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NOTICE

All ASME Performance Test Codes (PTCs) shall adhere to the requirements of ASME PTC 1, General Instructions. It is
expected that theCodeuser is fully cognizant of the requirementsofASMEPTC1andhas read thembefore applyingASME
PTCs.
ASMEPTCs provide unbiased testmethods for both the equipment supplier and the users of the equipment or systems.

The Codes are developed by balanced committees representing all concerned interests and specify procedures, instru-
mentation, equipment-operating requirements, calculation methods, and uncertainty analysis. Parties to the test can
reference an ASME PTC confident that it represents the highest level of accuracy consistent with the best engineering
knowledge and standard practice available, taking into account test costs and the value of information obtained from
testing. Precision and reliability of test results shall also underlie all considerations in the development of an ASME PTC,
consistentwith economic considerations as judged appropriate by each technical committee under the jurisdiction of the
ASME Board on Standardization and Testing.
When tests are run in accordance with a Code, the test results, without adjustment for uncertainty, yield the best

available indication of the actual performance of the tested equipment. Parties to the test shall ensure that the test is
objectiveand transparent.All parties to the test shall beawareof thegoals of the test, technical limitations, challenges, and
compromises that shall be considered when designing, executing, and reporting a test under the ASME PTC guidelines.
ASMEPTCsdonot specifymeans to compare test results to contractual guarantees. Therefore, theparties to a commer-

cial test should agree before starting the test, and preferably before signing the contract, on the method to be used for
comparing the test results to the contractual guarantees. It is beyond the scopeof anyASMEPTC todetermineor interpret
how such comparisons shall be made.
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FOREWORD

The original Performance Test Codes Committee No. 22was established in 1945 to develop a test code on Gas Turbine
PowerPlants. This initial Codewaspublished in 1953. Subsequent versions of theCodewere published in1966and1985,
each time incorporating latest practices in accordance with the directives of ASME PTC 1, General Instructions.
The 1997 edition addressed for the first time the issue ofmeasurement uncertainty, and also recognized the significant

advances in gas turbine and instrumentation technologies.
The efforts on the 2005 edition began during the publication period of the 1997 Code. Its objectives were to develop

procedures for comparative (back-to-back, or before and after) testing and for determining exhaust flow and energy for
heat recovery applications. The 2005 edition incorporated these procedures, as well as updated calculations in many
areas to reduce the uncertainty of the results.
The efforts on the 2014 edition began in 2007. The key objectives of this revisionwere to correct errors and omissions,

provide harmonization with other codes and standards, and provide clarification to the intent of the Code as a result of
industry feedback and interpretations to the 2005 edition. Some of the most significant changes included incorporating
the methodology for determination of gas turbine exhaust energy, flow, and temperature into mandatory sections and a
mandatory appendix when these performance results are part of the object of the Code. Similarly, when comparative
performance is a test goal, the requirements and guidelines for comparative testing are included inmandatory sections of
the Code. As a result of advances in instrumentation, Section 4 was revised to include additional flow-metering tech-
nology. Section 7, Test Uncertainty, was revised to provide compliance with the methodology for determination of
uncertainty used in the revised ASME PTC 19.1, Test Uncertainty, and to incorporate the most current engineering
analysis and experience.
The efforts on this edition began in 2015. The most significant changes in this edition are to Sections 1, 4, 5, and 7 and

Nonmandatory Appendix C. Section 1 has been updated to indicate that aero-derivative and industrial frame gas turbines
are part of the object of the Code. The Code’s scope has been updated to differentiate extended scope technologies
between ASME PTC 22 and ASME PTC 46. In Section 4, the methodology for electrical generator measurement has
been revised to align with the methodology used in ASME PTC 19.6-2018. Section 5 has been revised to expand
subsection 5-6 and to recommend the use of model-based corrections as the preferred method, as a result of gas
turbine technology advances with complex operation. Requirements and guidelines have been included for the use
of simulation models to generate corrections. Section 7 has been revised to update the sample uncertainty calculation
tables. The sample exhaust flow calculation formerly in Mandatory Appendix I has been revised and relocated to a new
Nonmandatory Appendix C. Former Nonmandatory Appendix C has been redesignated as Nonmandatory Appendix D.
ASME PTC 22-2023 was approved by the American National Standards Institute on February 9, 2023.
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME codes and standards are developed and maintained by committees with the intent to represent the
consensus of concerned interests. Users of ASME codes and standards may correspond with the committees to propose
revisions or cases, report errata, or request interpretations. Correspondence for this Code should be sent to the staff
secretary noted on the committee’s web page, accessible at http://go.asme.org/PTCcommittee.

Revisions and Errata. The committee processes revisions to this Code on a periodic basis to incorporate changes that
appear necessary or desirable as demonstrated by the experience gained from the application of the Code. Approved
revisions will be published in the next edition of the Code.
In addition, the committee may post errata on the committee web page. Errata become effective on the date posted.

Users can register on the committee web page to receive e-mail notifications of posted errata.
This Code is always open for comment, and the committeewelcomes proposals for revisions. Such proposals should be

as specific as possible, citing the paragraph number(s), the proposed wording, and a detailed description of the reasons
for the proposal, including any pertinent background information and supporting documentation.

Cases
(a) The most common applications for cases are

(1) to permit early implementation of a revision based on an urgent need
(2) to provide alternative requirements
(3) to allow users to gain experience with alternative or potential additional requirements prior to incorporation

directly into the Code
(4) to permit the use of a new material or process

(b) Users are cautioned that not all jurisdictions or owners automatically accept cases. Cases are not to be considered
as approving, recommending, certifying, or endorsing any proprietary or specific design, or as limiting in any way the
freedom of manufacturers, constructors, or owners to choose any method of design or any form of construction that
conforms to the Code.

(c) Aproposedcase shall bewrittenasaquestionandreply in the same format as existing cases. Theproposal shall also
include the following information:

(1) a statement of need and background information
(2) the urgency of the case (e.g., the case concerns a project that is underway or imminent)
(3) the Code and the paragraph, figure, or table number(s)
(4) the edition(s) of the Code to which the proposed case applies

(d) A case is effective for use when the public review process has been completed and it is approved by the cognizant
supervisory board. Approved cases are posted on the committee web page.

Interpretations. Upon request, the committee will issue an interpretation of any requirement of this Code. An inter-
pretation can be issued only in response to a request submitted through the online Interpretation Submittal Form at
http://go.asme.org/InterpretationRequest. Upon submitting the form, the inquirer will receive an automatic e-mail
confirming receipt.
ASME does not act as a consultant for specific engineering problems or for the general application or understanding of

the Code requirements. If, based on the information submitted, it is the opinion of the committee that the inquirer should
seek assistance, the request will be returned with the recommendation that such assistance be obtained. Inquirers can
track the status of their requests at http://go.asme.org/Interpretations.
ASMEprocedures provide for reconsideration of any interpretationwhen or if additional information thatmight affect

an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
committee or subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.
Interpretations are published in the ASME Interpretations Database at http://go.asme.org/Interpretations as they are

issued.
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Committee Meetings. The PTC Standards Committee regularly holds meetings that are open to the public. Persons
wishing to attend anymeeting should contact the secretary of the committee. Information on future committeemeetings
can be found on the committee web page at https://go.asme.org/PTCcommittee.
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ASME PTC 22-2023
SUMMARY OF CHANGES

Following approval by theASMEPTCCommittee andASME, and after public review,ASMEPTC22-2023was approvedby
the American National Standards Institute on February 9, 2023.

ASME PTC 22-2023 includes the following changes identified by a margin note, (23).

Page Location Change
1 1-2 Revised in its entirety
3 Table 1-2.2-1 Added
4 2-2 (1) Definitions of aero-derivative gas turbine and Wobbe index

added
(2) Definitions of inlet air-conditioning, open cycle, and test

boundary revised
6 Table 2-2.1-1 (1) Symbol WI and General Note added

(2) Description of d revised
9 3-1.2 Subparagraph (e) revised
10 3-1.4 Editorially revised
10 3-1.6 Subparagraph (r) revised
12 3-2.5 Revised
13 3-3.2.1 Subparagraph (a)(3) revised
13 3-3.3.1 Revised
17 4-1.2.2 Revised
20 4-1.4.1 Second paragraph revised
20 4-1.4.3 Revised
23 4-2.3.9 Revised
26 4-3.3.2 Revised
27 4-3.3.3 Second paragraph revised
28 4-4.2 Editorially revised
28 4-4.3.1.1 Revised
29 Figure 4-4.2-1 Legend editorially revised
30 4-4.3.2 Revised
30 4-4.4 Third paragraph revised
30 4-4.6 Revised
31 4-4.7 First paragraph revised
32 Figure 4-5.2-1 Revised
33 4-5.6 Editorially revised
34 4-6 (1) In para. 4-6.1, second and third paragraphs added

(2) Former paras. 4-6.2 through 4-6.5 and 4-6.8 deleted
(3) Former paras. 4-6.6 and 4-6.7 redesignated as 4-6.2 and 4-6.3,
respectively, and revised

35 4-9.1 Revised
35 4-10 Second paragraph revised
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Page Location Change
37 Section 5 Subsection 5-1 added and subsequent subsections redesignated
37 5-2.1 Former para. 5-1.1 revised
38 5-2.4.1 Former para. 5-1.4.1 revised
39 5-4.1.1 Former para. 5-3.1.1 revised
40 5-4.1.3 (1) Former para. 5-3.1.3 revised

(2) Former eq. (5-3.5) redesignated as eq. (5-4-5) and revised
(3) Table 5-3.1.3-1 deleted

41 5-4.1.9 Equations (5-4-12) and (5-4-14) [formerly eqs. (5-3.12) and
(5-3.14)] revised

41 5-4.1.10 Former para. 5-3.1.10 revised
42 5-5 Former subsection 5-4 revised
44 5-6 Former subsection 5-5 revised in its entirety
47 6-2 Revised
47 6-3 (1) First sentence and subpara. (b)(4) added

(2) Subparagraphs (b)(1) and (e) revised
47 6-4 (1) First sentence added

(2) Subparagraph (c) revised
47 6-5 Revised
48 6-6 (1) First sentence added

(2) Subparagraphs (c), (d), and (g) revised
49 7-1 Revised
52 7-2.6 Revised
52 7-3 Title revised
52 7-3.1 First paragraph revised
52 7-3.2 First paragraph and subparas. (b) and (d) revised
53 Table 7-3.1-1 Revised
55 Table 7-3.1-2 Revised
57 Table 7-3.1-3 Revised
59 7-3.3.1 Revised
60 7-3.3.2 Revised
60 7-3.3.2.1 Subparagraph (a) revised
61 7-3.3.2.2 Revised
61 7-3.3.4 Revised
63 7-3.6 Revised
64 7-4.3 Revised
65 7-4.4 Revised
65 7-5.2 Revised
65 7-5.3 Revised
70 I-3.1.4 Step 12 revised
74 I-3.2.5.3 Revised
75 I-3.2.7.1 Revised
77 I-4 Revised in its entirety
78 Nonmandatory Appendix A (1) Subsection A-1 added and subsequent subsections

redesignated
(2) Subsection A-4 deleted

79 Table A-2.1-1 Former Table A-1.1-1 revised
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Page Location Change
79 A-2.8 Revised
80 A-2.12 Former para. A-1.12 revised
81 Table A-2.14-1 First row of former Table A-1.14-1 revised
86 B-4 Revised
88 Nonmandatory Appendix C Added and subsequent appendix redesignated
100 Nonmandatory Appendix D Former Nonmandatory Appendix C updated
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Section 1
Object and Scope

1-1 OBJECT

ASME PTC 22 provides directions and rules for conduct
and report of results of thermal performance tests for
open-cycle gas turbine power plants and gas turbine
engines, whether aero-derivative or industrial frame,
hereafter referred toasgas turbines. Theobject is todeter-
mine the thermal performance of the gas turbine when
operating at test conditions, and correcting these test
results to specified reference conditions. This Code
provides explicit procedures for the determination of
the following performance results:

(a) corrected power
(b) corrected heat rate (efficiency)
(c) corrected exhaust flow
(d) corrected exhaust energy
(e) corrected exhaust temperature
Tests may be designed to satisfy different goals,

including absolute performance and comparative perfor-
mance.
It is the intent of the Code to provide results with the

highest level of accuracy that is consistent with the best
engineering knowledge and practice in the gas turbine
industry. In planning the test, an uncertainty analysis
shall demonstrate that the proposed instrumentation
and measurement techniques meet the requirements of
the Code.

1-2ð23Þ SCOPE

1-2.1 General Scope

This Code provides for the testing of aero-derivative or
industrial frame gas turbines supplied with gaseous or
liquid fuels (or solid fuels converted to liquid or gas
prior to entry into the gas turbine).
This Code provides for comparative (back-to-back)

tests designed to verify performance differentials of
the gas turbine, primarily for testing before and after
modifications, uprates, or overhauls. Improvements to
achieve additional performance may include application
of advanced gas path components, modification of
combustion system, control scheme changes, increased
mass flow, and changes to the inlet and exhaust
systems of the gas turbine.

1-2.2 Tests Inside and Outside the Scope of ASME
PTC 22

In developing this Code, the PTC 22 Committee colla-
borated with the PTC 46 Committee to determine which
gas turbine extended scope technologies would be
covered within ASME PTC 22 and which would be
with in ASME PTC 46 , Mandatory Appendix I .
Table 1-2.2-1 lists what is covered within ASME PTC
22 and ASME PTC 46 with regard to gas turbine
testing for extended scope when the specified technolo-
gies are within the test boundary.
The PTC 22 Committee and the PTC 46 Committee

agreed that this Code will cover the gas turbine extended
scopes when ASME PTC 22 is the appropriate Test Code
per Table 1-2.2-1. Refer to ASME PTC 46 for gas turbine
extended scope not included in the table.
Additionally, this Code does not apply to the following:
(a) gas turbines where useful output is other than

power to drive a generator or other load device.
(b) environmental compliance testing for gas turbines

for stack emissions and sound levels. Procedures devel-
oped by regulatory agencies, the American National Stan-
dards Institute (ANSI), other ASME PTC committees,
International Organization for Standardization (ISO)
committees, or another equivalent standard are available
to govern the conduct of such testing.

(c) absolute or comparative performance of specific
components of the gas turbine.

(d) performance of auxiliary systems of the gas turbine
power plant, such as inlet cooling devices, fuel gas booster
compressors, and fuel delivery systems.

(e) operational demonstration tests and reliability
testing.

(f) itemized performance changes that are the result of
multiple actions, such as modifications, repairs, or clean-
ings (i.e., compressor, inlet air filtration systems, etc.).

1-3 TEST UNCERTAINTY

1-3.1 Absolute Performance Test Uncertainty

For absolute performance tests, this Code establishes a
limit for the uncertainty of each required measurement
(parameter or variable), and also limits the variation
of the critical parameters during the test. The test uncer-
tainty is then calculated in accordance with the

ASME PTC 22-2023
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procedures defined herein and by ASME PTC 19.1. The
procedures include establishing a Code limit test uncer-
tainty. Both pretest and posttest uncertainty calculations
are required.
Users of this Code shall develop their own site- and

equipment-specific uncertainty. The overall test uncer-
tainty will be unique for each Code test because of the
differences in the scope of supply, fuels used, turbine
sensitivities, grade and number of instruments selected,
and driven equipment characteristics.

1-3.2 Comparative Performance Test Uncertainty

For comparative performance tests, this Code estab-
lishes a limit for the uncertainty of the performance
result. The test uncertainty is then calculated in accor-
dance with the procedures defined herein and by
ASME PTC 19.1. The test uncertainty of the performance
result expressed as the uncertainty of the difference shall
be no greater than 10% of the expected change in perfor-
mance. Both pretest and posttest uncertainty calculations
are required. For comparativeperformance testing, unlike
absolute level testing, the uncertainty is more complex
since the desired result is the difference in performance
rather than the absolute level. Difficulty in establishing the
sensitivities (which depend on the age of the equipment
and the extent of the restoration) shall be considered, as
well as the selection of instrumentation. Comparative
performance betweenpretests and posttestswill typically
result in differential performance values with lower

uncertainty than the individual absolute value perfor-
mance uncertainties, due to partial cancellation of
systematic errors.
The parties shall also assess the viability of the test,

based on the uncertainty as a percentage of the expected
differential. The comparative test uncertainty is strongly
affected by whether or not the same instrumentation was
used forbothbeforeandafter tests, andby thesensitivities
of the unit being tested. Thus the uncertainty values can
have considerable variation.

1-4 OTHER REQUIREMENTS AND REFERENCES

The applicable provisions of ASME PTC 1 are a manda-
tory part of this Code. They should be reviewed and
followed when preparing the procedure for a gas
turbine test.
ASME PTC 2 defines many of the terms and numerical

constants used in this Code. The ASME PTC 19 series,
Supplements on Instruments and Apparatus, should be
consulted when selecting the instruments used to
measure the required test parameters and when calcu-
lating test uncertainties.
This Code relies onmany references for test procedures

and data, such as fromASTM International, the Institute of
Electrical andElectronicEngineers (IEEE), andothers.The
parties shall agree to use other recognized international
sources for these procedures and data, including applica-
ble revisions.
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Table 1-2.2-1
ð23ÞGas Turbine Extended Scope

Gas Turbine Extended Scope Appropriate ASME PTC Comments
Evaporative (EVAP) cooler PTC 22 Additional systems to operate EVAP cooler (i.e., water-forwarding pump)

are negligible and haveminimum impact to net gas turbine performance.
Good industry experience with component, well-understood technical
impact, and existing corrections for temperature and relative humidity
within ASME PTC 22 can be applied.

Inlet chillers PTC 46 Complexity of inlet chiller auxiliaries will require additional corrections
that are not considered in ASME PTC 22.

Inlet fogging PTC 22 Similar to EVAP cooling, inlet fogging has a well-understood technical
impact.

Existing corrections for temperature and relative humidity within ASME
PTC 22 can be applied.

Wet compression PTC 22 Compressor intercooling attribute makes this inherently internal to gas
turbine test scope.

Inlet heater using recirculation air PTC 22 Inlet heating source is inside the gas turbine test boundary, which makes
the heating source inherently internal to the gas turbine test scope.

Inlet heater using external heat
source

PTC 46 External heat source such as electric heater or steam coils will require
corrections that are not considered in ASME PTC 22.

Generator step-up transformer PTC 22 Good industry experience, well-understood technical impact, and existing
corrections for power factor within ASME PTC 22 can be applied.

Gas compressor PTC 46 Variations in inlet fuel pressure/temperature and fuel flow to gas
compressorwill impactperformanceandauxiliary loads thatwill require
corrections not considered in ASME PTC 22.

Gas turbine recuperator PTC 22 The recuperator impacts performance to the turbine and compressor
sections within the gas turbine; therefore, this is internal to the gas
turbine test scope.

Gas turbine intercooler PTC 22 The intercooler impactsperformance to thecompressor sectionswithin the
gas turbine; therefore, this is internal to the gas turbine test scope.

Fuel gas heater if heat source is
internal

PTC 22 Fuel heating source inside the gas turbine test boundary makes this
inherently internal to the gas turbine test scope.

Fuel gas heater if heat source is
external

PTC 46 External heat source such as electric- or hot-water-based heater will
require corrections that are not considered in ASME PTC 22.

Gas turbine with selective catalytic
reduction (SCR)

PTC 46 Ammonia consumption performance guarantees and additional auxiliaries
associated with the SCR are not considered in ASME PTC 22.

Gas turbine with external air
injection

PTC 46 Correction methods not covered by ASME PTC 22, and there is significant
operation complexity with multiple components.

Extraction/injection fluids PTC 22 Extraction fluids for process and injection fluids for emission control and/
or power augmentation corrections within ASME PTC 22 can be applied,
provided thegas turbine testboundarydoesnot includecomponents that
will require corrections that are not considered in ASME PTC 22.

Combined cycle plants or plants
with heat recovery systems

PTC 46 Correction methods not covered by ASME PTC 22, and there is significant
operation complexity with multiple components.
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Section 2
Definitions and Descriptions of Terms

2-1 GENERAL

Terms included in this Section are those for which clar-
ification is considered to improve users’ grasp of Code
intent.

2-2ð23Þ DEFINITIONS
absolute performance: performance [power, heat rate
(efficiency), exhaust temperature, exhaust flow, and
exhaust energy] of the gas turbine at a specific point
in time.
aero-derivative gas turbine: modified version of aircraft
gas turbine engine used for electrical power generation
and mechanical applications.
auxiliary power: electrical power used in the operation of
the gas turbine or elsewhere as defined by the test
boundary.
calibration: the process of comparing the response of an
instrument to a standard instrument over somemeasure-
ment range or against a recognized natural physical
(intrinsic) constant and adjusting the instrument to
match the standard, if appropriate.

field calibration: the process by which calibrations are
performed under conditions that are less controlled than
the laboratory calibrations with less rigorous measure-
ment and test equipment than provided under a labora-
tory calibration.

laboratory calibration: the process by which calibra-
tions are performed under very controlled conditions
with highly specialized measurement and test equipment
that has been calibrated by approved sources and remains
traceable to National Institute of Standards and Tech-
nology (NIST), a recognized international standard orga-
nization, or a recognized natural physical (intrinsic)
constant through an unbroken comparison having
defined uncertainties.
Code limit: the combination of applicable uncertainty
limits for each of the measured parameters for that parti-
cular configuration and test.
comparative performance: change in performance of the
gas turbine expressed as a differential or ratio.
control temperature: temperature or schedule of tempera-
tures determined by the manufacturer that defines one of
the operating conditions for the test. This temperature

may or may not coincide with the temperature of the
working fluid exiting the gas turbine. Regardless of
measurement location, control temperature is internal
to the test boundary.
corrected performance: performance parameter adjusted
mathematically to specified reference conditions.
exhaust gas emissions: constituents of the working fluid
exiting the gas turbine that may be used to define in
part the operating conditions for the test.
exhaust gas energy: energy of theworking fluid exiting the
gas turbine at a point defined by the test boundary.
exhaust gas flow: flow of the working fluid exiting the gas
turbine at a point defined by the test boundary.
exhaust gas temperature: mass weighted average
temperature of the working fluid exiting the gas
turbine at a point defined by the test boundary.
extraction air: a defined airstream that intentionally
leaves the test boundary.
gas turbine system:machine that converts thermal energy
intomechanicalwork; it consists of oneor several rotating
compressors, one or more thermal devices that heat the
working fluid, one or several turbines, a control system,
and essential auxiliary equipment. Any heat exchangers
(excluding exhaust heat recovery exchangers) in the
main working fluid circuit are considered to be part of
the gas turbine. The gas turbine system includes the
gas turbine and all essential equipment necessary for
the production of power in a useful form (e.g., electrical,
mechanical, or thermal) within the test boundary.
gaseous fuel: mixture of combustibles with or without
inerts in which each component is present as a super-
heated or saturated vapor under conditions of use.
heat input: the flowof fuel or fuelsmultiplied by the higher
or lower heating value of the fuel.
heat loss: energy quantity that leaves the test boundary
outside defined exits.
heat rate: the ratio of the heat input to the power output
produced by the gas turbine as measured at the test
boundaries. The basis of the value should always be
expressed as either lower heating value or higher
heating value.
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higher heating value (HHV) at constant pressure (gaseous
fuels): theheat producedby the combustionof aunit quan-
tity of gaseous fuel or fuels at constant pressure under
specified conditions. All water vapor formed by the
combustion reaction is condensed to the liquid state.
higher heating value (HHV) at constant volume (liquid
fuels): theheat producedby the combustionof aunit quan-
tityof liquid fuel at constantvolumeunderspecifiedcondi-
tions, as in an oxygen bomb calorimeter. All water vapor
from the combustion reaction is condensed to the liquid
state.
injection fluid:nonfuel gaseousor liquid streamthat enters
the test boundary.
inlet air-conditioning: the process using one or more
devices to cool or heat the inlet air prior to entry into
the gas turbine compressor. The test boundary shall
clearly state whether the device is inside or outside of
the scope of the test.
liquid fuel:mixture of combustibles with or without inerts
that is composed almost entirely of liquid components
under conditions of use.
lowerheating value (LHV) (liquid orgaseous fuels): theheat
produced by the combustion of a unit quantity of fuel at
conditions such that all of the water in the products
remains in the vapor phase. It is calculated from the
higher heating value (HHV) at constant volume for
liquid fuels, and from the HHV at constant pressure for
gaseous fuels.
measurement uncertainty: estimated uncertainty asso-
ciated with the measurement of a process parameter
or variable.
open cycle: a type of gas turbine power plant in which the
working fluid is primarily atmospheric air with heat addi-
tion through a direct combustion of fuel.
parameter: a direct measurement; a physical quantity at a
location that is determined by a single instrument or by
the average of severalmeasurements of the same physical
quantity.
power output: electrical or mechanical output based on
direct measurement at the test boundary.
random error, ε: the portion of total error that varies
randomly in repeated measurements of the true value
throughout a test process.

specified reference conditions: the values of all the condi-
tions to which the test results are corrected.
systematic error, β: the portion of total error that remains
constant in repeated measurements of the true value
throughout a test process. Also called bias.
test: groupof test runs forwhichoperating conditionsmay
vary.
test boundary: thermodynamic control volume defined by
the scope of the test, and for which the mass and energy
flows are determined. Depending on the test objectives,
more than one boundary may be applicable.
test reading: one recording of all required test instrumen-
tation.
test run: group of readings taken over a specific time
period over which operating conditions remain constant
or nearly so.
test uncertainty: uncertainty associated with a corrected
test result.
thermal efficiency: ratio of the power produced to the fuel
energy supplied per unit time. Thermal efficiency may be
expressed on either a lower heating value or higher
heating value basis.
tolerance: a commercial allowance for deviation from
contract performance levels.
uncertainty: the interval about the measurement or result
that contains the true value for a 95% confidence level.
variable: a quantity that cannot be measured directly, but
is calculated from other measured parameters.
verification: a set of operations that establish evidence by
calibration or inspection that specified requirements have
been met.
Wobbe index: ratio of heating value (higher heating value
or lower heating value) of the gaseous fuel to the square
root of the specific gravity of the gaseous fuel.

2-2.1 Symbols and Subscripts

Symbols used in this Code are listed in Table 2-2.1-1.
Subscripts used in this Code are listed in Table 2-2.1-2.
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Table 2-2.1-1
ð23Þ Symbols

Symbol Description
Units

U.S. Customary SI
ACDC Alternating current (AC) to direct current (DC) conversion efficiency factor … …
B Expanded systematic uncertainty … …
b Systematic standard uncertainty … …
C Orifice discharge coefficient … …
Cp Specific heat capacity at constant pressure Btu/(lbm·°R) kJ/(kg·K)
CTR Current transformer marked ratio … …
D Diameter pipe ft, in. m, mm
d Diameter orifice bore ft, in. m, mm
ExcLoss Exciter power kW kW
FC Field current A A
FV Field voltage V V
gc Conversion constant lbm-ft/lbf-sec2 kg-m/N-s2

H Percent of hydrogen (H2) … …
h Specific enthalpy Btu/lb kJ/kg
H° Exhaust gas enthalpy Btu/lb kJ/kg
HHV Fuel higher heating value Btu/lb kJ/kg
HI Total heat input Btu/hr kJ/h
HR Heat rate Btu/kW⋅hr kJ/kW⋅h
HV Fuel heating value Btu/lb kJ/kg
I Current A A
k Isentropic exponent … …
LHV Fuel lower heating value Btu/lb kJ/kg
M Mass flow rate lbm/hr, lbm/sec kg/s
MCF Meter calibration factor … …
MF Mole fraction … …
Mo Molar flow lbmol/hr kmol/h
MW Molecular weight lb/lbmol kg/kmol
P Power kW, MW kW, MW
p Pressure lbf/in.2 (psi) bar, MPa
PA Phase angle … …
PF Power factor … …
Q Energy flow Btu/hr kJ/h
q Volumetric flow rate ft3/hr m3/h
S Standard deviation … …
SH Sensible heat Btu/lb kJ/kg
T Temperature °F, °R °C, K
U Uncertainty … …
V Voltage volts volts
vars vars for three phases vars vars
VTR Voltage transformer marked ratio … …
VTVD Voltage transformer voltage drop … …
watts Watts for three phases … …
WF Weight fraction … …
WI Wobbe index Btu/scf kJ/Nm3

x Mole fraction of gas component … …
y Height difference ft m
Z Compressibility factor … …
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Table 2-2.1-1
Symbols (Cont’d)

Symbol Description
Units

U.S. Customary SI
α Shift in the powermeter phase angle, coefficient of thermal expansion, ormultiplicative

correction factor for power
… …

β Shift in the current transformer phase angle, ratio of orifice and
pipe diameters, multiplicative correction factor for heat rate, or systematic error

… …

γ Shift in the voltage transformer phase angle or multiplicative correction factor for
exhaust flow

… …

Δf H° Heat of formation Btu/lbmol J/mol
ΔP Differential pressure lbf/in.2 (psi), in. H2O Pa, mbar,

mm H2O
δ Additive correction factor for exhaust temperature … …
ε Multiplicative correction factor for exhaust energy, expansion factor, or random error … …
η Efficiency … …
Θ Sensitivity coefficient for uncertainty calculation … …
ρ Density lbm/ft3 kg/m3

τ Torque lbf·ft N·m

GENERAL NOTE: Unless otherwise noted, “lb” is “lbm.”
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Table 2-2.1-2
Subscripts

Subscript Description
air Air
atm Atmosphere
aux Auxiliary
avg Average calculated
corr Corrected
exc Excitation
exh Exhaust
ext Extraction
f Fuel, or fluid
FM Fuel meter
g Gross
gas Gas
gen Generator
HB Heat balance
highside Highside of the transformer
H2O Water
i Constituent
Inj Injection fluid
j Fuel constituent
k Nonwater exhaust constituent
lowside Lowside of the transformer
meas Measured
net Net
p Constant pressure
PE Orifice material
PP Piping material
R Result
ref Reference
sat Saturated
sen Sensing line fluid
SL Supply limit
T Temperature
th Thermal
Total Total
V Constant volume
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Section 3
Guiding Principles

3-1 AGREEMENTS

3-1.1 General Agreements Before the Test

Theparties to the test shall agree inwritingon the scope
of the test. Agreements shall be reachedandwrittenon the
following:

(a) objectives of the test, including specifying the pa-
rameters to be determined by the performance test

(b) the division of responsibilities to each of the parties
(c) schedule and location for the test to be conducted
(d) test boundaries identifying inputs and outputs,

such as the location of compressor inlet and turbine
exhaust interface points, and measurement locations

(e) confirmation of specified reference conditions and
guarantees

(f) acceptance criteria for the test results
(g) test plan including test procedures
(h) test final report format and contents
(i) selection of alternative instruments and/or calcula-

tion procedures not covered by this Code
(j) Code limit test uncertainty
(k) degradation, if applicable
These and all mutual agreements shall be approved

before the testing by authorized signatures of all
parties to the test.

