1 Performance Test 1 Measured Conditions

S| Units U.S"Customary Units

Operating Parameters Test Value Units Test Value Units
Average CTG fired hours 353.9 h 353.9 hr
CTG [L net export power 158 750 kw 158,750 kw
CTG P net export power 163 458 kw 163,458 kw
STG pet export power 173 850 kw 173,850 kw
CTG L generator output 167.68 Mw 167.68 Mw
CTG P generator output 168.40 MW 168.40 Mw
STG Benerator output 174.04 MW 174.04 Mw
CTG L generator reactive power 28.09 Mvar 28.09 MVar
CTG P generator reactive power 27.25 MVar 27.25 MVar
STG Benerator reactive power 18.47 MVar 18.47 MVar
Inlet|evaporative cooler status Off R Off S
Amblent dry bulb temperature 16.7 °C 62.0 °F
Amblent relative humidity 77.0 % 77.0 %
Barometric pressure 0.9975 bara 14.468 psia
ACC |nlet dry bulb temperature 170 °C 62.7 °F
Plan{ fuel supply pressure (gas compressor inlet) 16.53 barg 239.8 psig
Plan{ supply fuel flow DP 542.1 cm H,0 213.4 in. H,0
Plan{ supply fuel flow pressure 17.64 bara 255.8 psia
Plan{ supply fuel flow temperature 16.76 °C 62.16 °F
Nitrogen 0.737 Mole % 0.737 Mole %
Carbpn dioxide 0.687 Mole % 0.687 Mole %
Oxygen 0.010 Mole % 0.010 Mole %
Heliym 0.020 Mole % 0.020 Mole %
Hydrpgen 0.000 Mole % 0.000 Mole %
MetHane 96.093 Mole % 96.093 Mole %
Ethape 1.967 Mole % 1.967 Mole %
Proppne 0.303 Mole % 0.303 Mole %
n-Bufane 0.057 Mole % 0.057 Mole %
Iso-Hutane 0.077 Mole % 0.077 Mole %
n-Peptane 0.017 Mole % 0.017 Mole %
Iso-pentane 0.030 Mole % 0.030 Mole %
n-Hekane 0.003 Mole % 0.003 Mole %
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Table F-6-2 Performance Test 2 Measured Conditions
Sl Units U.S. Customary Units

Operating Parameters Test Value Units Test Value Urlits
Average (JTG fired hours 354.4 h 3544 Hr
CTG 1 net|export power 159 563 kw 159,563 kw
CTG 2 net]export power 164 210 kw 164,210 kw
STG net ekport power 174 300 kw 174,300 kw
CTG 1 gerferator output 167.92 Mw 167.92 M
CTG 2 genrferator output 168.60 MW 168.60 Mw
STG generator output 174.54 MW 174.54 M
CTG 1 gerferator reactive power 31.15 MVar 31.15 MYar
CTG 2 gerferator reactive power 30.25 MVar 30.25 MYar
STG generator reactive power 14.01 MVar 14.01 MYar
Inlet evapprative cooler status Off .. Off .
Ambient dry bulb temperature 16.8 °C 62.2 I
Ambient rplative humidity 77.0 % 77.0 %o
Barometrif pressure 0.9984 bara 14.48 pgia
ACC inlet firy bulb temperature 17.1 °C 62.8 F
Plant fuel|supply pressure (gas compressor inlet) 16.5% barg 239.4 p3ig
Plant supply fuel flow dp 545.4 cm H,0 214.7 in. H,0
Plant supply fuel flow pressure 17.608 bara 255.38 pgia
Plant supply fuel flow temperature 16.6 °C 62.0 F
Nitrogen 0.753 Mole % 0.753 Mole %
Carbon dipxide 0.693 Mole % 0.693 Mole %
Oxygen 0.010 Mole % 0.010 Mole %
Helium 0.020 Mole % 0.020 Mole %
Hydrogen 0.000 Mole % 0.000 Mole %
Methane 96.067 Mole % 96.067 Mole %
Ethane 1.970 Mole % 1.970 Mole %
Propane 0.327 Mole % 0.327 Mole %
n-Butane 0.067 Mole % 0.067 Mole %
Iso-butan 0.057 Mole % 0.057 Mole %
n-Pentane 0.010 Mole % 0.010 Mole %
Iso-pentarje 0.017 Mole % 0.017 Mole %
n-Hexane 0.010 Mole % 0.010 Mole %
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Table F-6-3 Performance Test 3 Measured Conditions
S| Units U.S"Customary Units

Operating Parameters Test Value Units Test Value Units
Average CTG fired hours 354.9 h 354.9 hr
CTG [L net export power 158 940 kw 158,940 kw
CTG P net export power 163 300 kw 163,300 kw
STG pet export power 174 190 kw 174,190 kw
CTG L generator output 167.28 Mw 167.28 Mw
CTG P generator output 168.14 MW 168.14 Mw
STG Benerator output 173.92 MW 173.92 Mw
CTG L generator reactive power 32.53 Mvar 32.53 MVar
CTG P generator reactive power 31.72 MVar 31.72 MVar
STG generator reactive power 16.10 MVvar 16.10 MVar
Inlet|evaporative cooler status Off . Off e
Amblent dry bulb temperature 17.4 °C 63.4 °F
Amblent relative humidity 771 % 771 %
Barometric pressure 0.9985 bara 14.48 psia
ACC |nlet dry bulb temperature 181 °C 64.6 °F
Plan{ fuel supply pressure (gas compressor inlet) 16.50 barg 239.3 psig
Plan{ supply fuel flow dp 542.3 c¢m H,0 213.5 in. H,0
Plan{ supply fuel flow pressure 17.60 bara 255.2 psia
Plan{ supply fuel flow temperature 16.5 °C 61.7 °F
Nitrogen 0.747 Mole % 0.747 Mole %
Carbpn dioxide 0.690 Mole % 0.690 Mole %
Oxygen 0.010 Mole % 0.010 Mole %
Heliym 0.020 Mole % 0.020 Mole %
Hydrpgen 0.003 Mole % 0.003 Mole %
MetHane 96.050 Mole % 96.050 Mole %
Ethape 1.980 Mole % 1.980 Mole %
Proppne 0.330 Mole % 0.330 Mole %
n-Bufane 0.073 Mole % 0.073 Mole %
Iso-Hutane 0.060 Mole % 0.060 Mole %
n-Peptane 0.010 Mole % 0.010 Mole %
Iso-pgentane 0.017 Mole % 0.017 Mole %
n-Hekane 0.010 Mole % 0.010 Mole %
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Table F-6-4 Performance Test 4 Measured Conditions

ASME PTC 46-2015

S| Units U.S. Customary Units
Operating Parameters Test Value Units Test Value Units
Average CTG fired hours 355.4 h 355.4 hr
CTG 1 net export power 158 500 kw 158,500 kw
CTG 2 net export power 163 298 kw 163,298 kw
STG net export power 174 100 kw 174,100 kw
CTG 1 generator output 167.08 Mw 167.08 Mw
CTG 2 generatoroutput t67-78 T +6778 MW
STG genefator output 174.18 Mw 174.18 MW
CTG 1 gerferator reactive power 36.21 MVar 36.21 MYar
CTG 2 gerferator reactive power 35.49 MVar 35.49 MYar
STG generator reactive power 23.57 MVar 23.57 MYar
Inlet evapprative cooler status Off L. Off .
Ambient dry bulb temperature 17.7 °C 63.8 F
Ambient relative humidity 77.1 % 771 0
Barometrif pressure 0.9990 bara 14489 pgia
ACC inlet fry bulb temperature 18.5 °C 65.3 T
Plant fuel|supply pressure (gas compressor inlet) 16.479 barg 239.01 p3ig
Plant supply fuel flow DP 541.6 c¢cm H,0 213.2 in. H,0
Plant supply fuel flow pressure 17.581 bara 254.99 pgia
Plant supply fuel flow temperature 16.5 °C 61.6 TF
Nitrogen 0.747 Mole % 0.747 Mole %
Carbon dipxide 0.683 Mole % 0.683 Mole %
Oxygen 0.007 Maole % 0.007 Mole %
Helium 0.020 Mole % 0.020 Mole %
Hydrogen 0.007 Mole % 0.007 Mole %
Methane 96.053 Mole % 96.053 Mole %
Ethane 1.980 Mole % 1.980 Mole %
Propane 0.323 Mole % 0.323 Mole %
n-Butane 0.070 Mole % 0.070 Mole %
Iso-butan 0.067 Mole % 0.067 Mole %
n-Pentane 0:013 Mole % 0.013 Mole %
Iso-pentane 0.020 Mole % 0.020 Mole %
n-Hexane 0.010 Mole % 0.010 Mole %
Table F-6:5 Evaporative Cooler Test Averages
Sl Units U.S. Customary Units
Operating Points Test Value Units Test Value Units
CTG 1 Evdporative Cooler (Design/Effectiveness = 85.0%)
CTG 1 ampient dry bulb temperaturé 21.4 °C 70.5 °F
CTG 1 ampient relative humidity: 55.0 % 55.0 %
CTG 1 ampient wet bulb temperature 15.6 °C 60.1 °F
CTG 1 comppressor inlet-femperature 16.0 °C 60.8 °F
CTG 1 inlgt evaporative,cooler operation On e On e
CTG 1 barpmetrie.pressure 1.0105 bara 14.656 psia
Effectivengss 93.2 % 93.2 %
CTG 2 EvaperativeCooler{DesignEffectiveness— 85.0%)
CTG 2 ambient dry bulb temperature 211 °C 70.0 °F
CTG 2 ambient relative humidity 55.0 % 55.0 %
CTG 2 ambient wet bulb temperature 15.3 °C 59.6 °F
CTG 2 compressor inlet temperature 15.7 °C 60.3 °F
CTG 2 inlet evaporative cooler operation On - On R
CTG 2 barometric pressure 1.0105 bara 14.656 psia
Effectiveness 93.7 % 93.7 %
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Table F-7-1 Summary of Additive Correction Factors

Additive
Corrgction Required
to Power (Yes/No) Correction Comments
A No Thermal efflux There was no thermal efflux.Stream for this test.
Thus, Ay = 0
A Yes Power Factor A, = Additive Correction/for Power Factor at each
generator termipall= Ay + Ayp + Ay
where
A,, = PowersFactor correction for combustion turbine
generator#’1
A,, =-Pdwer Factor correction for combustion turpine
generator # 2
A, ‘= Power Factor correction for the steam turbipe
generator
A No Steam generator(s) blowdown different BD was isolated so that the actual flow rate exact]y
than design matched the design BD flow rate. Thus, A;=0.
A No Secondary heat inputs This plant was not equipped with any process retyirns and
makeup was isolated. Thus, A, = 0.
A}a Yes Inlet air conditions, cooling ower, or Inlet air conditions at the gas turbines and air-coqled
air-cooled heat exchanger-air inlet condenser were monitored during the test.
Alg No Circulating water tempetature different Plant was equipped with an air-cooled condenser, so the
than design plant is without a circuclating water system.
Thus, Asg = 0.
A} No Condenser pressure The entire heat rejection system is inside the test
boundary. Thus, Asc = 0.
A Yes Auxiliary loads, thermal and electrical Two primary components to the Ag correction will|be as
follows:
(1) ACC fan operation different from design
(2) gas compressor load different from design.
A No Measured power different than specified The goal of the test was not specified disposition

if test goal is to operate at a predeter-
mined power, or operating disposition
slightly different than required if a
specified disposition test

Thus, A; = 0.
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Table F-7-2 Summary of Multiplicative Correction Factors

Multiplicative Multiplicative

operation

Correction to Correction to Required
Power] Heat Rate (Yes/No) Correction Comments
a fi Yes Inlet temperature correction Measured (@t the filter house inlets of the gas
turbines and around the inlet to the air-coole
condenser.
a f Yes Inlet air pressure correction Measured at the centerline of the gas turbines.
as f3 Yes Inlet air humidity Measured at the filter house inlets of the gas
turbines.
a, fa Yes Fuel supply temperature Fuel supply temperature was near design and
correction treated as negligible. Thus, a,= f, = 1.000
(Unity)
as fs Yes Correction*due to fuel anal- Measured at the boundary of the plant.
ysis different than design
ag fe No Grid frequency (external) This was not considered under this example.
Fs = 1.000 (Unity)
a7, fra Yes Evaporative cooler This correction was added to correct to the desi
operation basis of evaporative cooler in operation with
effectiveness since the test was conducted wi
the evaporative cooler out of operation.
azp fzb Yes Evaporative cooler This correction was added to correct for actual

evaporative cooler performance.
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F-8

ASME PTC 46-2015

CORRECTION CURVES AND POLYNOMIAL EQUATIONS

For this example, a series of heat balances were run with a heat balance program in order to determine the
performance test corrections. These corrections are presented in plotted curve form in Figs. F-8-1 and F-8-1M
through F-8-12 and F-8-12M. Tables F-8-1 and F-8-2 provide summaries of the third order polynomial coefficients
for each correction.

The correction curves for a; through a; and f; through f; were generated with the evaporative cooler out of
service. Additional correction factors (ay, and f;,) were applied to account for the operational status of the 85.0%
effective evaporative coolers.
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ng the test:
Multiplicative Correction Factor to Output

a, = 1.01506

Multiplicative Correction Factor to Heat Rate

fra = 1.00027

dditional corrections for electrical output (az,) and heat rate (fz,) werecapplied in this example to cg
pctual performance of the evaporative cooler determined by a separaté evaporative cooler test.

SAMPLE CALCULATIONS AND CORRECTED TEST RESULT

ibles F-9-1 and F-9-2 provide summaries of the averaged test measured parameters, summaries of the co
lied, and the resulting corrected net power and corrected net heat rate for all four tests.

The uncertainty analysis presented herein categofizes the uncertainty in a measurement as either un
to random error or uncertainty due to systematic error. Uncertainty due to systematic error is further
instrument systematic uncertainty and, spatial systematic uncertainty. Correlation between instru
hental uncertainty sources of instruments@ust be accounted for in the instrument systematic uncertaint,

e.
ibsections F-12 through F-17 identify and categorize sources of instrument systematic uncertainty

calculation of the spatial systematic uncertainty. Subsection F-24 describes the determination of the
brtainty. Correlated systemiatic uncertainty is discussed in subsection F-26.

hese measurement ungertainties are then propagated through the data reduction and analysis process
e the uncertainties associated with corrected net electrical output and corrected net heat rate. All un
htities presented.herein are on a 95% confidence level. ASME PTC 19.1 has introduced the concept of
prtainty and( expanded uncertainty, where standard uncertainty is uncertainty stated on a single
ation of the*average basis, and expanded uncertainty is on the 95% confidence basis. This example s
of combiriing element uncertainties on a standard basis and then converting to the 95% basis by p1
lemental uncertainties on a 95% confidence basis.
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surement instrument that recorded data used in the calculation of the test result. Subsection F-21 illustrates
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F-1:

UNCERTAINTY ANALYSIS GENERAL EQUATIONS AND TERMS

The following general equations and terms are utilized within this example.
Binst = instrument systematic uncertainty. The value of this term is equal to the root-sum-square of the

elemental systematic uncertainty sources for the instrument.