3-1.2ð23Þ Design, Construction, and Start-Up
Considerations

The parties to the test should consider the following
recommendations for instrumentation accuracy, calibra-
tion, recalibration documentation, and location of perma-
nent plant and temporary test instrumentation:

(a) The locationof permanentplant and temporary test
instrumentation that will be used for performance testing
should consider the impact on test uncertainty and be
reviewed with respect to the requirements of
Section 4. This includes specifying the appropriate labo-
ratory calibration and obtaining all laboratory calibration
reports, certifications, or calibration results for all instru-
mentation used for the test, as applicable. The ability to do
posttest recalibrations or verifications is required as
described in this Code. As design progresses and installa-
tion is completed, the location of this instrumentationwill
need to be reviewed to determine if there are any issues
with regard to its final orientation and/or location.

(b) The connections and spool sections required for
temporary test instrumentation such as pressure connec-
tions, thermowells, spool sections for flowmeters, and
electrical metering tie-ins for temporary test instrumen-
tation should be incorporated into the plant design. Flow
conditioners are recommended for differential pressure
type and turbine flowmeters. The flow element installa-
tion should occur after acid cleaning and/or flushes.

(c) The applicability of the instrumentation should be
considered for measuring the desired test process value.
Note in the test plan whether the recorded value is an
instantaneous or average value. Note also the historical
logging capabilities necessary for the testing.

(d) Access and isolation capability are required for
inspection, calibration, and any temporary instrument
installation and removal.

(e) Review the quantity of devices and instrument
ports available at each location to reduce uncertainty
and provide contingency data acquisition. Using two
single-element thermocouples or one dual-element ther-
mocouple to measure critical temperatures may reduce
uncertainty and provide contingency data.

(f) Lay out the instrument loops to minimize measure-
ment error. Precautions are listed in Section 4. If instru-
ment transformers are used, adequatewire size should be
used to reduce voltage drops and aneutral cable should be
provided to enable accurate three-phase watt metering.

(g) The design should include the ability to duplicate
critical test measurements. This allows a validation of
process values and includes a contingency plan for test
measurements. A separate device should be identified
to corroborate and back up a test measurement.

(h) A review should be performed of the water leg
correction necessary for accurate process variable
measurement.

(i) Use the same instrumentation in accordance with
this Code for comparative performance between
pretest and posttest results to achieve the minimum
uncertainty. The systematic error for instruments used
for both tests, without being disturbed or recalibrated,
will approach zero for most cases.

3-1.3 Responsibilities of Parties

The parties to the test shall agree on individual respon-
sibilities required to prepare, conduct, analyze, and report
the test in accordance with this Code. This includes
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designation of a test coordinator who will be responsible
for the execution of the test in accordance with the test
requirements and will coordinate the setting of required
operating conditions with the plant operations staff.
Procurement and installation responsibilities for test
equipment shall also be defined. Representatives from
each of the parties to the test should be designated to
observe the test, agree on revisions to the test require-
ments during the test, and confirm that the test was
conducted in accordance with the test requirements.

3-1.4ð23Þ Schedule and Location of Test Activities
A test schedule shall beprepared that should include the

sequenceofeventsandanticipatedtimeoftest,notification
of the parties to the test, test plan preparations, test
preparation and conduct, and preparation of the report
of results. All parties shall be notified of and mutually
agree to the test location. The test location shall be
either the actual plant site or a test facility where
control and ambient conditions are acceptable to the
parties to the test.

3-1.5 Test Boundary and Required Measurements

The test boundary is an accounting concept used to
define the streams that shall be measured to determine
performance. All energy streams that cross the boundary
shall be identified. Definition of the test boundary or
boundaries is an extremely important visual tool that
aids in understanding the scope of test, the required
measurements, and the proper accounting of mass and
energy flows.

3-1.5.1 Generic Test Boundaries. The two typical test
boundaries are

(a) the hardware scope boundary for determination of
corrected performance [power output and heat rate (effi-
ciency)] of the equipment within.

(b) the energy balance boundary for calculation of the
exhaust gas mass flow and energy. This boundary is typi-
cally much tighter around the gas turbine unit.
For a particular test, the parties to the test shall estab-

lish the test boundaries specific to their machine config-
uration and testing requirements. Typical boundary
locations are shown in Figure 3-1.5.1-1.

3-1.5.2 Required Measurements. Flexibility is
required in defining the test boundary since it is depen-
dent on a particular gas turbine design. In general,
measurements or determinations are required for the
streams noted in Table 3-1.5.2-1.

3-1.6ð23Þ Test Plan

A detailed test plan shall be prepared prior to
conducting a Code test. The test planwill document agree-
ments on all issues affecting the conduct of the test and
provide detailed procedures for performing the test. The
test plan shall reflect any contract requirements that

pertain to the test objectives, guarantees, the schedule
of test activities, responsibilities of the parties to the
test, test procedures, and report of results, and provide
any needed clarifications of contract issues. The test
plan shall be approved before the testing by authorized
signatures of all parties to the test. The following shall be
included in the test plan:

(a) test acceptance criteria for test completion
(b) specified reference conditions and guarantees
(c) defined test boundaries identifying inputs and

outputs and measurement locations
(d) complete pretest uncertainty analysis, with

systematic uncertainties established for each measure-
ment

(e) specific type, location, andcalibration requirements
for all instrumentation and measurement systems

(f) method for establishing stabilization prior to test
and maintaining constancy of load and other test condi-
tions for the test

(g) fuel sample collection, handling,methodof analysis,
collection frequency, provision of duplicate samples for
each party, and identification of testing laboratories to
be used for fuel analyses

(h) allowable range of fuel conditions, including consti-
tuents and heating value

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

(j) required levelsof equipment cleanliness and inspec-
tion procedures

(k) control curves or control algorithms used to set the
normal operating limit

(l) control parameters and allowable deviations of
these parameters during the test

(m) procedure for recording test readings and obser-
vations

(n) number of test runs and duration of each run
(o) test loads and rotating speeds at which the test is to

be conducted
(p) frequency of data acquisition, data acceptance and

rejection criteria
(q) method for combining test runs tocalculate the final

test results
(r) simulationmodel, numerical values, curves or algo-

rithmsforcorrectionsandadjustmentstobeappliedtotest
determinations when tests are conducted under condi-
tions differing from the specified reference conditions

(s) procedures to account for performance degrada-
tion, if applicable

(t) sample calculations or detailed procedures speci-
fying test-run data reduction and calculation and correc-
tion of test results to specified reference conditions

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

(v) method for agreeing and documenting any modifi-
cation to the test plan

ASME PTC 22-2023

10

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 22
 20

23

https://asmenormdoc.com/api2/?name=ASME PTC 22 2023.pdf


Figure 3-1.5.1-1
Generic Test Boundaries
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GENERAL NOTES:
(a) Streams 1, 2, 3, 4, 5, and 6 required to determine power and heat rate calculations.
(b) Streams 1, 2, 3, 4, 5, 6, and 7 required to determine exhaust flow, energy, and temperature calculations.
(c) Emissions stream information is not required for either calculation.
(d) Agreement required on location of inlet air temperature measurement.

Table 3-1.5.2-1
Required Measurements

Energy Stream Power and Heat Rate Exhaust Flow, Energy, and Temperature
1 Inlet air Temperature, pressure, humidity Temperature, pressure, humidity
2 Fuel Flow, temperature, pressure, composition Flow, temperature, pressure, composition
3 Injection fluid Flow, temperature, pressure, composition Flow, temperature, pressure, composition
4 Exhaust gas Temperature, pressure Temperature
5 Power Power output, power factor, shaft speed Power output, power factor, shaft speed
6 Extraction air Flow, temperature, pressure Flow, temperature
7 Heat losses [Note (1)] … Flow, temperature

GENERALNOTE: Determinations of emissions are outside the scope of this Code, and as such, no emission limitations or requiredmeasurements
are specified. However, since emissions limits may have an effect on results, the Test Plan shall specify emission levels or limits, as required
operating conditions for the test.

NOTE: (1) The measurements of heat losses from generators, lube oil coolers, turbine enclosures, rotor air coolers, etc., where heat crosses the
test boundary, are onlynecessary for exhaust flowor energy test. Estimatedvaluesmaybeused in lieuof actualmeasurementsupon agreementof
the parties to the test.
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3-2 PREPARATIONS FOR TEST

3-2.1 Preliminary to Test

All parties to the test shall be given timely notification,
as defined by prior agreement, to allow them the neces-
sary time to respond and to prepare personnel, equip-
ment, or documentation. Updated information shall be
provided, as it becomes known.

3-2.2 Pretest Records

Dimensions and physical conditions of parts of the gas
turbine required for calculations or other test purposes
shall be determined and recorded prior to the test. Serial
numbers and data fromnameplates should be recorded to
identify thegas turbineandauxiliaryequipment tested.All
instrumentation for the test shall be identified, andmodel
and serial numbers recorded.
Documentation shall be provided for verification of

algorithms, constants, scaling, calibration corrections,
offsets, base points, and conversions to document the
as-tested condition.

3-2.3 Preservation of Instrument Uncertainty

Instrumentationused fordata collection shall be at least
as accurate as instrumentation identified in the pretest
uncertainty analysis. This instrumentation can be
either permanent plant instrumentation or temporary
test instrumentation.
Multiple instruments should be used as needed to

reduce overall test uncertainty. The frequency of data
collection is dependent on the particular measurement
and the duration of the test. To the extent practical,
multiple readings should be collected to minimize the
random error impact on the posttest uncertainty analysis.
The use of automated data acquisition systems is recom-
mended to facilitate acquiring sufficient data.
Calibration or adequate checks of all instruments prior

to the test shall be carried out, and those records and cali-
bration reports shall bemadeavailable. Following the test,
verification is required for those instruments that present
an observed inconsistency.

3-2.4 Equipment Inspection and Cleanliness

Prior to conducting a test, the cleanliness and condition
of the equipment shall be determined by inspection of
equipment or review of operational records, or both,
and witnessed by all parties. Cleaning should be
completed prior to the test and equipment cleanliness
agreed upon.
The gas turbine should be checked to ensure that equip-

ment and subsystems are installed andoperating in accor-
dance with their design parameters.
It should be noted that all gas turbines are subject to

performance degradation over time at differing rates
depending on fuels used, air and water quality,

methods of dispatch, care in operation, and maintenance
of the gas turbines. It is recommended that there be an
agreement by the parties to the test as to the definition of
what constitutes a “new and clean” period for the gas
turbine and then the agreed application method of any
additional correction for performance degradation.

3-2.5 ð23ÞPreliminary Operation and Adjustment

Before starting the test, the gas turbine shall be oper-
ated for sufficient time to demonstrate that there is ac-
ceptable mechanical operation and stable control and
that the operating variables are within the maximum
permissible variation shown in Table 3-3.5-1. It shall
be verified that the gas turbine is operating in accordance
with the control curve or control algorithm provided by
the manufacturer. During this period, calibrated test
instruments and permanently installed instruments
used for control shall be checked and any differences
reconciled.

3-2.6 Preliminary Testing

Preliminary testing should be conducted sufficiently in
advance of the start of the overall performance test to
allow time to calculate preliminary results, make final
adjustments, and modify the test requirements and/or
test equipment. Results from the preliminary testing
should be calculated and reviewed to identify any prob-
lems with the quantity and quality of measured data.
It is recommended that an energy balance calculation

such as in Mandatory Appendix I be performed as part of
the preliminary test to determine the exhaust flow.
Suggested methods for checking confidence in exhaust
flow results include reviewing one or more of the
following:

(a) design exhaust flow
(b) heat recovery steam generation (HRSG) heat

balance
(c) O2 calculated versus O2 measured at the stack
(d) CO2 calculated versus CO2 measured at the stack
(e) measured exhaust flow from traverses of exhaust

gas

3-2.7 Pretest Considerations for Comparative
Testing

3-2.7.1 The parties shall agree on how the test results
will be corrected. It may be appropriate to correct post-
modification performance to conditions of the premodi-
fication test since the manufacturer will usually provide a
new description of sensitivity factors for the postmodifi-
cation condition. Testing over an ambient temperature
range in both the pretests andposttestsmayprovide addi-
tional basis for correcting results to a common reference
condition although extreme care shall be taken in the
interpretation of this type of test result. In any case it
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would be advantageous to conduct both tests at nearly the
same ambient conditions.

3-2.7.2 It is common to do restorative action in
multiple parts of the gas turbine package while it is in
an outage period. Special cleaning of the compressor
and replacement of inlet filters or damaged gas parts
are examples of restorative action. The parties to a
comparative test need to recognize the value of this addi-
tional restorativeworkandhowitmaybe factored into the
final results.

3-2.7.3 Testing should be conducted just prior to shut-
down for the outage and immediately following startup of
the gas turbine at the conclusion of the outage. It is rec-
ommended that the premodification test be conducted
following a compressor wash. The time frame for the
test following such a wash is to be agreed to by all parties.

3-3 CONDUCT OF TEST

3-3.1 Specified Reference Conditions

Specified reference conditions are defined by the guar-
antees or object of the test and they form the baseline for
the performance corrections. Every effort should bemade
to run the test as close to specified reference conditions as
possible, to minimize the effect of corrections.

3-3.2 Starting and Stopping Tests and Test Runs

The test coordinator is responsible for ensuring that all
data collection begins at the agreed-upon start of the test,
and that all parties to the test are informed of the starting
time.

3-3.2.1ð23Þ Starting Criteria. Prior to starting the perfor-
mance test, the following conditions shall be satisfied:

(a) Verification. Check configuration of equipment and
instrumentation, noting any deficiencies in equipment or
procedures, and ensure that the disposition for testing has
been reached in accordance with the test requirements,
including

(1) equipment operation and method of control
(2) availability of consistent fuel within the allow-

able limits of the fuel specification (by analysis as soon
as practicable preceding the test)

(3) gas turbine operation within the bounds of the
performance correction curves, control curves, algo-
rithms, or programs

(4) equipment operation within allowable values,
e.g., manufacturer and emissions limits

(5) equipment tuning completed and documented
with a printout of the control constants for baseline
performance for inclusion in the final report

(6) operating conditions will meet the requirements
of para. 3-3.5

(b) Stabilization. Before starting the test, the gas
turbine shall be run until stable conditions have been
established. Stability will be achieved when continuous
monitoring indicates the readings have been within the
maximum permissible variation established by themanu-
facturer.

(c) Data Collection. The data acquisition system or
systems are functioning, and test personnel are in
place and ready to collect samples or record data.

3-3.2.2 Stopping Criteria. Tests are normally stopped
when the test coordinator is satisfied that requirements
for a complete test run have been satisfied (see
para. 3-3.4). The test coordinator shall verify that
modes of operation during test, specified in para. 3-3.3,
have been satisfied. The test coordinator may extend
or terminate the test if the requirements are not met.

3-3.3 Operation Prior to and During Tests

All equipment necessary for normal and sustained
operation at the specified conditions shall be operated
during the test or accounted for in the corrections. Inter-
mittent operation of equipment within the test boundary
should be accounted for in a manner agreeable to all
parties.

3-3.3.1 ð23ÞOperatingMode.The gas turbine shall be oper-
ated in a manner consistent with the basis of design or
guarantee, and in a manner that will permit correction
from test operating conditions to specified reference
conditions. The gas turbine operating mode shall be in
accordance with the bounds of the simulation model,
correction curves, and the control mode or control
limit provided prior to commencement of the test. It is
mandatory that the control constants and inputs affecting
turbine performance be recorded during the test. These
constants serve as a basis of the performance test, and as
such the results obtained throughperformance testing are
only valid for the constants used during testing.

3-3.3.2 Auxiliary Equipment Operation. Equipment
that is necessary for operation or that would normally
be required for the gas turbine to operate at specified
reference conditions shall be operating or accounted
for in determining auxiliary power loads. Intermittent
auxiliary loads shall also be accounted for in an equitable
manner and applied to the power consumption. Examples
of intermittent loads are heaters and heat tracing.

3-3.3.3 Inlet Air-Conditioning (Evaporative Coolers,
Chillers, Foggers, Heaters). The decision to include
air-conditioning equipment in operation during a perfor-
mance test shall be made by the parties to the test and
should be part of the agreement in writing. The perfor-
mance testing guidelines in this Code address solely
the performance of the gas turbine. When testing with
inlet air-conditioning in service, the ambient air condi-
tions shall be within the equipment operational
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requirements. Theparties to the test shall agreeonaccept-
able ambient conditions during a performance test. If it is
required to test with the inlet air-conditioning in opera-
tion, it is strongly recommended that at least one run be
performed with the inlet air-conditioning out of service
before a performance run with the inlet air-conditioning
in service.

3-3.3.4 Adjustments Prior to and During Tests. Prior
to the start of the actual test run, adjustments are
permitted, provided that stabilization as defined in
para. 3-3.2.1(b) is established. Once the test run has
started, no adjustments are permitted except by agree-
ment of all the parties to the test.

3-3.4 Duration of Test Run and Frequency of
Readings

Theduration of a test run and the frequency of the read-
ings shall be selected to provide a reliable average of the
readings. A 30-min test run is recommended to be in
compliancewithTable3-3.5-1and tomeet theuncertainty
requirements of this Code. A test can be a single 30-min
run or the average of a series of runs, each of which is first
separately corrected. While this Code does not require
multiple runs, the following advantages of multiple
runs should be recognized:

(a) provides ameans for valid rejection of questionable
test runs

(b) reduces random uncertainty
(c) verifies the repeatability of results

3-3.5 Maximum Permissible Variations in
Operating Conditions

The calculated standard deviation of the data sample
shall not exceed the values given in Table 3-3.5-1. If oper-
ating conditionsvaryduringany test runbeyond the limits
prescribed in Table 3-3.5-1, the results of the test run shall
be discarded.
For inlet air temperature, the limits are given as abso-

lute standard deviation of the sample calculated as
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3-4 TEST RECORDS

3-4.1 Test Readings

To the extent possible, test readings shall be recorded
on a data acquisition system. A complete set of unaltered
data acquisition sheets and recorded charts, electronic
media, or facsimiles thereof, shall become the property
of each party to the test at the end of the test. The observa-
tions shall include the date and time of day. They shall be
the actual readingswithout application of any corrections.
The log sheets and all recorded charts constitute a
complete record.

3-4.2 Direct Readings

Direct manual readings of instruments shall be
recorded at uniform frequent intervals during a test. It
is preferable to observe simultaneously all instruments
at the same intervals.

3-4.3 Certified Data

It is recommended that data considered to be especially
important be confirmed by a second observer.

3-4.4 Test Log

Every event connected with the progress of a test,
however unimportant it may appear at the time,
should be recorded on the test log sheets together
with the time of occurrence and the name of the observer.
Particular care should be taken to record any adjustments
made toanyequipmentunder test,whethermadeduringa
run or between runs. The reasons for each adjustment
shall be stated in the test records. This information
shall be included in the final report.

Table 3-3.5-1
Maximum Permissible Variations in

Operating Conditions

Variable Sample Standard Deviation
Power output (electrical) 0.65%
Torque 0.65%
Barometric pressure 0.16%
Inlet air temperature 1.3°F (0.7°C)
Fuel flow 0.65%
Rotating speed 0.33%
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3-4.5 Test Recording Errors

Manual data shall be recorded in ink. In case of error in a
recorded observation, a line shall be drawn in ink through
the incorrect entry, the correct reading recorded in ink
and initialed above the incorrect entry, and anexplanation
entered in the proper place in the test records. A compar-
ison of these observations should be made as soon as
possible and any discrepancies reconciled before the
end of the test.

3-5 TEST VALIDITY

3-5.1 Validity of Results

If, during the conduct of a test or during the subsequent
analysis or interpretation of the observed data, an incon-
sistency is found that affects the validity of the results, the
parties should make every reasonable effort to adjust or
eliminate the inconsistency by mutual agreement. Failure
to reach such agreement will constitute a rejection of the
run or test.

3-5.2 Reporting of Results

In all cases, the test results shall be reported
(a) as calculated from the test observations, with only

instrument calibration adjustments having been applied
(b) as corrected for deviations of the test condition

from the specified reference conditions

3-5.3 Causes for Rejection of Readings

Upon completion of test or during the test itself, the test
data shall be reviewed to determine if any data should be
rejected prior to the calculation of test results. Should
serious inconsistencies that affect the results be detected,
the run shall be invalidated completely, or it may be inva-
lidatedonly inpart if theaffectedpart is at thebeginningor
at the end of the run. Refer to ASME PTC 19.1 for data
rejection criteria.

3-6 UNCERTAINTY

3-6.1 Objectives

The application of uncertainty analysis to a Code test
has four objectives. It

(a) demonstrates compliance of the test procedure
with the uncertainty requirements of the Code

(b) reduces the risk of making an erroneous decision
when evaluating the results

(c) identifies the contribution of each measurement to
the overall uncertainty

(d) provides a mechanism for improving the quality of
the test

3-6.2 Uncertainty Calculations

This Code provides a test procedure that produces
results with the lowest practical uncertainties.
However, no measurement is without error, and the
uncertainty of each measurement should be evaluated
by the parties. All uncertainty values that have been deter-
minedandagreedupon shall be included in the report (see
Section 6). Calculations shown in Section 7 are in accor-
dance with ASME PTC 19.1.

3-6.3 Differences in Uncertainties

This Code specifies procedures for typical acceptance
type tests for power output and heat rate (efficiency);
energy balance tests for exhaust flow, energy, and/or
temperature; and comparative tests for later uprates
and modifications. The uncertainty calculation method
for each type is different; Section 7 provides an outline
of the procedure, sample calculations, and guidance on
the application of the analysis.

3-6.4 Uncertainty Analyses

3-6.4.1 Absolute Performance Tests. For absolute
performance tests, it is not possible to define a single
value of uncertainty to be designated a Code test. The
test uncertainty is a functionof thenumber of components
included in the gas turbine or power plant, the sensitivity
of that turbine to the ambient and other corrections that
shall be applied to determine its performance at the speci-
fied reference conditions, the type of fuel used, and the
ability to measure the power output of the driven equip-
ment. The Code defines uncertainty limits for each of the
measured parameters; the combination of the applicable
limits will determine the Code limit for that particular
configuration and test.
This Code requires the procedures specified in

paras. 3-6.4.1.1 through 3-6.4.1.3 for establishing test
uncertainties that qualify as Code tests for an absolute
performance test goal.

3-6.4.1.1 A pretest uncertainty analysis shall be
performed so that the test can be designed to meet
Code requirements. Calculate a maximum uncertainty
by using the Code limit for each measurement (from
Table 4-1.2.1-1) along with the appropriate sensitivity
coefficients for the turbinebeing tested. Thiswill establish
the Code limit test uncertainty.
Due to the significant influence of inlet air temperature

on test results, and the variationof this sensitivity over the
ambient temperature range, it is recommended that Code
limits be established for several inlet air temperatures, or
a range of temperatures, so that the final posttest uncer-
tainty can be compared directly to a Code limit test uncer-
tainty at or near the test inlet air temperature.
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3-6.4.1.2 The parties shall then select the number
and typeof instruments for eachparameter thatwill result
in an uncertainty equal to or less than the required Code
uncertainty. This should provide some margin below the
Code limit to allow for unexpected deviations during the
test, as determined in the posttest analysis.

3-6.4.1.3 A posttest uncertainty analysis shall also
be performed to reveal the actual quality of the test. If the
posttest analysis shows that the uncertainty of any
measurement exceeds the Code limit, but the exceeded
measurement or measurements do not result in an
overall test uncertainty greater than the Code limit
from para. 3-6.4.1, the test should be considered valid.
A posttest result that exceeds the Code limit will
require the parties to decide on acceptance or rejection
of the test.

3-6.4.2 Comparative Performance Tests. For
comparative performance tests, this Code establishes a
limit for the uncertainty of the performance result as

described in subsection 7-4. The test uncertainty of the
performance result expressed as the uncertainty of the
difference shall be no greater than 10% of the expected
change in performance. In this case, the difference
between two tests is of interest, and the uncertainty calcu-
lation method will not be the same as for para. 3-6.4.1.
Both pretest and posttest uncertainty calculations are
required. For comparative testing, the parties shall
agree beforehand whether a test can be designed with
anuncertainty that is significantly lower than theexpected
performance benefit. Experience has shown that as-tested
uncertainty can be a value as large as, or larger than, the
performance benefit to be verified, resulting in an incon-
clusive test. In addition, the parties should realize that a
cost/benefit analysis of themodification and its compara-
tive test should determine the scope, cost, and required
accuracy of the test.
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Section 4
Instruments and Methods of Measurement

4-1 GENERAL REQUIREMENTS

4-1.1 Introduction

This Section presents the mandatory requirements for
instrumentation selection and application. The Instru-
ments and Apparatus Supplement (ASME PTC 19
Series) outlines the governing requirements for all
ASME performance testing. This Code will refer to the
pertinent ASME PTC 19 Code for each type of measuring
device. Newdevices andmethodsmaybe employed in lieu
of any instrumentation recommended in this Code as they
become available, provided that they meet the maximum
allowable uncertainty limits specified herein. U.S.
Customary units are primary and the metric (SI) units
are secondary and shown in parentheses. However,
any other consistent set of units may be used.

4-1.2 Maximum Uncertainties

4-1.2.1 Absolute Test Uncertainty. This Code identi-
fies specific uncertainty limits that shall be met for
each test measurement. Table 4-1.2.1-1 summarizes
these maximum allowable uncertainties for absolute
performance tests. These mandatory uncertainty limits
represent the total uncertainty of each particular
measurement, including all systematic (which include
spatial) and random effects. These values should be
compared to the actual uncertainty for eachmeasurement
individually prior tomultiplying by the relative sensitivity
factors to calculate an overall test uncertainty for the
tested parameter [power, heat rate (efficiency),
exhaust flow, exhaust energy, or exhaust temperature].
If the uncertainties in Table 4-1.2.1-1 are met, the test
shall be deemed a valid Code test with respect to
meeting measurement uncertainty requirements. These
uncertainties may be achieved by the methods described
in this Section or by other means mutually acceptable to
the parties to the test.

4-1.2.2ð23Þ Comparative Test Uncertainty. This Code
specifies a limit for the uncertainty of the performance
result and, unlike an absolute performance test, does
not specify uncertainty limits for each test measurement.
Agreement shall be reached on the type of instrumen-

tation (existing station instrumentation, test-grade instru-
mentation, and/or calibrated to known standards or not)
thatwill be used for the test. Theuse of plant-grade instru-

ments becomes possible in a comparative test due to the
potential for reduced effect of systematic error in the
uncertainty of performance differences. The reduced
effect of systematic error is achieved by using the
same instruments in both the premodification and post-
modification tests, provided that the systematic errors are
known to remain constant in both pretests and posttests.
In some instruments, systematic errorsmay not remain

constant. Drift and sensitivity to ambient conditions may
be reasons for changing systematic error. To overcome
this change in systematic error, it may be necessary to

Table 4-1.2.1-1
Maximum Allowable Measurement Uncertainties

Parameter or Variable Uncertainty
AC power 0.25%
Auxiliary power 5%
DC power 0.5%
Torque 1.5%
Speed 0.1%
Time 0.05%

Inlet air temperature 1°F (0.6°C)
Barometric pressure 0.075%
Humidity: Wet bulb 3°F (2°C)
Humidity: RH from meter 2%
Extraction/injection flows
(water, steam, N2, rotor cool) 2%

Extraction/injection temperature 5°F (3°C)

Gas fuel heat input [Note (1)] 0.75%
Oil fuel heat input [Note (1)] 0.65%

Gas fuel temperature (for sensible
heat calculation)

3°F (2°C)

Oil fuel temperature (for sensible
heat calculation)

3°F (2°C)

Inlet total pressure drop 10%
Exhaust static pressure drop 10%

Exhaust temperature (see Mandatory Appendix I) 10°F (6°C)

NOTE: (1) For guidanceonevaluating theuncertainties of the various
measurements required for heat input, refer to the appropriate para-
graphs in Sections 4 and 7.
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upgrade some instruments prior to pretest. Recalibration
or other maintenance of instruments during the outage
would be a cause for systematic error to change and
should be avoided. In the event the calibration drift is
expected to be unacceptable, a recalibration should be
considered, using the same calibration techniques and
reference standards used prior to the pretest to reduce
the effect of the systematic error below that which
would occur as a result of the calibration drift. Care
shall be taken with instruments that will be removed
during the outage that they be replaced and used in
the same manner and installation location in which
they were used in the pretest.

4-1.3 Instrument Calibration and Verification

4-1.3.1 Calibration. Calibration is the set of operations
that establish, under specified conditions, the relationship
between values indicated by a measuring instrument or
measuring system, and the corresponding reference stan-
dard or known values derived from the reference stan-
dard. The result of a calibration permits the estimation
of errors of indication of the measuring instrument or
measuring system, or the assignment of values to
marks on arbitrary scales. The result of a calibration is
sometimes expressed as a calibration factor, or as a
series of calibration factors in the form of a calibration
curve. Calibrations shall be performed in a controlled en-
vironment to the extent necessary to ensure valid results.
Due consideration shall be given to temperature,
humidity, lighting, vibration, dust control, cleanliness,
electromagnetic interference, and other factors affecting
the calibration. Where pertinent, these factors shall be
monitoredandrecorded, and, as applicable, compensating
corrections shall be applied to calibration results obtained
in an environment that departs from acceptable condi-
tions. Calibrations performed in accordance with this
Code are categorized as either laboratory or field calibra-
tions.

4-1.3.1.1 Laboratory Calibration. Laboratory cali-
brations shall be performed in strict compliance with
established policy, requirements, and objectives of a
laboratory’s quality assurance program. Consideration
shall be taken to ensure proper space, lighting, and envir-
onmental conditions such as temperature, humidity,
ventilation, and low noise and vibration levels.

4-1.3.1.2 Field Calibration.Adequatemeasures shall
be taken to ensure that the necessary calibration status of
reference standards is maintained during transportation
andwhile on-site. The responseof the reference standards
to environmental changes or other relevant parameters
shall be known and documented. Field calibration
measurement and test equipment requires calibration
by approved sources that remain traceable to NIST,
another recognized national or international standard
organization, or a recognized natural physical (intrinsic)

constant through unbroken comparisons having defined
uncertainties. Uncertainties achieved with field calibra-
tion can normally be expected to be larger than uncertain-
ties achieved with laboratory calibrations due to
allowances for aspects such as the environment at the
place of calibration and other possible adverse effects
such as those caused by transportation of the calibration
equipment.

4-1.3.2 Verification. Verification provides a means for
checking that thedeviationsbetweenvalues indicatedbya
measuring instrument and corresponding known values
are consistently smaller than the limits of the permissible
error defined in a standard, regulation, or specification
particular to the management of the measuring device.
The result of the verification leads to a decision to
restore to service, perform adjustments, repair, down-
grade, or declare obsolete.
The following are a few examples of verification tech-

niques:
(a) field calibration
(b) nondestructive inspections

(1) atmospheric pressure observations on absolute
pressure transmitters

(2) field checks including visual inspection
(3) no load readings on power meters

(c) intercomparison of redundant instruments
(1) water or electronic bath checks on temperature

measurement devices
(2) reconciliations on redundant instruments

(d) check of transmitter zeros
(e) energy stream accounting practices

(1) mass computations
(2) heat computations
(3) energy balance computations

The applicable field verification requirements shall be
judged based on the unique requirements of each
setup. As appropriate, manufacturer’s recommendations
and the Instruments andApparatus Supplements to ASME
Performance Test Codes should be referenced for further
field verification techniques.

4-1.3.3 Reference Standards.Reference standards are
generally of the highest metrological quality from which
the measurements made at that location are derived.
Reference standards include all measurement and test
equipment and reference materials that have a direct
bearing on the traceability and accuracy of calibrations.
Reference standards shall be routinely calibrated in a
manner that provides traceability to NIST, another recog-
nized international or national standard organization, or
defined natural physical (intrinsic) constants and have
accuracy, stability, range, and resolution for the intended
use.They shall bemaintained forproper calibration, hand-
ling, and usage in strict compliance with a calibration lab-
oratory quality program. When it is necessary to use
reference standards for field calibrations, adequate
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measures shall be taken to ensure that the necessary cali-
bration status is maintained during transportation and
while on-site. The integrity of reference standards shall
be verified by proficiency testing or interlaboratory
comparisons. All reference standards should be calibrated
at the frequency specified by the manufacturer unless the
user has data to support extension of the calibration
period. Supporting data is historical calibration data
that demonstrates a calibration drift less than the accu-
racy of the reference standard for the desired calibration
period.
The collective uncertainty of reference standards shall

be known and the reference standards should 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-
tainty of the calibrated instrument shall be determined
at a 95% confidence level. A reference standard with a
higher uncertainty may be used if the uncertainty of
the reference standard combined with the random uncer-
tainty of the instrument being calibrated is less than the
uncertainty requirement of the instrument. For example,
for some kinds of flow metering, the 25% rule cannot be
met.

4-1.3.4 Environmental Conditions. Calibration of
instruments should be performed in a manner that
considers the conditions under which the instrument
will be used to make the test measurements. As it is
often not practical or possible to perform calibrations
under replicated environmental conditions, additional
elemental error sources should be identified and esti-
mated error source considerations should be given to
all ambient conditions which may significantly affect
the measurement uncertainty.

4-1.3.5 Instrument Ranges and Calibration. The
number of calibration points depends on the magnitude
of the measurement’s sensitivity factor relative to the
tested parameter. The calibration should bracket the
expected measurement values as closely as possible.
All instruments should be calibrated such that the
expected values are approached from a higher value as
well as a lower value. This approachwill minimize hyster-
esis effects. Test instruments should be calibrated at two
points more than the order of calibration curve fit. Instru-
ments with variable ranges of operations shall be cali-
brated at each range that might be used during the test.
Instruments used to measure variables not directly

input into test calculations can be checked in place
with two or more instruments measuring the variable
with respect to the same location, or they canbe calibrated
against a previously calibrated instrument. The calibra-
tion of the instrument is sufficient at one point in the
expected range of operation.

4-1.3.6 Timing of Calibration. Calibrations should
take place as close to the test date as possible. The
Code does not mandate a period of time between the
initial calibration, the test period, and the recalibration.
Equipment manufacturers’ requirements and indications
should be used as a basis for determination of the
optimum time interval needed to keep the calibration
drift to a minimum.
The Code recommends conducting a posttest instru-

ment calibration if the recorded data indicates a possibi-
lity of instrument error. The posttest checking should
include at least a loop calibration, as defined in
para. 4-1.3.8, or a site verification using an additional
instrument.

4-1.3.7 Calibration Drift. Calibration drift is defined in
the calibration correction as a percent of reading. When a
posttest calibration indicates the drift is less than the
instrument bias uncertainty, the drift is considered ac-
ceptable and the pretest calibration is used as the
basis for determining the test results. Occasionally, the
instrument calibration drift is unacceptable. Should the
calibration drift, combined with the reference standard
accuracy as the square root of the sum of the squares,
exceed the required accuracy of the instrument, it is un-
acceptable. Calibration drift results from many sources
including instrument malfunction, transportation, instal-
lation, or removal of the test instrument. Should unaccept-
able calibration drift occur, engineering judgment shall be
used to determine whether the initial calibration or the
recalibration is correct. The following are some practices
that lead to the application of good engineering judgment:

(a) When instrumentation is transported to the test
site between the calibration and the test period, a
single point check prior to and following the test
period can isolate when the drift may have occurred.
Examples of this check include vented pressure transmit-
ters, equalized ΔP transmitters, no load on power meters,
and ice point temperature instrument checks.

(b) In locations where redundant instrumentation is
employed, calibration drift should be analyzed to deter-
mine which calibration data (the initial or recalibration)
produces better agreement between redundant instru-
ments.

(c) Consult the equipment manufacturer about poten-
tial problems if such potential is suspected.

4-1.3.8 Loop Calibration. All test instruments should
be loop-calibrated when practicable. Loop calibration
involves the calibration of the test instrument through
the test signal-conditioning equipment. This is normally
accomplished by pairing the instrument and the signal
conditioner prior to calibration, then calibrating both
at the same time. When this is done, the instrument
and signal conditioner shall remain paired for the loop
calibration to remain valid.
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When a loop calibration is not possible, the instrument
and signal conditioner may be calibrated separately. The
instrument is calibrated using a knownprocess and a high
accuracy signal conditioner. The signal conditioner is cali-
brated by applying a known input signal generated by a
precision signal generator. When this method is used, the
total measurement uncertainty is the combination of the
instrument and signal conditioner uncertainties. The
combined uncertainty of both the instrument and
signal conditioner shall still meet the measurement
system accuracy requirements described herein.

4-1.3.9 Quality Assurance Program. Each calibration
laboratory shall have in place a quality assurance
program. This program is a method of documentation
where the following information can be found:

(a) calibration procedures
(b) calibration technician training
(c) standard calibration records
(d) standard calibration schedule
(e) instrument calibration histories
The quality assurance program should be designed to

ensure that the laboratory standards are calibrated as
required. The program also ensures that properly
trained technicians calibrate the equipment in the
correct manner.
All parties to the test should be allowed access to the

calibration facility as the instruments are calibrated. The
quality assurance program should also be made available
during the visit.

4-1.4 Data Collection and Handling

4-1.4.1ð23Þ DataCollection andCalculation Systems.The
data collection systemshould be carriedout in accordance
with accepted practices and procedures as discussed in
ASME PTC 19.22. A data collection system should be
designed to accept multiple instrument inputs and be
able to sample and record data from all of the instruments
within one minute. The data collection systems should be
time synchronized to provide consistent time-based data
sampling and recording.
The data calculation system should have the ability to

average each input collected during the test and calculate
test results based on the averaged results. The system
should also calculate standard deviation and coefficient
of variance for each instrument. The system should
have the ability to locate and eliminate spurious data
from the average. Data eliminated shall be subject to
mutual agreement of the parties to the test. The
system should also have the ability to plot the test
data and each instrument reading over time to look for
trends and outliers.

4-1.4.2 Data Management. Signal inputs from the
instruments should be stored to permit posttest data
correction for application of new calibration corrections.
The engineering units for each instrument along with the

calculated results should be stored for reporting and
future reference. Prior to leaving the test site, all test
data should be verified to have been collected and
stored for dissemination to interested parties. It is
always recommended to leave a copy of all data at the
site or to transport it by alternate means (i.e., hand
carry originals, mail copies).
Some test programs may require some data to be

recorded manually. Each data sheet should identify the
data point number and time, test site location, date,
and name of the person recording.

4-1.4.3 ð23ÞDesign of Data Collection Systems. With
advances in computer technology, data collection
system configurations have a great deal of flexibility.
Data collection systems can consist of a centralized
processing unit or distributed processing to multiple
plant locations. Eachmeasurement loop shall be designed
with the ability to be loop calibrated separately, and so
that it can individually be checked for continuity and
power supply, if applicable, to trace problems during
equipment setup and checkout. Each instrument cable
should be designed with a shield around the conductor,
and the shield should be groundedon one end to drain any
stray induced currents.
When assessing the accuracy of a measurement, the

accuracy of the entire measurement loop shall be consid-
ered. This includes the instrument and the signal-condi-
tioning loop or process. Ideally, when an instrument is
calibrated it should be connected to the position on
the data collection system that will be employed
during the test. Should this be impractical, each piece
of equipment in the measurement loop should be indivi-
dually calibrated. Separate pieces of equipment include
current sources, volt meters, electronic ice baths, and
resistors in the measurement loop. If the system is not
loop calibrated prior to the test, the parties to the test
should be allowed to spot-check the measurement loop
using a signal generator to ensure that the combined inac-
curacy of the measurement loop is within the expected
value.
TheCodedoesnotprohibit theuseof theplantmeasure-

ment and control system for a test. However, the system
shallmeet the requirements of this Section. Some cautions
are mentioned below.

(a) Plant measurement and control systems typically
do not calculate flows in a rigorous manner. Often the
flow is merely based on a simple ratio relationship
with some compensation factors. Flow calculations for
a Code test should be in accordance with the applicable
methods described in this Section.

(b) Often the plant systems do not have the ability to
apply calibration correction electronically. The output of
some instrumentation like thermocouples cannot be
modified; therefore, electronic calibration is necessary.
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(c) Some plant systems do not allow the raw instru-
ment signal tobedisplayedor storedprior to conditioning.
This raw signal shall be available in order to check the
signal conditioning for error.

(d) Distributed control systems typically only report
changes in a variable when it exceeds a preset threshold
(or deadband) value. The threshold value shall be low
enough so that all data signals sent to the distributed
control system during a test are reported and stored
to a sufficient precision level.

4-2 PRESSURE MEASUREMENT

4-2.1 General

All pressure measurements should be carried out in
accordance with ASME PTC 19.2. Calibrated transmitters,
calibrated transducers, manometers, deadweight gages,
or calibrated elastic gages shall be used to read pressures.
Pressure instruments should be installed with an isola-

tion valve at the end of the sensing line, upstream of the
instrument. The line should be vented before the instru-
ment installation. For steamservice, sufficient time should
be allowed to form a water leg in the sensing line before
any reading is taken.

4-2.2 Pressure Instruments
4-2.2.1 Transmitters and Transducers

4-2.2.1.1 It is recommended that electronic trans-
mitters and transducers be used for the low-uncertainty
measurements to minimize random error.

4-2.2.1.2 Two redundant transmitters are recom-
mended for quality readings.

4-2.2.1.3 Prior to calibration, the pressure trans-
ducer range may need to be altered to better match
the process. Some pressure transducers have the
capability of changing the range once the transmitter
is installed. All transmitters shall be calibrated at each
range to be used during the test period.

4-2.2.1.4 Pressure transmitters should be tempera-
ture compensated. If temperature compensation is not
available, the ambient temperature at the measurement
location during the test period shall be compared to the
temperature during calibration to allow compensation or
to determine if the decrease in accuracy is acceptable.

4-2.2.1.5 Transmitters should be installed in the
same orientation in which they are calibrated. Digital
signals are preferred between the transmitters and re-
corders to eliminate the digital-to-analog and analog-
to-digital conversions and to preclude signal interference.
All analog signal cables shall have a grounded shield to
drain any induced currents from nearby electrical equip-
ment. All analog signal cables are to be installed as far
away as possible from electromagnetic field– (EMF)

producing devices such as motors, generators, electrical
conduit, cable trays, and electrical service panels.

4-2.2.2 Manometers. Manometers should be the
vertical U-tube or single-leg type. A bore of 5∕16 in.
(7.94mm) ormore is required. In a single-legmanometer,
means should be available for adjusting the zero of the
scale while the instrument is in use. Manometers shall
be selected such that the scale length and the fluid
density permit reading to the uncertainty required per
Table 4-1.2.1-1.

4-2.2.3 ElasticGages.Bourdongagesorotherelastic
gages may be used for measurement of pressure greater
than 20 psig (1.38 bar) provided that they are calibrated
with a deadweight gage before and after the test. The
temperature at the gage during calibration shall be
within 20°F (11°C) of the average temperature during
the test. Elastic gages shall be selected such that the
scale diameter and graduations permit reading to the
uncertainty required per Table 4-1.2.1-1.

4-2.3 Typical Gas Turbine Measurement
Parameters

4-2.3.1 Barometric Pressure.Absolute pressure trans-
mitters or electronic cells are recommended for sensing
barometric pressure. Two barometers are required. The
barometers shall be located outdoors in a stable environ-
ment. The barometers shall be positioned upright (to be
the same as when calibrated) at the same elevation as the
gas turbine shaft centerline. The elevation of the barom-
eter (or a photo recording its location) shall be included in
the test report.

4-2.3.2 InletTotalPressure. Inlet pressure is theabso-
lute total pressure at themutually agreed-upon inlet inter-
face. Unless agreedotherwise, inlet pressure is considered
to be atmospheric barometric pressure. Total pressure
readings at the gas turbine inlet may be taken at multiple
centers of equal areas using Kiel probes; i.e., shrouded
Pitot tubes. If it is not possible to acquire total pressure
readings at the gas turbine inlet due to physical arrange-
ment, the total pressure may be computed using calcu-
lated velocity and the average of at least two separate
static pressure readings from locations equally spaced
around the gas turbine inlet. The total pressure is then

= +P g(air density)(velocity) /2 static pressurectotal
2 (4-2-1)

where gc is the conversion constant, the proportionality
constant relating mass and force.
When the bellmouth throat is outfitted with pressure

indication, the pressure should be recorded for baseline
flow information unless agreed otherwise.

4-2.3.3 Static Pressure in Ducts. Static pressure in
ducts shall be the average of the readings at a
minimum of three stations equally spaced around the
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duct in the sameplane, andeach station shall be read sepa-
rately. Where duct walls are smooth and parallel, static
pressure taps are preferred to pressure probes. The
diameter of the static tap hole shall not exceed 1∕16 in.
(1.59 mm). The length of the static hole shall be a
minimum of 2.5 times the tap-hole diameter and a
maximum of 6 times the tap-hole diameter. Where the
duct walls are not suitable for pressure taps because
of irregularities in shape, static pressure probes (e.g.,
pancake probes or guide plates) may be used instead.
Care shall be taken to ensure that static pressure
probes are oriented along flow streamlines and are not
located in regions of steep pressure gradients.

4-2.3.4 CompressorDischargePressureandCombus-
tion Chamber Pressure. For units that use the subject
pressure as part of the fuel control algorithm, the
compressor discharge pressure used for control shall
be recorded, along with a test instrument for verification.

4-2.3.5 Exhaust Pressure. Exhaust pressure is the
staticpressureat the turbineexhaustductplusbarometric
pressure. For method of measurement, refer to
para. 4-2.3.3.
The exhaust pressure shall be measured at the exhaust

connection or at a mutually agreed interface point. This
point is usually at the limit of supply of the gas turbine
manufacturer. Any equipment installed downstream of
this point will result in backpressure, which shall be
considered in the performance test results. Adjustment
for any difference in thismeasured value and the specified
reference conditions shall be made using the correction
factors. Anyvelocity component of the exhaust pressure at
this interface point shall be considered as lost, the same as
would occur if the gas turbine were exhausting to the
atmosphere at this point.

4-2.3.6 Injection Fluid Pressure. Where steam or
water injection is used, static pressure should be
measured at the flow element on the upstream side of
the flow element.

4-2.3.7 Gas Fuel Pressure. For gas fuel applications,
static gas fuel pressure shall be measured at the flow
element on the upstream side of the flow element.

4-2.3.8 Differential Pressure (as for Fuel Flow).When
fuel flow is measured with a differential pressure device
(nozzle or orifice), two differential pressure instruments
are required. The differential pressure shall be recorded
(not just the calculated flow) so the flow calculation can be
verified.
Differential pressure transmitters shall be installed

using a five-way manifold as shown in Figure 4-2.3.8-1.
A five-way manifold is required rather than a three-
way manifold because the five-way eliminates the possi-
bility of leakage past the equalizing valve, a frequent
source of error. Use of two three-waymanifolds is accept-

able, provided it is verified that there is no leakagepast the
equalizing valve of each differential pressure transmitter.
Once the instrument is installed in the field, the differ-

ential pressure at the expected test process line static
pressure shall be equalized and a zero value read. This
zero bias shall be subtracted from the test-measured
differential pressure or, if applicable, the differential pres-
sure instrument shall be trimmed to minimize the effects
of the process static line pressure and mounting position.
During test preparations or during the test, the vent

shall be checked to ensure the equalizing valves are
not leaking, and this shall be noted in the test report.
For differential pressure transmitters on flow devices,

the transmitter output is often an extracted square root
value unless the square root is applied in the plant control
system. Care should be taken to ensure that the square
root is applied only once. The transmitter output may
also be computed flow. The flow calculation contained
in the transmitter shall be verified as containing the
full flow equation. When possible, the calculated flow
should be treated as a backup reading, in favor of the
raw differential pressure, temperature, and static pres-
sure readings.
For vacuum or gaseous service, sensing lines should be

installed with the sensing line sloping continuously
upwards to the instrument so any condensed liquid
will flow out of the sensing lines. For gaseous service,
differential pressure taps located near the bottom of
the flowmeter should not be used for a horizontal installa-
tion due to the potential for liquid hydrocarbon accumu-
lation at this location.

4-2.3.8.1 Liquid in Sensing Lines (Water Legs). For
vacuum or gaseous service, sensing lines should be
installed with the sensing line sloping continuously
upwards to the instrument so any condensed liquid
will flow out of the sensing lines. If this is not possible,

Figure 4-2.3.8-1
Five-Way Manifold for Differential Pressure (DP)

Instruments

Vent

DP
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the low points shall be drained before reading the instru-
ment.
For steamand liquid processes at pressures higher than

barometric pressure, the sensing lines should be installed
sloping continuously downwards to the instrument to
eliminate any gas pockets. If this is not possible, the
high points shall be vented before reading the instrument.
The “water leg” is the liquid in the sensing line. This

liquid causes a static pressure head to develop in the
sensing line. This static head shall be subtracted from
the pressure measurement. The static head is calculated
by multiplying the sensing line vertical height by local
gravity and the density of the water in the sensing line
at the sensing line temperature. This static head adjust-
ment may be applied at the transmitter, in the data acqui-
sition system, ormanually by the user after the rawdata is
collected. Care shall be taken to ensure this adjustment is
applied properly and that it is only applied once.

4-2.3.9ð23Þ Differential Pressure Meters for Flow in
Nonhorizontal Lines. When a differential pressure
meter is installed on a flow element that is located in
a nonhorizontal line, the measurement shall be corrected
for the di f ference in sensing l ine height (see
Figure 4-2.3.9-1). For steam, the sensing lines should
be uninsulated and should protrude horizontally
roughly 2 ft (0.6 m) from the pipe. This horizontal
length will allow condensation to form completely so
the downward portion will be completely full of water.
The correction is as follows:

= +
)

P P y
g g

corr meas
( )

( / Convc L

sen fluid
3 (4-2-2)

where
gc = conversion constant = 32.1740486 (lbm-ft)/

(lbf-sec2) [1 (kg-m)/(N-s2)]
NOTE: The conversion constant, gc, is not neces-
sary with the SI units used here. Conv = 12 in./ft
(100 cm/m).

gL = local acceleration due to gravity, ft/sec2
(m/s2) per an acknowledged source

x = 32.17245 × {1 − 0.0026373 × cos(2 × degrees
latitude × π/180) + 0.0000059 × [cos2 (2 ×
degrees latitude ×π/180)]} − 0.000003086 ×
feet elevation

x = 9.80616 × {1 − 0.0026373 × cos(2 × degrees
latitude × π/180) + 0.0000059 × [cos2 (2 ×
degrees latitude ×π/180)]} − 0.000003086 ×
meters elevation

y = downstream tap elevation minus upstream
tap elevation, in. (cm)
NOTE: y will be positive for flow up and negative
for flow down.

ΔPcorr = corrected differential pressure, lbf/in.2
(N/m2 = Pa)

ΔPmeas = measured differential pressure, lbf/in.2
(N/m2 = Pa)

ρfluid = density of process fluid, lbm/ft3 (kg/m3)
ρsen = density of sensing line fluid, lbm/ft3 (kg/m3)

Figure 4-2.3.9-1
Differential Pressure (DP) Correction for Flow in Nonhorizontal Lines

DP

Vent

y = height difference in water legs
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Note that for process liquids, the correction is small,
because it is due only to the difference in temperature
between the sensing line fluid and the process fluid.

4-2.4 Calibration of Pressure Instruments

4-2.4.1 Calibration of Absolute Pressure Instruments
(e.g., Barometers).Absolute pressure instruments can be
calibrated using one of two methods. The first method
involves connecting the test instrument to a device
that develops an accurate vacuum at desired levels.
Such a device can be a deadweight gage in a bell jar refer-
enced to zeropressureoradividerpistonmechanismwith
the low side referenced to zero pressure. The second
method calibrates by developing and holding a constant
vacuum in a chamber using a suction and bleed control
mechanism. The test instrument and the calibration stan-
dard are both connected to the chamber. The chamber
shall be maintained at constant vacuum during the cali-
bration of the instrument. Other devices can be used to
calibrateabsolutepressure instruments,provided that the
same level of care is taken.

4-2.4.2 Calibration of Gage Pressure Instruments.
Gage pressure instruments can be calibrated by an accu-
rate deadweight gage. The pressure generated by the
deadweight gage shall be corrected for local gravity,
air buoyancy, piston surface tension, piston area deflec-
tion, actual mass of weights, actual piston area, and
working medium temperature. The actual piston area
and mass of weights are determined each time the dead-
weight gage is calibrated. Other devices can be used to
calibrate gage pressure instruments, provided that the
same level of care is taken.

4-2.4.3 Calibration of Differential Pressure Instru-
ments. Differential pressure instruments used to
measure low-uncertainty variables shall be calibrated
at line static pressure unless information is available
about the effect of high line static pressure on the instru-
ment accuracy. Calibrations at line static pressure are
performed by applying the actual expected process pres-
sure to the instrument as it is being calibrated. Calibra-
tions at line static pressure can be accomplished by one of
the following three methods:

(a) two highly accurate deadweight gages
(b) a deadweight gage and divider combination
(c) one deadweight gage and one differential pressure

standard
Differential pressure instruments used to measure

secondary variables do not require calibration at line
static pressure and can be calibrated using one accurate
deadweight gage connected to the high side of the instru-
ment. If line static pressure is not used, the span shall be
corrected for high line static pressure shift unless the
instrument is internally compensated for the effect.

Other devices can be used to calibrate differential pres-
sure instruments, provided that the same level of care is
taken.

4-3 TEMPERATURE MEASUREMENT

4-3.1 General

Temperature measurement should be carried out in
accordance with accepted practices and procedures as
discussed in ASME PTC 19.3. Temperature shall be
measured with resistance thermometers or calibrated
thermocouples used with precision-reading instruments.
If not prohibited, calibrated mercury-in-glass thermo-
meters may be used for such secondary readings as
temperatures at manometer and barometer. Stagna-
tion-type devices shall be used, or computed velocity
corrections shall be applied where such correction
exceeds 1°F (0.6°C).

4-3.2 Temperature Instruments

4-3.2.1 Resistance Temperature Detectors. Resis-
tance temperature detectors (RTDs) should only be
used to measure from −454°F to 1,562°F (−270°C to
850°C). ASTM E1137 provides standard specifications
for industrial platinum resistance thermometers. ASTM
E1137 includes requirements for manufacture, pressure,
vibration, and mechanical shock to improve the perfor-
mance and longevity of these devices.
Measurement errors associated with RTDs typically

derive from the following primary sources:
(a) self-heating
(b) environmental
(c) thermal shunting
(d) thermal EMF
(e) stability
(f) immersion
AlthoughRTDsare consideredamore lineardevice than

thermocouples, due to manufacturing technology, RTDs
are more susceptible to vibrational applications. As
such, care should be taken in the specification and appli-
cation of RTDs with consideration for the effect on the
devices’ stability.
A grade A four-wire platinum resistance thermometer

as presented in Figure 4-3.2.1-1 should be used. Three-
wire RTDs (see Figure 4-3.2.1-2) are acceptable only if
they can be shown to meet the uncertainty requirements
of this Code. The four-wire technique is preferred tomini-
mize effects associated with lead wire resistance due to
dissimilar lead wires.

4-3.2.2 Thermistors. Thermistors are constructed
with ceramic-like semiconducting material that acts as
a thermally sensitive variable resistor. Thermistors
may be used on any measurement below 300°F
(149°C). Above this temperature, the signal is low and
susceptible to error from current-induced noise. Although
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positive temperature coefficient units are available, most
thermistors have a negative temperature coefficient (TC);
i.e., unlike an RTD, their resistance decreases with
increasing temperature. The negative TC can be as
large as several percent per degree Celsius, allowing
the thermistor circuit to detect minute changes in
temperature that could not be observed with an RTD
or thermocouple circuit. As such, the thermistor is best
characterized for its sensitivity, the thermocouple is
the most versatile, and the RTD is the most stable.
Measurement errors associated with thermistors typi-

cally derive from the following primary sources:
(a) self-heating
(b) environmental
(c) thermal shunting
(d) decalibration
(e) stability
(f) immersion

The four-wire resistance measurement is not required
for thermistors due to their high resistivity. Themeasure-
ment lead resistance produces an error magnitude less
than the equivalent RTD error. Thermistors are generally
more fragile than RTDs and thermocouples and shall be
carefully mounted and handled in accordance with the
manufacturer’s specifications to avoid crushing or
bond separation.

4-3.2.3 Thermocouples. Thermocouples may be used
to measure temperature of any fluid above 200°F (93°C).
The maximum temperature is dependent on the type of
thermocouple and sheath material used. Thermocouples
shouldnot beused formeasurements below200°F (93°C).
The thermocouple is a differential-type device. The ther-
mocouple measures the difference between the measure-
ment location in question and a reference temperature.
The greater this difference, the higher the EMF from
the thermocouple. Therefore, below 200°F (93°C), the
EMF becomes low and subject to induced noise,
causing increased systematic uncertainty and inaccuracy.
Measurement errors associated with thermocouples

typically derive from the following primary sources:
(a) junction connection
(b) decalibration of thermocouple wire
(c) shunt impedance
(d) galvanic action
(e) thermal shunting
(f) noise and leakage currents
(g) thermocouple specifications
“The emf developed by a thermocouple made from

homogeneous wires will be a function of the temperature
difference between themeasuring and the reference junc-
tion. If, however, the wires are not homogeneous, and the
inhomogeneity is present in a regionwhere a temperature
gradient exists, extraneous emf’s will be developed, and
the output of the thermocouple will depend upon factors
in addition to the temperature difference between the two
junctions. The homogeneity of the thermocouple wire,
therefore, is an important factor in accurate measure-
ments.”1
“All base-metal thermocouples become inhomogeneous

with use at high temperatures, however, if all the inho-
mogeneous portions of the thermocouple wires are in
a region of uniform temperature, the inhomogeneous
portions have no effect upon the indications of the ther-
mocouple. Therefore, an increase in the depth of immer-
sion of a used thermocouple has the effect of bringing
previously unheated portion of the wires into the
region of temperature gradient, and thus the indications
of the thermocouple will correspond to the original emf-
temperature relation, provided the increase in immersion
is sufficient to bring all the previously heated part of the
wires into the zone of uniform temperature. If the immer-
sion is decreased, more inhomogeneous portions of the

Figure 4-3.2.1-1
Four-Wire RTDs

Measurement
loop

Current
loop

Figure 4-3.2.1-2
Three-Wire RTDs

Current and
  measurement
  loop

Compensation or lead
  resistance loop

1 ASME PTC 19.3-1974 (R2004), Chapter 9, para. 70, page 106.
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wire will be brought into the region of temperature
gradient, thus giving rise to a change in the indicated
emf. Furthermore a change in the temperature distribu-
tion along inhomogeneous portions of the wire nearly
always occurs when a couple is removed from one instal-
lation and placed in another, even though the measured
immersion and the temperature of themeasuring junction
are the same in both cases. Thus the indicated emf is
changed.”2
The elements of a thermocouple shall be electrically

isolated from each other, from ground, and from conduc-
tors on which they may be mounted, except at the
measuring junction. When a thermocouple is mounted
along a conductor, such as a pipe or metal structure,
special care should be exercised to ensure good electrical
insulation between the thermocouple wires and the
conductor to prevent stray currents in the conductor
from entering the thermocouple circuit and vitiating
the readings. Stray currents may further be reduced
with the use of guarded integrating analog-to-digital
(A/D) techniques. Further, to reduce the possibility of
magnetically induced noise, the thermocouple wires
should be constructed in a twisted uniform manner.
Thermocouples are susceptible to drift after cycling.