Bgpatial = spatial systematic uncertainty. The value of this term is calculated from actual test data for those
measurements that typically exhibit spatial variation.
Ugssys = overall systematic uncertainty of the measurement at 95% confidence. The value of this term is equal

to the root-sum-square of Biys; and Bypagial-

_ /g 2
Uossys = /Binst + Bspatial
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Table F-8-1 Summary of Correction Curve Coefficients (Sl Units)

Correction Curves ao a; a, as
Additive (orrection Factors
A,, CTG generator losses (PF = 1.00) 6.651E+02 1.800E-01 1.800E-02 0.000E+00
A,, CTG ggnerator losses (PF = 0.95) 6.826E+02 2.900E-01 2.100E-02 0.000E+00
A,, CTG generator losses (PF = 0.90) 6.901E+02 4.000E-01 2.400E-02 0.000E+00
A,, CTG ggnerator losses (PF = 0.85) 7.051E+02 3.200E-01 2.800E-02 0.000E+00
A,, STG generator losses (PF = 1.00) 3.139E+03 2.254E-01 8.650E-03 0.000E+00
A,, STG gg¢nerator losses (PF = 0.95) 3.169E+03 2.009E-01 1.046E-02 0.000E+00
A,, STG ggnerator losses (PF = 0.90) 3.126E+03 6.741E-01 1,102E-02 0.000E+00
A,, STG gg¢nerator losses (PF = 0.85) 3.289E+03 -4.129E-01 v 79E-02 0.000E+00
As,, difference between ACC and CTG inlet temps —-1.110E+00 5.945E+02 6.022E+00 2.417E+00
(Tdb = 44°C)
As,, difference between ACC and CTG inlet temps -2.918E+01 2.425E+02 2.666E+00 1.188E+00
(Tdb = 4440(:)
As,, difference between ACC and CTG inlet temps -6.617E-02 3.795E402 2.006E+01 9.517E-01
(Tdb = 1.110(:)
As,, difference between ACC and CTG inlet temps —3.000E+01 8.655E+02 1.246E+01 -8.752E-01
(Tyy = B2.22°0)
Multiplicalive Correction Factors for Power
a1, ambient dry bulb temperature 9.470E-01 3.397E-03 -4.556E-06 2.103E-06
a,, ambient pressure 2.769E+00 2.036E+00 -1.420E-01 4.222F-01
a3, ambieht relative humidity (Ty, = —-1.11°C) 1.000E£00 5.568E-04 -3.721E-03 2.047F-03
as, ambient relative humidity (Ty, = 14.44°C) 1,002E+00 -5.973E-03 5.937E-03 -2.648E-03
a3, ambient relative humidity (Tg, = 21.11°C) 9.998E-01 -5.598E-05 5.447E-04 1.413E-04
a3, ambient relative humidity (Ty, = 35°0) 9.967E-01 6.856E-03 -1.900E-03 1.537E-03
as, fuel apalysis different than design (H/C = 3.80) 9.839E-01 3.477E-07 0.000E+00 0.000E+00
as, fuel apalysis different than design (H/C = 3.89) 9.832E-01 3.474E-07 0.000E+00 0.000E+00
as, fuel apalysis different than design (H/C = 4.00) 9.818E-01 3.571E-07 0.000E+00 0.000E+00
as, grid frequency (external) 1.000E+00 0.000E+00 0.000E+00 0.000E+00
az,, evapg@rative cooler operation 1.015E+00 0.000E+00 0.000E+00 0.000E+00
azp, evapgrative cooler performance 1.0017E+00 0.000E+00 0.000E+00 0.000E+00
Multiplicafive Correction Factors for Heat"Rate 2.417E+00 4.230E+00 4.190E+00 1.377E+00
f1, ambierft dry bulb temperaturé 1.000E+00 4.658E-04 -1.371E-03 6.274E-04
fo, ambierjt pressure 1.001E+00 -6.695E-04 -1.030E-03 5.527E-04
f5, ambier]t relative humidity(Ty, = —1.11°C) 1.002E+00 -5.595E-03 3.629E-03 -1.799E-03
f5, ambierft relative humidity (Typ, = 14.44°C) 1.004E+00 -9.233E-03 3.822E-03 -1.84QE-03
f5, ambiedt relative Aumidity (Tg, = 21.11°C) 1.003E+00 -7.033E-08 0.000E+00 0.000E+00
f3, ambierft relative humidity (Ty, = 35°C) 1.003E+00 -6.964E-08 0.000E+00 0.000E+00
fs, fuel anplysi§_different than design (H/C = 3.80) 1.004E+00 —7.879E-08 0.000E+00 0.000E+00
fs, fuel anplysis-different than design (H/C = 3.89) 1.000E+00 0.000E+00 0.000E+00 0.000E+00
f_r’, fuel ar dllyb;b L“iTCIl'JIIL L:Idll Lit'bisll \H/’\. — &.UU) l.UUU)E‘FUU U.UUUE"’UU U.UUUE"‘UU V.UV +00
fe, grid frequency (external) 9.9975E-01 0.000E+00 0.000E+00 0.000E+00
f7a, evaporative cooler operation 1.001E+00 -2.510E-06 2.132E-10 0.000E+00
f2b, €vaporative cooler performance 6.651E+02 1.800E-01 1.800E-02 0.000E+00
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Table F-8-2 Summary of Correction Curve Coefficients (U.S. Customary Units)

Correction Curves ag a; a, as
Additive Correction Factors
A,, QTG generator losses (PF = 1.00) 6.651E+02 1.800E-01 1.800E-02 .000E+00
A,, (TG generator losses (PF = 0.95) 6.826E+02 2.900E-01 2.100E>02 .000E+00
A,, QTG generator losses (PF = 0.90) 6.901E+02 4.000E-01 2.400E-02 .000E+00
A,, (TG generator losses (PF = 0.85) 7.051E+02 3.200E-01 2:800E-02 .000E+00
A,, 4TG generator losses (PF = 1.00) 3.139E+03 2.254E-01 8.650E-03 .000E+00
A,, 4TG generator losses (PF = 0.95) 3.169E+03 2.009E-01 1.046E-02 .000E+00
A,, 4TG generator losses (PF = 0.90) 3.126E+03 6.741E-01 1.102E-02 .000E+00
A,, §TG generator losses (PF = 0.85) 3.289E+03 -4.129E-01 1.479E-02 .000E+00
As,, delta between ACC and CTG inlet temps (Ty, = 40°F) -1.110E+00 3.300E+02 1.859E+00 —4.144E-01
As,, delta between ACC and CTG inlet temps (Tg, = 58°F) -2.918E+01 1.347E+02 -8.228E-01 .037E-01
As,, delta between ACC and CTG inlet temps (Ty, = 70°F) -6.617E-01 2.108E+02 6.191E+00 .632E-01
As,, delta between ACC and CTG inlet temps (Tg, = 90°F) —-3.000E+01 4.808E+02 3.845E+00 -1.501E-01
Mult|plicative Correction Factors for Power
ay, dmbient dry bulb temperature 8.733E-01 3.085E-03 —-3.602E-05 .606E-07
ay, gmbient pressure 2.769E+00 -1.404E-01 —-6.749E-04 .384E-04
a3, dmbient relative humidity (Ty, = 30°F) 1.000E+00 5.568E-04 -3.721E-03 .047E-03
a3, gmbient relative humidity (Tgp = 58°F) 1.002E+00 -5.973E-03 5.937E-03 -p.648E-03
a3, gmbient relative humidity (Ty, = 70°F) 9.998E-01 -5.598E-05 5.447E-04 413E-04
a3, gmbient relative humidity (T = 95°F) 9.967E-01 6.856E-03 -1.900E-03 .537E-03
as, fliel analysis different than design (H/C = 3.80) 9.839E-01 8.086E-07 0.000E+00 .000E+00
as, fliel analysis different than design (H/C = 3.89) 9.832E-01 8.079E-07 0.000E+00 .000E+00
as, fliel analysis different than design (H/C = 4.00) 9.818E-01 8.305E-07 0.000E+00 .000E+00
ag, grid frequency (external) 1.000E+00 0.000E+00 0.000E+00 .000E+00
w74, Evaporative cooler operation 1.015E+00 0.000E+00 0.000E+00 .000E+00
azp, pvaporative cooler performance 1.0017E+00 0.000E+00 0.000E+00 .000E+00
Mult|plicative Correction Factors for Heat Rate
f1, alnbient dry bulb temperature 1.072E+00 -3.239E-03 5.346E-05 -B.266E-07
f>, Anbient Pressure 2.417E+00 -2.917E-01 1.992E-02 —4.513E-04
f5, albient relative humidity.(dtry bulb = 30°F) 1.000E+00 4.658E-04 -1.371E-03 .274E-04
fs, ambient relative humidity (dry bulb = 58°F) 1.001E+00 —6.695E-04 -1.030E-03 .527E-04
f5, albient relative pumidity (dry bulb = 70°F) 1.002E+00 -5.595E-03 3.629E-03 —-1.799E-03
f5, ambient relativeshumidity (dry bulb = 95°F) 1.004E+00 -9.233E-03 3.822E-03 -1.840E-03
fs, fuel analysis different than design (H/C = 3.80) 1.003E+00 -1.636E-07 0.000E+00 .000E+00
fs, fuel analysis, different than design (H/C = 3.89) 1.003E+00 -1.620E-07 0.000E+00 .000E+00
fs, fuel adalysis different than design (H/C = 4.00) 1.004E+00 -1.833E-07 0.000E+00 .000E+00
fe, gid\frequency (external) 1.000E+00 0.000E+00 0.000E+00 .000E+00
f7a, tVd}JUIdL;VC LUU;EI UPEIdLiUII l.UUU)E‘FUU U.UUUE"‘UU U.UUUE"‘UU U.000E+00
f7b, €vaporative cooler performance 9.9975E-01 0.000E+00 0.000E+00 0.000E+00
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Table F-9-1 Summary of Measured Parameters, Corrections, and Results (SI Units)

Description Units Test Run 1 Test Run 2 Test Run 3 Test Run 4
Inputs
Evaporative coolers in service (Y/N) Y/N N N N N
CTG 1 fired hours h 350.6 351.1 351.6 352.1
CTG 2 fired hours h 357.2 357.7 358.2 358.7
Average unit fired hours h 353.9 354.4 354.9 355.4
CTG1 net export kw 158,750 159,563 158,940 158,500
CTG2 net pxport kW 163,458 164,210 163,300 1631298
STG net ekport kw 173,850 174,300 174,190 1744100
Plant fuel|supply pressure barg 16.532 16.505 16.500 161479
Plant supply fuel flow kg/h 67,865 68,018 67,831 674767
Fuel heatihg value, LHV k)/kg LHV 48,356 48,335 48,343 48354
Fuel H/C gtom ratio for combustibles ce 3.938 3.938 3.987 31937
Ambient dry bulb temperature at CTG °C 16.7 16.8 17.4 17.7
Barometrif pressure bara 0.9975 0.9984 0.9985 0.9990
Ambient relative humidity % 77.0 77.0 77.1 77.1
ACC inlet Hry bulb temperature °C 17.0 17.1 18.1 18.5
Combustign turbine #1 generator output Mw 167.678 1672923 167.285 1671080
Combustign turbine #1 generator reactive power ce 28.085 31.346 32.526 364211
Combustign turbine #2 generator output Mw 168.397 168.604 168.143 167}780
Combusti¢n turbine #2 generator reactive power ce 27.251 30.252 31.721 354491
Steam turpine generator output MW 174.037 174.539 173.920 174180
Steam turpine generator reactive power . 18.465, 14.012 16.102 231566
Auxiliary lpad deviation from design kw =192.1 -200.1 -205.3 -212.5
Calculated Values
Preass medsured net plant electrical output kw 496,058 498,073 496,430 495898
CTG 1 gerferator power factor . 0.986 0.983 0.982 01977
CTG 2 gerferator power factor : G 0.987 0.984 0.983 01978
ST generafor power factor \\ 0.994 0.997 0.996 01991
ACC inlet Hry bulb temperature — CTG dry bulb temperature °C 0.39 0.34 0.69 0.82
Measured|total plant fuel flow kg/h 67,865 68,018 67,831 674767
Qmeass Mepsured heat input to the plant GJ/h LHV 3,281.7 3,287.6 3,279.2 3,2[/6.8
Measured|net plant heat rate kJ/kWh 6,615.5 6,600.7 6,605.5 6,607.8
Additive (orrection Factors
A, thermdl efflux kw 0.0 0.0 0.0 0.0
A,,, CTG 1 power factor correction kw -311.6 -305.1 -299.3 -288.3
A,p,, CTG ? power factor correction kw -316.1 -309.8 -304.4 -292.9
A, STG power factor correction kw -216.1 -220.6 -218.0 -210.7
As up HRSG HP blowdown kw 0.0 0.0 0.0 0.0
As, 1p HRSG IP blowdown kw 0.0 0.0 0.0 0.0
A,, seconflary heat inputs kw 0.0 0.0 0.0 0.0
As,, difference between ACG and CTG inlet temps kw 278.5 264.4 388.2 438.1
Ag, auxiligry loads different from design conditions kw -192.1 -200.1 -205.3 -212.5
A, measyred powgekdifferent than specified kw 0.0 0.0 0.0 0.0
Sum of Als kw -757.3 -771.2 -638.9 -566.4
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Table F-9-1 Summary of Measured Parameters, Corrections, and Results (SI Units) (Cont’d)

Description Units Test Run 1 Test Run 2 Test Run 3 Test Run 4

Inputs

Multiplicative Correction Factors for Power

ay, ambient dry bulb temperature A 1.0105 1.0111 1.0144 1.0158
a,, ambient barometric pressure - 1.0153 1.0143 1.0142 1.0137
a3, ambient relative humidity S 0.9998 0.9998 0.9999 0.9999
ay, flieT’supply temperature .. 1.0000 1.0000 1.0000 1.0000
as, fliel analysis different than design e 0.9996 0.9996 0.9996 0.9996
ag, grid frequency (external) - 1.0000 1.0000 1.0000 1.0000
ay,, Pvaporative cooler operation e 1.01506 1.01506 1.01506 1.01506
ayp, pvaporative cooler performance different than design ce 1.00167 1.00167 1.00167 1.00167
Prodpct of a’s e 1.0426 1.0422 1.0445 1.0465

Mult|plicative Correction Factors for Heat Rate

f1, alnbient dry bulb temperature c.. 0.9986 0.9985 0.9981 0.9979
f>, alnbient barometric pressure . 0.9997 0.9997 0.9997 0.9997
f3, abient relative humidity . 0.9995 0.9995 0.9995 0.9994
f4, fUel supply temperature S 1.0000 1.0000 1.0000 1.0000
fs, fuel analysis different than design - 1.0001 1.0001 1.0001 1.0001
f, gflid frequency (external) .. 1.0000 1.0000 1.0000 1.0000
f7a» gvaporative cooler operation . 1.00027 1.00027 1.00027 1.00027
f7b, gvaporative cooler performance different than design .. 0:99975 0.99975 0.99975 0.99975
Prodpct of fs - 0.9980 0.9979 0.9974 0.9972

Net Power Calculations

P.om|corrected net power output kW 516,382 518,278 518,365 518,350

Net Heat Rate Calculations

HR.o4, corrected net heat rate kJ/kWh LHV 6,267.1 6,252.8 6,252.7 6,252.7

199


https://asmenormdoc.com/api2/?name=ASME PTC 46 2015.pdf

ASME PTC 46-2015

Table F-9-2 Summary of Measured Parameters, Corrections, and Results (U.S. Customary Units)

Description Units Test Run 1 Test Run 2 Test Run 3 Test Run 4

Inputs
Evaporative coolers in service (Y/N) Y/N N N N N
CTG 1 fired hours hr 350.6 351.1 351.6 352.1
CTG 2 fired hours hr 357.2 357.7 358.2 358.7
Average unit fired hours hr 353.9 354.4 354.9 355.4
CTG 1 net export kw 158,750 159,563 158,940 158,500
CTG 2 net|export kW 163,458 164,210 163,300 163,p98
STG net ekport kw 173,850 174,300 174,190 174,100
Plant fuel|supply pressure psig 239.8 239.4 239.3 239.0
Plant supply fuel flow kpph 149.62 149.95 149.54 149.40
Fuel heatipg value, LHV Btu/lb LHV 20,789 20,780 20,784 20,/89
Fuel H/C gtom ratio for combustibles . 3.937 3.938 3.937 3.p37
Ambient dry bulb temperature at CTG °F 61.97 62.16 63.35 63.82
Barometrif pressure psia 14.468 14.480 14.482 14489
Ambient relative humidity % 77.04 77.03 77.12 71.07
ACC inlet fry bulb temperature °F 62.67 62.77 64.60 63%.30
Combusti¢n turbine #1 generator output Mw 167.678 167.923 167.285 16780
Combustign turbine #1 generator reactive power e 28.085 31,146 32.526 36.p11
Combustign turbine #2 generator output Mw 168.397 168.604 168.143 16780
Combustign turbine #2 generator reactive power ce 27.251 30.252 31.721 35491
Steam turpine generator output Mw 174.037 174.539 173.920 174180
Steam turpine generator reactive power . 18.465 14.012 16.102 23666
Auxiliary lpad deviation from design kw -192.1 -200.1 -205.3 -212.5
Calculated Values
Preass medsured net plant electrical output kw 496,058 498,073 496,430 495,898
CTG 1 gerferator power factor . 0.986 0.983 0.982 0.p77
CTG 2 gerferator power factor . 0.987 0.984 0.983 0.p78
ST generafor power factor Ce 0.994 0.997 0.996 0.p91
ACC inlet fry bulb temperature — CTG dry bulb °F 0.70 0.61 1.25 48

tempergture
Measured|total plant fuel flow KPRH 149.62 149.95 149.54 149.40
Qmeas» Mepsured heat input to the plant mm Btu/hr LHV 3,110.4 3,116.1 3,108.1 3,105.8
Measured|net plant heat rate Btu/kWh LHV 6,270.3 6,256.2 6,260.8 6,263.0
Additive (orrection Factors
A; thermdl efflux kw 0.0 0.0 0.0 0.0
A,,, CTG 1 power factor correction kw -311.6 -305.1 -299.3 -288.3
A,y,, CTG 2 power factor correction kw -316.1 -309.8 -304.4 -292.9
A,., STG gower factor correction kw -216.1 -220.6 -218.0 -210.7
A3 up HRSG HP blowdown kw 0.0 0.0 0.0 0.0
Asp HRSG IP blowdown kw 0.0 0.0 0.0 0.0
A,, seconflary heat inputs kW 0.0 0.0 0.0 0.0
As,, difference between ACC and CTG inlet temps kw 278.5 264.4 388.2 438.1
Ag, auxiligry loads different from design kw -192.1 -200.1 -205.3 -212.5

conditigns
A, measyred power-different than specified kw 0.0 0.0 0.0 0.0
Sum of Als kw -757.3 -771.2 -638.9 -5¢6.4
Multiplicative Correction Factors for Power

ay, ambient dry bulb temperature ce 1.0105 1.0111 1.0144 1.0158
a,, ambient barometric pressure . 1.0153 1.0143 1.0142 1.0137
a3, ambient relative humidity R 0.9998 0.9998 0.9999 0.9999
ay, fuel supply temperature e 1.0000 1.0000 1.0000 1.0000
as, fuel analysis different than design e 0.9996 0.9996 0.9996 0.9996
ag, grid frequency (external) . 1.0000 1.0000 1.0000 1.0000
a7,, evaporative cooler operation ce. 1.01506 1.01506 1.01506 1.01506
a;p, evaporative cooler performance different than R 1.00167 1.00167 1.00167 1.00167
design
Product of &’s e 1.0426 1.0422 1.0445 1.0465
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Table F-9-2 Summary of Measured Parameters, Corrections, and Results (U.S. Customary Units) (Cont’d)