Cycling is the act of exposing the thermocouple to
process temperature and removing to ambient conditions.
The number of times a thermocouple is cycled should be
kept to a minimum.
Thermocouples can effectively be used in high vibration

areas. High vibration measurement locations may not be
conducive to other measurement devices. This Code
recommends that the highest EMF per degree be used
in all applications. NIST has recommended temperature
ranges for each specific type of thermocouple.

4-3.3 Typical Gas Turbine Measurement
Parameters

4-3.3.1 Inlet Air Temperature. It is recommended that
the inlet air temperature be measured at the test
boundary; however, theremaybe cases inwhichmeasure-
ment upstream or downstream is more practical and
results in a measurement of lower uncertainty, such as
measuring temperature inside the inlet air duct instead
of at the inlet of the duct (i.e., filter house inlet)
because of better mixing to attain a more representative
bulk temperature measurement.
If measurements are made at locations other than the

test boundary, the location selected shall be such that no
heat addition or heat loss occurs between the test
boundary and the selected measurement location.
Measurement frequency and locations shall be suffi-

cient to account for stratification of the inlet air tempera-
ture after applicationswith inlet air-conditioning systems.

In applications with inlet air-conditioning equipment in
operation, the temperature sensing devices shall be
capable of measuring dry-bulb temperature at the test
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. At the specified location,
the temperature of the air shall be measured such that
the total uncertainty does not exceed the requirements
of Table 4-1.2.1-1. If a nonuniform profile exists, the
profile shall be determined by other measurable
means. After determining the profile, the number and
arrangement of sensors shall be selected such that the
average of their readings shall be within 1°F (0.6°C) of
the temperature determined from the temperature
profilemeasurement. As a rule of thumb, it is recommend-
ed that one temperature sensing device be used for every
100 ft2 (9.3 m2) of duct cross-sectional area, generally
between a minimum of 4 and a maximum of 16
devices per measurement plane. More measurement
points than the maximum specified here may be required
depending on the spatial variation to meet the maximum
allowable inlet air temperature measurement uncer-
tainty.
Inlet air temperature shouldbemeasuredusingRTDsor

thermistors. Thermocouples should not be used because
the voltage signal generated by a thermocouple is propor-
tional to the temperature difference between the
measurement junction and the reference junction.
Since both temperatures are nearly identical for air
inlet temperature measurement, the voltage signal is
extremely small, thereby increasing the uncertainty of
the measurement.

4-3.3.2 ð23ÞExhaust Gas Temperature. The exhaust gas
temperature shall be measured near the test boundary,
which is often the interface plane between the gas
turbine and HRSG or the gas turbine exhaust stack.
The exhaust gas from a gas turbine usually has a nonuni-
form temperature and velocity profile. Therefore, the
exhaust gas temperature shall be calculated on a mass
weighted average basis. The parties to the test shall
agree on how the mass weighted average is to be calcu-
lated. The preferred method is for the manufacturer to
provide a calculation method based on either field test
data from other similar units or on analytical means
such as computational fluid dynamics (CFD) modeling.
Thealternatemethod is to conduct velocity, total tempera-
ture, and total pressure traverses at several locations in
the exhaust duct to determine the basis of the mass
weighted average. Refer to ASME PTC 19.5 for guidance
on velocity traverse methods.
The required number of exhaust gas temperature

measurement devices shall be determined to meet a
maximum exhaust gas temperature uncertainty of 10°F
(6°C). Large spatial variations in exhaust gas temperature
readings will most likely require a significant number of

2Dahl, A. I. (1941). “Stability of base-metal thermocouples in air from
800 to 2200°F.” Temperature (Vol. 1), p. 1,238. Reinhold.
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measurement points. The recommended number of
measurement points is as follows:

(a) located every 25 ft2 (2.3 m2)
(b) for axial discharge, a minimum of 12 points and

maximum of 36 points
(c) for side discharge, a minimum of 18 points and

maximum of 36 points
Moremeasurement points than themaximum specified

heremayberequireddependingon the spatial variation to
meet the maximum allowable exhaust gas temperature
measurement uncertainty. For round ducts, the test
points may be installed in two locations (diameters)
90 deg apart. The measurement point spacing is based
on locating the measurement points at the centroids of
equal areas along each diameter.
For square or rectangular ducts, the same concept of

locating the measurement points at centroids of equal
areas should be used. The aspect ratio should be
between 0.67 and 1.333.
If permanent exhaust gas temperature measurement

devices are provided with the gas turbine, these may
be used to determine mass weighted average exhaust
gas temperature provided they meet the uncertainty
requirement specified above. In the event that the uncer-
tainty requirement cannot be met using permanent
devices, temporary devices shall be used.
The total temperature of the gas stream is required and

if the average velocity in the areaof temperaturemeasure-
ment exceeds 100 ft/sec (30.5 m/s), then it is suggested
that the individual temperature reading be adjusted for
velocity effect.

(U.S. Customary Units)

= + = +T T
V

Jg C
T T

2t
c p

v
2

(SI Units)

= + = +T T
V
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T T
2t

p
v

2

where
Cp = specific heat, Btu/lbm °F (kJ/kg °C)
gc = conversion constant as defined in Section 2,

32.1741 lbm ft/lbf sec2
J = mechanical equivalent of heat, 778.1692623

ft·lbf/Btu (1000 kg ·m2/kJ ·s2
T = measured temperature, °F (°C)
Tt = total temperature, °F (°C)
Tv = dynamic temperature, °F (°C)
V = gas velocity, ft/sec (m/s)

Exhaust gas combustion products 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 disturbance, such as a bend, tee,

fan, vane, damper, or transition. If not addressed by
the measurement approach, spatial variation effects
are considered errors of method and contributors to
the systematic uncertainty in the measurement system.
Generally, the 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.
The measurement plane should be located away from

bends, constrictions, or expansions of the duct. Tempera-
ture measurements shall be read individually and not be
grouped together 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 uncer-
tainty of the average exhaust gas temperature measure-
ment devices isminimized asmuch as practically possible.
It is recommended that the exhaust gas temperature be

measured at the test boundary; however, there may be
cases in which measurement upstream or downstream
is more practical and results in a measurement of
lower uncertainty, such as measuring temperature
inside the duct at the interface plane between the gas
turbine and HRSG or the gas turbine exhaust stack
because of better mixing to attain a more representative
bulk temperature measurement. If measurements are
made at locations other than the test boundary, the loca-
tion selected shall be such that no heat addition or heat
loss occurs between the test boundary and the selected
measurement location.

4-3.3.3 ð23ÞFuel Temperature. Fuel temperatures of fuel
supply and, if applicable for liquid fuel, of fuel return
lines, shall be measured at representative locations
close to the corresponding flowmeters. Two different
measurement locations may be required, one for fuel
flow measurement, and one for the sensible heat at the
test boundary.
The location at which temperature measurements are

taken depends on the flow measurement technique used.
Refer to ASMEPTC19.5 for guidance as to the proper loca-
tion for fuel flow temperature measurements.

4-3.3.4 Extraction and Injection Fluid Temperature.
Extraction and injection fluid temperaturemeasurements
(such as water, steam, nitrogen, air) shall be provided to
determine the heat content of the fluid.

4-3.4 Calibration of Temperature Instruments

This Code recommends that instrumentation used in
the measurement of temperature have a suitable calibra-
tion history (three or four sets of calibration data). The
calibration history should include the temperature level
thedeviceexperiencedbetweencalibrations.Adevice that
is stable after being used at low temperatures may not be
stable at higher temperatures. Hence, the calibration
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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
point with an electronic reference junction, isothermal
reference junction, or in an ice bath. The calibration
shall bemade by an acceptablemethod, with the standard
being traceable to a recognized international or national
standards laboratory suchasNIST.Thecalibration shall be
conducted over the temperature range in which the
instrument is used.
The calibration of temperaturemeasurement devices is

accomplished by inserting the candidate temperature
measurement device into a calibration medium along
with a traceable reference standard. The calibration
medium type is selected based on the required calibration
range and commonly consists of a block calibrator, flui-
dized sand bath, or circulating bath. The temperature of
the calibration medium is then set to the calibration
temperature set point. The temperature of the calibration
medium is allowed to stabilizeuntil the temperatureof the
standard is fluctuating less than the accuracy of the stan-
dard. The signal or reading from the standard and the
candidate temperature measurement device are
sampled to determine the bias of the candidate tempera-
ture device. SeeASMEPTC19.3 for amoredetailed discus-
sion of calibration methods.

4-4 GAS FUEL HEAT INPUT

4-4.1 General

Todetermine the heat inputwhile operating on gas fuel,
the following parameters shall be determined:

(a) mass flow
(b) composition, including moisture content
(c) heat value
(d) sensible heat
For comparative testing, flow elements should not be

cleaned or replaced during the outage. Any maintenance
should be done before the premodification test.

4-4.2ð23Þ Gas Fuel Test Boundary

Per para. 3-1.5, each energy stream shall be determined
with reference to the point at which it crosses the test
boundary. The choice of the test boundary can have a
significant impact on the test results. It may be at a
different location depending on what parameter is
being determined (i.e., heat rate vs. exhaust energy via
heat balance). Figure 4-4.2-1 provides some typical
test boundaries that should be considered when deter-
mining the gas fuel heat input.
Leakage and unmetered return flows may exist during

the test (themass flow rate upstreamof the fuelmeter,M1,
does not equal the mass flow rate downstream of the fuel
meter, M2). Care should also be taken to minimize and

account for such flows (e.g., separate metering in the
return flow lines). Instances of leakage and unmetered
return flows should be treated on a case-by-case basis
and the method for accounting for such flows should
be agreed upon.

4-4.3 Gas Fuel Flowmeters

4-4.3.1 Gaseous Fuel Flowmeters. Gas fuel flows shall
be measured using a fuel flow device that has been cali-
brated in compliancewith para. 4-1.3. The following para-
graphs describe the specific requirements of various
flowmeters. Any flowmeter that meets the uncertainty re-
quirements of Table 4-1.2.1-1 is permitted. To achieve the
highest level of accuracy consistent with the object of the
Code, use of gas fuel flowmeters that have an accuracy of
0.35% or better is recommended. The calibration labora-
tory facilities should be able to demonstrate a calibration
accuracy consistent with this criteria. Higher accuracy
levels can often be achieved by using mass flowmeters
rather than volumetric flowmeters due, in part, to
mass flowmeters’ direct mass flow measurement and
their elimination of the requirement for the gas fuel
density compensation. It is further recommended that
the calibration curves or data obtained from the calibra-
tion process be applied within the flowmeter’s processor
or output signals to correct the measured values.
Application, restriction of use, calibration, and installa-

tion requirements of gas fuel flowmeasuring devices shall
be in accordancewith ASME PTC 19.5. Fuel flowmeasure-
ment devices shall be put in service prior to the conduct of
the test to avoid damage that can affect the device cali-
bration. On-site inspection of the fuel flowdevices prior to
the conduct of the test is recommended only if the inspec-
tion does not invalidate the calibration results. Any
activity that invalidates the calibration results, including
on-site inspection of the fuel flow device, shall not be
permitted.
Start-up procedures shall ensure that spool pieces are

provided during conditions that may violate the integrity
of the flow measurement device to avoid altering the
device’s characteristics. Such conditions may include
line blows. While the flow measurement device is
stored, it shall be capped and protected from environ-
mental damage such as moisture and dirt. During opera-
tion a strainer should be installed upstream of the flow
measurementdevice toprotect themeter fromobjects and
debris.
The calibration results from a properly calibrated flow

device shall be used as the primary source in the deter-
mination of the mass flow of the gas fuel.

4-4.3.1.1 ð23ÞDifferential Pressure Flowmeters (e.g.,
Flange-TapOrifice Flowmeters). Flowmetersmay be cali-
bratedwitheitheran incompressible fluid (e.g.,water)ora
compressible fluid (e.g., air, natural gas). However, special
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consideration should be given to the applicability of each
type.
Calibrations conducted with water as the calibration

fluid usually do not allow for calibration data to be
taken at flow ranges experienced during normal base
load operation of the gas turbine. For these situations,
extrapolationof the calibrationdata shall be in accordance
with ASME PTC 19.5 or equivalent standard.
Paragraphs 5-4.1.1 through 5-4.1.5 outline the applica-

ble equations for the volumetric gas fuel flow measure-
ments using a metering orifice flowmeter.

4-4.3.1.2 Linear Scale Meters (e.g., Positive Dis-
placement Flowmeters or Turbine Flowmeters).
Turbine meter calibrations conducted with natural gas
as the calibration fluid shall be conducted at design pres-
sures and temperatures and calibration data points shall
be taken at flow rates that surround the rangeof flow rates
expected during the test.
Whenever volumetric flowmeters are used, the

temperature of the gas fuel (at a location consistent
with para. 4-4.2) and the fuel flow shall be measured
simultaneously. The volumetric flow shall be determined
from the totalized volume of gas fuel measured over a
continuous period of not less than 4 min, and the time
measured with an accurate stopwatch or electronic
timer. Care shall be taken that the measured totalized
volume of gas fuel is not temperature compensated.

4-4.3.1.3 Ultrasonic Flowmeters. Ultrasonic flow-
meters measure velocity of the flowing fluid by which
volumetric flow can be calculated by known physical
dimensions of the metering section. ASME PTC 19.5,
Section 10 describes ultrasonic flowmeters inmore detail.
Due to the sensitivity on velocity profile on itsmeasure-

ment, a flow conditioner shall be used and there shall be
adequate upstreamanddownstreamstraight-run lengths.
To ensure proper application, manufacturers often
provide ultrasonic flowmeters with flow conditioner
and spool pieces of necessary straight-run length and cali-
brate them in the lab in a complete assembled configura-
tion.
Laboratory calibration of ultrasonic flowmeters is typi-

cally conducted with natural gas at flow rates that
surround the range of flow experienced during base
load operation of the gas turbine. Care shall be taken
such that the constants and algorithms within the
meter’s processing that exist during lab calibrations
are identical to those present in the meter when it is
put into operation and during performance testing.
Such constants and algorithms compensate for physical,
electrical, and sensor characteristics. In addition, it should
be confirmed that the calibration factors determined
during lab calibration are also applied correctly in the
meter’s processor.

Figure 4-4.2-1
ð23ÞGeneric Gas Fuel Test Boundary

TSL M1, TFM1 M2, TFM2 THB

Supply
limit

Fuel
meter

Fuel
meter

Heat
balance

Filters, dryers,
compressors,
scrubbers, etc.

Fuel
preheater

Legend:
M1 = mass flow upstream of fuel preheater
M2 = mass flow downstream of fuel preheater

TFM1 = fuel temperature at fuel meter upstream of the fuel preheater
TFM2 = fuel temperature at fuel meter downstream of the fuel preheater
THB = fuel temperature at the heat balance boundary
TSL = fuel temperature at supply limit

GENERALNOTE: Whenever a fuel preheater is included as part of the scopeof supply, the fuel temperature shall bemeasured both upstreamand
downstreamof thepreheater.At the fuelmeterupstreamof the fuelpreheater,TSL=TFM1≠THB; at the fuelmeterdownstreamof the fuelpreheater,
TSL ≠ TFM2 = THB.
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4-4.3.1.4 Mass Flowmeters (e.g., Coriolis Flow-
meters). Coriolis flowmeters measure mass flow directly.
Due to the meters’ insensitivity to velocity profile distor-
tion and swirl, there are typically no straight-run or flow
conditioning requirements.
Calibration of the Coriolis flowmeter is generally

conducted with water. Other fluids may be used
because the constants are valid for other fluids, provided
themaximum allowable measurement uncertainty ismet.
The calibration points shall be taken at flow rates that
surround the range of flow rates expected during the
test. The effect of operating pressure and temperature
on the flowmeter during the test should be applied to
the meter’s operation to correct for the influence of oper-
ating conditions different from calibration conditions and
to improve the overall flowmeter performance.

4-4.3.2ð23Þ Density. The density for each fuel sample is
calculated from the pressure, temperature, compressi-
bility factor, and gas fuel composition, all recorded at a
location consistent with para. 4-4.2. The applicable equa-
tion for calculating gas fuel density is outlined in para.
5-4.1.5. Compressibility factor, Zf, shall be determined
by the Detailed Characterization Method detailed in
AGA Report No. 8. For gas mixtures not covered by
this Report, an alternate method shall be used.

4-4.4ð23Þ Gas Fuel Composition

Methods of determining gas fuel composition shall be in
accordance with the standards set forth in ASTM D1945.
Alternative methodsmay be used if they are equivalent in
accuracy and aremutually agreeduponby all parties prior
to the test.
Recognizing the importance of the gas composition as

one of the main contributors to the determination of the
heat rate, theCodemakes the followingrecommendations,
which may reduce the error level.
The preferred solution for the determination of the gas

composition is the analysis in a laboratory using methods
and standards that are traceable to NIST or other inter-
nationally recognized standards, such as from the Inter-
national Organization for Standardization (ISO),
Deutsches Institut für Normung (DIN), or Verein
Deutscher Ingenieure (VDI). Increasing the number of
laboratories where fuel samples are analyzed will
reduce the correlated component of the measurement
uncertainty. Further reduction of the random part of
the uncertainty may be achieved by increasing the
frequency of the fuel sample collection. Prior to the
onset of any activities, all parties to the test shall
agree upon the laboratory or laboratories that will be
used to conduct the analysis of the test gas fuel
samples. If the parties agree to have their separate
samples analyzed, the analyses should be performed
by different laboratories. It should be noted that the rec-
ommended values of ASTM D1945 for repeatability and

reproducibility should be considered the upper limit for
determination of the errors. Conducting quality audits of
the laboratory or laboratories, following the recommen-
dations of the analyzing equipment manufacturer, and
using experienced technicians could significantly
reduce these types of errors.
The use of calibrated on-line gas chromatographs is ac-

ceptable, provided that a laboratory certifies the quality of
the results. Special care should be given to the frequent
calibration of the on-line gas chromatograph and use of
high-quality calibration gases.

4-4.4.1 Moisture Content. When the fuel is pipeline-
quality natural gas, the moisture content should be
less than 4 lb/MMscf or 64 mg/m3. It will therefore
have a negligible effect on the gas heat value and the
gas constant. In such cases, if it is mutually agreed to
by all parties to the test, the moisture content can be
taken from the supplier’s records.
If required, the gas moisture content shall be deter-

mined in accordance with the standards set forth in
ASTM D1142. The fuel heat value shall be adjusted in
accordance with procedures delineated in ASTM D3588.

4-4.5 Gas Fuel Heating Value

The heating value shall be determined with an uncer-
tainty that, combined with the uncertainty of the mass
flow measurement, does not exceed the gas fuel heat
input requirement of Table 4-1.2.1-1. As a guide, the
heating value uncertainty should be 0.4% or less. The
preferred method for determining the gas constituents
is the use of a chromatograph in accordance with
ASTM D1945. Alternate methods may be used if they
are equivalent in accuracy and are mutually agreed on
by all parties prior to the test. The fuel heating value
shall be calculated in accordance with procedures deli-
neated in ASTM D3588. The values for the constituent
properties shall be taken from GPA 2145. GPA 2145 is
based on combustion reference conditions of 60°F
(15°C) and 14.696 psia (1013 mbar). Other industry
publications provide various combustion reference condi-
tions such as 15°C, 20°C, and 25°C. Variations of heat of
combustion due to changes in combustion reference
temperature are relatively small and generally
complex, so it is not necessary or practical to account
for this, provided all parties to the test agree to the
selected data set before the test.

4-4.6 ð23ÞGas Fuel Sensible Heat

For an exhaust flow or energy test, the sensible heat
shall be determined to account for the difference
between the measured fuel temperature at the test
boundary and the user-selected enthalpy reference
temperature. For a heat rate test, if the heat rate is speci-
fied to include the latent heat and the sensible heat, then
the sensible heat shall be determined to account for the
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difference between the measured fuel temperature at the
test boundary and the specified reference temperature
[not to be confused with the combustion reference
temperature of 60°F (15°C) as specified in GPA 2145].
If the heat rate is specified to include only the latent
heat, variations from the specified reference temperature
may be accounted for by applying a correction factor to
heat rate. The heat rate correction factor may be deter-
mined from a calculation of sensible heat or application of
a manufacturer-supplied correction factor. The calcula-
tion of sensible heat is described in para. 5-4.1.11.

4-4.7ð23Þ Gas Fuel Sampling

Fuel samples shall be taken in accordance with GPA
Standard 2166. The parties to the test shall identify
and agree to a fuel-sampling location before the test. If
it is suspected that the sampling procedure may result
in a substantial gas fuel flow loss, the sampling point
shall be located as close as possible to the test boundary,
upstreamof themetering station, such that the gas sample
represents the bulk of the gas flowing through the flow-
meter device. The fuel-sampling location should be as far
downstream as possible of all processes (e.g., filters,
dryers, compressors, scrubbers) outside of the test
boundary that may change the composition of the gas.
This ensures that the samples are true representations
of the fuel actually crossing the test boundary.
A set of at least twogas fuel samples shall be taken at the

beginning and end of each test run. Fuel samples may be
taken more frequently, especially when unsteady fuel
supply characteristics are suspected, provided that the
fuel sampling process does not disturb the fuel flow
measurements. One fuel sample from each set will be
delivered to a qualified laboratory for analysis. The dupli-
cate samples from each set will be retained until all fuel
analysis is completed and results are concluded to be ac-
ceptable. The criteria for acceptability and themethod for
combining the analysis results shall be as specified in the
test plan. The fuel characteristics used for test run analysis
shall be determined from the average of the characteris-
tics fromthe individual fuel samples takenbeforeandafter
each test run.

4-5 LIQUID FUEL HEAT INPUT

4-5.1 General

To determine the heat input while operating on liquid
fuel, the following parameters shall be determined:

(a) mass flow
(b) heat value
(c) sensible heat
For comparative testing, flow elements should not be

cleaned or replaced during the outage. Any maintenance
should be done before the premodification test.

4-5.2 Liquid Fuel Test Boundary

Per para. 3-1.5, each energy stream shall be determined
with reference to the point at which it crosses the test
boundary. This is particularly significant with respect
to liquid fuel heat input. The choice of the test boundary
can have a significant impact on the measured flow,
temperature, and test results. The test boundary may
be at a different location depending on what parameter
is being determined (i.e., heat rate vs. exhaust energy via
heat balance). Figure 4-5.2-1 provides some typical test
boundaries that should be considered when determining
the liquid fuel heat input.
Leakage and unmetered return flows may exist during

the test (themass flow rate upstreamof the fuelmeter,M1,
does not equal the mass flow rate downstream of the fuel
meter,M2). Care should be taken tominimize and account
for such flows (e.g., separate metering in the return flow
lines). Instances of leakage and unmetered return flows
should be treated on a case-by-case basis, and themethod
for accounting for such flows should be agreed upon.

4-5.3 Liquid Fuel Mass Flow

The uncertainty of the method to determine the mass
flow of the liquid fuel shall not exceed the values listed in
Table 4-1.2.1-1.

4-5.3.1 Flow Measurement. Any flowmeter is
permitted if the uncertainty of the mass flow measure-
ment specified in Table 4-1.2.1-1 can be met.
Liquid fuel flows shall be measured using a fuel flow

device that has been calibrated in compliance with
para. 4-1.3. Calibration data points shall be taken at
flow rates that surround the range of flow rates expected
during the test. The calibration results from a properly
calibrated flow device shall be used as the primary
source in the determination of the mass flow of the
liquid fuel.
Whenever volumetric flowmeters are used, the

temperature of the liquid fuel (at a location consistent
with para. 4-5.2) and the fuel flow shall be measured
at the same location. The volumetric flow shall be deter-
mined from the totalized volume of liquid fuel measured
over a continuous period of not less than 10 min, and the
time measured with an accurate stopwatch or electronic
timer. Care shall be taken that the measured totalized
volume of liquid fuel is not temperature compensated.
Application, restriction of use, calibration, and installa-

tion requirements of liquid fuel flow measuring devices
shall be inaccordancewithASMEPTC19.5.On-site inspec-
tion of the fuel flow devices prior to the conduct of the test
is recommended only if the inspection does not invalidate
the calibration results.
Subsection 5-4 outlines the applicable equations for

liquid fuel flow measurements using a metering orifice,
a positive displacement flowmeter, and a turbine flow-
meter.

ASME PTC 22-2023

31

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 22
 20

23

https://asmenormdoc.com/api2/?name=ASME PTC 22 2023.pdf


Fi
gu

re
4-
5.
2-
1

ð2
3
Þ

G
en
er
ic
Li
qu

id
Fu

el
Te
st

Bo
un

da
ry

Fu
el

m
et

er

T
FM

3

Fu
el

m
et

er

T
S

L
T

FM
1

T
FM

2
T

H
B

S
u

p
p

ly
lim

it
Fu

el
m

et
er

Fu
el

m
et

er
H

ea
t

b
al

an
ce

C
o

n
d

it
io

n
er

s,
st

ra
in

er
s,

 
fi

lt
er

s,
 e

tc
.

Fu
el

h
ea

te
r

Fu
el

p
u

m
p

R
et

u
rn

fl
o

w
s

Le
ge
nd

:
T F

M
1
=
fu
el
te
m
pe
ra
tu
re

at
fu
el
m
et
er

up
st
re
am

of
th
e
fu
el
pr
eh
ea
te
r

T F
M
2
=
fu
el
te
m
pe
ra
tu
re

at
fu
el
m
et
er

do
w
ns
tr
ea
m

of
th
e
fu
el
pr
eh
ea
te
r

T H
B
=
fu
el
te
m
pe
ra
tu
re

at
th
e
he
at

ba
la
nc
e
bo
un
da
ry

T S
L
=
fu
el
te
m
pe
ra
tu
re

at
su
pp

ly
lim

it

GE
N
ER

AL
N
OT

ES
:

(a
)
Fo
r
th
e
fu
el
m
et
er
s
at

th
e
su
pp

ly
lim

it,
T S

L
=
T F

M
1
≠
T H

B
.T

he
fu
el
te
m
pe
ra
tu
re

sh
al
lb

e
m
ea
su
re
d
in

tw
o
lo
ca
tio

ns
.

(b
)
Fo
r
th
e
fu
el
m
et
er

af
te
r
th
e
fu
el
he
at

bu
t
be
fo
re

th
e
pu
m
p,

T S
L
≠
T F

M
2
≠
T H

B
.T

he
fu
el
te
m
pe
ra
tu
re

sh
al
lb

e
m
ea
su
re
d
in

th
re
e
lo
ca
tio

ns
.

(c
)
Fo
r
th
e
fu
el
m
et
er

af
te
r
th
e
pu
m
p,

T S
L
≠
T F

M
2
=
T H

B
.T

he
fu
el
te
m
pe
ra
tu
re

sh
al
lb

e
m
ea
su
re
d
in

tw
o
lo
ca
tio

ns
.

ASME PTC 22-2023

32

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 22
 20

23

https://asmenormdoc.com/api2/?name=ASME PTC 22 2023.pdf


4-5.3.2 Density and Relative Density (Specific
Gravity). The density or relative density for each fuel
sample shall bedetermined froma fuel analysis conducted
in accordance with ASTM D1480 or equivalent standard.
To obtain a correlation of density (or relative density) and
temperature, each sample shall be analyzed for at least
two different temperatures, with a temperature range
encompassing all of the liquid fuel temperatures recorded
during the test runs. The density (or relative density) at
the test conditions for each individual fuel sample shall be
determined from the interpolation of the analysis results
and flowing temperature during the test run.

4-5.3.3 Kinematic Viscosity. The kinematic viscosity
of the liquid fuel at the test temperature isusuallydifferent
from the fluid used for the flowmeter calibration. The
effect of kinematic viscosity on the flowmeter calibration
K-factor is unique. Hence, the flowmeter manufacturer’s
curves shall be used to adjust the calibration K-factor to
the actual kinematic viscosity of the liquid fuel at the test
conditions.Measurement of kinematic viscosity shall be in
accordance with ASTM D445 or equivalent standard. To
obtain a correlation of kinematic viscosity and tempera-
ture, each sample shall be analyzed at three different
temperatures, with a temperature range encompassing
all of the liquid fuel temperatures recorded during the
test runs. The kinematic viscosity at the test conditions
for each individual fuel sample shall be determined
from the interpolation of the analysis results and
flowing temperature during the test run.

4-5.4 Liquid Fuel Heating Value

The heating value shall be determined with an uncer-
tainty no greater than the value listed in Table 4-1.2.1-1.
The heating value of each fuel sample shall be determined
in accordance with the procedures specified in ASTM
D4809 or equivalent standard.

4-5.4.1 Heat Value at Constant Volume. The higher
heating value at constant volume (HHVV) is determined
by measuring the amount of heat liberated when a care-
fully weighed quantity of liquid fuel is burned in an
oxygen-filled calorimeter bomb of constant volume. All
heating values are referenced to a standard temperature
base of 77°F (25°C). The lower heating value at constant
volume (LHVV) is the higher heating value at constant
volume minus the latent heat of condensed water
vapor at the same base temperature of 77°F (25°C).

4-5.4.2 Heating Value at Constant Pressure. In gas
turbine combustors, the process is assumed to be a
complete and adiabatic combustion, which occurs at
constant pressure. Therefore, the higher and lower
heating values shall be determined at constant pressure.
Additionally, for gas turbine cycle calculation with the
exhaust-gas exit boundary for the test configuration
defined in para. 3-1.5, the lower heating value at constant

pressure (LHVp) is the characteristic parameter since the
water content in the exhaust gas at the boundary is still in
the gaseous (noncondensed) state. The higher and lower
heating values at constant pressure shall be calculated
from the higher heating value at constant volume
using the equations outlined in para. 5-4.1.9.

4-5.4.3 Hydrogen Content. The hydrogen content of
each fuel sample shall be determined in accordance
with the procedures specified in ASTM D1018 or equiva-
lent standard.

4-5.5 Liquid Fuel Sensible Heat

For an exhaust flow or energy test, the sensible heat
shall be determined to account for the difference
between the measured fuel temperature at the test
boundary and the user-selected enthalpy reference
temperature. For a heat rate test, if the heat rate is speci-
fied to include the latent heat and the sensible heat, then
the sensible heat shall be determined to account for the
difference between the measured fuel temperature at the
test boundary and the specified reference temperature
[not to be confused with the combustion reference
temperature of 77°F (25°C)]. If the heat rate is specified
to include only the latent heat, variations from the speci-
fied reference temperature may be accounted for by
applying a correction factor to heat rate; the correction
factor can be determined from a calculation of sensible
heat or can be supplied by the manufacturer. The calcula-
tion of sensible heat is described in para. 5-4.1.10.

4-5.6 ð23ÞLiquid Fuel Sampling

Fuel samples shall be taken in accordance with ASTM
D4057. A fuel sampling location shall be jointly identified
prior to the test. The sampling point shall be located as
close as possible to the test boundary, upstream of the
metering station, such that the liquid fuel sample repre-
sents the bulk of the liquid fuel flowing through the flow-
meter device. The fuel sampling location should be as far
downstream as possible of all processes (e.g., filters,
strainers, conditioners) outside of the test boundary
that may change the composition of the liquid fuel.
This ensures that the samples are true representations
of the fuel actually crossing the test boundary.
A set of at least two liquid fuel samples shall be taken at

the beginning and end of each test run. Fuel samples may
be taken more frequently, especially when unsteady fuel
supply characteristics are suspected, provided that the
fuel sampling process does not disturb the fuel flow
measurements. One fuel sample from each set shall be
delivered to a qualified laboratory for analysis. The dupli-
cate samples from each set shall be retained until all fuel
analysis is completed and results are concluded to be ac-
ceptable. The criteria for acceptability and themethod for
combining the analysis results shall be as specified in the
test plan. The fuel characteristics used for test run analysis
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shall be determined from the average of the characteris-
tics fromthe individual fuel samples takenbeforeandafter
each test run.

4-6ð23Þ ELECTRICAL GENERATION MEASUREMENT

4-6.1 Introduction

Electrical parameters required for the evaluation of gas
turbine performance include gross electrical output,
power factor, exciter power, and other auxiliary electrical
loads. This subsection of the Code provides guidance and
requirements for the determination of these parameters.
IEEE Standard 120 and ASME PTC 19.6 should be
consulted for additional information and for measure-
ment requirements not included in this Code.
ASME PTC 19.6 includes detailed guidance and require-

ments for the following:
(a) power system measurement techniques
(b) power meter types and calibrations
(c) instrument transformer types, calibrations, and

corrections
(d) net power output measurement and calculations
(e) test uncertainty calculations
ASME PTC 19.6 shall be used for measurements of elec-

trical parameters required in this Code. ASME PTC 19.6
provides Class requirements for active power measure-
ment uncertainty. For AC power measurements as speci-
fied in Table 4-1.2.1-1, a minimum of Class B1
requirements from ASME PTC 19.6 shall be used.

4-6.2 Excitation Power Measurement

If the exciter is powered by current supplied from the
main generator bus at a point after the gross electrical
output metering, the power supplied to the exciter
shall be determined. ASME PTC 19.6 specifies the
following two methods:

(a) Derivation From Breaker Currents. Exciter power
and any other auxiliary gas turbine loads included in
the gas turbine vendor scope of supply can be calculated
from the current and voltage input to the exciter power
transformer or breaker. Since this is a measure of the
actual power, which comes off of the main generator
bus, this is the preferred method of determining
exciter power required.

(b) Derivation From Field Voltage and Current. Power
supplied to the exciter canalsobe estimatedby calculating
the power output by the exciter and by correcting for an
assumed AC-to-DC conversion efficiency.

4-6.3 Measurement of Auxiliary Loads

If the test requires obtaining a net power output value
for the gas turbine, auxiliary loads associated with the
turbine shall normally be measured. This is required
when the gross electrical power metering is located
upstream of the place where the auxiliary load power

is supplied. Besides excitation power (see para. 4-6.2),
the auxiliary loads generally consist of the electrical
loads of the lubrication and hydraulic systems, water
injection skids, external cooling air systems, etc. The
measurement of the auxiliary loads can be done with
station permanent meters or locally using temporary in-
strumentation. In modern power stations, the permanent
instrumentation used for this purpose can be found at the
motors control centers (MCC), where the electrical load is
measured and displayed either as active power or as
voltage and current. It is recommended to create a list
of all the auxiliary loads and measuring locations, and
to clearly identify which system is fed through which
corresponding MCC. Data collection can be manual or
automated, but at least three readings shall be taken
for each performance run. For loads measured locally
by temporary instrumentation, the exact measuring
point shall be clearly identified and qualified personnel
should connect the meters to avoid accidents. Refer to
ASME PTC 19.6, subsection 3-8 for measurement and
calculation of auxiliary power.

4-7 MECHANICAL POWER MEASUREMENT

4-7.1 Torque and Speed Measurement

For gas turbines driving compressors, the determina-
tionof output shaft power is generally required.Reference
should be made to ASME PTC 19.7 for guidance in these
measurements.
A torque-measuring device shall be installed on the

coupling between the gas turbine and its driven load
(or load gear). This device shall be calibrated before
the test, and if not left in place should be calibrated
after the test. Speed of all gas turbine shafts shall be
recorded.

4-7.2 Other Parameters and Variables

As required for generator drives, all other cycle and
ambient data shall be recorded to permit correction of
test data to specified reference conditions. Since the
operation of the turbine may be restricted by the pipeline
or process conditions, it is important to also record the
control parameters such as exhaust (or control) tempera-
ture.

4-8 SPEED MEASUREMENT

Shaft speed is normally measured from either the shaft
connected to the electrical generator in multishaft
turbines or the shaft driving the mechanical load in
mechanical load turbines. Typically, for nongeared
turbines, the shaft speed 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
turbines connected to AC electrical generators, the line
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frequency measured at the generator terminals may be
used instead of shaft speed to correct gas turbine perfor-
mance since the shaft speed is directly coupled to the line
frequency. The chosen method shall meet the uncertainty
requirement in this Code.

4-9 HUMIDITY MEASUREMENT

The moisture content of inlet air shall be measured
directly with a hygrometer or indirectly by measuring
the adiabatic wet-bulb temperature. The measurement
location shall be upstream of any inlet air-conditioning
device and preferably in close proximity to the dry-
bulb temperature measurement. The measurement loca-
tion shall be shielded from direct sunlight.

4-9.1ð23Þ Direct Measurement

Direct measurement of humidity is required if freezing
conditions are present during the test. The most common
type of direct humidity measurement is a capacitive-type
hygrometer. Appropriate calibration standards for field
calibration or recent factory calibration certification
shall be available to ensure compliancewith themeasure-
ment uncertainty requirement. Be aware that uncertainty
levels for a capacitive-type device often increase at
extreme low and extreme high humidity levels.

4-9.2 Indirect Measurement via Wet-Bulb
Temperature

Indirect measurement of humidity does not require
special calibration standards (other than what is
needed for the temperature-sensing element). Indirect
measurement can be used whenever conditions are
above freezing. Wet-bulb temperature is measured by
snugly covering the temperature-sensing element with
a wetted cotton sock. Distilled water shall be used as a
wetting agent. Air velocity across the sensing element
shall be kept between 800 ft/min and 1,200 ft/min (4
m/s and 6 m/s) to ensure continuous evaporation of
the distilled water. If the existing air velocity at the
measurement location is insufficient by being less than
800 ft/min (4 m/s), the air can be forced across the
sensing element using a fan.
Wet-bulb temperature can be inferred by a properly

designed, mechanically aspirated psychrometer. The
mechanically aspirated psychrometer should incorporate
the following features:

(a) The sensing element is shielded from direct
sunlight 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 shall 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
and is not in contact with the shield walls.

(c) The sensing element is snugly covered by a clean
cottonwick that is keptwetted froma reservoir of distilled
water. The length of the wick shall be sufficient to mini-
mize the sensing element stem conduction effects and to
ensure it is properly wetted.

(d) The air velocity across the sensing element ismain-
tained constant in the range of 800 ft/min to 1,200 ft/min
(4 m/s to 6 m/s).

(e) Air is drawn across the sensing element in such a
manner that it is not heated by the fan motor or other
sources of heat. The psychrometer should be located at
least 4.9 ft (1.5 m) above ground level and should not
be located within 4.9 ft (1.5 m) of vegetation or
surface water.

4-10 ð23ÞHEAT LOSSES

Gas turbine heat losses are all system losses that cross
the test boundary. Gas turbine heat losses have a very
small influence on the final calculated exhaust energy
or flow, and therefore are often calculated from data
provided by the manufacturer rather than measured
directly. Manufacturers may identify and categorize
heat losses differently, but heat losses can generally be
placed into four major categories: generator losses,
gearbox losses, fixed losses, and variable losses.
Where the measurement of heat loss from lubricant

coolers and other sources is required, the accuracy of
temperature and flow measurement shall be such that
determination of heat rejection may be accomplished
with an uncertainty not greater than 10%. Where the
actual measurement of heat loss is deemed unnecessary
or impractical, themeans of determining heat loss shall be
determined by agreement among the parties to the test.

4-10.1 Generator Losses

Generator losses typically include exciter and collector
losses,whichare a functionof generatoroutput andpower
factor, and windage losses, which are a function of the
generator cooling medium temperature. It is not practical
to measure these losses directly during a test; therefore,
they must be determined from curves provided by the
generator manufacturer. Generator losses are typically
on the order of 1% to 2% of the gross electrical output.

4-10.2 Gearbox Losses

Gearbox losses shall bedetermined for applications that
require load gears for speed reduction between the
turbine rotor and the generator rotor. Gearbox losses
are typically determined from data provided by the
gearbox manufacturer. Gearbox losses can vary greatly,
but are typically on the order of 1% to 2% of shaft output.
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4-10.3 Fixed Losses

Fixed losses remain relatively constant across the range
of base load operating conditions and may include
mechanical losses of the turbine rotor bearings and
any shaft-driven accessories. The value for these losses
should be provided by the manufacturer. Some fixed
losses may be quantified by measuring the lube oil
flow and the temperatures in and out of the lube oil
cooler. However, caution should be used in cases
where the cooler is partially bypassed to maintain a
constant fluid temperature.

4-10.4 Variable Losses

Variable losses include heat rejected from the turbine
rotor cooling system, overboard air or gas leakages, and
heat radiated from the turbine casings. The algorithms for
determining these losses shouldbeprovidedby themanu-
facturer.

4-11 OTHER MEASUREMENTS

Various other measurements may be helpful for docu-
menting the test. Some common ones are listed in
paras. 4-11.1 through 4-11.3.

4-11.1 Time

Precision timing may be required in conjunction with
certain instruments that are time sensitive. Examples
include watt-hour meters for power measurement and
fluid displacement meters for flow measurement. In
thesecases, aprecision timingdevice suchasadigital stop-
watch with a resolution to 0.1 sec is sufficient.

4-11.2 Flow

Flowmeasurements other than liquid or gas fuel should
be in accordancewith ASMEPTC 19.5 and Table 4-1.2.1-1.

4-11.3 Turbine Control Parameters

Gas turbinesmaintaina steady loadby theuseof turbine
control parameters that adjust the fuel flow. These control
parameters should be measured during a test because
applicability of the manufacturer’s correction curves
depends on the appropriate operating conditions;
however, these parameters do not have their own correc-
tion curves. The manufacturer determines which param-
eters are the controlling parameters and how each
parameter is measured during a test. Some turbine
control parameters are variable guide vane position,
turbine control temperature, compressor discharge or
combustion chamber pressure, and fuel flow fractions.

4-11.3.1 Variable Guide Vane Position. Gas turbine
installations may use variable geometry in the airflow
path to control the volume of air passing through the
gas turbine. In many gas turbine designs, variable
geometry is achieved through the use of mechanically
actuated guide vanes. Frequently, the definition of a
load point, such as base load, at which a test is to be
conducted, may depend on a specific guide vane angle.
The position of each of the guide vanes should be
measured prior to the test to ensure that the mean
angle is consistent with both the manufacturer’s specifi-
cation and the indication in the turbine control system.
Typically, the manufacturer’s specification will include
a recommended method of measurement and the allow-
able deviation for the mean guide vane angle.

4-11.3.2 Turbine Control Temperature. The turbine
control temperature is a critical parameter used by the
control algorithm to set the gas turbine load level and
turbine inlet temperature. Generally, turbine inlet
temperature is virtually impossible to reliably
measure, so the manufacturer chooses a lower tempera-
ture region for temperature measurement devices. The
relationship between the turbine control temperature
and the turbine inlet temperature is defined in a
control algorithm determined by the manufacturer.
The manufacturer, through experience, shall determine
the number, type, and location of the control temperature
measurements to account for expected temperature levels
and inherent spatial variations.
For comparative testing, differences in the turbine

control temperature determination may exist between
the premodification and the postmodification tests.
This can change as a result of changing even one thermo-
couple during the outage. Change in the spatial distribu-
tion of this temperature due to modifications of the
turbine or its operating condition (such as increased
turbine inlet temperature or change in air management)
is also likely. Since power is so sensitive to any shift in
turbine control temperature, it is advisable to perform
any thermocouple replacements and/or calibrations
prior to the pretest to minimize uncertainty.

4-11.3.3 Compressor Discharge or Combustion
Chamber Pressure. Along with the turbine control
temperature, compressor discharge or combustion
chamber pressure is also often required as an input
into the manufacturer’s control algorithm. This pressure
is often dividedby the inlet pressuremeasurement to esti-
mate a compression ratio. The manufacturer will deter-
mine the number, type, and location of the measurement
or measurements. The pressure is measured using one or
more static pressure transmitters in accordance with
subsection 4-2.
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Section 5
ð23ÞComputation of Results

5-1 GENERAL

This Section includes thedetails required for computing
power output and heat rate (efficiency). Additional
computations are provided in Mandatory Appendix I
for exhaust flow, exhaust energy, and exhaust tempera-
ture.

5-2 ELECTRICAL POWER CALCULATIONS

5-2.1ð23Þ Introduction

Electrical measurements required for the evaluation of
gas turbine performance include gross electrical output,
power factor, exciter power, and other auxiliary electrical
loads. The measurement should be performed and the
calculation method chosen in accordance with ASME
PTC 19.6. Power measurements shall be corrected for
actual voltage transformer ratio and for phase angle
errors in accordance with the procedures of ASME PTC
19.6.
A detailed sample calculation for electric power output

is given in Nonmandatory Appendix A, subsection A-2.

5-2.2 Electrical Measurement System
Connections

Electricalmeasurement is basedon the typeofmetering
method, as follows:

(a) three-wire power systems — two single-phase
meters or one two-phase meter

(b) four-wire power systems — three single-phase
meters or one three-phase meter
Paragraphs 5-2.2.1 and 5-2.2.2 describe calculations for

the two types of three- and four-wire power systems that
may exist.

5-2.2.1 Three-Wire Power Systems Power Factor
Calculation. Power factor is determined using the
following equation:

=
+

PF
Watts

Watts Vars

total

total
2

total
2

where
PF = power factor

Varstotal = total vars for three phases
Wattstotal = total watts for three phases

Alternatively, for balanced three-phase sinusoidal
circuits, power factor may be calculated from the two-
meter power measurement method using the following
equation:

=

+
+

Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

PF
1

1 3
Watts Watts
Watts Watts

2
1 2 3 2

1 2 3 2

where
PF = power factor

Watts1–2 = real power phase 1 to phase 2
Watts3–2 = real power phase 3 to phase 2

5-2.2.2 Four-Wire Power Systems Power Factor
Calculation. Power factor can be calculated from the
watt and var meters using the following equation:

=
+

PF
Watts

Watts Vars

total

total
2

total
2

where
PF = power factor

Varstotal = total vars for three phases
Wattstotal = total watts for three phases

Alternatively, power factor may be determined by
measuring each phase voltage and current (volt-amps),
with the following equation:

=
VI

PF
Watts

i i

total

where
Ii = phase current for each of the three phases

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

5-2.3 Excitation Power Calculation

5-2.3.1 Measured Excitation. If the exciter is powered
by current supplied from themain generator bus at a point
after the gross electrical output metering, the power
supplied to the exciter shall be determined as described
in para. 4-6.6. Two methods for determining the power
supplied to the exciter are as specified in paras.
5-2.3.1.1 and 5-2.3.1.2.
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5-2.3.1.1 Derivation From Breaker Currents. Exciter
power and any other auxiliary gas turbine loads included
in the gas turbine vendor scopeof supply canbe calculated
from the current and voltage input to the exciter power
transformer or breaker. Since this is a measure of the
actual power, which comes off of the main generator
bus, the following equation is the preferred method of
determining exciter power:

=
× × ×V I

ExcLoss
3 PF

1,000
avg avg

where
ExcLoss = exciter power, kW

Iavg = averagephase current, A—measuredvalue
PF = power factor — measured or calculated

value
Vavg = average phase voltage, V—measured value

1,000 = conversion factor from watts (W) to kilo-
watts (kW)

If themeasurementpoint is downstreamof a step-down
transformer, a correction should be applied for the trans-
former loss.

5-2.3.1.2 Derivation From Field Voltage and
Current. Power supplied to the exciter can also be esti-
mated by calculating the power output of the exciter
and by correcting for an assumed AC-to-DC conversion
efficiency using the following equation:

= ×
×

ExcLoss
FV FC

1,000 ACDC

where
ACDC = AC-to-DC conversion efficiency factor (typi-

cally 0.975) — assumed value
ExcLoss = exciter power, kW

FC = field current, DC amps — measured value
FV = field voltage, DC volts — measured value

1,000 = conversion factor from watts (W) to kilo-
watts (kW)

5-2.3.2 Excitation Power Calculations From Supplier
Information. Excitation power may be determined from
supplier information based on load and power factor at
the test conditions.

5-2.4 Instrument Transformers

The instrument transformers introduce errors when
converting the high primary voltage or current to a
low secondary voltage or current. These errors result
in a variation of the true ratio from the marked ratio
and the variation of the phase angle from the ideal
(zero). The magnitude of the errors depends on

(a) the burden (number and kinds of instruments
connected to the transformer)

(b) the secondary current (in the case of current trans-
formers)

(c) the power factor of the device being measured (in
the case of power measurement)
The correct ion methodology is presented in

Nonmandatory Appendix A.

5-2.4.1 ð23ÞVoltage Transformers. The secondary voltage
measured by the voltage transformer shall be multiplied
by the voltage transformermarked ratio (VTR) and by the
voltage transformer ratio correction factor (VTRcorr) to
calculate the primary voltage on the high side of the trans-
former. For the typical case where VTs are dedicated to
voltage measurement and not to relays or voltage regu-
lators, the secondary burden canbe assumed to be close to
zero.

5-2.4.2 Current Transformers. The current trans-
former ratio correction factor (CTRcorr) is calculated in
a similar manner as the voltage transformer correction
factor (VTRcorr). However, typical values at rated
primary current vary little between 0.9999 and 1.0.
Values outside this range should be accounted for. It
should be emphasized that the CTRcorr for operation at
conditions less than the rated primary current increases
significantly and should not be neglected. The error at
10% current is permitted to be two times the value of
the error at 100% rated primary current. CT calibration
should thereforebeprovided at twodifferent burdens and
a function of load.

5-2.4.3 Calculation of Corrected Primary Power. The
power for each phase is corrected by applying calibration
data from the instrument transformers and the power
meter as follows:

= × × ×
× × ×
×

p p VTR CTR MCF

VTR CTR PA
VTVD

highside lowside

corr corr corr
corr

where
CTR = the current transformer marked ratio

CTRcorr = the current transformer ratio correction
factor from calibration data

MCF = the meter correction factor from calibra-
tion

Phighside = the corrected power on the high side of the
transformer

Plowside = the powermeasured on the low side of the
transformer

PAcorr = the phase angle correction factor fromcali-
bration data

VTR = the voltage transformer marked ratio
VTRcorr = the voltage transformer ratio correction

factor from calibration data
VTVDcorr = the voltage transformer voltage drop

correction
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The meter correction factor (MCF) is determined from
calibration data. Each phase of the meter should be cali-
brated as a function of secondary current. The process
should be done at a minimum of two different secondary
voltages and at two different power factors. The actual
MCF at test conditions could then be interpolated.
Phase angle correction factor for each phase (PAcorr)

accounts for the phase shift that occurs in the voltage
transformer (λ), current transformer (β), and the
power meter (α). The Code will provide a more rigorous
calculation; however, in most cases a linear interpolation
as discussed below will provide a sufficiently accurate
correction.
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 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.

= + = +
PA

cos( )
cos

cos( )
PFcorr

where
PAcorr = phase angle correction factor

PF = power factor
α = shift in the power meter phase angle
β = shift in the current transformer phase angle
γ = shift in the voltage transformer phase angle
θ = arccos (power factor)

A good approximation in practice is to assume that
when the power factor is 1, the PAcorr will also be 1.

5-3 MECHANICAL POWEROUTPUT CALCULATION

5-3.1 Mechanical Drive Power

Power at the gas turbine shaft is the product of the
torque and speed, with appropriate unit conversion
constants.

(U.S. Customary Units)

= ×
SHP

torque speed
5,252.1

(SI Units)
= × ×power torque speed 2 /60

where
SHP = shaft horsepower

Power is in watts, torque in lb-ft (N·m), and speed in
rpm.

5-3.1.1 Correction to Specified Reference Conditions.
If the gas turbine can be run at rated power, the correc-
tions proceed as shown for generator drives. In the event
that system conditions do not permit running the test at
rated load, the parties shall agree on the method of
adjusting the output and heat rate to the specified condi-
tions. Two methods are commonly employed.

(a) Themanufacturer may supply correction curves or
cycle data that will allow adjusting the data to rated speed
and control temperature, from which the corrections to
specified reference conditions may be made.

(b) The gas turbine may be run at several points
througha load and/or speed range topermit interpolation
or extrapolation of the data to the rated load point. This
generally involvesnormalizing the test results by applying
dimensionless parameters, which are described in most
thermodynamic textbooks.
It is expected that the system described in (a) will be

more prevalent, given the availability and accuracy of gas
turbine cycle performance programs.

5-3.2 Efficiency

Heat rate, conventionallyused forgeneratordrives,may
not be the preferred parameter for mechanical drives. If
required, thermal efficiency is

= ×SHP
2,544.43

heat inputth

where heat input (Btu/hr in this case) is from
subsection 5-4. Heat rate, in Btu/hp-hr, can be calculated
from heat input/SHP.
In SI units, thermal efficiency can be calculated by

= ×power
3.6

heat inputth

where power is in watts, and heat input (kJ/h in this case)
is from subsection 5-4. Heat rate, in kJ/W-h, can be calcu-
lated from heat input/power.

5-4 HEAT RATE CALCULATIONS

5-4.1 Fuel Heat Input

Calculation procedures for gas and liquid fuel heat input
are presented here. A sample calculation for gas fuel heat
input can be found in Nonmandatory Appendix A, subsec-
tion A-1.

5-4.1.1 ð23ÞDifferential PressureMeter.The general equa-
tion for mass flow rate through a differential pressure
class meter for both liquids and gases is as follows:

=M d Cf
T P Pg

4
2 2 ( , )

1
c

4
(5-4-1)
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where, for orifice differential pressure meters
C = orifice discharge coefficient (determined

from calibration report)
D = diameter of pipe at flowing fluid temperature,

in. (mm)
d = diameter of orifice bore at flowing fluid

temperature
gc = units conversion constant
Mf = fuel mass flow rate
β = ratio of orifice and pipe diameter (d/D), both

diameters at the flowing fluid temperature
ΔP = differential pressure across orifice
ε = expansion factor

ρ(T,P) = fluiddensityat flowing temperatureandpres-
sure

NOTE: Measurement units for the above parameters and vari-
ables are given in Table 5-4.1.1-1.

Equation (5-4-1) canbe further reduced to the following
format:

=M N d C E T P P( , )f v1
2 (5-4-2)

where
Ev = velocity of approach factor = 1

1 4

N1 = unit conversion factor

5-4.1.2 OrificeDimensions. If the flowing temperature
of the fluid is different from the temperature at which the
pipe and orifice dimensions were determined, the
measured orifice and pipe dimensions shall be corrected
to compensate for the temperature variations.

= +
Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ( )d T T d1 PE f meas meas (5-4-3)

= +
Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ( )D T T D1 PP f meas meas (5-4-4)

where
Dmeas = measured diameter of the pipe at Tmeas
dmeas = measured diameter of the orifice at Tmeas

Tf = temperature of the flowing fluid
Tmeas = temperature of the orifice or pipe material

when the diameters were measured
αPE = coefficient of thermal expansion for the orifice

material
αPP = coefficient of thermal expansion for the pipe

material

Refer to ASME PTC 19.5, Section 2, for thermal expan-
sion data.

5-4.1.3 ð23ÞExpansion Factor. The expansion factor, ε,
compensates for the change in density due to a decrease
in pressure when a compressible fluid flows through the
orifice:

= + +

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ
i
k
jjjj

y
{
zzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ
( )1 0.351 0.256 0.93 1

P
P

k
4 8

1/
2

1
(5-4-5)

where
Cp = specific heat at constant pressure
k = isentropic component
x = Cp/(Cp − 1.986/MWf)

MWf = molecular weight of fluid
P1 = upstream static pressure of fluid
P2 = downstream static pressure of fluid
β = ratio of orifice and pipe diameter (d/D), both

diameters at the flowing fluid temperature

5-4.1.4 Compressibility. Fluid compressibility, Zf, at
flowing conditions shall be calculated based on the
methods outlined in AGA Report No. 8 using the Detail
Characterization Method (input of individual gas consti-
tuents). Nonmandatory Appendix A andAGAReport No. 8,

Table 5-4.1.1-1
Typical Values for Unit Conversion Factor, N1, Using Common Units of Measure

Symbol U.S Units U.S. Units U.S. Units SI Units SI Units
Calculation Constants
π (universal constant) 3.14159 3.14159 3.14159 3.14159 3.14159
gc 32.1740 lbm-ft/

(lbf·sec2)
32.1740 lbm-ft/
(lbf·sec2)

32.1740 lbm-ft/
(lbf·sec2)

1.0000 kg·m/(N·s2) 1.0000 kg·m/(N·s2)

Units of Measure
d in. in. in. mm mm
ΔP lbf/in.2 in.H2O60°F in.H2O68°F mbar kPa
ρ(T,P) lbm/ft3 lbm/ft3 lbm/ft3 kg/m3 kg/m3

Mf lbm/sec lbm/sec lbm/sec kg/s kg/s
N1 0.525021 0.0997424 0.0997019 0.000351241 0.0000351241
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subsection 8.1 present detailed information for the detail
characterization.

5-4.1.5 Density — Gas Fuel. Gas fluid density at
flowing fluid conditions is calculated from the following
equation:

=T P( , )
p

Z RT

MW f

f f

gas (5-4-6)

where
MWgas = molecular weight of the gas mixture

=
=

xMW MW
j

n

j jgas
1

MWj = molecular weight of gas component j
n = total number of components
Pf = static pressure of fluid before orifice
R = universal gas constant
Tf = temperature of fluid (absolute, °R or K)
xj = mole fraction of gas component j
Zf = fluid compressibility at flowing pressure and

temperature
ρ(T,P) = gas fluid density at flowing fluid temperature

and pressure

5-4.1.6 Volumetric Meter. The general equation for
mass flow rate through a volumetric meter for both
liquids and gases is as follows:

=M q T P( , )MCFf v (5-4-7)

where
MCF = meter calibration factor
Mf = fuel mass flow rate
qv = actual volume flow rate
x = Vg/Δt

Vg = totalized volume of fluid measured during
test

x = final volume minus starting volume
Δt = fluid volume timing period

ρ(T,P) = fluid density at flowing fluid temperature and
pressure

5-4.1.7 Density — Liquid Fuel. Liquid fuel density is
determined from the following equation:

= sgT TH2O (5-4-8)

where
sgT = specific gravity of the liquid fuel at the flowing

temperature
ρH2O = densityofwater thatwasused todefine specific

gravity of fuel
ρT = fluid density at flowing fluid temperature

5-4.1.8 Heating Values — Gas Fuel. The higher
heating value (HHV) and lower heating value (LHV) of
a gas fuel mixture are given by

=
= =

x xHHV MW HHV / MW
j

n

j j j
j

n

j j
1 1

(5-4-9)

=
= =

x xLHV MW LHV / MW
j

n

j j j
j

n

j j
1 1

(5-4-10)

where
HHVj = higher heating value per unit mass for compo-

nent j
LHVj = lower heating value per unit mass for compo-

nent j
MWj = molecular weight of gas component j

n = total number of components
xj = mole fraction of gas component j

5-4.1.9 ð23ÞHeatingValues—LiquidFuel.For liquid fuels,
the higher heating value at constant volume is determined
by fuel analysis per para. 4-5.4.1. The higher and lower
heating values at constant pressure are determined
from the following equations.

(U.S. Customary Units)
= + HHHV HHV 2.64p v (5-4-11)

= HLHV HHV 91.20p v (5-4-12)

(SI Units)
= + HHHV HHV 6.14p v (5-4-13)

= HLHV HHV 212.13p v (5-4-14)

where
H = percent of hydrogen (H2) byweight contained

in the liquid fuel
HHVP = higher heating value at constant pressure
HHVV = higher heating value at constant volume
LHVP = lower heating value at constant pressure

5-4.1.10 ð23ÞSensible Heat — Liquid Fuel. The sensible
heat for liquid fuels is calculated as follows:

= M h hSH ( )p f T ref (5-4-15)

where
href = specific enthalpy of the liquid fuel at the refer-

ence temperature
hT = specific enthalpy of the liquid fuel at the flowing

temperature
Mf = actual mass flow

SHP = sensible heat at constant pressure
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NOTE: Reference temperature for heat rate determination is fuel
temperature at specified reference conditions. Reference
temperature for heat balance determination is user-specified
enthalpy reference temperature.