Description Units Test Run 1 Test Run 2 Test Run 3 Test Run 4

Multiplicative Correction Factors for Heat Rate

f1, ambient dry bulb temperature e 0.9986 0.9985 0.9981 0.9979
fo, ambient barometric pressure .. 0.9997 0.9997 0.9997 0.9997
f3, ambient relative humidity e 0.9995 0.9995 0.9995 0.9994
f4, fuel supply temperature - 1.0000 1.0000 1.0000 1.0000
fs, fuel analysis different than design c.. 1.0001 1.0001 1.0001 1.0001
fe» gllid frequency (external) ... 1.0000 1.0000 1.0000 1.0000
f7a» gvaporative cooler operation R 1.00027 1.00027 1.00027 1.00027
f7b, gvaporative cooler performance different than . 0.99975 0.99975 0.99975 0.99975
design
Prodpct of f’s 0.9980 0.9979 0.9974 0.9972
Net Power Calculations
P.om|corrected net power output kw 516,382 518,278 518,365 518,350
Net Heat Rate Calculations
HRof, corrected net heat rate Btu/kWh LHV 6,612.2 6,597.1 6,596.9 6596.9
sz = standard deviation of the mean. The value of this«tefm is calculated from test data in acdordance
with eq. (6-1.4) of ASME PTC 19.1.
tos» = Student’s t. The value of the Student’s ¢ is determiined for each measurement based on the| degrees
of freedom for the measurement and a 95%_ ¢onfidence level.
Uys, rvp = random uncertainty of the measurement at 95% confidence. The value of this term is equjl to the
product of sz and to5,,
Ugsrnp = Sztosp
Uostor = Total Measurement Uncertainty:lat 95% confidence. The value of this term is equal to the r¢ot-sum-
2 2
square of Ugssys and Uosrapltos tor = /Udssys + Uss rap
0 = absolute sensitivity coefficient.
¢ = relative sensitivity coefficient.
whdre
Uiwsys, Unrsys, Utisys = systematic uncertainty of corrected output, corrected heat rate, and njeasured
heat input, respectively. The value of each term is equal to the prpduct of
Ugs sys and the applicable sensitivity coefficient.
LLow ranD, Unr rAND, Unrranp = random uncertainty of corrected output, corrected heat rate, and mpeasured
heat input, respectively. The value of each term is equal to the prpduct of
Ugs ranp and the applicable sensitivity coefficient.
Wiawrot, unrToT, uHitor = total uncertainty of corrected output, corrected heat rate, and measyred heat
input, respectively. The value of each term is equal to the root-sum-gquare of
Usys and Ugranp-

Sensitivity coefficients are calculated numerically in accordance with egs. (7-2.3) and (7-2.4) of ASME PTC 19.1.

For absolute sensitivity coefficients

S
Il

For relative sensitivity coefficients

|
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Table F-12-1 Pressure Transmitter Operating and Vendor Information

URL Span TR
Measurement Location Qty. [Note (1)] [Note (2)] [Note (3)]
Sl Units
Barometric pressure 1 2.0684 bara 0.8274-1.0342 bara = 0.2068 10:1
Plant fuel supply pressure 1 55.1581 bara 0-55.1581 bara = 55.1581 1:1
(gas compressor inlet)

Plant supply fuel flow differential pressure 2 635.00 cm—-H,0 0-635.00 cm-H,0 = 635.00 1:1
Plant sup 'ly foet-ftowimg pressure T 557458t bara 0=27-5790bara—"27-5790 :1

U.S. Customary Units

Barometrif pressure 1 30 psia 12-15 psia = 3 1¢:1

Plant fuel|supply pressure 1 800 psia 0-800 psia = 800 :1
(gas cofnpressor inlet)

Plant supply fuel flow differential pressure 2 250 in.—H,0 0-250 in.—H,0 = 250 :1

Plant supply fuel flowing pressure 1 800 psia 0-400 psia = 400 :1

NOTES:

(1) URL = upper range limit
(2) Span |= calibration span
(3) TR = |turndown ratio = URL/span

where
AR # theresulting finite numerical result perturbation by the finite iumerical perturbation of the input par3
ter of a data reduction calculation procedure
AX; F the finite numerical perturbation of the input parameter‘of a data reduction calculation procedure

F-12 RRESSURE TRANSMITTER SYSTEMATIC UNCERTAINTY ANALYSIS

Digitgl pressure transmitters powered by a 24-V power supply loop were employed for this test. The
was recprded on 30-sec intervals utilizing a personal-computer, digital communication software, and digital
ication modem. The connecting cable was individually shielded twisted pair wire with shielding gro
2-1 presents a listing of the measurementlocations and vendor operating information for pressure trang
ters util{zed at the measurement locations dfiring the test.

For the purpose of this analysis, the sources of uncertainty identified for the pressure transmitters employ¢
the exeqution of this test are as follows:

(a) Sthted Accuracy

(b) Calibration Uncertainty

(c) Stated Uncertainty [Reference Uncertainty/Calibration Uncertainty (RU/CU)]

(d) Ambient Temperature-Effect (TE)

(e) Lihe Pressure Effect Zeto Error (LPZE)

(f) Line Pressure Effect-Span Error (LPSE)

me-

Hata
oop
ind.
mit-

d in

(k) Data(Acquisition Effect (DAE)

Each source of uncertainty was studied individually before combining into a total performance specification for

the transmitter as shown in paras. F-12.1 through F-12.11.
F-12.1 Stated Accuracy

The manufacturer of the pressure transmitters claims a reference accuracy depending on the turndown ratio (TD)
set during the calibration process. The manufacturer states that the reference accuracy is inclusive of the following;:

(a) repeatability
(b) reproducibility
(c) linearity

(d) hysteresis
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Table F-12.3-1 Pressure Transmitter Reference Uncertainty/Calibration Uncertainty

Stated Accuracy, Calibration Uncertainty, Stated Uncertainty,
Measurement Location % of Span % of Span % of Span

Barometric pressure 0.05 0.10 0.10
Plant fuel supply pressure (gas compressor inlet) 0.027 0.04 0.04
Plant supply fuel flow differential pressure 0.05 0.075 0.075
Plant supply fuel flow pressure 0.027 0.04 0.04
F-12.2 Calibration Uncertainty

The results from a pretest calibration analysis.
F-12.3 Stated Uncertainty [Reference Uncertainty/Calibration Uncertainty] (RU/CU)

The greater of the stated accuracy and the calibration uncertainty.

Ir]
the
labd
refe
pres
dev

F-12

T]
calil
at t
tem|
tem|
turg

is lihear with temperature. These equations, provided by the instrument manufacturer, and the resulting tem|

effe
F-12
T

zer(
Preg

F-12
T
68.9
seng
the
Tab
tran

F-13

the present example, the goal of the calibration process was to demonstrate that<the ‘transmitter wa
priginal performance specifications stated by the vendor. However, in the case @f-the barometric pres
ratory calibration certificate stated a calibration uncertainty of 0.10% of spanswhich is higher than thg
Fence accuracy. Thus the calibration uncertainty is utilized as the stated uncertainty for the device. Tablg
ents a summary of the reference accuracy/calibration uncertainties and the stated accuracy for the
ces employed during the testing.

.4 Ambient Temperature Effect (TE)

he pressure transmitters used for the testing exhibit sensitivity to changes in ambient temperature
he measurement locations was never lower than 62°F, @hd thus 62°F was considered the limiting
perature as was utilized in the estimation of the temperature effect. The manufacturer quantifies the

perature effect by presenting equations based on URLjpercent of span, ambient temperature, calibration
and Tpis = 28°C (50°F). Testing of the pressureldevices in an ambient chamber has revealed that t

't are presented in Table F-12.4-1.
.5 Line Pressure Effect Zero Error (LPZE)

trimmed at line pressure. The process of zero trimming does not affect the validity of the calibration.
sure Effect Zero Error does-not'apply to the barometric pressure or static pressure transmitters.

.6 Line Pressure EffectSpan Error (LPSE)

176 bar (1,000 psi): For simplicity, the maximum line pressure and the maximum differential pressurg
ed during the¢esting is utilized in the analysis along with the actual span of the instrument, thus repy
worst case.scenario. With these assumptions applied, the maximum uncertainty contribution is preg
e F-12.61.The Line Pressure Effect Span Error does not apply to the barometric pressure or static
smitters.

.7>>Mounting Position Effect (MPE)

s within
bure, the

vendor
F-12.3-1
pressure

Per the

pration certificates, the calibrations were conducted at 20°C%68°F). The nominal ambient temperature njeasured

ambient
ambient
mpera-
is effect
perature

he uncertainty contribution for line‘pressure effect is assumed negligible since the differential transmittlers were

[he Line

he uncertainty contribution for line pressure effect is given by the manufacturer as 0.01% of readling per

reading
esenting
ented in
pressure

The uncertainty contribution for mounting effect is assumed negligible since the transmitters were installed in
the same orientation of calibration. The installation was checked with a level to confirm proper orientation.

F-12.8 Vibration Effect (VE)

Measurement effect due to vibrations is negligible except at resonance frequencies. Resonance frequencies were

not

observed and mounting locations were checked for presence of vibration prior to mounting.

F-12.9 Power Supply Effect (PSE)

Power supply effects are negligible since the power supply is regulated at 24 V and the transmitters were read

digi

tally.
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Table F-12.4-1 Ambient Temperature Effect

Measurement Location Ambient Temperature Effect Calculation TE, % of Span
. 2 7-Amb_TCal
Barometric pressure £3 X (0.025%URL + 0.125% span) X —— /span 0.030
Diff
. 2 Tamb=Tcal
Plant fuel supply pressure (gas compressor inlet) t3 x (0.0125%URL + 0.0625% span) X — /span 0.006
Diff
Plant supply-fuel-flow—differentialpressure o2 (0.009%URL + 0.04% coan) (TAmb_Tcal\l/chan 0.00387
7 Lad Lad 7 \ TD|ff / Lid
2 TAmb_TCal
Plant supply fuel flow pressure £3 % (0.0125%URL + 0.0625% span) X — /span 0007
Diff
Table F-12.6-1 Line Pressure Effect Span Error
Measurenjent Location Max. Line Pressure Max. Reading Line Pressure Effect Span Uncertainty, % of Span
S| Units
2 LinePress
+ = % 0.01% X’(Reading) X —————/Span
68. 6
Plant supply fuel flow 16.7437 barg 546.6 cm—-H,0 3 947
differential pressure ) 16.7437
= 9 — = [
5 % 0.01% X (546.66) x 68.9476/635'00 0.0014%
U.S. Customary Units
2 LinePress
+ = % 0.01% X (Reading) X ————/Span
1
Plant supply fuel flow 242.85 psig 215.22 in.—H,0 3 000
differential pressure 5 242.85
— o h — [}
£3 % 0.01% X (215.22) x 1000 /250 = 0.0014
F-12.10( RFI Effect (RFIE)

RFI effects are negligible since the system was-properly insulated, and the transmitters were read digitally.

F-12.11

Data
transmif
since th

With
determi
as folloy

Total Pr

Data Acquisition Effect (DAE)

pequisition effects are negligible since the data acquisition system is an integrated component of]
ter and the data was transmitted digitally from the transmitters and recorded by a laptop computer. Fur
e data acquisition is integrated, it is calibrated along with the instrument.

hed by root-sum squaring the individual contributors since they are uncorrelated. The general equati
Vs:

pssure Transmitter Performance Specification Uncertainty =

. \/(RU/CU)Z + (TE)? + (LPZE)? + (LPSE)* ...
... + (MPE)? + (VE)? + (PSE)? + (RFIE)? + (DAE)?

the
her,

each source of error jidentified, categorized, and estimated, the total performance specification cap be

n is

The total device measurement uncertainties are presented in Table F-12.11-1.

F-13 THERMISTOR TEMPERATURE MEASUREMENT SYSTEMATIC UNCERTAINTY ANALYSIS

All temporary test instrument temperature measurements were made with analogue 2.2 k() thermistors connected
to a data acquisition switch unit measuring resistance. Resistance measurements were then converted to engineering
temperature units (°C and °F) using a software package that applied the Steinhart-Hart Equation determined
through calibration by the laboratory. The thermistors and data acquisition switch unit were loop calibrated. The
connecting cable was individually shielded, twisted pair wire with shielding ground. The data was recorded on
30-sec intervals utilizing a personal computer and data acquisition switch communication software. Individual
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Table F-12.11-1 Total Pressure Transmitter Performance Specification Uncertainty

Measurement Location Total Performance Specification Uncertainty, % of Span
Barometric pressure :J(oq)z +(0.3)2+(0)2 + (0)% + (0)2 + (0)> + (0)? + (0)® = £0.10%
Plant fuel supply pressure (gas compressor inlet) :\/(0.04)2 +(0.006)2 + (0)% + (0)? + (0)2 + (0)% + (0)? + (0)® = +0.040%
Plant supply fuel flow differential pressure 1\/(0.075)2 +(0.00392)% + (0)? + (0.0014)% + (0)? + (0)2 + (0)* + (0)* = £0.075%
Plan{-stppiy-freflowinepressure 004 —(6-0071 {0} {0} {0} {0} {0} {0} ——0:041%

GENBRAL NOTE: The above uncertainty statements are in percent of span. To utilize these in the uncertainty analysis, they will*be|converted

to %| of reading.
Table F-13-1 Thermistor Operating and Vendor Information
Interchangeability Tolerance Zero Power Resistance Beta Ratio Q at
0°¢—70°C (32°F—158°F) Q at 25°C (77°F) 0°C—50°C (32°F—122°F) 25°C/125°C (77°K/257°F)
+0.1°C (x0.18°F) 2252 3891 29.26

GENERAL NOTE: Maximum Working Temperature is 150°C (302°F).

lead

line resistances were measured and compensated for in the datavacquisition software. Thermistors used for

megsurement of the ambient dry bulb temperature were deployed.in the filter house within 0.127 m (5 ix}.) of the
filter face in an equal area grid pattern. The probes were placed such that they were not exposed to solar fadiation
(shdded). Thermistors placed within the compressor inlet ducting to measure compressor inlet temperatfire were
inserted into the duct through fixed ports in the duct walliin an equal area grid pattern. These probes wefe firmly

affiy

ed to support structures to avoid vibration inducedby the inlet flow. Thermistors used for measur¢ment of

the hir-cooled condenser inlet dry bulb temperature wére deployed with aspirating psychrometer fixtures tp protect
the glement from solar radiation impacts. The wicking and water bottles were removed from the aspirating pgychrom-

eterp so to measure dry bulb.
Table F-13-1 presents a listing of the vendor operating information for thermistors utilized in the test.
Since the thermistor temperature measurements were performed in conjunction with a data acquisition switch,

both the thermistors and the data acquisition were analyzed for their uncertainty contributions individuplly. The
uncprtainties for the thermistor and.data acquisition were then combined to attain a total systematic uncertainty.