The specific enthalpy of liquid fuel is defined as follows:

= + ° + [ + ° ]

+ [ + ° ]

h C C C C T

C C T

( API) ( API) ( )

( API) ( )
1 2 3 4

5 6
2

where, for specific enthalpy in Btu/lbm (kJ/kg)
C1 = −30.016 (−41.535)
C2 = −0.11436 (−0.15766)
C3 = 0.373 (1.6201)
C4 = 0.00143 (0.006175)
C5 = 2.18 × 10−4 (1.64 × 10−3)
C6 = 7.0 × 10−7 (5.28 × 10−6)
h = specific enthalpy, Btu/lbm (kJ/kg)
T = temperature, °F (°C)

°API = API gravity

5-4.1.11 Sensible Heat— Gas Fuel. The sensible heat
input for gaseous fuels is calculated as follows:

= M h hSH ( )f T ref (5-4-16)

where
href = specific enthalpy of the gaseous fuel at the refer-

ence temperature
hT = specific enthalpy of the gaseous fuel at the

flowing temperature
Mf = actual mass flow
SH = sensible heat of gaseous fuel

NOTE: Reference temperature for heat rate determination is fuel
temperature at specified reference conditions. Reference
temperature for heat balance determination is user-specified
enthalpy reference temperature.

The specific enthalpy of the actual gaseous fuel can be
derived fromgasproperties publishedbyNISTandothers.

5-4.1.12 Heat Input. The total heat input is calculated
as follows:

= +MHI HV SHf

where
HI = total heat input
HV = fuel heating value
Mf = fuel mass flow
SH = sensible heat input (may be different for power/

heat rate test and heat balance calculation; see
paras. 5-4.1.10 and 5-4.1.11

(a) For power output and heat rate test, HV = lower or
higher heating value (LHVorHHV) of the fuel as defined in
specified reference conditions.

(b) For exhaust flow or energy test, HV = lower heating
value (LHV)of the fuel because theheat of vaporization for
water is not recovered inside the heat balance boundary.
NOTE: Often the agreed calculation of heat input for a heat rate
test is based solely on latent heat with no sensible heat compo-
nent. In such cases, test correction curvesmaybeused to account
for variations in fuel supply temperature.

5-4.2 Heat Rate

The measured gas turbine heat rate is calculated as a
ratio of the total heat input to power output. Heat rate is
typically expressed inunits of Btu/kW·h, Btu/hp-hr, or kJ/
kW·h.
The general equation to calculate heat rate from

measured test data is

=
P

HR
HI

meas
meas

meas

where
HImeas = themeasured total heat input value of the fuel

(see para. 5-4.1.12)
Pmeas = the measured value of power output (see

subsection 5-2 or subsection 5-3)

Heat rate is directly related to thermal efficiency by the
following conversion:

= C/HRth meas

where
C = 3,412.14 when HRmeas is expressed in Btu/kW·h
x = 2,544.43 when HRmeas is expressed in Btu/hp-hr
x = 3600 when HRmeas is expressed in kJ/kW·h

ηth = thermal efficiency

5-5 ð23ÞCORRECTION OF TEST RESULTS —
FUNDAMENTAL PERFORMANCE EQUATIONS

The following fundamental performance equations for
correcting calculated test values to the specified reference
conditions are applicable to any of the gas turbine types
covered by this Code.

(a) Corrected power is expressed as

=
+ =

=
P

P i
i
m

n
x

n
corr

meas 1

1

(b) Corrected heat rate is expressed as

=
+= =

i
k
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y
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n
x

n i
mcorr

1

meas

meas 1
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(c) Corrected exhaust flow is expressed as

=
=

m
m

n
x

n
exh,corr

exh

1

(d) Corrected exhaust energy is expressed as

=
=

Q
Q

n
x

n
exh,corr

exh

1

(e) Corrected exhaust temperature is expressed as

= + == =
t t t

t
or

n
x

n
n
x

n
exh,corr exh 1 exh,corr

exh

1

Multiplicative correction factorsαn,βn, γn, εn, and δn, and
additive correction factors Δi and δn are used to correct
measured results back to the specified reference condi-
tions. Attention should be paid to the basis of measured
power and heat rate, as either net or gross, to make sure
that the correction curves use the same basis. Table 5-5-1
summarizes the additive corrections for the power funda-
mental performance equation. Table 5-5-2 summarizes
the correction factors used in all the fundamental perfor-
mance equations. Calculations for correction factors shall
be carried to at least four decimal places.
While these correction factors are intended to account

for all variations from specified reference conditions, it is
possible that performance could be affected by processes
or conditions that were not foreseen at the time this Code
was written. In this case, additional correction factors,
either additive or multiplicative, would be required.
For special gas turbine operating modes such as power

limit or part load, the correction methodology would
require use of parameters not included in Table 5-5-2.
For instance, in heavy duty gas turbines, IGV modulation
may have an effect and should be considered. For aero-
derivative gas turbines, IGV modulation is not an active
method of control; however, all other methods of control
should be considered. In lieu of additional correction
curves or factors, original equipment manufacturers
(OEMs) may provide a model-based correction method
for these special operating modes. The correction
factors that are not applicable to the specific type of
gas turbine configuration being tested, or to the test objec-
tive, are simply set equal to unity or zero, respectively,

Table 5-5-1
Summary of Additive Correction Factors

for Power Fundamental Performance Equation

Power

Uncontrollable External
Condition Requiring

Correction Comments
Δ1 (*) Generator power factor Measured at the power

measurement location
Δ2 Generator excitation power When excitation power is

supplied after power
measurement

Δ3 Auxiliary loads If required by test boundary
Δ4 Transformer losses If required by test boundary

GENERAL NOTE: The asterisk (*) indicates that either the additive
factor or the multiplicative factor is acceptable for generator power
factor but not both.

Table 5-5-2
Summary of Correction Factors in All Fundamental Performance Equations

Power Heat Rate Exhaust Flow
Exhaust
Energy

Exhaust
Temperature Uncontrollable External Condition Requiring Correction

α1 β1 γ1 ε1 δ1 Inlet air temperature
α2 β2 γ2 ε2 δ2 Barometric pressure
α3 β3 γ3 ε3 δ3 Inlet humidity
α4 β4 γ4 ε4 δ4 Fuel composition
α5 β5 γ5 ε5 δ5 Injection fluid flow

α6 β6 γ6 ε6 δ6 Injection fluid enthalpy
α7 β7 γ7 ε7 δ7 Injection fluid composition
α8 β8 γ8 ε8 δ8 Exhaust pressure loss

α9 β9 γ9 ε9 δ9 Shaft speed
α10 β10 γ10 ε10 δ10 Turbine extraction

α11 β11 γ11 ε11 δ11 Fuel temperature
α12 β12 γ12 ε12 δ12 Inlet pressure loss

α13 (*) … … … … Generator power factor

GENERALNOTE: The asterisk (*) indicates that either the additive factor or themultiplicative factor is acceptable for generator power factor but
not both.
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depending on whether they are multiplicative correction
factors or additive correction factors.
All correction factors shall result in a zero correction if

all test conditions are equal to the specified reference
conditions. Some correction factors may be significant
only for unusually large deviations from specified refer-
ence conditions, or not at all, inwhich case they can also be
ignored. An example of this is the fuel composition correc-
tion. If the pretest uncertainty analysis shows a correction
to be insignificant, these corrections can be ignored. An
insignificant correction is one that results in a correction
of less than 0.05%.
The applicable corrections to use in the fundamental

performance equations for a particular test depend on
the type of gas turbine being tested and the goal of the
test. Specific examples of the fundamental performance
equations for different gas turbine configurations and
boundary conditions are provided in Nonmandatory
Appendix A, subsection A-3.
When using comparative tests, correcting the test data

to specified reference conditions may be the largest
contributor to the test uncertainty; therefore corrections
used should be limited to those needed to establish the
objective.Rather thanusea full set of envelope corrections
around the test boundary as described in this Code, the
parties can agree to a limited number of correction factors
based on the scope of modifications or restorative actions
performed. For example, itmay be advisable to correct the
postmodification results to the same ambient, etc., condi-
tions of the premodification test. This will eliminate one
set of corrections, which may be very advantageous since
preparing accurate correction curves for a deteriorated
turbine will likely be difficult.

5-5.1 Alternate Corrected Gas Turbine Exhaust
Energy

The determination of gas turbine exhaust energy is
outlined in Mandatory Appendix I and can be evaluated
at any condition including one that is consistent with the
specified reference conditions. Using inputs already
corrected to specified reference conditions results in
the evaluation of exhaust energy at the conditions of
interest, eliminating the need, as an alternative, for
applying correction factors on exhaust energy. Expressed
as

= + +Q Q Q Q

Q Q Q
exh,corr air,corr fuel,corr inj,corr

elect,corr loss,corr ext,corr
(5-5-1)

where the subscript “corr” denotes corrected to specified
reference conditions.
For example, with a test configuration without extrac-

tion or injection, and with the inlet air temperature set to
the enthalpy reference temperature, the use of corrected
output (Qelect,corr) and corrected heat consumption
(Qfuel,corr = corrected power × corrected heat rate) will

result in exhaust energy evaluated at the specified refer-
ence conditions. (The remaining term, Qloss,corr, has little
influence and can be estimated easily.)

5-6 ð23ÞAPPLICATION OF CORRECTION FACTORS

The intent of the Code is to correct test values to the
specified reference conditions using the best method that
allows the user to determine gas turbine performance
corrections and to provide test results with the highest
accuracy at the time of the test. The preferred method
is to use a gas turbine thermal performance simulation
model. The alternatemethod is to use site-specific correc-
tion curves.
The format of the fundamental equations allows decou-

pling of the appropriate correction effects (ambient condi-
tions, injection fluids, etc.) relative to themeasured prime
parameters of power, heat rate, exhaust flow or energy,
and exhaust temperature so that measured performance
can be corrected to the specified reference conditions.
Corrections are calculated for parameters at the test
boundary different from specified reference conditions,
which affect measured performance results.
Testing should be conducted with the turbine control

system in the same operational control mode as used for
the basis of the guarantees. However, this Code recognizes
that, depending on the technology, it may not be practical
to conduct testing under those conditions. Therefore,
correction is allowed across different control modes,
but care should be taken to ensure that the correction
method accurately predicts the mode of operation that
is observed during performance testing. Additionally,
tests should be conducted while the control system is
in a constant control mode.

5-6.1 Application of Correction Factors Using
Model-Based Corrections

The use of a thermal performance simulation model is
themost accuratemethod to determine correction factors
necessary to correct performance of the gas turbine at
measured test conditions to specified reference condi-
tions. These corrections are referred to as model-based
corrections. As gas turbine technology advances and
engines arepushed to optimizeperformance, thebehavior
of the performance across a range of boundary conditions
aswell as loadconditionsbecomes increasinglymorediffi-
cult to capture with the conventional curve-based
approach. The simulation model retains the ability to
generate corrections for complex cases such as specific
operating modes, complex VGV and or firing schedules,
and control limitations encountered in modern gas
turbines. In addition, use of a simulation model is a
more efficient method to assess the thermal performance
of the gas turbine, eliminating the efforts associated with
developing correction curves. As such, model-based
corrections is the preferred method.
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The site-specific test procedure shall list the applicable
engine model inputs and a description of how to use the
simulation model. The accuracy and validity of model-
based corrections are contingent on the following
model requirements:

(a) Themodel shall be specific to the typeof gas turbine
being tested and shall be uniquely identified along with
the date of the model version. If it is required to use a
different or revised model, it shall be mutually agreed
on by the parties to the test.

(b) Model configuration inputs (such as control
settings and limits, inlet treatments, and generator
options) that can be made by the user shall be clearly
defined.

(c) Model configuration that cannot be user defined
shall be clearly defined.

(d) Boundary condition inputs to themodel that can be
made by the user shall be clearly defined and shall, at a
minimum, include inputs consistent with the applicable
corrections to specified reference conditions.

(e) Boundary conditions that cannot be input into the
model shall be clearly defined.
Access to the model shall be provided via a web-based

application or a stand-alone application. Model access
duration shall be mutually agreed on to ensure accuracy
in future tests. There are at least two types of simulation
models that can be used to develop correction factors:
models that generate absolute values of performance pa-
rameters or interest and models that directly generate a
correction factor for the performance parameter of
interest.
For models that generate absolute values of perfor-

mance, the correction factor to apply to the measured
performance shall be the normalized absolute perfor-
mance determined by

= /a b

= a b

where the subscripts are defined as follows:
a = the model run at test measured conditions
b = the model run at specified reference conditions

It should be noted that for these models, the absolute
value of performance when run at specified reference
conditions often will not reflect the specific guaranteed
performance. Similarly, the absolute value of performance
when run at test conditions often will not reflect the
measured performance of the unit at the time of test.
For models that generate correction factors of perfor-

mance parameters directly, the specified reference condi-
tions shall either be set within the model and clearly
defined or defined by the user. In either case, the
model shall return a correction factor equal to unity or
zero if the user inputs test conditions equivalent to the
specified reference conditions.

The correction factors derived from the simulation
model are applied to themeasuredperformance. Intended
application of the correction factors (multiplier, divisor,
adder, or subtractor) shall be specified in the site-specific
test procedure. Applicable corrections are described in
paras. 5-6.2.1 through 5-6.2.13.

5-6.2 Application of Correction Factors Using
Correction Curves

Since the variation in power, heat rate, exhaust flow or
energy, and exhaust temperature due to various external
conditions is unique to each gas turbine, a set of site-spe-
cific correction curves shall be generated for incorpora-
tion into the site-specific test procedures prior to the test.
Each correction factor is calculated by varying only one
parameter over the possible range of deviations from the
base reference condition. Some of the correction factors
are summations of smaller corrections or require a family
of curves. For example, the correction for fuel composition
may be split into two or more components to better char-
acterize the impact of fuel composition on gas turbine
performance. All correction curves shall be provided in
graphical format with corresponding equations.
Manufacturers sometimes supply curves that are refer-

enced to standard conditions other than the specified
reference conditions. In this case, relative corrections
relating the measured test conditions and specified refer-
ence conditions shall be calculated as shown in the
following examples:

=

= a b

1

1 1 1

a

b

1

1

where the subscripts are defined as follows:
1a = correction from measured point to standard

condition
1b = correction from specified reference condition to

standard condition

The gas turbine power, heat rate, exhaust energy or
flow, and exhaust temperature can be corrected to speci-
fied referenceconditionsbasedonambient conditionsand
other external quantities using the multiplicative and
additive correction factors as described in paras.
5-6.2.1 through 5-6.2.13.

5-6.2.1 InletAirTemperatureCorrection (α1,β1,γ1, ε1,
δ1). Correction is made to gas turbine performance based
on the inlet air temperature crossing the test boundary.
The inlet air temperature shall bemeasured in accordance
with subsection 4-3.

5-6.2.2 Barometric Pressure Correction (α2,β2, γ2, ε2,
δ2). Correction is made to gas turbine performance based
on the site barometric pressure (or other pressure
measurement location if agreed on by the parties).
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Barometric pressure is measured in accordance with
subsection 4-2.

5-6.2.3 Inlet Humidity Correction (α3, β3, γ3, ε3, δ3).
Correction is made to gas turbine performance based on
humidity of the air crossing the test boundary. Typically
the humidity of the air will be equal to the ambient
humidity and will be measured in accordance with
subsection 4-9.

5-6.2.4 Fuel Composition Correction (α4, β4, γ4, ε4,
δ4). Differences in fuel properties between the reference
fuel analysis and the measured fuel analysis affect the
performance of the gas turbine. The fuel analysis shall
be measured near the test boundary in accordance
with subsection 4-4 for gaseous fuels and subsection
4-5 for liquid fuels.
The fuel composition correction factors may be deter-

mined as a combination of multiple factors to better char-
acterize the impact of the variance in composition on gas
turbine performance. Correction factors may be deter-
mined in several ways, including, but not limited to

(a) as a function of the fuel lower or higher heating
value

(b) the fuel Wobbe index
(c) carbon-to-hydrogen ratio
(d) inerts-to-hydrocarbons ratio
As another alternative, the fuel composition correction

factors may be determined by the thermal performance
simulationmodel after the test, if agreed on by the parties.
The simulation model provider shall provide a sample
correction calculation in the detailed test procedures
prior to the test.

5-6.2.5 Injection Fluid Flow Correction (α5, β5, γ5, ε5,
δ5). Correction is made to gas turbine performance based
on the injection fluid flow crossing the test boundary. The
injection fluid flow shall be measured in accordance with
subsection 4-11.

5-6.2.6 Injection Fluid Enthalpy Correction (α6, β6,
γ6, ε6, δ6). Correction is made to gas turbine performance
based on the injection fluid enthalpy crossing the test
boundary. The injection fluid enthalpy shall be calculated
in accordance with the applicable version of the ASME
Steam Tables or other appropriate standard for the
given injection fluid. Injection fluid pressure shall be
measured in accordance with subsection 4-2. Injection
fluid temperature shall be measured in accordance
with subsection 4-3.

5-6.2.7 Injection Fluid Composition Correction (α7,
β7, γ7, ε7, δ7). Differences in injection fluid composition
between the reference injection fluid composition and the
measured injection fluid composition affect the perfor-
mance of the gas turbine. Typically, the injection fluid
is either water or steam where the multiplicative correc-
tion factors are equal to 1.0 and the additive correction
factor is equal to zero. If the injection fluid is a gaseous

mixture such as a nitrogen/oxygen mixture in an inte-
grated gasification combined cycle (IGCC) plant, then
the composition of the injection fluid will impact gas
turbine performance and shall be determined in accor-
dance with subsection 4-4.

5-6.2.8 Exhaust Pressure Loss Correction (α8, β8, γ8,
ε8, δ8). Correction is made to gas turbine performance
based on the turbine static exhaust pressure loss at
the test boundary. The need for this correction may
depend on the scope of equipment within the test
boundary. If necessary, the exhaust gas static pressure
loss is measured in accordance with subsection 4-2.

5-6.2.9 Shaft Speed Correction (α9, β9, γ9, ε9, δ9).
Correction is made to gas turbine performance based
on deviations of the shaft speed from the specified refer-
ence conditions. See subsection 4-8 for speed measure-
ment methods.

5-6.2.10 Turbine Extraction Correction (α10, β10, γ10,
ε10, δ10). Correction is made to gas turbine performance
based on the flow rate of any extractions from the gas
turbine measured where they cross the test boundary.
Typically, this correction might apply to an IGCC plant
where largequantitiesof compressorexit air areextracted
for use in the coal gasification process. Extraction flows
shall be measured in accordance with subsection 4-11, as
appropriate.

5-6.2.11 Fuel Temperature Correction (α11, β11, γ11,
ε11, δ11). Correction is made to gas turbine performance
based on the measured fuel temperature at the test
boundary. The fuel temperature shall be measured
nea r the t e s t bounda ry i n a c co rdance w i th
subsection 4-4 for gaseous fuels and subsection 4-5 for
liquid fuels.

5-6.2.12 Inlet Pressure Loss Correction (α12, β12, γ12,
ε12, δ12). Correction is made to gas turbine performance
based on the turbine inlet total pressure loss at the test
boundary. The need for this correctionmay depend on the
scope of equipmentwithin the test boundary. If necessary,
the inlet air total pressure loss is measured in accordance
with subsection 4-2.

5-6.2.13 Generator Power Factor Correction (Δ1 or
α13). Correction is made to gas turbine performance
based on the generator power factor at the power
measurement location. The generator power factor
shall be determined in accordance with para. 5-2.2.

5-7 DEGRADATION

The corrected results fromsubsection5-6 represent the
thermal performance of the gas turbine at the specified
reference conditions at the time of the performance test. If
required by the contract or the parties, an additional
correction for performance degradation may be applied.
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Section 6
Report of Results

6-1 GENERAL REQUIREMENTS

The test report shall provide definitive statements of
the purpose of the test, the methodology for attainment
of the objectives, and descriptions of the results. It shall
also clearly and concisely document all data generated by
the test as well as all ensuing computations.
The test report shall contain all the information

described in this Section.

6-2ð23Þ EXECUTIVE SUMMARY

The executive summary is a brief synopsis of the full
report and contains only the most essential information
in a concise format. The following items should be
contained in the executive summary:

(a) general information about the plant and the test,
which at a minimum shall include the location, plant
type, turbine type, operating configuration, and test objec-
tive

(b) date and time of the test
(c) summary of the results of the test compared to the

contractual guarantees for acceptance type tests
(d) calculated posttest uncertainty and confirmation

that Code limit uncertainty was not exceeded
(e) any agreements among the parties to the test to

allow any major deviations from the test requirements

6-3ð23Þ TEST DESCRIPTION

The test description should include the following infor-
mation:

(a) test description and objectives
(b) general information about the plant and the test,

such as
(1) brief history of the unit operation, from start-up

or the baseline test for comparative testing through the
performance tests

(2) description of the equipment to be tested and all
such ancillary equipment that may influence the test

(3) cycle diagram showing the test boundary
(4) operating mode or modes during test

(c) list of the representatives of the parties to the test
(d) organization of the test personnel
(e) all deviations from the test procedure

6-4 ð23ÞTEST EQUIPMENT

The description of the test equipment should include
the following information:

(a) tabulation of test equipment used, including quan-
tity, make, and model number

(b) description of the location of the test equipment
(c) means of data collection for each data point, e.g.,

temporary data acquisition system, plant control
system, or manual data sheet, and any identifying tag
number and/or address of each

(d) description of data acquisition system or systems
used

(e) summary of test equipment calibration

6-5 ð23ÞCALCULATIONS AND RESULTS

The calculation and results section of the test report
should have the following information:

(a) tabulation of the operating conditions and results
during all testing, including any observations

(b) statement of the general performance equation that
is used based on the test goal and the applicable correc-
tions

(c) tabulation of the reduced data necessary to calcu-
late the results and summary of additional operating
conditions not part of such reduced data

(d) calculation of test results from the reduced data or
reference to the test procedure if calculation methods are
described in detail (see Nonmandatory Appendix A for
examples of step-by-step calculations for each plant
type and test goal)

(1) detailed calculation of fuel flow rates from appli-
cable data, including intermediate results, if required

(2) detailed information to sufficiently and indepen-
dently calculate fuel properties including, but not limited
to, density, heating value (specifically state as higher or
lower), and compressibility

(3) tabulation or list of all corrections made to as-
measured data, including the value of each correction
applied

(e) identification and rationale for any elimination of
data

(f) evaluation of stability of test operating conditions
and comparison of repeatability of test runs, if more than
one test run was performed

(g) discussion of results and conclusions, as applicable
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6-6ð23Þ APPENDICES

Appendices to the test report should include the
following:

(a) test procedures, including correction curves or
methodology and sample calculations

(b) copies of original data sheets and/or electronically
acquired data in mutually agreed format

(c) copiesof test logswithcontrol systemmessagesand
alarms, or other record of operating activity during each
test

(d) documentation indicatingoperation in the required
configuration (such as inlet air-conditioning, compressor
guide vane angle, and/or fluids injection), if not included
elsewhere in the report

(e) documentation of control settings affecting perfor-
mance

(f) results of laboratory fuel analysis
(g) instrumentation calibration results from labora-

tories or certification from manufacturers
(h) measurement uncertainty calculation, pretest and

posttest
(i) any pretest inspection sheets showing signatures of

witnesses
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Section 7
Test Uncertainty

7-1ð23Þ INTRODUCTION

This Section contains sample calculations for gas
turbine tests defined by this Code: unit output and
heat rate (see subsection 7-3), comparative tests (see
subsection 7-4), and exhaust energy and flow calculations
(see subsection 7-5). It also summarizes some of the key
uncertainty considerations from ASME PTC 19.1 (see
subsection 7-2).

7-2 UNDERSTANDING TEST UNCERTAINTY

7-2.1 Uncertainty Versus Error

Random and systematic uncertainties are the estimates
of the standard deviation of the elemental error sources.
As the objective of this Section is to calculate test uncer-
tainty, the discussion will concentrate on understanding
uncertainty.

7-2.1.1 Systematic and Random Components of
MeasurementErrors.The total error,δj, for eachmeasure-
ment has two components, as follows:

(a) systematic, β
(b) random, εj, as shown in Figure 7-2.1.1-1
Values of the two components are determined by calcu-

lation or estimation of each of the contributing error
sources.

7-2.2 Random Standard Uncertainty, sX

Several error sources associated with the test instru-
mentation are reflected as scatter in the data over the
test time interval. It is generally assumed that this
scatter is normally distributed and can be approximated
statistically. For a samplemeasurement, themean value is
given by

= =
X

X

N
j
N

j1

where Xj represents the value of each individual measure-
ment in the sample and N is the number of sample
measurements. The standard deviation of the sample,
sx, is given by

=
=

( )
s

X X

N 1X
j

N j

1

2

The randomstandard uncertainty (RSU) is the standard
deviation of the mean, or

=s
s
NX
X

For the required 95% confidence level, with N > 30, s2 x
is equal to the expanded random uncertainty.
The RSU can be reduced by increasing the number of

instruments, and sometimes by increasing the number of
readings (for cases where N < 30). Typically, the RSUs are
estimated for the pretest uncertainty analysis and calcu-
lated by the data acquisition system where N is usually
greater than 30. If N is significantly less than 30, refer
to ASME PTC 19.1 for methods of determining the RSU.

7-2.3 Systematic Standard Uncertainty, bi
Systematic standard uncertainty is an estimate, based

on experience, of the error of the average value not elimi-
nated through calibration. It is a constant value despite
repeated measurements. The systematic error can be
reduced by better instrument calibration and, if uncorre-
lated, by increasing the quantity of instruments.

7-2.3.1 Estimating Systematic Uncertainties, bx.
Systematic uncertainties, bx, are estimated using the
experience of theparties and the suggestions andanalyses
presented in ASME PTC 19.1. Estimates should reflect the
95% confidence level (2bx) used for ASME Performance
Test Codes. For assistance in establishing reasonable
values for the systematic uncertainty, consider the
following:

(a) ASME PTC 19.1 on test uncertainty
(b) ASME PTC 19 series on instrumentation (pressure,

temperature, flow, power, data acquisition)
(c) the spatial variation expected, and the quantity of

instruments used
(d) the cumulative test experience of the parties
(e) the calibration lab’s accuracy and experiences with

varieties of instrument types
(f) laboratory standards for interlaboratory agree-

ment, e.g., the allowed variation in fuel properties
when the same fuel is submitted to different labs

ASME PTC 22-2023

49

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 22
 20

23

https://asmenormdoc.com/api2/?name=ASME PTC 22 2023.pdf


(g) comparison of measurements that depend on
different principles

(h) experience with duplicate instruments measuring
the same quantity, or with different instruments
measuring the same quantity

(i) the data acquisition system to be used (If manual
readings, how accurately can the scale be read? If auto-
matic, will the data acquisition system be calibrated, will
deadbands be removed, etc.?)

7-2.3.2 Spatial Effects on Systematic Uncertainty.
The systematic uncertainty may be a combination of
the instrument accuracy and the spatial variation. For
gas turbine tests, measurement of inlet air temperature
in the area of the filter house, andmeasurement of exhaust
temperature in front of the HRSG, are potential sources of
spatial effects. Spatial effects are considered to be
systematic, not random, and can be evaluated statistically.
The spatial contribution can be calculated from

=b
S

Jspatial
spatial

= =S

X X

J

( )

1
i

J

i

spatial
1

2

where
J = number of sensors (i.e., spatial measurement

locations)
Sspatial = standard deviation of the multiple sensor

time-averaged values
Xi = average for the sampled measurand
X = grand average for all averaged measurands

For the 95% confidence level, bspatial needs to be multi-
plied by 2.

=B b2spatial spatial

When spatial variation is expected, careful planning for
the number and location of sensors is critical to reducing
this impact on uncertainty.

7-2.3.3 Combining Systematic Uncertainties. When
all the systematic influences have been evaluated, at
the 95% confidence level Bk, they are combined into a
single BX factor for the measurement by the root sum
square method.

=
=

B B( )X
k

K

k
1

2

7-2.3.4 Correlated Versus Uncorrelated Systematic
Uncertainty. The equation in para. 7-2.3.3 assumes
that the systematic standard uncertainties of the
measured parameters are all independent of each
other. There are, however, many practical situations

Figure 7-2.1.1-1
Illustration of Measurement Errors
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where this is not true, e.g., when using the same instru-
ments to measure different parameters or calibrating
different instruments against the same standard. In
these cases, some of the systematic errors are said to
be correlated, and these nonindependent errors shall
be considered in the determination of the systematic stan-
dard uncertainty of the result. The parties should refer to
ASME PTC 19.1 for details on calculating correlation
effects, and to the examples shown later in this Section.

7-2.4 Confidence Interval

Figure7-2.4-1 illustrates the95%confidence interval as
±2 standard deviations (2σ) from the mean (μ). There is a
95% probability that the unknown true value lies within
the test mean ±2σ.

7-2.4.1 Coverage Factor. The use of “2” as the multi-
plier to obtain the 95% confidence level assumes that the
degrees of freedom, ν, are above a certain level, nominally
30. The Student’s t distribution tabulates the degrees of
freedom required for several confidence intervals. ASME
PTC 19.1, Nonmandatory Appendix B, discusses this

subject and provides methods for determining ν. Since
uncertainty is not an exact science, adherence to rigorous
applicationof the tvaluemaynot be justified. For example,
the value of t at ν = 10 is 2.228, for 95% confidence, which
is about 10% higher than the value at ν = 30 (t = 2.042).
Considering these factors, there is considerable justifica-
tion for the use of “2” except in cases where ν is in the low
single digits.

7-2.5 Combining BX and s X for the Total
Measurement Uncertainty

The total uncertainty, Ux , for each parameter being
measured is calculated from the root sum square (RSS)
of the systematic and random components. With the
systematic contributors estimated at the expanded
95%, or two-standard-deviation, level, and the random
component at the one-standard-deviation level, the
total expanded uncertainty of the measurement is

= +U B s2 ( /2) ( )X X X
2 2

Figure 7-2.4-1
Test Uncertainty Diagram
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where
BX = the expanded systematic uncertainty of the

measurand mean
sX = the random standard uncertainty of the

measurand mean
Ux = the total uncertainty at a 95% confidence level

7-2.6ð23Þ Sensitivity Coefficients, or Influence
Coefficients, Θi

The sensitivity coefficients are equal to the relative
change of the correction at the conditions of the test
run. Most sensitivities are unique to each gas turbine
design and are provided by the manufacturer. The
parties shall agree on the source of these values before
conducting any uncertainty analyses. In the pretest
analysis, use the relative change at the specified reference
condition, or, if known, at the condition expected during
the test. In the posttest analysis, use the relative change at
the test conditions.

7-2.7 Combining Measurement Uncertainties Into
the Uncertainty of the Result

The uncertainty of the result, UR, is the RSS value of the
systematic and random standard uncertainties of each
measurement multiplied by the sensitivity coefficient,
Θi, for that parameter. Thus

=

=

= × +

=

=

( )

( )

s s

B B

U B s2 ( /2) ( )

R
i

I

i X

R
i

I

i X

R R R

1

2

1

2

2 2

i

i

where
BXi = the expanded systematic uncertainty for

measurement i
sXi = the random standard uncertainty for measure-

ment i
UR = the uncertainty of the result
Θi = sensitivity coefficient for measurement i

7-2.8 Uncertainty Is Not Affected by Turbine
Control Parameters Inside the Test
Boundary

The calculations include only thosemeasurements, and
their associated sensitivity Θi values, necessary to adjust
the test point results to the specified reference conditions.
Internal control variables (such as compressor discharge
pressureorexhaust temperature) aregenerallynotpart of
the uncertainty analysis for output or heat rate.

7-2.9 Posttest Uncertainty Analysis

Thedata shall beplottedandexamined for suddenshifts
and outliers. A posttest uncertainty analysis shall be
conducted to replace the assumptions made in the
pretest analysis. In particular, the random uncertainty
can now be calculated and incorporated. Also, in accor-
dance with para. 3-6.4, the sensitivities can now be recal-
culated at the test values.

7-3 ð23ÞUNIT OUTPUT AND HEAT RATE

7-3.1 ð23ÞUncertainty Calculation Logic

The three-step process defined in subsection 3-6 is rec-
ommended for establishing the pretest and posttest
uncertainties. First, for pretest, an uncertainty limit is
calculated based on the Code limits for each parameter
from Table 4-1.2.1-1. The information required for this
first uncertainty is the power measurement (electrical
or mechanical), fuel type, scope of supply (in this case
water injection and air extraction are included), and
the sensitivities of the turbine being tested. Tabulate
these in a format similar to Table 7-3.1-1. This calculation
will yield the maximum test uncertainty allowed for this
particular Code Test, whichwill be referred to as the Code
limit. The example in Tables 7-3.1-1 through 7-3.1-3 is for
a differential pressure fuel flow measurement system, an
orifice in this case.
The second step is to assess the instrumentation

expected to be used for the test. The parties should
attempt to improve on the uncertainties allowed by
the Code, to ensure that the posttest uncertainty will
come in at or below the Code limit. Accordingly,
Table 7-3.1-2 is prepared, using the best estimates for
each parameter based on the selected instrumentation,
their calibration levels, and the experience of the
parties. Note that the electrical power and heat input
measurements have been broken down into their individ-
ual measurements, such that the results are within the
values from Table 4-1.2.1-1.
The third step, after the test, is to calculate the posttest

uncertainty. This reflects the values for the actual instru-
mentation used and the random uncertainties calculated
from the data. From an uncertainty standpoint, the test
shall be considered successful if the posttest uncertainty
does not exceed the Code limit uncertainty. Table 7-3.1-3
is a sample calculation for the posttest case. This shows
that the corrected heat rate uncertainty is below the
pretest plan, and well within the Code limit.

7-3.2 ð23ÞUncertainty Calculations

As specified in para. 7-2.7, the uncertainties in power
output and heat rate are equal to the RSS value of the
uncertainty of each parametermultiplied by its sensitivity
coefficient. The calculations include the measurements
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and Θ values necessary to adjust the test point results to
the specified reference conditions.
The calculation procedure is as follows:
(a) After systematic and random components are

established, the total uncertainty, Ux, is calculated from
the RSS of the two components.

(b) The sensitivity is multiplied by Bx and 2sx and
squared.

(c) All the Ux
2 factors are summed and the square root

taken to determine the uncertainty for the output or effi-
ciency.

(d) Gas turbine tests normally cannot be run at the
specified reference conditions of inlet air temperature
and barometric pressure; therefore the test results
shall be corrected to the specified reference conditions.
The corrected power uncertainty is obtained in the
samemanner as themeasured power uncertainty, consid-
ering the uncertainty and sensitivity for the added param-
eters of inlet air temperature, barometric pressure, inlet
humidity, and others as required.

(e) Heat rate is equal to heat input divided by power.
The corrected heat rate uncertainty is obtained similarly,
i.e., by establishing the sensitivities of each of the param-
eters affecting heat rate and proceeding as above.

7-3.3 Sample Calculation

An example will illustrate the uncertainty calculation
procedure. Table 7-3.1-1 tabulates the parameters neces-
sary to obtain the test results for the particular turbine
under test and the instrumentation expected to be used.
This is a gas-fired turbine with air extraction and water
injection (and is based on the same performance as the
example forexhaustenergy inMandatoryAppendix I). The
measurement uncertainty limit from Table 4-1.2.1-1 is
recorded for each.
ThenTable 7-3.1-2 is completedwith assumedvalues of

randomandsystematicuncertaintiesbasedon the specific
instrumentation the parties intend to use. In some cases
the random uncertainty is taken as zero, where the
number is a single value or calculation (e.g., orifice
flow coefficient) or a fixed factor (e.g., VT and CT values).
The three most critical calculations are for power, heat

input, and inlet air temperature, and are detailed in
paras. 7-3.3.1 through 7-3.3.4.

7-3.3.1ð23Þ Power. With the three watt-hour meter
method, total gross power is the sum of the three-
phase measurements.

= + +P P P P(CT , VT ) (CT , VT ) (CT , VT )g 1 1 1 2 2 2 3 3 3

Since P1, P2, and P3 are nearly equal, the partial deri-
vatives (normalized)will yieldΘ = 1∕3. For calibratedwatt-
hour meters, and CTs and VTs per para. 4-6.3, the
systematic components of uncertainty have been
assumed to be

Instrument Symbol Uncertainty, %
Watt-hour meter Bp 0.1
VT BVT 0.1
CT BCT 0.15

Based on the uncertainty limits provided by IEEE
C57.13, voltage transformer total uncertainties can be
estimated as ±0.1% when using ±0.3% accuracy class
voltage transformers that are calibrated for turns ratio
and phase angle and operated within their rated
burden range.
Based on the factory type (design) test information, the

current transformer total uncertainties can be estimated
as ±0.15%when using ±0.3% accuracy class and operated
within their rated burden range during the test and near
100% of rated current.
As was discussed in para. 7-2.3.4, it is likely that these

parameters are correlated, as they were probably cali-
brated at their facility against the same standard. There-
fore, the gross power systematic uncertainty is calculated
from ASME PTC 19.1, Section 8)

{

}
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gp P P P

P P P

1 1
2
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2
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2 CT2
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3 CT3
2

1 2 CT12 1 3 CT13 2 3 CT23
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2

2 VT2
2

3 VT3
2

1 2 VT12 1 3 VT13

2 3 VT23
0.5

The arithmetic here will show Bgp = 0.206%. It can be
shown that this is the same as the RSS value of the indi-
vidual uncertainties: 0.1, 0.1, and 0.15. If the meters and/
or the transformerswere not correlated,Bgpwould be less
than 0.206%, since the appropriate 2ΘΘB terms would be
dropped.
For net power Pnet = Pg − Paux, if aux power is 1.5% of

gross, Θaux = 0.015.
To evaluate the uncertainty in corrected power output,

from Section 5

= + …
=

i

k

jjjjjjj
y

{

zzzzzzzP P /( )
x

n

x ncorr net
1

1 2

NOTE: The form of this equation depends on how the guarantee
was made and on the corrections provided.

Since the Δs are relatively small and are assumed to
have no uncertainties, they can be neglected in the uncer-
tainty analysis.
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The alpha terms are taken directly from the manufac-
turer’s correction curves or data and assumed to have no
uncertainty. Each one, however, depends on a measured
variable or parameter that does have uncertainty. The
relationships of corrected power versus inlet tempera-
ture, humidity, air extraction, and water injection are
unique to each turbine model, and are usually provided
in the form of % power per unit change in the variable, as
showninTable7-3.1-2.Thenormalizedvaluesbecomethe
sensitivities Θ to be used in the uncertainty calculation.

7-3.3.2ð23Þ Heat Input— Gas Fuel. The complexity of the
uncertainty calculations for heat input is a function of the
methodused to arrive at themass flow.Ameter thatdeter-
mines mass flow directly, such as a Coriolis meter, simpli-
fies the calculation, as the heat input uncertainty is

+ +( )B sx B2 /2 ( ) ( /2) .Mf Mf
2 2

HV
2 A positive displace-

ment meter measuring volume flow adds the density
uncertainty to the equation. For a differential pressure
meter measuring gas flow, however, there are several pa-
rameters that are dependent on the constituent analysis:
molecularweightMW,heatvalueHV, andexpansion factor
ε. This case will be examined first.

7-3.3.2.1ð23Þ Mass Flow by Differential Pressure
(Orifice) Meter. To organize the calculation, three
groups of numbers will be calculated, as follows: items
relying on the fuel constituent analysis, items remaining
from the orifice equation, and all others.

(a) The orifice equation for mass flow shows a depen-
dence on the mole fractions MFi in several places: the
density ρ (molecular weight MW and compressibility
Z), and the expansion factor ε (density again, and the spe-
cific heat ratio κ is a function of the molecular weight). To
calculate heat input, the LHV is required, which is depen-
dent on MFi as well. Therefore, to determine the sensitiv-
ities for MFi the entire heat input equation shall be
differentiated.
To simplify the calculus, an examination of the expan-

sion factor shows that its sensitivity to MFi is very weak
compared to that for thedensity and theheat value. There-
fore, it will not be included in the following analysis. Simi-
larly, the compressibility Z is not a straightforward
function of composition, and can be more easily
handled by including it in the orifice factors directly.
The basic equations that rely on MFi are

= P
RTZ

Density,
MW

= ×Molecular Weight, MW (MF MW)i i

= fMass Flow (from orifice equation) ( )

=Heat Value, LHV MF MWLHV/MWi i i

= MHeat Input, HI LHVf

where i is for each constituent C1 to Cn, plus inerts, if any.
Using the Chain Rule

= × + ×
m

M

M

V
V

MF
HI

MF
HI

LH
LH
MF

f

i f

f

i i

and

= ×

= ×

=

= × ×

= ×

=

V

MW MF MW

MW

LHV (MF MW LH )/MW

MW

M M

i i

i

i i i

i

M M

MF MW
MW
MF

MW
MF

LHV
MF

LHV
MW

MW 2MW

f

i

f

i

i

i

i

f f

Then δHI/δMFi = MFi × MWi/MW (0.1 + LHVi/LHV),
when the differentiation is normalized by multiplying
by MFi/(Mf × LHV).
The sensitivities can nowbe calculated. To complete the

analysis, each parameter’s uncertainty is assigned. For the
fuel constituents, the chromatographwill provide themol
percentages. In accordancewithNonmandatoryAppendix
B, the uncertainties can be related to the reproducibility
figures given in ASTM D1945 by dividing by the square
root of 2.

Constituent, % Reproducibility BMFi
0 to 0.1 0.02 0.014
0.1 to 1.0 0.07 0.05
1.0 to 5.0 0.10 0.07
5.0 to 10 0.12 0.085
Over 10 0.15 0.106

The reproducibility numbers are absolute, not percent
of the mol percentage. For instance, for the example case
the mol percent for C1 is 82.78. The uncertainty for
percentages over 10 is 0.106, so the percent uncertainty
is 0.106/82.78, or 0.128%.
TheMFiuncertainty increaseswith fuel compositions of

many constituents, particularly if their percentages are
low.

(b) Looking at the orifice equation, the parameters not
a function ofMFi can be examined for their contribution to
the uncertainty calculation. For a calibrated metering
section, there should be negligible uncertainty in
diameters d and D and their ratio β. This leaves P, ΔP,
T, Z, ε, and C. Their sensitivities are straightforward:
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Parameter Sensitivity, Θ
C 1
ΔP 0.5
P 0.5
T −0.5
Z −0.5
ε 1

For this example, the only other variable to consider is
the fuel sensible heat. It will be neglected here, but if a test
is run with much higher fuel temperature it should be
included.
For C, a calibrated orifice section should have an uncer-

tainty no greater than 0.25%, per ASME PTC 19.5.
As discussed in ASME PTC 19.5, the uncertainty in the

expansion factor calculated fromthevariables in the equa-
tion is very small; however, there is considerably more
uncertainty in the accuracy of the equation. It is recom-
mended that the uncertainty in ε be 4ΔP/P, expressed as a
percentage. For the sample case here, this is 4 × 111.24/
(400 × 27.7), where 27.7 converts inches of water to psi,
and the uncertainty equals 0.04%.
The remaining unknown is the uncertainty of Z. AGA

Report No. 8 presents a chart of target uncertainties
for natural gas as a function of fuel temperature and pres-
sure. For fuels at less than1,750psi, andbetween17°Fand
143°F, the target uncertainty is 0.1%.
Table 7-3.1-2 presents the sensitivity and uncertainty

calculations for the fuel constituents and the orifice
factors, and the resultant heat input uncertainty of
0.690%.
For all the calculations in this section, and as recom-

mended in ASTM D3588, the uncertainties in the
tabular values of molecular weight and heat value have
been neglected, as they are small compared to the uncer-
tainty of the composition.
The uncertainty for heat input for this example using a

calibratedorificemeter is over0.6%.Experienceaswell as
the sensitivities emphasize that anaccurate fuel analysis is
critical, and frequently difficult to obtain. The use of
multiple samples and labs is strongly recommended.

7-3.3.2.2ð23Þ Mass Flowmeter. In this case the
complexity is reduced since all the variables in the
orifice equation are eliminated. The sensitivity for the
constituents on the heat value shall be calculated. The
heat input uncertainty is

= + +( )u B sx B/2 ( ) ( /2)Mf MfHI
2 2

HV
22

Using the same data as in the prior example, the uncer-
tainty calculation is shown in Table 7-3.3.2.2-1.

7-3.3.3 Heat Input—Liquid Fuel.This example is for a
distillate fuel measured with a volumetric flowmeter, and
LHV and hydrogen content determined by ASTM D4809
and ASTM D1018, respectively. The heat input will be

= ×MHI LHVf p

where Mf is fuel mass flow, which equals ρV(MCF)/t per
eq. (5-4-7). The sensible heat has been neglected in this
uncertainty calculation, as it is very small compared to the
heat value. However, the sensible heat should be included
in the performance calculations. LHVp is calculated from
the ASTM D4809 value of HHVv by

= × HLHV HHV 0.2122 % (SI units)p v

Thus, HI = [ρV(MCF)/t] × (HHVν − 0.2122%H).
Uncertainties are summarized in Table 7-3.3.3-1.
For this example, assume the following fuel values:

=
= =
=
= = =H

HHV 45.78 MJ/kg, so uncertainty
0.169/45.7 0.369%

LHV 42.93 MJ/kg

13.4%, so uncertainty 0.127/13.4 0.95%

v

p

Sensitivities from eq. (5-4-7) are
=
= =

= =( )

V

H H

1
LHV HHV /LHV 1.066

% 0.2122 % /LHV 0.066

v p

p

and the heat input uncertainty is

× + × + ×

=

(1 0.2) (0.369 1.066) (0.066 0.95)

0.446%

2 2 2

7-3.3.4 ð23ÞInlet Air Temperature. The most critical pa-
rameter for obtaining corrected power is usually the
inlet air temperature. This Code requires that the total
uncertainty be no greater than 1°F. An example will
show how the parties can assure themselves that this
limit will not be exceeded.
For the cycle used as an example in Mandatory

Appendix I, the airflow is approximately 2.7 million lb/
hr, which at 80°F and 14.696 psia barometric pressure
is about 10,000 ft3/sec.
If the inlet velocity to the filter house is restricted to 10

ft/sec, the flow area needs to be 1,000 ft2. The recommen-
dation in para. 4-3.2 is one measurement device per 100
ft2, so say10RTDsare used. Assume the following data are
taken:

RTD °T , Fi siT
1 78.6 0.3
2 79.4 0.4
3 80.1 0.4
4 80.7 0.1
5 80.9 0.3
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Table 7-3.3.2.2-1
Heat Input Uncertainty for Mass Flowmeter

STEP 1: Find Sensitivity δHI/δMFi = MFi × MWi × LHV/(MW × LHV)

Gas Constituent MFi MWi MW Fract LHVi LHV Fract LHVi/LHV
Sensitivity,
θMFiδHI/δMFi

C1 82.78 16.0425 13.27998 21,511.9 14,600.744 1.0208498 0.692880064
C2 10.92 30.069 3.283535 20,429.2 3,428.4018 0.9694702 0.162695226
C3 5 44.0956 2.20478 19,922.2 2,244.9222 0.9454104 0.106533055
iC4 0.5 58.1222 0.290611 19,589.8 290.96502 0.9296363 0.013807781
nC4 0.5 58.1222 0.290611 19,657.8 291.97502 0.9328633 0.01385571
iC5 0.1 72.1488 0.072149 19,455.9 71.74294 0.9232821 0.00340457
nC5 0.2 72.1488 0.144298 19,497.2 143.79047 0.925242 0.006823594
... 100 ... 19.56596 ... 21,072.541 ... ...

STEP 2: Calculate Uncertainties for MFi

Gas Constituent MFi R Absolute
%R

% of MF
BMFi

%R/√2 (BMFi × θMFi)2

C1 82.78 0.15 0.181203 0.1281494 0.007884
C2 10.92 0.15 1.373626 0.9714472 0.0249797
C3 5 0.1 2 1.4144272 0.0227054
iC4 0.5 0.06 12 8.4865629 0.0137313
nC4 0.5 0.06 12 8.4865629 0.0138268
iC5 0.1 0.06 60 42.432815 0.0208703
nC5 0.2 0.06 30 21.216407 0.020959
... 100 ... ... SUM 0.1249566

SQRT(0.1249556) 0.353492

STEP 3: Heat Input Uncertainty = SQRT (UMf
2 + UMFi

2)
Mass flowmeter UMf

2 = [Bm
2 + (2sm)2]

Parameter Value
Bm 0.35
sm 0.05
UMf

2 0.132500
UMFi2 0.1249566

SUM(UMf
2 + UMFi2) 0.2574566

Heat input uncertainty 0.5074018
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Table continued

RTD °T , Fi siT
6 79.2 0.2
7 80.6 0.4
8 80.6 0.3
9 79.9 0.3
10 80.0 0.1

Here siT is the sample standard deviation of each of the
30 readings taken during the test, obtained from the DAS.
The randomstandard uncertainty of the inlet air tempera-
ture is

= = =

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑs s NRSU ( ) /T i iTbar 1

10
bar

2
0.5

where
N = number of readings
x = 30

siTbar = standard deviation of the mean of each sensor
Θ = sensitivity = 1/10

For this case sTbar = 0.0173°F.
Assume the systematic standard uncertainty has two

components: the RTDs and the spatial variation.

= +b b bt sp
2

RTD
2

Assume bRTD = 0.1°F.
F o r t h e s p a t i a l v a r i a t i o n , =b S J/sp sp a n d
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J 1sp i
i

1
10 avg

2
0.5

, where Tavg = 80°F.

Then bT = 0.256°F and = +( )u b sT T T
2

bar
2 0.5

=
0.2566°F. For the 95% confidence level, UT would
usually be close to 2uT if the degrees of freedom vT
were 20 or higher. In this example vT is about 9, with
a Student’s t of 2.26. Thus UT would be 0.58°F. Based
on the discussion in para. 7-2.4.1, and considering the
uncertainty in the estimates for the systematic uncertain-
ties, the use of 2 is likely a reasonable compromise, which
would make UT = 0.513°F.
The resulting uncertainty of 0.51°F to 0.58°F is within

the 1°F requirement of Table 4-1.2.1-1, and the 0.513°F
value is used in Table 7-3.1-3.

7-3.4 Test Uncertainty

Similarly, the rest of the uncertainties are calculated by
RSS of the individual effects. The required posttest uncer-
tainty, shown in Table 7-3.1-3, reflects the actual
systematic values from the instrumentation used in the
test, and the random values calculated from the data.

7-3.5 Uniqueness of Tests

The uncertainties in this sample calculation are not the
Code limits. The uncertainties in corrected power and effi-
ciency (heat rate) in the tables are indicative only of the
levels achievable when performing a Code test on a
turbine with the assumed sensitivities. As stated in
para. 3-6.4, each testwill have its ownvalueofuncertainty,
depending on the sensitivities, the scope of supply, fuel
used, type of load device, etc. It is important that this
matrix of variables (see Table 7-3.1-1) be established
and agreed on prior to the test, so that a proper uncer-
tainty level can be determined that will reflect the quality
of a Code test.

7-3.6 ð23ÞMultiple Unit Tests

For a block of power, usually consisting of multiple gas
turbines of the same model and rating, the uncertainty
shall be calculated carefully. For this case, block power is

= + + + …P P P P Pnblock 1 2 3

where
n = number of units

If the units are equal in power, and there is no correla-
tion among the instruments used, then the sensitivity Θ =
1/n, and the block’s uncertainty will be Upblock =
[Σ (ΘUi)2]0.5, or U n/i . It is likely, however, that the
VTs, CTs, and power meters are from the same source,
as may be the fuel properties, flowmeters, and other
instruments. These correlations will tend to make the
systematic component of Upblock approach the value in
Ui, when all the 2ΘΘB terms are added. An analysis
similar to Table 7-3.1-3 can be done for the block, separ-
ating the correlated and uncorrelatedmeasurements, and

Table 7-3.3.3-1
Heat Input Uncertainties for Liquid Fuel

Parameter Uncertainty
Density, ρ Slope of density vs. oil temperature is very shallow;

if oil temperature is measured within 1° to 2°,
then error is small compared to heat value

Volume flow Calibrated meter uncertainty = 0.2%
MCF Meter calibration factor is assumed to have no

uncertainty
Time, t Time interval over which V is measured should be

within 0.05%, and is therefore a negligible
influence on test uncertainty

HHVP ASTM reproducibility R is 0.239 MJ/kg, so
= =B 0.239/ 2 0.169 MJ/kgHHV

%H R = 0.18, BH = 0.127
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combining the results by root sum square to obtain the
systematic uncertainty. The random component will be

equal to × s( 2 )i
2 .

7-4 COMPARATIVE TESTING UNCERTAINTY

7-4.1 General

To assist in minimizing the uncertainty of comparative
tests, which shall be less than 10%of the expected change
in performance, it is strongly recommended that the
following two procedures be used:

(a) Use the same instrumentation for both the before
and after tests. This will substantially reduce the
systematic uncertainties when they are correlated.

(b) Correct the after test to the before test conditions
for the comparison. This eliminates the problem of
obtaining correction factors for the turbine in its deterio-
rated condition.

7-4.2 Comparative Testing Uncertainty Procedure

When conducting gas turbine tests before and after a
modification, the parameter of interest is the change in
performance. Using the logic presented in ASME PTC
19.1, the improvement in power η can be expressed as
a ratio Pca/Pb, where Pca is the power after modification
corrected to the conditions of the before power, Pb. The
sensitivities will be the partial derivatives of η combined
with the sensitivity coefficients Θ as determined
previously for each measured quantity. The partials for
η are

= × =P P P/ 1/ ; on a relative basis / 1ca b ca

= × =P P P P/ / ; on a relative basis / 1b a b b
2

The sensitivities will be δη/δPca × Θia and δη/δPb × Θib,
or Θia and −Θib.
The systematic uncertainty will take into account the

correlation of the instruments used for both tests. As
shown in para. 7-3.3.1

= += = =b b b( ) 2 ( )
i
i

i i i
i

k
k

i k
2

1
2

1 1 ik

7-4.3 ð23ÞSample Calculation for Difference

A simplified example, with only power, barometer, and
inlet air temperature to correct for,will show the impact of
having noncorrelated measurements. Assume that a
comparative test for a 5% improvement used all the
same instrumentation for all measurements for both
tests, except the inlet air temperature. The thought
was that a substantial improvement of this measurement
would enhance the results. The resultant test uncertainty
is, for the difference

= +u B s( ) (2 )D X
2 2

The calculations are shown in Table 7-4.3-1.
The resultant test uncertainty is above the 10% limit

(10% of 5% improvement = 0.5%).
It should be apparent that using the same instrumen-

tation to measure the inlet air temperature for both tests
would be advantageous in reducing the test uncertainty.
Even if the poorer instrumentation of the before test were
retained, the U value drops to 0.35%; if the better instru-
mentation is used for both, U drops to 0.16%. The latter
would be a good investment for ensuring higher confi-
dence in the test result.

7-4.3.1 Heat Rate. Although the sensitivities may be
less, the fact that improvement in heat rate is likely to
be less than that of power will put pressure on
keeping within the 10% goal. The fuel flow can easily
be measured before and after with the same device,
but there is potentially a problem with the heat value,
particularly with gas fuel. If the gas supply composition
is consistent over time and the same lab or labs are used
for the analyses, an uncertainty in the range of 0.1 to 0.2
could be assumed, depending on the composition (see
para. 7-3.3.2). If not, then before and after uncertainties
canbe in the0.3%to0.5%range, resulting inuncertainties
approaching the total improvement in heat rate.

Table 7-4.3-1
Comparative Test Example

Measurement

With Correlated Power and Barometer Instruments
Before After Corrected

Term,
2BaBbΘaΘbB 2sx Θ (BΘ)2

(2sxΘ)
2 B 2sx Θ (BΘ)2 (2sxΘ) SUM

Power 0.45 0.1 −1 0.2025 0.01 0.45 0.085 1 0.2025 0.007225 −0.405 0.017225
Inlet air 1.6 1 −0.25 0.16 0.0625 0.75 0.25 0.18 0.018225 0.002025 … 0.24275
Barometer 0.1 0 −1 0.01 0 0.1 0 1 0.01 0 −0.02 0

0.3725 0.0725 0.230725 0.00925 −0.425 0.259975

GENERAL NOTES:
(a) Uη = SQRT (0.259975) = 0.509877.
(b) U value exceeds 10% uncertainty limit.
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7-4.4ð23Þ Calculation Information

The format for abso lu te per formance (see
Tables 7-3.1-1 through 7-3.1-3) should be used for
comparative tests, although Tables 7-3.1-1 and 7-3.1-2
can probably be combined. In dealing with small differ-
ences, it is important to carry the calculations to several
decimal places to minimize arithmetic errors
Although the procedure recommends correcting the

after test data to the before test conditions, the uncertain-
ties in the before data shall still be considered. This proce-
dure skips the step of reporting corrected values of both
tests to specified reference conditions, but the calculation
is similar: Pac = Pa × (Psrc/Pa at after conditions) × (Pa/Psrc
atbefore conditions).Hence the sensitivities for thebefore
data remain part of the correction.

7-5 UNCERTAINTYOFFLOWCALCULATIONFROM
HEAT BALANCE

7-5.1 Heat Balance

When the airflow, exhaust flow, and/or exhaust energy
is determined from the gas turbine heat balance, the
uncertainty of the result can be calculated from the
heat balance equation and the sensitivities obtained
through partial differentiation of the equation. For
example, if the exhaust flow is the desired result, the
heat balance equation

+ +

= + + +

Q Q Q

Q Q Q Q

air fuel inj

ext elect loss exh

(7-5-1)

whereQn=mn×hn can be solved for the exhaust flowMexh:

=

+ × +
Ä
Ç
ÅÅÅÅÅÅÅ É

Ö
ÑÑÑÑÑÑÑ

( )( )

M

M h M LHV M h

Q Q M h

hexh

( )( ) ( )

( )( )

air air fuel inj inj

elect loss ext ext

exh

(7-5-2)

The uncertainty is

= =U U( )
i
i

i i1
2 (7-5-3)

7-5.2ð23Þ Sensitivities

The partial derivatives are determined for each vari-
able. The normalized, or relative, sensitivities are most
useful, as errors are usually expressed as a percent of
the parameter measured. For example

Parameter Partial Normalized
Mair hair/hexh (hair/hexh) × Mair/Mexh = Qair/Qexh

Similarly, the remaining normalized partials are

Parameter Partial
hair Qair/Qexh
Mfuel Qfuel/Qexh
LHV Qfuel/Qexh
Minj Qinj/Qexh
hinj Qinj/Qexh
Qelect −Qelect/Qexh
Qloss −Qloss/Qexh
Mext −Qext/Qexh
hext −Qext/Qexh
hexh −1

Note that these sensitivities are considerably different
from those (the influence coefficients) associated with a
turbine test, as the heat balance equation puts a strong
emphasis on the exhaust temperature and the heat input.
To evaluate the normalized partial derivatives, the

performance or rating data for the gas turbine shall be
available. For this example, the data from Mandatory
Appendix I will be used:

Measure Unit Value
Output MW 120.2
Heat input Million Btu/hr (LHV) 1,149.4
LHV Btu/lb (LHV) 21,072.5
Inlet air T °F 80
Exhaust T °F 1,000
Inlet flow Million lb/hr 2.688
Fuel flow lb/hr 54,545
Exhaust flow Million lb/hr 2.782
Water inj lb/hr 50,000
Air extr lb/hr 10,000
Losses Million Btu/hr 8.96

7-5.3 ð23ÞHeat Equivalents and Enthalpies

The heat equivalent of the power output is 120.2 ×
3,412.14 = 410.14 million Btu/hr.
The enthalpies of the fluid streams shall either be refer-

enced to the inlet temperature, which simplifies the calcu-
lations by essentially eliminating hair, or to a “standard”
reference temperature like 15°C (59°F). In this case, an
80°F reference was used and the enthalpies for air and
exhaust are from the Mandatory Appendix I equations,
which use a 77°F reference temperature.