(a
(4
(g

(4

=~

1

(d) Thermistor Self"Heating Effects (TSHE)

() DAS Environmental Effect (DEE)

For the purpose of this analysis, the sources of uncertainty identified for the thermistors utilized in the ekecution
of this test are as follows:

Thermistor Stated Accuracy [Reference Uncertainty/Calibration Uncertainty (TRU/CU)]
Thermistor Envirenmental Effect (TEE)
Thermistor Stability Effects (TSE)

Thermistor, Heat Transfer Effects (THTE)

The sources of uncertainty identified for the data acquisition system (DAS) utilized in the execution of|this test
are ps follows?

DAS Stated Accuracy [Reference Uncertainty/Calibration Uncertainty (DRU/CU)]

(h) DAS Stability Effects (DSE)

(i) DAS Parasitic Resistance Effect (DPRE)

(j) DAS Parasitic Voltage Effect (DPVE)

Each source of uncertainty was studied individually before combining into a total performance specification for
the thermistor and data acquisition switch used together as shown in paras. F-13.1 through F-13.10.

F-13.1 Thermistor Stated Accuracy [Reference Uncertainty/Calibration Uncertainty (TRU/CU)]

The manufacturer of the thermistor claims an interchangeability of +0.1°C (+0.18°F). This term is sometimes
confused with uncertainty. Interchangeability refers to how accurately thermistors track a nominal resistance curve.

The

uncertainty for thermistors at a measured temperature is significantly better than their interchangeability
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statement if calibrated. In the present example, the role of the calibration process was to demonstrate the uncertainty
and to provide the Steinhart-Hart regression for the calibration. The calibration certificates for the thermistors state
a +0.056°C (+0.1°F) uncertainty when the calibration regression determined Steinhart-Hart equation is used to
convert resistance readings to temperature units for a temperature calibration range from 0°C (32°F) to 121.11°C
(250°F).

F-13.2 Thermistor Environmental Effect (TEE)

The heat transfer characteristics between the thermistor probe and its surroundings change from calibration
conditions to test conditions, introducing additional error into the temperature measurement. Thermistors deployed
in the fiJter house and compressor inlets were installed away from incident heat sources and out of the influpnce
region qf solar radiation. Thermistors deployed at the ACC inlet were equipped with aspirating psychfemgters
designedl to minimize solar radiation influence. Thermistors used to measure fuel temperatures were'\placefl in
thermowells and were well insulated. Every precaution was taken to ensure that the thermistor probes wer€ protefted
from in¢ident heating, heat transfer, and solar radiation sources. It has been assumed that sufficient installafion,
insulatign, and shielding practices have been strictly adhered to in order to remove and/or minimize these erfors,
and as g result the environmental effects uncertainty contribution is assumed negligible.

F-13.3 Thermistor Stability Effects (TSE)

Post-tpst calibrations were used to verify the stability within the accuracy limit of(=0:056°C (+0.10°F). Therefore,
the stabjlity effects uncertainty contribution is negligible.

F-13.4 Thermistor Self Heating Effects (TSHE)

As current flows through the resistor element of a thermistor, heat is{generated due to the continuous pqwer
dissipated in the sensor. The heat generated results in a potential measurement offset depending on heat transfer
charactgristics between the sensor and its surroundings. In the present example, this effect is included inf the
calibratipn process since the probes are loop calibrated with the data acquisition system that provides the cugrent
to the s¢nsor. Therefore, no separate uncertainty contribution is~dpplied under the self heating effect category.

F-13.5 Thermistor Heat Transfer Effects (THTE)

The thermistor used for the fuel measurement was installed in a stainless steel thermowell, and the pipe in which
the therfnowell was installed was insulated. When a temperature difference between the flowing gas and the pipe
wall exipts, heat transfer will occur. This heat transfet is present between the thermistor and the pipe wall dye to
conductjon through the thermowell. Convectioniis.also present between the flowing gas and the thermowell. Thdqugh
lower than convection and conduction, radiation heat transfer also exists. The convection drives the thermijstor
reading [closer to the gas flowing temperature while the conduction drives the thermistor reading closer to the pipe
wall temperature. To account for the uncertainty contribution due to the heat transfer effects, a thermal mod¢l of
the thermowell which took into aecount the gas density, gas velocity, gas temperature, pipe wall temperature,
thermowell geometry, and pipe material was utilized to approximate the temperature error. The thermowell specifica-
tions wdre 1.27 cm (0.5 in.) O.P50635 cm (0.25 in.) I.D., and 24.21 cm (9.53 in.) for the gas flow stream. The avefage
gas temperature was 15.59%C(61.86°F) and the average gas velocity was 29.46 m/s (96.66 ft/sec). The average pipe
wall temperature was measured to be 174.0°C (345.2°F). The thermal model resulted in a prediction of temperdture
error of|0.000048°C (0.000085°F).

With gach source of etror identified, categorized, and estimated for the thermistor, the total thermistor performance
specificdtion canvbe. determined by root-sum squaring the individual contributors since they are uncorrelated.[The
general pquation.is as follows:

Total THermistor Performance Specification Uncertainty =

+ \/ (TRU/CU)? + (TEE)* + (TSE)? + (TSHE)? + (THTE)?

The total thermistor element uncertainties are presented in Table F-13.5-1. Separate calculations are shown for
those thermistors installed inside a thermowell and those that are not.

F-13.6 DAS Stated Accuracy [Reference Uncertainty/Calibration Uncertainty (DRU/CU)]

The DAS manufacturer states a 90-day uncertainty specification for resistance measurements is +(0.008% of
reading + 0.001% of range) for the 10 k() range. The manufacturer states that the uncertainty specification is inclusive
of the following;:

(1) measurement error
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Table F-13.5-1 Total Thermistor Performance Specification Uncertainty

Application Total Performance Specification Uncertainty, °C
S| Units
Nonthermowell £/(0.056)? + (0)* + (0)* + (0)2 + (0)* = %0.056°C
Thermowell +/(0.056)? + (0)” + (0)? + (0)* + (0.000048)? = £0.056°C

U.S. Customary Units

Nonthermowell :\/(0.1)2 +(0)2+(0)2 + (0)? + (0)> = 0.1°F

Thermowell :/(0.1)2 +(0)? + (0)% + (0)% + (0.0009)> = 0.1°F

the

to temperature. ASME PTC 19.1 defines sensitivity as the ertor propagated to the resulting measurement
unif error in the measurement parameter. Sensitivity coefficients may be determined through analytical or n
analysis as
Op = E)r/a P;or 6,p = Ar/APi
whgre
P; = measurement parameter
r = resulting measurement
0.p; = sensitivity coefficient fot-the resulting measurement with respect to a measurement paramete
The sensitivity can then be applied as
By = Bg * brr

whgre

Br = resistance bias, ()

Br = resistance bias, °C (°F)

() switching error
(9 transducer conversion error
Ir} the present example, the primary role of the calibration process was to demenstrate that the DAS w4

The highest reading of 7 355 () at 0°C (32°F) corresponds to the highest uncertainty expected in the 09

to 121.11°C (250°F) calibration range. Therefore, the worst case systematic error associated with the ]
calibration accuracy becomes

Al resistance error sensitivity coefficient is used to convert the AS calibration accuracy bias error from rq

priginal performance specifications stated by the vendor.

Br = =(0.008% * 7355 ) + 0.001% * 10 000 Q) = +0.6884 Q)

frr =, fesistance error sensitivity coefficient, °C/Q (°F/Q)

he general form of the Steinhart-Hart equation that relates measured resistance to temperature given

s within

C (32°F)
HP DAS

sistance
due to a
imerical

by

I

T =

3
a + b[In Ry + [In Ry]

where

a = coefficient = 0.001470268
b = coefficient = 0.000237817
¢ = coefficient = 1.04014 E-07

Ry = resistance at temperature T, ()

T = temperature, K (°R)

NOTE: Coefficients are for standard 2.2k () thermistor.
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The following equation results by taking the partial derivative of T with respect to Ry

%R:E_

Ry 77 ¢ TRy

oT -1 ( b, ln(RT)2>

2
a+Db-In(Rp) +c- ln(RT)3)

The sensitivity coefficient may be calculated for 7 355 () and 0°C (32°F) as follows:

The s
only the

DAS calibration accuracy bias error from resistance to temperature as follows:

F-13.7
Opers
introdud

be used
The O

where
TC =

AT:

For th

or

This t
(82.4°F)
28°C (82
calibrati
the tem

oT -1

=3 —
(0.001470268 + 0.000237817 - In(7 355) + 1.04014E — 7 - In(7 355)3)

0.000237817 In(7 355)%
g5+ 3 LO4OME - 7. =~

= -0.002663388 K/
bnsitivity coefficient sign demonstrating the slope at 7 355 () and 0°C (32°F) point iS\ntegative. Hows
magnitude for O is needed. Now the resistance error sensitivity coefficient can béapplied to conver

Br = By - Orx = (+0.6884 Q) - (0.002663388 K/Q) = +0.0018 K = +0.0018°C) (+0.0032°F)

DAS Environmental Test Effect (DEE)

tion of the DAS in environmental conditions that differ from thosedfywhich it was calibrated can potent
e additional uncertainty. Manufacturer’s specifications often pfovide temperature coefficients which
to derate the performance of the instrument based on the expected operating temperature range.
AS environmental bias error may be calculated from the féllowing equation:

BDAS = TC AT

temperature coefficient used to derate the,acCuracy specifications, given by the manufacturer for
proper resistance range
difference between the ambient temperattire range during calibration and the ambient temperature 13
during operation, evaluated for theworst-case difference

e 10 k() measurement range, the\manufacturer gives a temperature coefficient of

TC ={+(0.0006% of reading + 0.0001% of range)/°C]

TC = [+(0.00033% of reading + 0.000055% of range)/°F]

emperature, ¢oefficient is valid for operating temperature ranges from 0°C (32°F) to 18°C (64.4°F) and ]
to 55°C (181°F). There is no temperature coefficient for operating temperatures between 18°C (64.4°F)
4°F). Thetemperature differential, AT, is calculated as the difference in the operating temperature ang
pn range bounding temperature. During the testing, the DAS was placed in an air-conditioned room
perature differential was measured as

ver,
the

ally
may

the

nge

8°C
and

the
and

AT = 9°C (16.2°F)

Substituting the values of the temperature coefficient and temperature differential into the equation for the DAS
environmental bias yields

Bpaseny = [#(0.0006% of reading + 0.0001% of range)/°C][9°C]
Bpaseny = [£(0.00033% of reading + 0.000055% of range)/°F]+[16.2°F]

Bpaseny = [£(0.0054% of reading + 0.0009% of range)]
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From this expression it can be seen that the maximum environmental error exists when the thermistor resistance
is maximized. This occurs at the lower limit of the calibration range, at a temperature of 0°C (32°F) corresponding
to an RTD resistance of 7 355 (L The maximum DAS environmental bias for the system is then calculated to be

Bpaseny = [£(0.0054% of * 7 355 Q + 0.0009% * 10 000 Q)]

BDAS,enV = +0.487 Q)

Applying the resistance error sensitivity coefficient to the DAS environmental bias yields the additional error

due

F-13

P
0.00

F-13
P

con
calil
strig
ana
(dl
resi
resi:
(4
of t
The)
q
resi
con
(d

resi

~

multiplexer are less than 1 (X . However, the 4-wire measurement technique employed by the DAS eliminate

resi
is a
F-173

P
volt

pra

to DAS environmental bias as
Bpaseny = (°F) = Bpasen(©) * rr
Bpaseny = (* 0.487 Q) * (0.002663388 K/Q) = = 0.0013 K = +0.0013°C (+ 0.0023°F)

.8 DAS Stability Effects (DSE)

bst-test calibrations are used to verify the system stability within the accuracy Jirhit of +£(0.008% of 14
1% of range). Therefore, the additional bias due to DAS stability is negligiblé:

.9 DAS Parasitic Resistance Effect (DPRE)

hrasitic resistances are introduced into the measurement circuit bylead wires, lead wire imbalance
hections, and multiplexing relays. Effects of parasitic resistance may be minimized by using proper ins
bration, and measurement techniques. It has been assumed for\this analysis that these techniques hs
tly adhered to in order to minimize these effects. The individual effects of these error sources will
yzed.

Lead Wire Effects. The thermistors were wired to the DAS using the 4-wire measurement technique. L
stance effects are removed via the 4-wire measurement technique. Therefore, the bias error due to the
tance of the lead wires is zero.

Lead Wire Imbalance Effects. Lead wire imbalances do not contribute error to the measurement due tq
he 4-wire measurement technique, which eliminates parasitic resistances introduced by lead wire im!
refore, the additional bias error due to lead-wire imbalance effects does not contribute.

Connection Effects. Connectors presentin the measurement circuit have the potential for introducing
stances. The 4-wire measurement technique eliminates the effects of parasitic resistance introduced b
hections. Therefore, the additional bias error introduced by circuit connection effects is assumed negli
) Multiplexing Relay Effects. Paxasitic resistances are introduced into the measurement circuit by the
tance” inherent in all multiplexing relays. Contact resistance values for two wire armature relays

stance effects in the measurement circuit. Therefore, the additional bias introduced by multiplexing relg
sumed negligible:

.10 DAS Parasitic Voltage Effect (DPVE)

hrasitic yoltages are introduced into the measurement circuit by noise and thermal EMFs. The effects of
pges may“be minimized and/or removed by using proper installation and measurement technique
ticés-hiave been strictly adhered to in order to minimize parasitic voltage effects.

ading +

b, circuit
allation,
ve been
now be

pad wire
parasitic

the use
alances.

parasitic
y circuit
gible.
“contact
for the
5 contact
y effects

parasitic
s. These

=~

a

Noise. The effects of electrostatic and electromagnetic noise are minimized by the use of shielded

twisted

pair instrument cable and proper grounding techniques. Also, the DAS uses a guarded, integrating analog to digital
converter that further reduces external noise effects on measurements. Integration of the input signal is performed

at a

constant frequency, typically the line frequency, in order to remove all 60 Hz noise from the signal.

Through the use of the 4-wire measurement method and the use of the offset compensated ohms techniques, the

add

itional bias error due to noise is negligible.

(b) Thermal EMFs. Thermal EMFs are minimized by use of clean copper to copper connections and by minimizing
temperature gradients in the measurement circuit. The two most common sources of thermal EMFs in the measure-
ment circuit are across circuit connections and multiplexer relays.

The DAS manufacturer lists the thermoelectric potential for common types of connections as shown in
Table F-13.10-1.
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Table F-13.10-1 Thermal Electric Potentials for
Common Types of Connections

Materials Potential
Cu—-Cu < 0.2 pv/eC
Cu-Pb/Sn 1-3 pv/°C

Assuming no more than a 1°C (1.8°F) temperature differential across any connection and assuming all connections
are eith¢r clean Cu-Cu or Cu-Pb/Sn, the potential thermal EMF across any junction is

BDAS,connection = 3|~LV

The DAS uses two wire armature relays in its multiplexers, and the DAS manufacturer lists the {thermal eleftric
potential of a two wire armature relay as <3uV. Therefore, the potential EMF across any multiplexer relay is

BDAS/relay = 3}LV

Since |the magnitude and sign of the thermal EMFs across each connection and _relay is dependent upon| the
quality ¢f the junction and the temperature differential across the junction, the bias at each junction will be considpred
independent. The total bias due to parasitic voltages can be estimated as the squar€ root of the sum of the squares
of the bfas at each junction. For the measurement circuit consisting of two multiplexer relays and eight Cu-PH/Sn
connections, the total bias due to thermal EMFs is

Bpasemr = \/ Z(BDAS,relay)z + S(BDAS,comection)2
This would yield an uncertainty bias due to thermal EMF of
Bpasimr = 2(3uV)* + 8(BiV)* = 9.5uV

Next, |a voltage error sensitivity coefficient should be ‘developed to convert these bias errors from voltage to
temperature. Once again using the ASME PTC 19.1 définition of sensitivity as the error propagated to the resulting
measurgment due to a unit error in the measurement parameter, the voltage error sensitivity coefficient cah be
found using Ohms Law.

/-
Runknown = Vmeasured,/ Lsource
The s¢nsitivity of resistance to voltage errors is

py 2R 1
R,V aV Isource

According to the DAS manufacturer, the source current for the 10 k() range is 0.1 mA, therefore

1 0
Ov=01ma =0y

The s¢nsitivity<ef the resulting temperature measurement to a voltage error can then be determined as

by = tun (5] - v (7]

Using the resistance error sensitivity coefficient calculated previously, this equation yields a voltage error sensitivity
coefficient of

K 0 K
6ry = 0.002663388 o 10 V= 0.02663388 v

This error can be converted to temperature units by multiplying the parasitic voltage error by the voltage error
sensitivity coefficient as follows:

Bpasemr = (°F) = BpasemF (V) = Ory
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Table F-13.10-2 Total DAS Performance
Specification Uncertainty

Sl Units

+/(0.0018)* + (0.0013)* + (0)* + (0)* + (2.53 x 107)* = £0.0022°C

U.S. Customary Units

Al
W
tion|
equ

Tot4

T

are

htion is as followss

+(0.0032)* + (0.0023) + (0)* + (0)* + (4.55 x 107)* = =0.0039°F

Table F-13.10-3 Total Thermistor Temperature
Measurement Systematic Uncertainty

Application S| Units

Nonthermowell + /(0.056) + (0.0022)* = +0,056°C

Thermowell +/(0.056)> + (0.0022)* £,+0.056°C

U.S. Customary) Units

Nonthermowell +/(0.1)? + (0:0039)> = +0.1°F

Thermowell + /(0:)? +(0.0039)* = =0.1°F

Basenr = (£9.5 wV) * (0.02663388 K/V)

Bpaseme= * 2.53%107 K = + 253107 °C = + 4.55x107 °F
s can be observed, this influence can be assumed negligible.

(ith each source of error ideritified, categorized, and estimated for the DAS, the total DAS performance s
can be determined by root-sum squaring the individual contributors since they are uncorrelated. The

1 DAS Performance Specification Uncertainty =

J_r\/(DRU/CU)Z + (DEE)? + (DSE)? + (DPRE)? + (DPVE)?

he total DAS elemental uncertainties, combined to yield the total DAS performance specification unce
résented in Table F-13.10-2.

pplying this sensitivity to the DAS environmental bias yields the additional error due to thermal EM[Fs as

pecifica-
general

Ftainties,

The total thermistor temperature measurement systematic uncertainty can now be determined by combining the
total thermistor performance specification uncertainty with the total DAS performance specification uncertainty.
The calculation is performed as shown in Table F-13.10-3.

F-14 RELATIVE HUMIDITY TRANSMITTER SYSTEMATIC UNCERTAINTY ANALYSIS

Humidity transmitters powered by a 24-V power supply loop were employed for the relative humidity measure-
ments during this test. The data was recorded on 30-sec intervals utilizing a personal computer, digital communication
software, and digital loop communication modem. The connecting cable was individually shielded, twisted pair

wire with shielding ground.
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Table F-14.6-1 Total Humidity Transmitter
Performance Specification Uncertainty

Measurement  Total Performance Specification Uncertainty
Description (Absolute Units)

Ambient relative
humidity + /(27 + (0)* + (0 + (0> + (0)* + (0" = 2%

For the purpose of this analysis, the sources of uncertainty identified for the humidity transmitters employs
the exedqution of this test are as follows:
(a) Stated Accuracy [Reference Uncertainty/Calibration Uncertainty (RU/CU)]

(b) A

(c) Vipration Effect (VE)

(d) Pq
(e) RE
(f) Da
Each
the humn

F-14.1

The n
relative
showed

to the sfiated accuracy of +2%.

F-14.2
The n

ture. When the ambient temperature is between 10°C and-40°C (50°F and 104°F), the temperature dependen

zero. Sirf
due to t

F-14.3 )

Meastyirement effect due to vibrations is negligible except at resonance frequencies. Resonance frequencies

not obseg

F-14.4
Powel
were reg
F-14.5
RFI e
digitally
F-14.6
Data 4

bient Temperature Effect (TE)

wer Supply Effect (PSE)
I Effect (RFIE)
ta Acquisition Effect (DAE)

d in

ource of uncertainty was studied individually before combining into a total petformance specification for

idity transmitter as shown in paras. F-14-1 through F-14-6.
btated Accuracy [Reference Uncertainty/Calibration Uncertainty (RU/CU)]

nanufacturer of the humidity transmitters claims a reference accutacy at 20°C (68°F) depending on

a lower calibration uncertainty than the stated accuracy. Therefere, the stated uncertainty (RU/CU) is e

Ambient Temperature Effect (TE)
anufacturer of the humidity transmitters states thatthe humidity reading is dependent on ambient temp

ce the ambient temperature during the test wasjust above 60°F, there is no additional uncertainty contribu
he ambient temperature effect.

Vibration Effect (VE)

rved.

Power Supply Effect (PSE)

supply effects are negligible since the power supply is regulated at 24 V and the humidity transmi
d digitally.

RFI Effect (RFIE)

fects are negligible since the system was properly insulated, and the humidity transmitters were

Data-Acquisition Effect (DAE)

the

humidity. For relative humidity less than 90%, the stated aceliracy is +2% RH. The pretest calibrgtion

fual

era-
Ce is
tion

vere

ters

Fead

cquisition effects are negligible since the data acquisition system is an integrated component of the humi

dity

transmi

ter and the data was transmitted digitally from the humidity transmitters and recorded by a laptop computer.
Furthermore, since the data acquisition is integrated, it is calibrated along with the instrument.

With each source of error identified, categorized, and estimated, the total performance specification can be
determined by root-sum squaring the individual contributors since they are uncorrelated. The general equation is
as follows:

Total Humidity Transmitter Performance Specification Uncertainty =

J_r\/(RU/CU)Z + (TE)® + (VE)? + (PSE)® + (RFIE)® + (DAE)?

The total device measurement uncertainties are presented in Table F-14.6-1.
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Table F-15.1-1 Power Meter Stated Accuracy Systematic Uncertainty

Measurement Stated Accuracy Uncertainty Contribution
Location Min. Reading Range (% of Reading)
CT6 1 export line +0.04% X (Reading) + 0.04% X (Range)
net power 156,500 kW 250,000 kW (Reading)
output , 0:04% X (156,500) +0.04% X (250,000) _ 1010
(156,500)
CT6 b export line +0.04% X (Reading) + 0.04% X (Renge)
net| power 161,900 kW 250,000 kW (Reading)
output L0.04% X (161,900) + 0.04% %-(250,000) |_ o o
* (161,900) :
STG bxport line +0.04% X (Reading) + 0.04% X (Rqnge)
net| power 173,300 kW 300,000 kW (Reading)
output L0.04% x (173,300) + 0.04% X (300,000) |_ o o0
* (173,300) :
F-15 POWER METER SYSTEMATIC UNCERTAINTY ANALYSIS
The net power output measurements were made at the revenue‘metering location on the high side of each of
the |generator step-up transformers. Station instrumentation was.used for the net power metering system, which
incliided a high-accuracy (0.1% accuracy class), digital power meter, three potential transformers, and thre¢ current
tranjsformers for each export line. A three-phase, three-wirewiring configuration was used for each export line.
Instintaneous kilowatt data was recorded on 30-sec intervals utilizing a personal computer and commynication
softvare. The power meters were located in an air-conditioned enclosure where the temperature was c¢ntrolled
70°K +2°F. The potential transformers and current transformers were of 0.3% accuracy class and were not c;uﬂibrated.
The| three power meters are the same model from the same manufacturer. The nine potential transformers and
curtent transformers were purchased at the same time from the same manufacturer. Therefore, these measyrements
are ponsidered correlated.
For the purpose of this analysis, the souices of uncertainty identified for the power meter used in the ekecution
of this test are as follows:
(d) Power Meter Stated Accuraey-[Reference Uncertainty/Calibration Uncertainty (RU/CU)]
() Ambient Temperature Effect-(TE)
(d Power Factor Effect (RFE)
(d) Input Range Effect (IRE)
(¢) Line Filter Effect{LFE)
(f) Aging Effect (AE)
Ehch source of-ificertainty was studied individually before combining into a total performance specifichtion for
the power meter;-as shown in paras. F-15-1 through F-15-6.
F-13.1 Power 'Meter Stated Accuracy (TRU/CU)
Themanufacturer of the power meter publishes an accuracy of 0.04% of reading + 0.04% of range at temperatures
betweéen 20°C and 26°C (68°F and 78 8°F). For each power meter, the minimum reading during the test Was used

to calculate the uncertainty contribution, as shown in Table F-15.1-1.

F-15.2 Ambient Temperature Effect (TE)

The manufacturer’s stated accuracy is given for a range of temperatures. In this case, the stated accuracy is valid
between 20°C and 26°C (68°F and 78.8°F). Since the power meters were used in an enclosure that was air conditioned
to 70°F +2°F, there is no additional temperature effect.

F-15.3 Power Factor Effect (PFE)

The manufacturer’s stated power factor effect is zero for power factors between unity and 0.85. Therefore, no
additional uncertainty is contributed by this effect.
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Table F-15.6-1 Total Power Meter Performance Specification Uncertainty

Total Performance Specification Uncertainty

Measurement Location (% of Reading)

CTG 1 export line net power output i\/(0~104)2 + (02 + (0> + (0)° + (0)* + (0)* = +0.104%
. 2 2 2 2 2 2 _ o

CTG 2 export line net power output ’—'\/(0-102) +(0)" + (0)" + (0)" + (0)" + (0)" = £0.102%

STG export line net power output +/(0.109)7 + (0)" + (0)" + (0)" + (0)" + (0)° = +0.109%

F-1 5.4nlnput Range Effect (IRE)

The
10% ang
specified
effect.

F-15.5

[ 110% of their respective rated values. During this test, the voltage and current values were within

Line Filter Effect (LFE)

The manufacturer’s stated accuracy given above is when the line filter is off_ When the line filter is on, the

an addi
there is

F-15.6 |

no addition uncertainty contribution to include.

\ging Effect (AE)

The manufacturer’s stated accuracy given above is qualified asithe six-month accuracy. Between six months

1 yr (th
portion
aging ul

With
determi
as folloy

Total Po

The t
In add
the curr
introdud

(certainty contribution is applied.

VS:

wer Meter Performance Specification-Uncertainty =

i\/(RU/CU)Z + (TE)* + (PFE)* + (IRE)® + (LFE)* + (AE)?

tal power meter uncertdinties are presented in Table F-15.6-1.

the prin
The p

ary and secondary voltages.
otential and. etrrent transformers used in this metering system were not calibrated prior to installa

anufacturer’s stated accuracy given above is valid when the input voltage and current values are between

that

| range for all three power meters. No additional uncertainty contribution is applied for the input range

Fe is

ional uncertainty contribution. During this testing, all power meters’ were used with the line filter off, so

and

e manufacturer’s stated calibration period), there is an. additional uncertainty contribution to the range
pf the meter accuracy. All three power meters were calibrated three months prior to this test. No additipnal

each source of error identified, categorized,.and estimated, the total performance specification can be
hed by root-sum squaring the individual contributors since they are uncorrelated. The general equatign is

ition to the power mefety tincertainty calculated in Table F-15.6-1, there are additional uncertainty sourcds by
ent and potential transformers that contribute to the total power measurement uncertainty. The transformers
e errors in the péwer measurement through transformer ratio variations and phase displacements betveen

ion.

no infotmation regarding the base reference uncertainty of the transformers or the effects of elemgntal

limits. Hence, the accuracy class represents the maximum error of the transformer at specified burdens.
In the power industry, it has become common to assemble metering and instrumentation systems using components

of a certain “accuracy class.”

Facy
ht is
fied

From this approach, it has been common to draw the unjustified conclusion that the

device accuracy is equal to the accuracy class. It is likely that this conclusion is wrong and that the actual uncertainty
is lower than the accuracy class. The only way to know the actual uncertainty is to perform a detailed error analysis.

During this test the stated burdens were not exceeded for the potential nor current transformers, so it can be
said that additional error introduced by excess burden was not present. A detailed uncertainty analysis of the
potential and current transformers at the as-tested conditions may result in a lower uncertainty result; however,
due to the lack of information provided for the transformers, the more conservative estimate of 0.3% uncertainty
will be used.
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Table F-15.6-2 Total Transformer Uncertainty

Measurement Total Performance Specification Uncertainty

Location (% of Reading)
Potential > > > > >
transformers  £,(03)% + (0% + (0% + (0% + (0)* = +0.3%
Current

transformers i\/(0~3)2 + (07 + (07 + (07 + (0 = £0.3%

F

usedl in the execution of this test are as follows:

(d
refe
will
H
ran,
e
of r
(d
unif
@
No

W
detd
as fi

— B ~

-~

Table F-15.6-3 Total Power Systematic
Measurement Uncertainty

Measurement Total Performance Specification Uncertainty
Location (% of Reading)

CTG 1 export line
net power 1/(0.104)2 +(0.3)% + (0.3)* = =0.437%

output

CTG 2 export line
net power 1/(0.102)2 + (0.3)% + (0.3)* = +0:436%

output

STG export line
net power 1/(0.109)2 + (0.3)% + (03)A2 +0.438%

output

br the purpose of this analysis, the sources of uncertainty identified for the current and potential tran

Transformer Stated Accuracy (RU/CU). As diseussed above, the transformers were not calibrated
Fence uncertainty for the transformers was unknown; therefore, the conservative estimate of 0.3% un
be used.

Exciting Current of the Transformer Effest(ECE). The exciting current of the transformers was within the
re of values so that no additional uneertainty was contributed by this effect.

Percentage of Rated Voltage or Ciixrent Effect (PRE). The potential and current transformers were used
hted voltage and 100% of ratedycurrent, respectively. No additional uncertainty was contributed by th
) Power Factor of the Electri€al)System Load Effect (PFE). The power factor of the electrical system load Y
y. No additional uncertainty was contributed by this effect.

Burden of the Devicés_Connected to the Secondary Windings Effect (BE). The rated burdens were not e
pdditional uncertainty was contributed by this effect.
ith each source, of error identified, categorized, and estimated, the total performance specificatior
rmined by root-sum squaring the individual contributors since they are uncorrelated. The general eq
bllows:

Total Transformer Uncertainty = J_r\/(RU/CU)Z + (ECE)® + (PRE)? + (PFE)* + (BE)?

Lformers

nd base
fertainty

required
at 100%
is effect.
vas near

ceeded.

) can be
1lation is

T

he total transformer uncertainties-are. pvocon{-ar‘ m-Table E.15 6.2

With the sources of error due to the power meters (PME), potential transformers (PTE), and current transformers
(CTE) identified and estimated, the total systematic uncertainty of the power measurements can be determined by
root-sum squaring the individual contributors since they are uncorrelated. The general equation is as follows:

Total Power Systematic Measurement Uncertainty = i\/ (PME)2 + (PTE)2 + (CTE)z

NOTE: As stated earlier, the instruments are correlated by their ties to the same manufacturer. Therefore, correlated uncertainty must
be applied to the PTE and CTE uncertainties in accordance with eq. (8-1.4) of ASME PTC 19.1. However, if the same accuracy class is
being used for each of the components, then algebraically the correlated uncertainty equation equals the accuracy class.

The total power systematic measurement uncertainties are presented in Table F-15.6-3.
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F-16 FUEL ANALYSIS/HEATING VALUE/COMPRESSIBILITY/MOISTURE CONTENT SYSTEMATIC UNCERTAINTY
ANALYSIS

The constituent analyses of the natural gas fuel samples were made by a certified laboratory using a gas chromato-
graph following the methods outlined in ASTM D1945 and ISO 6974. The laboratory stated that they calibrated
the chromatograph with calibration gases traceable to NIST or equivalent organizations. An audit of the methodology,
equipment, procedures, and calibration standards was conducted to identify the sources of uncertainty and verify
the laboratory claims.

The laboratory performing the analyses utilizes detailed written procedures for performing the constituent
analysispthetaboratoryts—amrAmnrericarSoctety—for-Festimgar-Matertats{ASTvHmembertaboratory-amdtplds
accreditptions from the American Association of Laboratory Accreditation (A2LA) and the American Ndtipnal
Standargls Institute Registrar Accreditation Board (ANSI RAB). The lab also is an ISO 17025 registered Comipqny.

The cplibration gases used by the lab to calibrate the gas chromatograph were from a commercial specialty| gas
companfy. The methods and practices that the commercial specialty gas company uses to develop their ¢alibratior] gas
blends are in compliance with following agencies: U.S. Environmental Protection Agency (EPA), ASTM Internatipnal
(formerlly American Society for Testing and Materials), American National Standards Institute (AINSI), Gas Procegsors
Associafion (GPA), and Compressed Gas Association (CGA). The commercial specialty gas‘¢ompany uses intdrnal
and ext¢rnal audits to ensure compliance with the various agency programs.

In adfition, the commercial specialty gas company participates in the National Institute of Standards |and
Technolpgy (NIST) Traceable Reference Materials (NTRM) program. This program.was originally establishefd in
1990 to provide users of gas chromatographs, who analyze emissions, with a means to accurately analyze pollutants
and exhpust gases for the EPA. But since that time, the program has been extended to cover the hydrocarbon blehds.

Undef the NTRM, commercial vendors produce certified gas standard blends that are distributed by NIST. NIST
does prdpare its own reference gases and can supply gravimetrically prodticed calibration gases that contain methfane,
ethane, propane, and diluents. Heavier hydrocarbon blends are not available from NIST, thus direct NIST tracealfility
only exists for this range of gases. For heavier hydrocarbons, members of the NTRM program blend gases [and
verify tHem with a combination of gravimetric and statistical combihations of multiple gas chromatograph analyses.
Using this approach, the program allows hydrocarbon blends-of interest to the natural gas community to lave
indirect fraceability in butane and heavier hydrocarbons. Fortypical blends from commercial specialty gas companies
participgting in this program, composition uncertainties of less than 1% of value or less, at the 95% confidgence
level, are routinely attainable in hydrocarbon compenents from methane through isobutene and normal butiane.
For heayier hydrocarbons, the expected uncertainty is 2% of value or less, at the 95% confidence level.

It wag determined from the audit that the laboratory and their gas vendors are following practices that yield
results gf the highest level of accuracy based on' current engineering knowledge, taking into account costs and the
value of] information obtained; thus, they dre in compliance with the philosophies of ASME PTC 1-2004.

For thie purpose of this analysis, the sdutces of uncertainty identified for the constituent analyses by gas chromjato-
graph afe as follows:

(a) Cqlibration Gas Compositien ‘Uncertainty (CGCU)

(b) Chromatograph Method-Effect (CME)

(c) Ggs Sampling Method Effect (GSME)

Each pource of uncertainty was studied individually before root-sum squaring into a combined performance
specificdtion as showniin-paras. F-16.1 through F-16.3.

F-16.1 (alibration:Gas Composition Uncertainty (CGCU)

The gps chromatograph was calibrated using calibration standard gases that were blended by a specialty| gas
companfy. Thé)gas company utilized gas chromatography as their primary method to validate mixtures and utiljzed
gravimettri€ analysis as a verification check on the gas chromatograph analysis on a periodic basis. The specfalty
gas company also utilized proper material handling and storage techniques so to avoid undesired heavy hydrocarbon
settling and contamination. Through these practices, the specialty gas company provided certificates of uncertainty
for the calibration gas as shown in Table F-16.1-1.

The certified uncertainty constitutes the calibration gas composition uncertainty for each constituent.

F-16.2 Chromatograph Method Effect (CME)

The methods employed by the laboratory for determination of composition are in accordance with ASTM D1945
and ISO 6974. The laboratory provided statements of compliance with the repeatability and reproducibility limits
stated in ASTM D1945 yet did not provide data demonstrating the level of compliance. In absence of this information,
the uncertainty must be evaluated using repeatability, reproducibility, and trueness information (ISO/TS 21748).
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Table F-16.1-1 Calibration Gas Uncertainty

Uss
Component Mole % (% Relative)

Methane (xCH,) 95.406 0.31
Ethane (xCH,) 2.132 0.21
Propane (xCHs) 0.282 0.79
Iso-butane (xICH,) 0.041 0.71
N-butane (xNCH,) 0.052 0.81
Iso-pentane (x|CH:) 0.02 1.48
N-pentane (xNCHs) 0.02 1.62
N-hexane (xCHy) 0.0042 1.94
Carbon dioxide (xCO,) 0.792 0.73
Nitrogen (xN,) 0.821 0.71
Oxygen (x0,) 0.001 2.2
Hydrogen (xH,) 0.4 0.72

Total 100.000

NOTE: ASME PTC 19.1 does not provide a definition of trueness. It does, however, state in Sectign\h that it has attempted to harmonize
with| International Organization for Standardization (ISO) Guide to the Expression of Uncertaiity) in Measurement (GUM). Sifce ASME
PTCJ19.1 does not directly handle the determination of uncertainty using repeatability, reproducibility, and trueness informatjon, use of
ISOATS 21748 was utilized to demonstrate the proper approach to estimating uncertainty, with this type of information. IO defines
truefess as the closeness of agreement between the average value obtained from a Jarge’set of test results and an accepted| reference
valug. The measure of trueness is normally expressed in terms of bias.

This technique covered by ISO/TS 21748 is acceptable if the following criterions are met:
(@) Criterion 1. Estimates of the repeatability, reproducibility, and\trueness are available from published infqrmation
abofit the method used.
B Fulfillment 1. ASTM D1945 provides repeatability and@eproducibility information. Trueness and bias jnforma-
tion| is not provided. A generic published statement of \trtieness or bias can not be provided since this |quantity
deppnds on the uncertainty associated with the reference standard (calibration gas). The uncertainty agsociated
witlh constituent analysis of the calibration gas will-be used to represent the trueness.
(@ Criterion 2. The laboratory can establish whether the bias for the measurements is within that expgcted on
the pasis of the criterion of Criterion 1.
4) Fulfillment 2. Since there is no trueness or bias statement for the method, the lab cannot establish tHis point.
However, this ISO/TS 21748 method is*still valid since we will be using the calibration gas bias statefnents to
denjonstrate this quantity.
(@ Criterion 3. The laboratory an establish whether the precision attained by current measurements i within
thafl expected on the basis of thefépeatability and reproducibility estimates of Criterion 1.
Fulfillment 3. The labaratoery produced statements that the precision attained is within that expectefl on the
basis of the repeatability @and reproducibility statements of the method.
(g) Criterion 4. The laboratory can identify any influences on the measurement that were not adequately| covered
in the studies referenced in Criterion 1, and quantify the variance that could arise from these effects, taking into
accqunt the sensitiyity coefficients and the uncertainties for each influence.
(B) Fulfillmeut#” The laboratory stated that the device is used under controlled laboratory conditions pnd that
e are ng.ddditional influences on the device.
ith thecCriterions met, the uncertainty can be estimated by combining the reproducibility estimate pith the
uncprtainty associated with trueness and the effects of additional influences to form a combined uncertainty ¢stimate.

. rovided in AS D145 are disolaved in the ReproducibilitlColumn
laid out by ASTM E177-04¢, the repeatability limit, 7, and reproducibility

~

~

AN

ovidedin ASTM D1945 are displa

limit, R, are calculated by

r =196/2%s,
where
s, = the repeatability standard deviation
and
R = 1962 * sy
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Table F-16.2-1 Converted ASTM D1945

Reproducibility

Component, Reproducibility, Converted Reproducibility,
mol % mol % mol %
0to 0.1 0.02 0.0141
0.1 to 1.0 0.07 0.0495
1.0 to 5.0 0.10 0.0707
5.0 to 10 0.12 0.0849
Qverl0 015 01061

where

s, =

The 1
same o
operatos
ties, env]
be divid

This i
dividing

Durin|
from ea
Since ea
will be
the aver
uents a
ASME T
while a
reprodu

F-16.3

The g
prior to
and the
does no
buildup
transpot
nonreac
addition
estimatd

With ¢
perform|
uncorre

the repeatability standard deviation

-equipment-time. It also includes the between-laboratory variability and any diffetences in material pr
ed out of the above equations. This results in the converted reproducibility~¢olumn in Table F-16.2-1.

by the actual constituent concentration in each range, thus deriving a elative basis value.
o the test, a fuel sample was taken at the beginning, middle, and.efd of each test run. The constit

reated as correlated. To simulate this correlation, the reproducibility numbers will be applied direct]
hged constituents, thus avoiding the additional mathematics of applying to the individual analysis cor
hd combining with an expanded Taylor series analysis. (Please see Nonmandatory Appendix
TC 19.1 for more details.) The reproducibility valuessmay be applied to each fuel analysis and comb
counting for the correlation terms, and the same’result would be achieved. With this said, the reld
Cibility is given in Tables F-16.2-2 and F-16.2-3.

bas Sampling Method Effect (GSME)

hs samples were collected in strict accordance with GPA 2166. The bottles were washed and vacuum pu
collection of samples. The samples.wete collected downstream of the plant’s moisture separator/filter
fuel was not heated. The pressure, temperature, and measurement location during the sample colled
facilitate the presence of coridensed liquids. With the sampling probe being at centerline of the pipe,

tation to the lab to inddice drop out of hydrocarbons. The sample cylinders and connecting valves ar
ive or absorbing materials, so as to avoid altering the composition. With all of these steps taken
al uncertainty due to' sampling methods was present and the gas sampling method uncertainty wi
d to be zero.

bach source of error identified, categorized, and estimated for the fuel constituents, the total fuel constit
pnce specification can be determined by root-sum squaring the individual contributors since they
ated. The general equation is as follows:

Jotal Fuel Constituent Performance Specification Uncertainty = i\/ (CGCU)? + (CME)? + (GSME)?

96 reflects the 95% limit for an infinite sample size. The reproducibility sk includes s« Since s, is basedl on
berator, same equipment, same time, it includes the variability within a lab{due to differencds in

er-

ironment, etc. In order to conform to the standard of 1SO/TS 21748 and ASME.RTC 19.1, the /2 term thust

hformation can be translated into the following uncertainty component statements for each constituenjt by

nts

th sample were averaged to determine an average fuel constituent/analysis over each of the test periods.
Ch fuel constituent analysis is determined with the same laboratory equipment, the reproducibility quantjities

y to
stit-
C of
ned
tive

ged
unit
tion
wall

contamination was avoided. The sample cylinders were not exposed to extreme temperature changes during

e of
no
1 be

lient
are

The fuel constituent element uncertainties are presented in Tables F-16.3-1, F-16.3-2, F-16.3-3, and F-16.3-4 for
Tests 1, 2, 3, and 4, respectively.

The heating value for each averaged gas analysis is calculated using ASTM D3588 methodology. The order of
precedence for stated ideal gas heating property values used in the execution of the ASTM D3588 calculation
method for each component is taken from GPA 2145, then ASTM D3588 and then GPSA Engineering Data Book.
ASTM D3588 states that the uncertainty (twice the standard deviation) of the ideal gas heating values of components
should be 0.03%. With this being stated, the method uncertainty associated with ASTM D3588 calculation of heating

value is

0.03%.

The compressibility for each averaged gas analysis is calculated using methods outlined in AGA Report No. 8
utilizing the Detail Characterization Method (input of individual gas constituents). Per AGA Report No. 8, the
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Table F-16.2-2 Relative Reproducibility for Test 1 and Test 2

ASME PTC 46-2015

Test 1 Test 2
Average Reproducibility Average Reproducibility

Constituent Mole % Mole % % Relative Mole % Mole % % Relative
Methane (xCH,) 96.0933 0.1061 0.1104 96.0667 0.1061 0.1104
Ethane (xCH,) 1.9667 0.0707 3.5955 1.9700 0.0707 3.5894
Propane (xCHs) 0.3033 0.0495 16.3178 0.3267 0.0495 15.1523
Iso-butane (xICH,) 0.0767 0.0141 18.4463 0.0567 0.0141 24.9567
N-butane (xNCH,) 0.0567 0.0141 24.9567 0.0667 0.0141 21.2132
Iso-gentane (xICHs) 0.0300 0.0141 47.1405 0.0167 0.0141 84.8528
N-peptane (XNCHs) 0.0167 0.0141 84.8528 0.0100 0.0141 41.4214
N-hekane (xCHg) 0.0033 0.0141 424.2641 0.0100 0.0141 41.4214
N-heptane (xCH;) 0.0000 0.0141 0.0000 0.0141
N-octane (xCHg) 0.0000 0.0141 0.0000 0.01%41
Nongdne (xCHo) 0.0000 0.0141 0.0000 0.0141
Decgne (xCH4o) 0.0000 0.0141 - 0.0000 0.0141 Ce
Carbpn dioxide (xCO,) 0.6867 0.0495 7.2084 0.6933 0.0495 7.1391
Nitrogen (xN,) 0.7367 0.0495 6.7191 0.75383 0.0495 6.5705
Oxygen (x0,) 0.0100 0.0141 141.4214 0.0100 0.0141 41.4214
Heliym (xHe) 0.0200 0.0141 70.7107 040200 0.0141 70.7107
Hydrpgen (xH,) 0.0000 0.0141 0.0000 0.0141
Carbpn monoxide (xCO) 0.0000 0.0141 0.0000 0.0141
Hydrpgen sulfide (xH,S) 0.0000 0.0141 0.0000 0.0141
Watdr (xH,0) 0.0000 0.0141 0.0000 0.0141
Totall 100.0000 100.0000

Table F-16.2-3 Relative Reproducibility for Test 3 and Test 4

Test 3 Test 4
Average Reproducibility Average Reproducibility

Constituent Mole % Mole % % Relative Mole % Mole % o Relative
MetHane (xCH,) 96.0500 0.1061 0.1104 96.0533 0.1061 0.1104
Ethape (xCH,) 1.9800 0.0707 3.5712 1.9800 0.0707 3.5712
Proppne (xCHs) 0.3300 0.0495 14.9992 0.3233 0.0495 15.3085
Iso-Hutane (xICH,) 0.0600 0.0141 23.5702 0.0667 0.0141 21.2132
N-bukane (XNCH,) 0,0733 0.0141 19.2847 0.0700 0.0141 20.2031
Iso-pgentane (xICHs) 0:0167 0.0141 84.8528 0.0200 0.0141 70.7107
N-peptane (XNCH;) 0.0100 0.0141 141.4214 0.0133 0.0141 06.0660
N-hekane (xCHg) 0.0100 0.0141 141.4214 0.0100 0.0141 41.4214
N-heptane (xCH;) 0.0000 0.0141 0.0000 0.0141
N-ocfane (xCHg) 0.0000 0.0141 0.0000 0.0141
Nongne (xCHo) 0.0000 0.0141 0.0000 0.0141
Decane (xCH4o) 0.0000 0.0141 0.0000 0.0141 - .
Carbpn dioxid€ (xCO,) 0.6900 0.0495 7.1735 0.6833 0.0495 7.2435
Nitrogen (xNy) 0.7467 0.0495 6.6291 0.7467 0.0495 6.6291
Oxygen (x03) 0.0100 0.0141 141.4214 0.0067 0.0141 12.1320
Heliym\(xHe) 0.0200 0.0141 70.7107 0.0200 0.0141 70.7107
Hydrogen (xH5) 0.0033 0.0141 424.2641 0.0067 0.0141 12.1320
Carbon monoxide (xCO) 0.0000 0.0141 0.0000 0.0141
Hydrogen sulfide (xH,S) 0.0000 0.0141 0.0000 0.0141
Water (xH,0) 0.0000 0.0141 0.0000 0.0141
Total 100.0000 100.0000
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Table F-16.3-1 Total Fuel Constituent Performance Specification Uncertainty for Test 1

Test 1
Average CGCU % CME % GSME % Total %

Constituent Mole % (Rel) (Rel) (Rel) (Rel)
Methane (xCH,) 96.0933 0.3100 0.1104 0.0000 0.3291
Ethane (xCH,) 1.9667 0.2100 3.5955 0.0000 3.6016
Propane (xCHs) 0.3033 0.7900 16.3178 0.0000 16.3370
Iso-butane (xICH,) 0.0767 0.7100 18.4463 0.0000 18.4599
N-butane (xNEH7) 00567 0-8100 19567 070060 #P699
Iso-pentane (xICHs) 0.0300 1.4800 47.1405 0.0000 47637
N-pentand (xNCHs) 0.0167 1.6200 84.8528 0.0000 84.B683
N-hexane [(xCHy¢) 0.0033 1.9400 424.2641 0.0000 424.p685
N-heptang (xCH;) 0.0000 1.
N-octane {xCHg) 0.0000
Nonane (§CHg) 0.0000
Decane (XCH10) 0.0000 - - ke 1.
Carbon dipxide (xCO,) 0.6867 0.7300 7.2084 0,0000 7.2l52
Nitrogen (kN,) 0.7367 0.7100 6.7191 0v¥0000 6.7p65
Oxygen (xP,) 0.0100 2.2000 141.4214 0.0000 141.4385
Helium (xHe) 0.0200 0.7200 70.7107 0.0000 70.4143
Hydrogen |(xH>) 0.0000 0.4000 - 0.0000 0.4p00
Carbon mpnoxide (xCO) 0.0000 .
Hydrogen [sulfide (xH,S) 0.0000
Water (xH}0) 0.0000
Total 100.0000

Table F-16.3-2 Total Fuel Constituent Performance Specification Uncertainty for Test 2

Test 2
Average CGCU % CME % GSME % Tot3l %
Copstituent Mole % (Rel) (Rel) (Rel) (RED

Methane {(xCH,) 96.0667 0.3100 0.1104 0.0000 0.B291
Ethane (x{H,) 1.9700 0.2100 3.5894 0.0000 3.p955
Propane (kCHs) 0.3267 0.7900 15.1523 0.0000 15.1729
Iso-butang (xICH,) 0.056% 0.7100 24.9567 0.0000 24.p668
N-butane [xNCH,) 0.0667 0.8100 21.2132 0.0000 21.p287
Iso-pentane (xICHs) 0.0167 1.4800 84.8528 0.0000 84.B657
N-pentang (XNCHs) 0.0100 1.6200 141.4214 0.0000 141.4306
N-hexane [(xCHg) 0.0100 1.9400 141.4214 0.0000 141.46347
N-heptand (xCH-) 0.0000
N-octane {xCHg) 0.0000
Nonane (§CHo) 0.0000
Decane (XCHqq) 0.0000 .. .. C.. .
Carbon dipxide (xCO%) 0.6933 0.7300 7.1391 0.0000 7.1763
Nitrogen (kN-) 0.7533 0.7100 6.5705 0.0000 6.6p87
Oxygen (xP-) 0.0100 2.2000 141.4214 0.0000 141.4385
Helium (xHe) 0.0200 0.7200 70.7107 0.0000 70.4143
Hydrogen ( L ) 0-0000 040006 — 0-0006 94000
Carbon monoxide (xCO) 0.0000
Hydrogen sulfide (xH,S) 0.0000
Water (xH,0) 0.0000
Total 100.0000
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Table F-16.3-3 Total Fuel Constituent Performance Specification Uncertainty for Test 3

Test 3
Average CGCU % CME % GSME % Total %

Constituent Mole % (Rel) (Rel) (Rel) (Rel)
Methane (xCH,) 96.0500 0.3100 0.1104 0.0000 0.3291
Ethane (xCH,) 1.9800 0.2100 3.5712 0.0000 3.5774
Propane (xCHs) 0.3300 0.7900 14.9992 0.0000 15.0200
Iso-butane (xICH,) 0.0600 0.7100 23.5702 0.0000 23.5809
N-bupamme—xEH7) 070733 0-8100 1972847 070600 19.3017
Iso-pgentane (xICHs) 0.0167 1.4800 84.8528 0.0000 84.8657
N-peptane (XNCH5) 0.0100 1.6200 141.4214 0.0000 141.4306
N-hekane (xCHg) 0.0100 1.9400 141.4214 0.0000 141.4347
N-heptane (xCH;) 0.0000
N-ocfane (xCHg) 0.0000
Nongne (xCHo) 0.0000
Decane (xCH4o) 0.0000 - ... A -
Carbpn dioxide (xCO,) 0.6900 0.7300 7.1735 0.0000 7.2106
Nitrogen (xN,) 0.7467 0.7100 6.6291 0.0000 6.6670
Oxygen (x0,) 0.0100 2.2000 141.4214 0.0000 141.4385
Heliym (xHe) 0.0200 0.7200 70.7107 0.0000 70.7143
Hydrpgen (xH,) 0.0033 0.4000 4242641 0.0000 424.2643
Carbpn monoxide (xCO) 0.0000
Hydrpgen sulfide (xH,S) 0.0000
Watdr (xH,0) 0.0000
Totall 100.0000

Table F-16.3-4 Total Fuel Constituent Performance Specification Uncertainty for Test 4
Test 4
Average CGCU % CME % GSME % Total %

Constituent Mole % (Rel) (Rel) (Rel) (Rel)
MetHane (xCH,) 96.0533 0.3100 0.1104 0.0000 0.3291
Ethape (xCH,) 1.9800 0.2100 3.5712 0.0000 3.5774
Proppne (xCHs) 0.3233 0.7900 15.3085 0.0000 15.3289
Iso-Hutane (xICH,) 0.0667 0.7100 21.2132 0.0000 21.2251
N-butane (xNCH,) 0.0700 0.8100 20.2031 0.0000 20.2193
Iso-pgentane (xICHs) 0.0200 1.4800 70.7107 0.0000 70.7262
N-peptane (XNCH5) 0.0133 1.6200 106.0660 0.0000 106.0784
N-hekane (xCHg¢) 0.0100 1.9400 141.4214 0.0000 141.4347
N-heptane~(xCH;) 0.0000
N-ocfane, (xCHg) 0.0000
Nonane (xCHo) 0.0000
Decane (xCH4o) 0.0000 ce. ce. e e
Carbon dioxide (xCO,) 0.6833 0.7300 7.2435 0.0000 7.2802
Nitrogen (xN,) 0.7467 0.7100 6.6291 0.0000 6.6670
Oxygen (x0,) 0.0067 2.2000 212.1320 0.0000 212.1434
Helium (xHe) 0.0200 0.7200 70.7107 0.0000 70.7143
Hydrogen (xH,) 0.0067 0.4000 212.1320 0.0000 212.1324
Carbon monoxide (xCO) 0.0000
Hydrogen sulfide (xH,S) 0.0000
Water (xH,0) 0.0000
Total 100.0000
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targeted uncertainty associated with natural gas compressibility factors using the Detail Characterization Method
for pressures between 0 MPa to 12 MPa (0 psia to 1,750 psia) and temperatures between —8°C to 62°C (17°F to
143°F) is 0.1%. With this being stated, the method uncertainty associated with the AGA Report No. 8 determined
compressibility is 0.1%.

The moisture content of the gas was deemed negligible due to the sampling location and prior fuel sampling
analysis conducted in accordance with ASTM D1142 showed undetectable moisture. With this information, the fuel
was considered dry and treated as such. For this example, uncertainty associated with the moisture content is
excluded since the gas analysis is considered dry.

F-17 RLANT FUEL FLOW SYSTEMATIC UNCERTAINTY

The pllant fuel flow was measured using an orifice flow section built and calibrated in strict compliance ith
Section # of ASME PTC 19.5. The flow section was installed in process piping free of any influencing upstream
obstructjions so to avoid additional uncertainty effects due to installation location. The calibrationWvas performed
in a water facility within the same range of Reynold’s Numbers as seen in actual operation s@ no'extrapolatign of
the caliBration was necessary. The expanded uncertainty statement at a 95% confidence level from the calibrdtion
facility is 0.25% relative basis for the stated discharge coefficient.

As pefr para. 3.1.1 of ASME PTC 19.5, the basic flow equation utilized to derive the.natural gas fuel mass flow

rate is
g = n T dCe_|HAAPS
" 4
1-8
In SI yinits
g =10
n=1.0 (k—g)o.s
més Pa
In U.§. Customary units
Ibm-ft

QoL 32.1740486

Ibf-s?

n = 300.0 —
)

ft? (ﬁ ) 5_2 )0.5
ft>  hr?
where
C =| coefficient of dischatrge (per calibration)
d =| orifice plate bore\diameter (per ASME PTC 19.5. Table 3.1), m (in.)
g. =| proportionallyconstant, 32.174086 lbm-ft/ Ibf-sec?, or 1.0 dimensionless for SI measurements
n =| units convlersion factor for general equation for flow through a differential pressure class mg¢ter,
1 (kg/ m%%2Pa)!/? for SI measurement
gm =| natural‘gas fuel mass flow rate [per ASME PTC 19.5, eq. (3.1.1)], kg/s (Ibm/sec)
B =| ratio,of the orifice plate bore diameter to the upstream internal pipe diameter, 8 = d/D
AP =| differential pressure (per ASME PTC 19.5, Table 3.1), Pa (Ibf/ in.%)
€ = upstream expansion factor [per ASME PIT 19.5, €q- (3-83-2)]
p = upstream density of flowing fluid (per ASME PTC 19.5 Table 3.1), kg/m® (Ibm/ft%)

The systematic uncertainty for the fuel flow is estimated as the square root of the quadrature sum (square root
of the sum of the squares) of the systematic uncertainties associated with the pertinent variables.

Wi = f(C, & d, AP, p, B)

However, since the flow section was calibrated, the systematic uncertainty of the orifice plate bore diameter, d,
the pipe diameter, D, and the ratio of the orifice plate bore diameter to the upstream internal pipe diameter, 3, are
contained within the systematic uncertainty value of the discharge coefficient. Since the calibration process utilizes
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these dimensions in the determination of differential pressure to flow, the uncertainty associated with those dimen-
sions are integral in the discharge coefficient uncertainty statement of the lab. Therefore, the systematic uncertainty
for the fuel flow is the square root of the quadrature sum (square root of the sum of the squares) of the systematic
uncertainties associated with the remaining pertinent variables as follows:

Wee = f(C, € AP, p)

The systematic uncertainty associated with the discharge coefficient C is taken to be that of the expanded
uncertainty statement of 0.25% relative basis from the calibration facility at a 95% confidence level. The systematic
uncfrtaimnty associated withrtheexparsion coefticient isdetermined using theequatiorn fromt subsection 4-10 of
ASME PTC 19.5of U,/ € = 4(AP/P). The systematic uncertainty associated with AP is taken from the test inStjumenta-
tior| systematic uncertainty analysis given in subsection F-12. The uncertainty contribution associated with the
density is found by analyzing the systematic uncertainty associated with the fuel pressure, the.fuel temperature,
the fuel constituent analysis, and the compressibility factor method uncertainty. The predicted fuelflow ungertainty
is ppovided in Tables F-17-1 through F-17-12. As a point of reference, subsections F-22 thiough F-26 outline how
to sjmilarly determine the total uncertainty for the fuel flow.

F-18 INSTRUMENT SYSTEMATIC UNCERTAINTY

The instrument systematic uncertainty is calculated within the spreadsheet and’is dependent upon what type of
accyracy the collected data was reported in. In order to conform to the ASME PTC 19.1, all uncertainties|must be
conyerted to an absolute uncertainty. If the measurement made was absolute; the instrument systematic ungertainty
is tdken as reported. If the uncertainty is reported to be within a cerfain percentage of reading, it is conyerted to
absglute by taking the reported instrument accuracy, dividing by 1Q0, and multiplying by the mean test[value of
the desired parameter.

Conversion from percent of reading to absolute instrument tncertainty is as follows:

Percent 6f Reading .3

Binst = 100

If| the instrument uncertainty is based off a petcentage of span, the uncertainty is converted to an pbsolute
uncprtainty by dividing the instrument’s accuracy’by 100 and multiplying it by the length of the span.
Conversion from percent of span to absolute-systematic uncertainty is as follows:

Percent of Span
Bist = Tp * (xmax - xmin)

Alll instrument systematic uncertainties reported in Tables F-17-1 through F-17-12 are absolute.

F-19 SENSITIVITY ANALYSIS

Tp combine total meastirement uncertainty of all of the measurement parameters into an overall uncerfainty of
the fest result, the sensitivity of the result to changes in each of the parameters must be determined. ASME PTC 19.1
defines sensitivity as the ratio of the change in a result to a unit change in a parameter. Sensitivity coeffici¢nts may
be determined through analytical or numerical analysis as follows:

Analytical Form: 6gp = 3—1_2 Numerical Form: 6z p = 2—;
Py, i i
where
R = corrected result
X; = measurement parameter
Or pi = sensitivity coefficient for the corrected result with respect to a measurement parameter

For this test, the sensitivity of the corrected net electrical output and net heat rate to each measured parameter
was determined by numerical methods. The spreadsheet that was used to calculate the corrected test results was
used to increment each measured value individually so that the corresponding change in corrected results could
be determined. The ratio of the change in corrected result to the change in the measurement value is the absolute
sensitivity coefficient. As specified in para. 7-2.2 of ASME PTC 19.1, the increment in the measured value used to
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Table F-17-1 Plant Fuel Flow Post-test Systematic Uncertainty Analysis (Test Run1)

Fuel Flow 67 865 kg/h

Systematic Uncertainty

Instrument Systematic
Systematic Absolute Uncertainty of
Post-test (Absolute Basis, S| Units) Test Value Uncertainty, Sensitivity, Fuel Flqw,
(95% Confidence Level) Mean, X Units Binst 0 Ug1,svs, g/h
Fuel Flow [Data
Plant supply fuel flow differential pressure 542.14 c¢m H,0 0.381 61.07 23.266
Plant supply fuel flowing pressure 17.64 bara 0.023 2 035.97 46.043
Plant supply fuel flowing temperature 16.76 °C 0.056 -130.34 -7.241
Orifice flojvmeter calibration uncertainty (PTC 19.5) 169.663
Expansior| factor method uncertainty (AGA 3) 81.747
Compress|bility factor method uncertainty (AGA 8) 33.933
Fuel Analysis Data
Methane (xCH,) 96.0933 Mole % 0.316 -15.48 -4.895
Ethane (x{H,) 1.9667 Mole % 0.071 295.67 20.943
Propane (kCHs) 03033 Mole % 0.050 601.67 29.816
Iso-butang (XICH,) 0.0767 Mole % 0.014 909.81 12.876
N-butane [xNCH,) 0.0567 Mole % 0.014 906.77 12.330
Iso-pentane (xICHs) 0.0300 Mole % 0.014 1212.70 17.159
N-pentang (xNCHs) 0.0167 Mole % 0.014 1216.10 17.201
N-hexane [(xCHy) 0.0033 Mole % 0.014 1550.68 21.930
N-heptand (xCH;) 0.0000 Mole % 0.000 0.00 0.900
N-octane {xCHg) 0.0000 Mole % 0.000 0.00 0.900
Nonane (§CHo) 0.0000 Mole % 0.000 0.00 0.¢00
Decane (xCH;0) 0.0000 Mole % 0.000 0.00 0.¢00
Carbon dipxide (xCO,) 0.6867 Mole % 0.050 563.21 28.020
Nitrogen (kN,) 0.7367 Mole % 0.050 212.81 10.492
Oxygen (xP.) 0.0100 Mole % 0.014 298.62 4.324
Helium (xHe) 0.0200 Mole % 0.014 -295.63 -4.181
Hydrogen |(xH>) 0.0000 Mole % 0.000 0.00 0.900
Carbon mpnoxide (xC0O) 0.0000 Mole % 0.000 0.00 0.900
Hydrogen [sulfide.(xH,S) 0.0000 Mole % 0.000 0.00 0.900
Water (xH}0) 0.0000 Mole % 0.000 0.00 0.¢00
RSS 2041
Post-test Fuel Flow
Uncertainty
0.31%
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Table F-17-2 Plant Fuel Flow Post-test Systematic Uncertainty Analysis (Test.Run 2)
Fuel Flow 68 017 kg/h
Systematic Uncertainty
Instrument Systematic
Systematic Absolute Uncgrtainty of
Post-test (Absolute Basis, Sl Units) Test Value Uncertajnty; Sensitivity, Fupl Flow,
(95% Confidence Level) Mean, X Units Binst /] Urakvs, kg/h
Fuel [Flow Data
Plan{ supply fuel flow differential pressure 545.40 c¢m H,0 0.381 60.83 23.175
Plan{ supply fuel flowing pressure 17.61 bara 0.023 2 044.31 46.232
Plan{ supply fuel flowing temperature 16.64 °C 0.056 -130.67 -7.259
Orifige flowmeter calibration uncertainty (PTC 19.5) 1 70.044
Expapsion factor method uncertainty (AGA 3) 82.563
Compressibility factor method uncertainty (AGA 8) 34.009
Fuel JAnalysis Data
MetHane (xCH,) 96,0667  Mole % 0.316 -15.51 -4.903
Ethape (xCH,) 1449700 Mole % 0.071 296.32 20.989
Proppne (xCHs) 0.3267 Mole % 0.050 602.98 29.887
Iso-Hutane (xICH,) 0.0567 Mole % 0.014 911.79 12.900
N-bukane (xNCH,) 0.0667 Mole % 0.014 908.75 12.861
Iso-pgentane (xICHs) 0.0167 Mole % 0.014 1215.34 17.190
N-pehtane (xNCHs) 0.0100  Mole % 0.014 1218.75 17.237
N-hekane (xCHg) 0.0100 Mole % 0.014 1554.05 21.980
N-heptane (xCH;) 0.0000 Mole % 0.000 0.00 0.000
N-ocfane (xCHg) 0.0000  Mole % 0.000 0.00 0.000
Nongne (xCHo) 0.0000 Mole % 0.000 0.00 0.000
Decane (xCH4o) 0.0000  Mole % 0.000 0.00 0.000
Carbpn dioxide (xCO,) 0.6933 Mole % 0.050 564.48 28.086
Nitrogen (xN,) 0.7533 Mole % 0.050 213.30 10.620
Oxygen (x0,) 0.0100 Mole % 0.014 299.30 4.233
Heliym (xHe) 0.0200 Mole % 0.014 -296.26 -4.190
Hydrpgen (xH,) 0.0000 Mole % 0.000 0.00 0.000
Carbpn monoxide (xCO) 0.0000 Mole % 0.000 0.00 0.000
Hydrpgen sulfide” (xH,S) 0.0000  Mole % 0.000 0.00 0.000
Watdr (xH,0) 0.0000 Mole % 0.000 0.00 0.000
RSS 08.13
Post-test Fuel Flow
Uncertainty
0.31%
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Table F-17-3 Plant Fuel Flow Post-test Systematic Uncertainty Analysis (Test Run3)
Fuel Flow 67 831 kg/h
Systemati€ Uncertainty
Instrument Systemdtic
Systematic Absolute Uncertainfy of
Post-test (Absolute Basis, S| Units) Test Value Uncertainty, Sensitivity, Fuel Flow,
(95% Confidence Level) Mean, X Units Binst 0 Ugs sys, Kg/h
Fuel Flow [Data
Plant supply fuel flow differential pressure 542.34 cm H,0 0.381 61.01 23.345
Plant supply fuel flowing pressure 17.59 bara 0.023 2 040.17 46.138
Plant supply fuel flowing temperature 16.51 °C 0.056 -130.39 -7.344
Orifice flojvmeter calibration uncertainty (PTC 19.5) ... . e . 169.978
Expansior| factor method uncertainty (AGA 3) - - .. . 81.936
Compress|bility factor method uncertainty (AGA 8) . O . .. 33.916
Fuel Analysis Data
Methane {(xCH,) 96.050Q Mole % 0.316 -15.56 -4.920
Ethane (x{H,) 1.9800 Mole % 0.071 295.37 20.922
Propane (kCHs) 0.3300 Mole % 0.050 601.15 29.197
Iso-butang (XICH,) 0.0600 Mole % 0.014 909.08 12.462
N-butane [xNCH,) 0.0733 Mole % 0.014 906.05 12.425
Iso-pentane (xICHs) 0.0167 Mole % 0.014 1211.76 17.139
N-pentang (xNCHs) 0.0100  Mole % 0.014 1215.17 17.186
N-hexane [(xCHy) 0.0100 Mole % 0.014 1549.52 21.916
N-heptand (xCH;) 0.0000 Mole % 0.000 0.00 0.qoo
N-octane {xCHg) 0.0000 Mole % 0.000 0.00 0.qoo
Nonane (§CHo) 0.0000 Mole % 0.000 0.00 0.qoo
Decane (xCH;0) 0.0000 Mole % 0.000 0.00 0.4qoo
Carbon dipxide (xCO,) 0.6900 Mole % 0.050 562.71 27.996
Nitrogen (kN,) 0.7467 Mole % 0.050 212.55 10.5981
Oxygen (xP.) 0.0100 Mole % 0.014 298.29 4.219
Helium (xHe) 0.0200 Mole % 0.014 -295.52 -4.180
Hydrogen |(xH>) 0.0033 Mole % 0.014 -327.41 -4.430
Carbon mpnoxide (xC0O) 0.0000 Mole % 0.000 0.00 0.4qoo
Hydrogen [sulfide.(xH,S) 0.0000 Mole % 0.000 0.00 0.4oo
Water (xH}0) 0.0000 Mole % 0.000 0.00 0.qoo
RSS 20747

Post-test Fuel Flow
Uncertainty

0.31%
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Table F-17-4 Plant Fuel Flow Post-test Systematic Uncertainty Analysis (Test Run.4)
Fuel Flow 67 766 kg/h
Systematic.Uncertainty
Instrument Systematic
Systematic Absolute Uncgrtainty of
Post-test (Absolute Basis, SI Units) Test Value Uncertainty, Sensitivity, Fugl Flow,
(95% Confidence Level) Mean, X Units Binst 0 Uy kys, kg/h
Fuel [Flow Data
Plan{ supply fuel flow differential pressure 541.63 c¢m H,0 0.381 61.03 23.253
Plan{ supply fuel flowing pressure 17.58 bara 0.023 2 039.83 46.130
Plan{ supply fuel flowing temperature 16.46  °C 0.056 -130.29 -7.238
Orifige flowmeter calibration uncertainty (PTC 19.5) 169.417
Expapsion factor method uncertainty (AGA 3) 81.816
Compressibility factor method uncertainty (AGA 8) 33.883
Fuel jAnalysis Data
MetHane (xCH,) 96.0533,  Mole % 0.316 -15.56 -4.919
Ethape (xCH,) 1.9800 Mole % 0.071 295.06 20.900
Proppne (xCHs) 0.3233 Mole % 0.050 600.55 29.765
Iso-Hutane (xICH,) 0.0667 Mole % 0.014 908.17 12.851
N-bufane (XNCH,) 0.0700 Mole % 0.014 905.15 12.811
Iso-gentane (xICHs) 0.0200 Mole % 0.014 1210.57 17.124
N-peptane (XNCH5) 0.0133 Mole % 0.014 1213.97 17.170
N-hekane (xCHg) 0.0100 Mole % 0.014 1547.98 21.894
N-heptane (xCH;) 0.0000 Mole % 0.000 0.00 0.000
N-ocfane (xCHg) 0.0000 Mole % 0.000 0.00 0.000
Nongdne (xCHo) 0.0000 Mole % 0.000 0.00 0.000
Decane (xCH4o) 0.0000 Mole % 0.000 0.00 0.000
Carbpn dioxide (xCO,) 0.6833 Mole % 0.050 562.14 27.965
Nitrogen (xN,) 0.7467 Mole % 0.050 212.33 10.570
Oxygen (x0,) 0.0067  Mole % 0.014 297.99 4.214
Heliym (xHe) 0.0200 Mole % 0.014 -295.24 -4.175
Hydrpgen (xH,) 0.0067  Mole % 0.014 -327.09 -4.626
Carbpn monoxide (XEO) 0.0000  Mole % 0.000 0.00 0.000
Hydrpgen sulfide (xH,S) 0.0000 Mole % 0.000 0.00 0.000
Watdr (xH,0) 0.0000 Mole % 0.000 0.00 0.000
RSS D07.27
FOST-LEST FUel Tl
Uncertainty
0.31%
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Table F-17-5 Plant Fuel Flow Post-test Systematic Uncertainty Analysis (Test Run 1)
Fuel Flow 149.62 KPPH
Systemati€ Uncertainty
Instrument Systemdtic
Systematic Absolute Uncertainfy of
Popt-test (Absolute Basis, English Units) Test Value Uncertainty, Sensitivity, Fuel Flow,
(95% Confidence Level) Mean, X Units Binst 0 U1 svs, KPPH
Fuel Flow [Data
Plant supply fuel flow differential pressure 213.44 in. H,0 0.150 0.34 0.g51
Plant supply fuel flowing pressure 255.81 psia 0.328 0.31 0.402
Plant supply fuel flowing temperature 62.16  °F 0.100 -0.16 -0.016
Orifice flojvmeter calibration uncertainty (PTC 19.5) 0.374
Expansior| factor method uncertainty (AGA 3) 0.180
Compress|bility factor method uncertainty (AGA 8) 0.475
Fuel Analysis Data
Methane {xCH,) 96.0933 Mole % 0.316 -0.03 -0.011
Ethane (x{H,) 1.9667 Mole % 0.071 0.65 0.446
Propane (kCHs) 0.3033 Mole % 0.050 1.33 0.966
Iso-butang (XICH,) 0.0767 Mole % 0.014 2.01 0.428
N-butane [xNCH,) 0.0567 Mole % 0.014 2.00 0.428
Iso-pentane (xICHs) 0.0300 Mole % 0.014 2.67 0.438
N-pentang (xNCHs) 0.0167  Mole % 0.014 2.68 0.438
N-hexane [(xCHy) 0.0033 Mole % 0.014 3.42 0.448
N-heptand (xCH;) 0.0000 Mole % 0.000 0.00 0.qoo
N-octane {xCHg) 0.0000 Mole % 0.000 0.00 0.qoo
Nonane (§CHo) 0.0000 Mole % 0.000 0.00 0.qoo
Decane (xCH;0) 0.0000 Mole % 0.000 0.00 0.4qoo
Carbon dipxide (xCO,) 0.6867 Mole % 0.050 1.24 0.462
Nitrogen (kN,) 0.7367 Mole % 0.050 0.47 0.9g23
Oxygen (xP.) 0.0100 Mole % 0.014 0.66 0.4qo9
Helium (xHe) 0.0200 Mole % 0.014 -0.65 -0.Q09
Hydrogen |(xH>) 0.0000 Mole % 0.000 0.00 0.qoo
Carbon mpnoxide (xC0O) 0.0000 Mole % 0.000 0.00 0.4qoo
Hydrogen [sulfide.(xH,S) 0.0000 Mole % 0.000 0.00 0.4oo
Water (xH}0) 0.0000 Mole % 0.000 0.00 0.qoo
RSS 046
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Table F-17-6 Plant Fuel Flow Post-test Systematic Uncertainty Analysis (Test.Run 2)
Fuel Flow 149.95 KPPH
Systematic Uncertainty
Instrument Systematic
Systematic Absolute Uncgrtainty of
Ppst-test (Absolute Basis, U.S. Customary Units) Test Value Uncertainty, Sensitivity, Fupl Flow,
(95% Confidence Level) Mean, X Units Binst /] Ug, dvs, KPPH
Fuel [Flow Data
Plan{ supply fuel flow differential pressure 214.72 in. H,0 0.150 0.34 0.051
Plan{ supply fuel flowing pressure 255.38 psia 0.328 0.31 0.102
Plan{ supply fuel flowing temperature 61.95 °F 0.100 -0.16 -0.016
Orifige flowmeter calibration uncertainty (PTC 19.5) 0.375
Expapsion factor method uncertainty (AGA 3) 0.182
Compressibility factor method uncertainty (AGA 8) 0.075
Fuel JAnalysis Data
MetHane (xCH,) 96,0667  Mole % 0.316 -0.03 -0.011
Ethape (xCH,) 1449700 Mole % 0.071 0.65 0.046
Proppne (xCHs) 0.3267 Mole % 0.050 1.33 0.066
Iso-Hutane (xICH,) 0.0567 Mole % 0.014 2.01 0.028
N-bukane (xNCH,) 0.0667 Mole % 0.014 2.00 0.028
Iso-pgentane (xICHs) 0.0167 Mole % 0.014 2.68 0.038
N-peptane (XNCH5) 0.0100 Mole % 0.014 2.69 0.038
N-hekane (xCHg) 0.0100  Mole % 0.014 3.43 0.048
N-heptane (xCH;) 0.0000 Mole % 0.000 0.00 0.000
N-ocfane (xCHg) 0.0000  Mole % 0.000 0.00 0.000
Nongne (xCHo) 0.0000 Mole % 0.000 0.00 0.000
Decane (xCH4o) 0.0000  Mole % 0.000 0.00 0.000
Carbpn dioxide (xCO,) 0.6933 Mole % 0.050 1.24 0.062
Nitrogen (xN,) 0.7533 Mole % 0.050 0.47 0.023
Oxygen (x0,) 0.0100 Mole % 0.014 0.66 0.009
Heliym (xHe) 0.0200 Mole % 0.014 -0.65 -0.009
Hydrpgen (xH,) 0.0000 Mole % 0.000 0.00 0.000
Carbpn monoxide (xCO) 0.0000 Mole % 0.000 0.00 0.000
Hydrpgen sulfide” (xH,S) 0.0000  Mole % 0.000 0.00 0.000
Watdr (xH,0) 0.0000 Mole % 0.000 0.00 0.000
RSS 0.46
Post-test Fuel Flow
Uncertainty
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Table F-17-7 Plant Fuel Flow Post-test Systematic Uncertainty Analysis (Test Run3)
Fuel Flow 149.54 KPPH
Systemati€ Uncertainty
Instrument Systemdtic
Systematic Absolute Uncertainfy of
Post-tgst (Absolute Basis, U.S. Customary Units) Test Value Uncertainty, Sensitivity, Fuel Flow,
(95% Confidence Level) Mean, X Units Binst 0 Ugs sys, KPPH
Fuel Flow [Data
Plant supply fuel flow differential pressure 213.52 in. H,0 0.150 0.34 0.g51
Plant supply fuel flowing pressure 255.19 psia 0.328 0.31 0.402
Plant supply fuel flowing temperature 61.71 °F 0.100 -0.16 -0.016
Orifice flojvmeter calibration uncertainty (PTC 19.5) 0.374
Expansior| factor method uncertainty (AGA 3) 0.181
Compress|bility factor method uncertainty (AGA 8) 0.475
Fuel Analysis Data
Methane {xCH,) 96.050Q Mole % 0.316 -0.03 -0.011
Ethane (x{H,) 1.9800 Mole % 0.071 0.65 0.446
Propane (kCHs) 0.3300 Mole % 0.050 1.33 0.966
Iso-butang (XICH,) 0.0600 Mole % 0.014 2.00 0.428
N-butane [xNCH,) 0.0733  Mole % 0.014 2.00 0.428
Iso-pentane (xICHs) 0.0167 Mole % 0.014 2.67 0.438
N-pentand (xNCHs) 0.0100 Mole % 0.014 2.68 0.438
N-hexane [(xCHy) 0.0100 Mole % 0.014 3.42 0.448
N-heptand (xCH;) 0.0000 Mole % 0.000 0.00 0.qoo
N-octane {xCHg) 0.0000 Mole % 0.000 0.00 0.qoo
Nonane (§CHo) 0.0000 Mole % 0.000 0.00 0.qoo
Decane (xCH;0) 0.0000 Mole % 0.000 0.00 0.4qoo
Carbon dipxide (xCO,) 0.6900 Mole % 0.050 1.24 0.462
Nitrogen (kN,) 0.7467 Mole % 0.050 0.47 0.9g23
Oxygen (xP.) 0.0100 Mole % 0.014 0.66 0.4qo9
Helium (xHe) 0.0200 Mole % 0.014 -0.65 -0.Q09
Hydrogen |(xH>) 0.0033 Mole % 0.014 -0.72 -0.9q10
Carbon mpnoxide (xC0O) 0.0000 Mole % 0.000 0.00 0.4qoo
Hydrogen [sulfide.(xH,S) 0.0000 Mole % 0.000 0.00 0.4oo
Water (xH}0) 0.0000 Mole % 0.000 0.00 0.qoo
RSS 046
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Table F-17-8 Plant Fuel Flow Post-test Systematic Uncertainty Analysis (Test.Run 4)
Fuel Flow 149.40 KPPH
Systematic Uncertainty
Instrument Systematic
Systematic Absolute Uncgrtainty of
Ppst-test (Absolute Basis, U.S. Customary Units) Test Value Uncertainty, Sensitivity, Fupl Flow,
(95% Confidence Level) Mean, X Units Binst /] Ugy dvs, KPPH
Fuel [Flow Data
Plan{ supply fuel flow differential pressure 213.24 in. H,0 0.150 0.34 0.051
Plan{ supply fuel flowing pressure 254.99 psia 0.328 0.31 0.102
Plan{ supply fuel flowing temperature 61.63 °F 0.100 -0.16 -0.016
Orifige flowmeter calibration uncertainty (PTC 19.5) 0.373
Expapsion factor method uncertainty (AGA 3) 0.180
Compressibility factor method uncertainty (AGA 8) 0.075
Fuel JAnalysis Data
MetHane (xCH,) 96.0533 Mole % 0.316 -0.03 -0.011
Ethape (xCH,) 1449800 Mole % 0.071 0.65 0.046
Proppne (xCHs) 0.3233 Mole % 0.050 1.32 0.066
Iso-Hutane (xICH,) 0.0667 Mole % 0.014 2.00 0.028
N-bukane (xNCH,) 0.0700 Mole % 0.014 2.00 0.028
Iso-pgentane (xICHs) 0.0200  Mole % 0.014 2.67 0.038
N-peptane (xNCH5) 0.0133  Mole % 0.014 2.68 0.038
N-hekane (xCHg) 0.0100  Mole % 0.014 3.41 0.048
N-heptane (xCH;) 0.0000 Mole % 0.000 0.00 0.000
N-ocfane (xCHg) 0.0000  Mole % 0.000 0.00 0.000
Nongne (xCHo) 0.0000 Mole % 0.000 0.00 0.000
Decane (xCH4o) 0.0000  Mole % 0.000 0.00 0.000
Carbpn dioxide (xCO,) 0.6833 Mole % 0.050 1.24 0.062
Nitrogen (xN,) 0.7467 Mole % 0.050 0.47 0.023
Oxygen (x0,) 0.0067 Mole % 0.014 0.66 0.009
Heliym (xHe) 0.0200 Mole % 0.014 -0.65 -0.009
Hydrpgen (xH,) 0.0067 Mole % 0.014 -0.72 -0.010
Carbpn monoxide (xCO) 0.0000 Mole % 0.000 0.00 0.000
Hydrpgen sulfide” (xH,S) 0.0000  Mole % 0.000 0.00 0.000
Watdr (xH,0) 0.0000 Mole % 0.000 0.00 0.000
RSS 0.46
Post-test Fuel Flow
Uncertainty
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