Parameter T, °F
h at T,
Btu/lb

h at
80°F h at T − h at 80°F

hexh 1,000 246.09 0.76 245.33
hair 80 0.73 0.73 0
hinj 200 1,146 1,096 −928 (heat of vapor =

−978)
hextr 600 129.14 0.73 128.41
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The values for the sensitivities may now be calculated.

Partial for Term Value
Mfuel ΘMf 1.6841
LHV ΘLHV 1.6841
hexh Θhexh −1.0
Qelect Θelect −0.6009
Qloss Θloss −0.0131
hinj Θhinj 0.0679
Minj ΘMinj 0.0679
hextr Θhextr −0.00188
Mextr ΘMextr −0.00188

7-5.4 Uncertainties

The uncertainty in the exhaust flow determined by the
heat balance can now be calculated from a simple spread-
sheet (see Table 7-5.4-1). Measurement uncertainties
have been taken as the limit specified by this Code; in
an actual test, the agreed-upon levels should be used.
The exhaust flow uncertainty for this example is

1.445%.

7-5.5 Emphasis on Exhaust Temperature and Fuel
Flow

This calculation shows thepredominanceof the exhaust
temperature and heat input measurements. Every effort
should be made to minimize the errors in these measure-
ments if the heat balance method is to be used. The 10°F
uncertainty in exhaust temperature could possibly be
reduced, considering the plane of the turbine exhaust
temperature measurement, the extent of closure of the
heat balance, adding more thermocouples or rakes,
and previous experience with the turbine model.

7-5.6 Exhaust Energy

The uncertainty in the exhaust energy (Qexh)will be less
than that for exhaust flow, since the uncertainty for
exhaust enthalpy does not appear. In Table 7-5.6-1, the
uncertainties for Qinj and Qextr are the RSS of the flow
and enthalpy values. The exhaust energy uncertainty is
1.11%.

7-5.7 Corrected Values

Theuncertainty in the corrected exhaust flow, tempera-
ture, or energywill be slightly higher than thevalue shown
inTables7-5.4-1 and7-5.6-1. For this caseonewouldneed
to know the correction factors for water injection and
extraction air, as well as the sensitivity to inlet air
temperature. The resultant uncertainty would then be
calculated from the RSS value of the sensitivity times
the measurement uncertainty as shown in Tables
7-5.4-1 and 7-5.6-1.

Table 7-5.4-1
Exhaust Flow Uncertainty

MEAS Θ B 2sx (BΘ)2 (2sxΘ)2 SUM
Heat input 1.6841 0.634 0 1.140024717 0 1.140025
Exh T … 8 2 … … …
then Exh h −1 0.92 0.23 0.8464 0.0529 0.8993
Power −0.6009 0.212 0 0.016228416 0 0.016228
Losses −0.0131 5 0 0.00429025 0 0.00429
Inj flow 0.0679 1.75 1 0.014119381 0.00461 0.01873
Inj T … 2.2 1 … … …
then Inj h 0.0679 1.3 0.6 0.007791593 0.00166 0.009451
Extr flow −0.00188 1.75 1 1.08241E-05 3.53E-06 1.44E-05
Extr T … 3 1.5 … … …
then Extr h −0.00188 0.59 0.3 1.23032E-06 3.18E-07 1.55E-06

2.08804

GENERAL NOTES:
(a) U exh. flow = SQRT (2.08804) = 1.445005.
(b) The exhaust flow uncertainty for this example is 1.445%.

Table 7-5.6-1
Exhaust Energy Uncertainty

MEAS Θ (BΘ)2 (2sxΘ)2 SUM
Qfuel 1.6841 1.14002472 0 1.140024717
Qinj 0.0679 0.02191097 0.00627 0.028181131
Qext −0.00188 1.2054E-05 3.85E-06 1.59069E-05
Qelect −0.6009 0.01622842 0 0.016228416
Qloss −0.0131 0.00429025 0 0.00429025

1.188740421

GENERAL NOTE: U exh. energy = SQRT (1.188740421) =
1.090293732.
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7-5 .7 . 1 Uncer ta in ty — Al te rnate Method .
Paragraph 5-5.1 indicates that, in some straightforward
cases, corrected values of the Q heat factors may be
used directly to obtain exhaust energy. Equation
(5-5-1) would become

=Q Q Q Qexh,corr fuel,corr elect,corr loss,corr (7-5-4)

SinceQfuel,corr = kWcorr ×HRcorr =Qfuel/Παβ, sensitivities
derived from this equation are

(a) power, −Qelect.corr/Qexh.corr
(b) heat input, Qfuel/Παβ/Qexh.corr
(c) loss, Qloss,corr/Qexh.corr

The uncertainty calculations can proceed similarly to
para. 7-5.4.

7-5.8 HRSG Heat Balance

In many cases a heat balance will also be performed
around the heat recovery device, to provide a check on
the value determined by the gas turbine balance. The
uncertainties of the two methods may be combined to
give the most realistic assessment of the uncertainty of
the exhaust flow or energy that has been determined.
ASME PTC 4.4 presents the methods for calculating the
HRSG heat balance and combined uncertainties.
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MANDATORY APPENDIX I
DETERMINATION OF GAS TURBINE EXHAUST ENERGY, FLOW,

AND TEMPERATURE

I-1 INTRODUCTION

The first edition of ASMEPTC22waspublished in 1953.
At that time the majority of the gas turbine designs were
principallyused fordriving compressorsorutility peaking
applications. Therefore, the Code addressed only gas
turbine power output and efficiency testing. As time
progressed and gas turbine designs improved both in effi-
ciency and power output ratings, it became common to
install gas turbines in base-loaded combined cycle
plants. These plants were typically designed and built
by the gas turbine OEM, so the only testing dictated by
the market was power output and efficiency, which
was reflected in later revisions of the Code. In today’s
market, it is typical for a customer to purchase the
major components of a combined cycle plant from
several different vendors. Therefore, in addition to
poweroutput andefficiency, gas turbineexhaust tempera-
ture and flow or energy are now critical measurements.
The exhaust flow and temperature are necessary inputs to
determine the performance of the HRSGs and bottoming
cycle performance.
The PTC Committee investigated several different

means for determining exhaust flow and energy, such
as inlet flow-measuring devices, exhaust flow-measuring
devices, HRSG heat balance, exhaust gas constituent
analysis, and gas turbine heat balance. Based on reason-
able economic considerations per the requirements of
ASME PTC 1, the gas turbine heat balance method has
been selected as the method of choice.

I-2 TEST METHODOLOGY

The following summarizes the general test metho-
dology for tests conducted for the evaluation of
exhaust temperature, exhaust flow, and/or exhaust
energy. The gas turbine exhaust temperature is deter-
mined in accordance with Section 4.
The gas turbine exhaust flow and energy are deter-

mined by an energy and mass balance around the gas
turbine as described in para. I-3.1. A test boundary is
drawn around the gas turbine that identifies the
energy streams that shall be measured to calculate
corrected results. The test boundary is an accounting
concept used to define the streams that shall bemeasured

to determine performance. All input and output energy
streams required for test calculations shall be determined
with reference to the point at which they cross the
boundary. Energy streams within the boundary need
not be determined unless they verify specified reference
conditions or unless they relate functionally to conditions
outside the boundary.
The specific test boundary for a particular test shall be

established by the parties to the test. Typical energy
streams crossing the test boundary for common gas
turbine cycles are shown in Figure 3-1.5.1-1. Streamprop-
erties for the output and heat rate test are typically deter-
mined at the outer test boundary as indicated in Figure
3-1.5.1-1. Stream properties for the exhaust energy or
flow test are typically determined at the inner test
boundary as indicated in Figure 3-1.5.1-1.
For the determination of exhaust energy, a simple

energy balance is performed around the test boundary.
The exhaust energy may be determined directly if the
reference temperature of all enthalpies is chosen as
the measured inlet air temperature (hair = 0, Qair = 0).
For the determination of exhaust energy where the

reference temperature is different from the inlet air
temperature (hair ≠ 0, Qair ≠ 0), or for the determination
of exhaust flow, a mass balance shall also be performed
around the test boundary and solved simultaneously with
the energy balance.

I-3 CALCULATIONS AND RESULTS: GENERAL

The following paragraphs describe the detailed proce-
dures required for application of the gas turbine heat
balance method. Due to length and complexity, these
calculations are provided here for convenience rather
than in Section 5 of this Code.
Determination of gas turbine exhaust energy or flow

and temperature, corrected to specified reference condi-
tions, are the primary objects of this test. Test results are
computed from the averaged values of observationsmade
during a single test run, after applying instrument calibra-
tions and other corrections as necessary, and as
prescribed in this Appendix. A printout of a sample calcu-
lation spreadsheet can be found inNonmandatory Appen-
dix C.
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I-3.1 Gas Turbine Energy Balance

The following paragraphs provide the detailed calcula-
tions for the determination of exhaust energy and exhaust
flow by gas turbine energy balance as outlined above. The
measurement of exhaust gas temperature is as described
in para. 4-3.3.2.

I-3.1.1 Exhaust Energy. The exhaust energy is deter-
mined by an energy balance around the gas turbine. The
energy into the system includes the air, fuel, and injection
streams to the gas turbine. The energy from the system
includes the exhaust leaving the gas turbine, compressor
extractions, electrical or mechanical power, and heat
losses. Therefore, the energy equation is as follows:

=
+ + = + + +Q Q Q Q Q Q Q

energy  in energy out

air fuel inj ext elect exh loss

where
=Q m hn n n

To determine the exhaust energy term, one shall iden-
tify a reference temperature to which the calculated
exhaust energy is indexed. Selection of the reference
temperature varies in the industry and can be chosen
as any temperature. All termsof the equation shall be eval-
uated at the chosen reference temperature. The determi-
nation of exhaust energy is greatly simplified if the chosen
reference temperature is the measured inlet air tempera-
ture into the compressor, which eliminates the need to
determine exhaust temperature, inlet air flow, inlet air
moisture content, and inlet air enthalpy, resulting in
Qair = 0. However, if corrections must be applied to the
calculated exhaust energy for comparison to a standard
value, the calculated exhaust energy shall be based on the
same reference temperature as the standard value. There-
fore, rather than specifying a reference temperature, this
Appendix allows the user to select the appropriate refer-
ence temperature on a test-specific basis.
For any selected reference temperature other than the

measured compressor inlet temperature, the exhaust flow
calculation process described below shall be followed to
determine the exhaust energy.

I-3.1.2 Exhaust Flow. The exhaust flow is determined
byanenergyandmassbalancearound thegas turbine.The
energy into the system includes the air, fuel, and injection
streams to the gas turbine. The energy from the system
includes the exhaust leaving the gas turbine, compressor
extractions, electrical or mechanical power, and heat
losses. Therefore, the energy and mass balance equations
are as follows:

=
+ + = + + +Q Q Q Q Q Q Q

energy in energy out

air fuel inj ext elect exh loss

where
=
=

+ + = +

Q m h

m m m m m
mass in mass out

n n n

air fuel inj ext exh

Each term of the energy and mass balances in this
format can be quantified by direct measurement or
assumption except the exhaust flow and inlet air flow.
However, this is not a simple case of two equations
with two unknowns that can be solved simultaneously
because the exhaust stream enthalpy is dependent on
the mass fraction of fuel flow to air flow. Therefore,
either of two methods may be used to calculate the
exhaust flow. For the first method, the air flow and
exhaust flow are determined iteratively. This is accom-
plished by assuming an air flow and proceeding
through the calculations to determine the heat both
entering and leaving the gas turbine. The correct air
flow and exhaust flow are determined when both sides
of the energy equation are equal.
The secondmethod removes the need for iterations but

requires the inlet air and exhaust streams to be separated
into combustion streams and noncombustion streams.
The idea is to identify the air flow required for complete
stoichiometric combustion and the excess air flow not
required for combustion. With this approach, one can
solve for all quantities directly with no iterations. This
is the preferred method.
The followingadditional definitions allow this nonitera-

tivemethod to be implemented, alongwith the calculation
of the mass flow required for stoichiometric combustion
as described in para. I-3.2.4.

= +
= +

= + +
= +

Q Q Q

Q Q Q

m m m m

m m m

air air,excess(in) air,comb

exh combprod air,excess(out)

combprod air,comb fuel inj

exh combprod air,excess

The reference temperature for these calculations can be
selected by the user. The calculated exhaust flow result
should be the same regardless of the chosen reference
temperature, provided all terms of the energy balance
equation are properly adjusted to the chosen reference
temperature.

I-3.1.3 Required Data. The following data are required
inputs to the calculations. Themeasurements and calcula-
tions required to determine these items are described in
Section 4.

(a) barometric pressure, psia
(b) compressor inlet air dry-bulb temperature, °F (°C)
(c) compressor inlet air wet-bulb temperature, °F (°C)

or relative humidity, %
(d) fuel gas or oil mass flow, lb/hr
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(e) fuel gasmolaranalysisor liquid fuelultimate (mass)
analysis

(f) fuel lower heating value, Btu/lb
(g) fuel temperature, °F
(h) injection flow, lb/hr
(i) injection enthalpy, Btu/lb
(j) extraction air flow, lb/hr
(k) extraction air temperature, °F (°C)
(l) exhaust gas temperature, °F (°C)
(m) selected enthalpy reference temperature, °F (°C)
(n) gas turbine losses, Btu/hr or kW
(o) power output, kW

I-3.1.4ð23Þ Calculations. The calculations for determina-
tion of gas turbine exhaust energy or flow are presented
in the following series of steps, many of which involve
intermediate calculations detailed in para. I-3.2.

Step1.Determine thegas turbine inlet air humidity ratio
and wet air molar composition based on the ambient
conditions as described in para. I-3.2.1.3.

Step 2. Determine the change in molar flow of the air to
exhaust gas constituents due to the combustion of the gas
turbine fuel as described in para. I-3.2.2 for fuel gas and
para. I-3.2.3 for liquid fuel.

Step 3. Determine the mass flow of air required for stoi-
chiometric combustion as described in para. I-3.2.4.

Step4.Determine the gas turbine inlet airmolar flows to
the combustor based on the ambient conditions and the
calculated combustor air mass flow as described in
para. I-3.2.1.4.

Step 5. Determine the composition of combustion
products using the combustor air molar flow as deter-
mined in Step 4 and adding the change in molar flow
due to the combustion of fuel in the gas turbine from
Step 2. The turbine exhaust molar flow shall also
include the molar flow of steam or water injection into
the gas turbine. The calculation of combustion product
constituent mass fractions can then be calculated as
described in para. I-3.2.5.

Step 6. Determine the combustion products enthalpy at
turbine exhaust per para. I-3.2.6 with the combustion
products constituent mass fractions as determined
from Step 5 and the measured gas turbine exhaust
temperature.

Step 7. Determine the gas turbine inlet air enthalpy per
para. I-3.2.6 with the inlet air composition from para.
I-3.2.1.4, Step 2 and the measured dry-bulb temperature.
The compressor extraction air enthalpy is calculated with
the same composition and the measured extraction air
temperature. The excess air enthalpies are calculated
using the same moist air composition, the inlet dry-
bulb temperature, and the turbine exhaust temperature.

Step 8. Determine the fuel heating value including the
sensible heat of the fuel per para. I-3.2.7 for fuel gas and
para. I-3.2.8 for liquid fuel.

Step 9.Determine the duty of a steam orwater injection
stream by multiplying the measured flow by the adjusted
enthalpy. The adjusted enthalpy is determined by
subtracting the saturated vapor enthalpy at the selected
reference temperature from the ASME Steam Tables
enthalpy [ref. 32°F (0°C)] at the measured pressure
and temperature.

Step 10. Determine the electrical energy generated by
multiplying the kilowatts produced by 3,412.14 Btu/hr/
kW.

Step 11. Determine the gas turbine heat losses in accor-
dance with subsection 4-10.

Step 12. The excess air flow is now the only unknown
parameter in theheatbalanceequation. Solve theequation
for the excess air flow.

= + + +
m h h

m h Q Q m h

m h m m h

( )

(LHV)

air,excess air,inlet air,exh

ext ext elect loss combprod combprod

air,comb air,inlet fuel inj inj

Step 13. The turbine exhaust gas flow is finally calcu-
lated as the mass flow of combustion products plus the
excess air flow.

= +m m mexh combprod air,excess

I-3.2 Intermediate Calculations

I-3.2.1 Wet Air Composition and Molar Flows to
Combustor. This section determines the mass fractions
and molar flows of the wet air constituents entering
the gas turbine combustor.

I-3.2.1.1 General. The following inlet dry air molar
composition is assumed:

Element/Compound Composition, %
Nitrogen 78.084
Oxygen 20.9476
Argon 0.9365
Carbon dioxide 0.0319

100.000

The dry air composition is corrected for humidity and
atmospheric pressure effects via humidity calculations
taken from the ASHRAE 2013 Handbook of Fundamentals
as described in the following calculations.

I-3.2.1.2 Data Required. The following data is
required:

(a) barometric pressure, psia
(b) dry-bulb temperature, °F (°C)
(c) wet-bulb temperature, °F (°C), or relative

humidity, %

I-3.2.1.3 Wet Air Composition and Humidity Ratio
Calculations. The wet air molar analysis and humidity
ratio are determined by the following steps. When
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required to calculate thewater vapor saturation pressure,
use the following relationship:

= + + + + +

+
( ) C C T C T C T C T

C T

ln

ln( )

C
Tvapor 2 3 4

2
5

3
6

4

7

1

where
ρvapor = psia

T = °R
x = t + 459.67
t = °F

For the vapor pressure over ice in the temperature
range of −148°F to 32°F, the constants are

C1 = −1.0214165 × 104
C2 = −4.8932428
C3 = −5.3765794 × 10−3
C4 = 1.9202377 × 10−7
C5 = 3.5575832 × 10−10
C6 = −9.0344688 × 10−14
C7 = 4.1635019

For the vapor pressure over water in the temperature
range of 32°F to 392°F, the constants are

C1 = −1.0440397 × 104
C2 = −1.1294650 × 101
C3 = −2.7022355 × 10−2
C4 = 1.2890360 × 10−5
C5 = −2.4780681 × 10−9
C6 = 0.0
C7 = 6.5459673

Step 1. If the relative humidity is known, go to Step 2. If
the wet-bulb temperature is known, go to Step 6.

Step 2. Calculate the water vapor saturation pressure at
the dry-bulb temperature.

Step 3. Calculate the partial pressure of water by multi-
plying the vapor pressure times the relative humidity.

= × RH/100H2O vapor

Step 4. Calculate the fraction of dry air (FDA) by
subtracting the partial pressure of water from the atmo-
spheric pressure and dividing this difference by the atmo-
spheric pressure.

=FDA ( )/atm H2O atm

Step 5. Calculate the humidity ratio as a function of the
fraction of dry air.

= ×i
k
jjj y

{
zzz1

FDA
1 18.01528/28.9651159

Go to Step 10.
Step 6. Calculate the water vapor saturation pressure at

the wet-bulb temperature.

Step 7. Calculate the saturated humidity ratio from the
atmospheric pressure and vapor pressure using the
following equation:

= × ( )
saturated humidity ratio( )

0.621945 /

sat

vapor atm vapor

Step 8.Calculate the actual humidity ratio from the satu-
rated humidity ratio, wet-bulb temperature, and dry-bulb
temperature using the following equation:

=

× ×

×

+ ×
( )

t

t t

t t
humidity ratio( )

(1, 093 0.556 )

0.240

1, 093 0.444

wetbulb sat

drybulb wetbulb

drybulb wetbulb

Step 9. Calculate the fraction of dry air from the actual
humidity ratio using the following equation:

=
+

FDA
18.01528

28.9651159 18.01528

Step 10. The wet air mole fractions can now be calcu-
lated. The fraction of dry airmultiplied by the dry airmole
fraction will give the actual air constituent mole fraction.

Nitrogen mole fraction = MFN2 = FDA × 0.780840
Oxygen mole fraction = MFO2 = FDA × 0.209476
Argon mole fraction = MFAr = FDA × 0.009365
Carbon dioxide mole fraction = MFCO2 = FDA ×

0.000319
Themole fractionofwater is oneminus the fractionof

dry air.
Water mole fraction = MFH2O = 1.0 − FDA
The assumed mole fraction of sulfur dioxide in air is

zero.
Sulfur dioxide mole fraction = MFSO2 = 0.0

Step 11. Calculate the average molecular weight of the
wet air using the following equation. Molecular weights
are given in Table I-3.2.1.3-1.

= ×MW (MF MW)i iair

where
i = subscript denoting a given air constituent

MF = mole fraction
MW = molecular weight, lb/lbmol

I-3.2.1.4 Calculation of Molar Flows to Combustor.
The wet air molar flows to the combustor are determined
by the followingsteps. Inaddition to theparametersdeter-
mined in theprevious section, this calculation requires the
mass flow of air to the combustor (mair,comb) as calculated
in para. I-3.2.4.

Step 1. Calculate the air molar flow to the combustor by
dividing the airmass flow to the combustor by the average
molecular weight. The air constituent molar flow to the
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combustor is the airmolar flow times the constituentmole
fraction.

= ×M m MF /MWi iair,comb air

where
i = subscript denoting a given air constituent

M = molar flow, lbmol/hr
mair,comb = air mass flow to the combustor, lb/hr

MF = mole fraction
MWair = molecular weight of the wet air mixture,

lb/lbmol

Step 2. Calculate the air constituent mass fraction by
multiplying the constituent mole fraction by its molecular
weight and dividing by the averagemolecular weight. The
mass fractions are required only for determining
enthalpy.

= ×mF MF MW /MWi i i air

where
i = subscript denoting a given air constituent

MF = mole fraction
mF = mass fraction
MW = molecular weight

I-3.2.2 Molar Flow Change Due to Fuel Gas
Combustion

I-3.2.2.1 General. This section determines the molar
flow change of the air to the exhaust stream constituents
due to the complete stoichiometric combustion of each
constituent of the fuel gas.

I-3.2.2.2 Data Required. The following data is
required:

(a) fuel gas flow, lb/hr
(b) fuel gas molar analysis

I-3.2.2.3 Table of Combustion Ratios. Table
I-3.2.2.4-1 provides the ratios of air constituent molar
flow change per mole of fuel gas constituent resulting
from complete stoichiometric combustion. The molar
flowofany inert compound in the fuel gas, suchasnitrogen
orcarbondioxide,wouldpassdirectly into thecombustion
products on a mole-per-mole basis. The table values are
determined from an oxidation chemical reaction for a unit
mole of each fuel gas constituent in accordance with the
following generic oxidation equation. The coefficients for
oxygen are negative because oxygen is consumed in the
reaction.

+ + + = + +i
k
jjj y

{
zzz i

k
jjj y

{
zzzC H S x

y
z x

y
z

4
O ( )CO

2
HO ( )SOx y z 2 2 2 2

I-3.2.2.4 Calculations

Step 1. Calculate the fuel gas average molecular weight
bysumming, for all fuel gas constituents, theproductof the
constituentmole fraction andmolecularweight. Formole-
cular weights see Table I-3.2.1.3-1.

= ×( )MW MF MWj jfuel

Step 2. Calculate the fuel gas molar flow by dividing the
fuel gas mass flow by the fuel gas average molecular
weight.

=M
m

lbmol/hr
, lb/hr

MWfuel,
fuel

fuel

Step 3. Calculate the change in molar flow due to
combustion of each air constituent by summing, for all
fuel gas constituents, the product of the fuel gas molar
flow, the fuel gas constituent mole fraction, and the corre-
sponding combustion ratio for the given air constituent.
Traces of helium in the fuel gas can usually be combined
with argon.

= × ×( )M M CRMFi j ijfuel

where
CR = combustion ratio from Table I-3.2.2.4-1
i = subscript denoting a given air constituent
j = subscript denoting a given fuel gas constituent

Mfuel = fuel gas molar flow from Step 2, lbmol/hr
MF = mole fraction
ΔM = change in molar flow due to combustion,

lbmol/hr

Table I-3.2.1.3-1
Elemental Molecular Weights

Element Molecular Weight, lb/lbmol
Argon 39.948
Carbon 12.0107
Helium 4.002602
Hydrogen 1.00794
Nitrogen 14.0067
Oxygen 15.9994
Sulfur 32.065

GENERAL NOTE Molecular weights adapted with permission from
Coursey, J.S., Schwab, D.J., and Dragoset, R.A. (2003), Atomic
Weights and Isotopic Compositions (version 2.4). [Online] Available:
http://physics.nist.gov/Comp[January 2004]. National Institute of
Standards and Technology, Gaithersburg, MD. Not copyrightable in
the United States.
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I-3.2.3 Molar Flow Change Due to Liquid Fuel
Combustion

I-3.2.3.1 General. This section determines the molar
flow change of the air to the exhaust stream constituents
due to the complete stoichiometric combustion of each
constituent of the liquid fuel.

I-3.2.3.2 Data Required. The following data is
required:

(a) liquid fuel flow, lb/hr
(b) liquid fuel ultimate analysis (weight fractions)

I-3.2.3.3 Table of Combustion Ratios. Table
I-3.2.3.3-1 provides the ratios of air constituent molar
flow change per mole of liquid fuel constituent resulting
from complete stoichiometric combustion.

I-3.2.3.4 Calculations

Step 1. Calculate the liquid fuel molar flow for each
element in the liquid fuel analysis by multiplying the
liquid fuel mass flow by the constituent mass fraction
divided by the elemental molecular weight (see
Table I-3.2.1.3-1).

= ×M m mF /MWj j jfuel

where
j = subscriptdenotingagiven liquid fuel elemental

constituent
M = liquid fuel constituent molar flow, lbmol/hr

mfuel = liquid fuel mass flow, lb/hr
mF = mass fraction of liquid fuel constituent
MW = molecular weight, lb/lbmol

Step 2. Calculate the change in molar flow due to
combustion of each air constituent by summing, for all
liquid fuel constituents, the product of the liquid fuel
molar flow and the corresponding combustion ratio for
the given air constituent.

= ×( )M M CRi i ij

where
CR = combustion ratio from Table I-3.2.3.3-1
i = subscript denoting a given air constituent
j = subscript denoting a given liquid fuel elemental

constituent
M = liquid fuel molar flow from Step 1, lbmol/hr

ΔM = change in molar flow due to combustion,
lbmol/hr

I-3.2.4 Combustion Air Flow

I-3.2.4.1 General. This section describes the method
for determining the mass flow of wet combustion air
required for complete stoichiometric combustion. The
determination allows for the direct calculation of the
mass and energy balances with no iterations required.

I-3.2.4.2 Data Required. The following data is
required:

(a) humidity ratio (ω), lb H2O/lb dry air (see para.
I-3.2.1.3)

(b) change in molar flow of O2, lbmol/hr (see
para. I-3.2.2 for fuel gas, para. I-3.2.3 for liquid fuel)

I-3.2.4.3 Calculations

Step 1. Calculate the mass flow of dry air to the
combustor.

×m
M

MF
MWair,comb(dry)

O2

O2
air(dry)

Table I-3.2.2.4-1
Fuel Gas Combustion Ratios

Fuel Gas Constituent
Air Constituent

N2 O2 CO2 H2O Ar SO2
CH4 0 −2 1 2 0 0
C2H6 0 −3.5 2 3 0 0
C3H8 0 −5 3 4 0 0
C4H10 0 −6.5 4 5 0 0
C5H12 0 −8 5 6 0 0
C6H14 0 −9.5 6 7 0 0
N2 1 0 0 0 0 0
CO 0 −0.5 1 0 0 0
CO2 0 0 1 0 0 0
H2O 0 0 0 1 0 0
H2 0 −0.5 0 1 0 0
H2S 0 −1.5 0 1 0 1
He 0 0 0 0 1 [Note (1)] 0
O2 0 1 0 0 0 0
Ar 0 0 0 0 1 0

NOTE: (1) Helium, as an inert gas, is carried through the equations as
argon.

Table I-3.2.3.3-1
Liquid Fuel Combustion Ratios

Fuel Gas Constituent
Air Constituent

N2 O2 CO2 H2O Ar SO2
C 0 −1 1 0 0 0
H 0 −0.25 0 0.5 0 0
O 0 0.5 0 0 0 0
N 0.5 0 0 0 0 0
S 0 −1 0 0 0 1
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where
ΔMO2 = change inmolar flowofO2due to combus-

tion, lbmol/hr
MFO2(dry) = mole fraction of O2 in dry air = 0.209476
MWair(dry) = molecularweight of dry air = 28.9651159

Step 2. Calculate the mass flow of moist air to the
combustor.

= +m m (1 )air,comb air,comb(dry)

I-3.2.5 Combustion Products Exhaust Composition

I-3.2.5.1 General. This section determines the gas
turbine combustion products exhaust composition for
the purpose of calculating the combustion products
exhaust gas enthalpy. The exhaust constituents will
include some or all of the following compounds: nitrogen,
oxygen, carbon dioxide, water, argon, and sulfur dioxide.

I-3.2.5.2 Data Required. The following data is
required:

(a) combustor air flow, lb/hr (see para. I-3.2.4.3,
Step 2)

(b) steam/water injection flow, lb/hr
(c) fuel flow, lb/hr
(d) combustor air molar flow, lbmol/hr (see para.

I-3.2.1.4, Step 1)
(e) change in molar flow, lbmol/hr (see para. I-3.2.2.4,

Step 3 for fuel gas; see para. I-3.2.3.4, Step 2 for liquid fuel)

I-3.2.5.3ð23Þ Calculations

Step 1. Calculate the molar flow of steam/water injec-
tion by dividing the injection mass flow by the molecular
weight of water.

=M m /MWinj inj H2O

where
Minj = injection water/steammolar flow, lbmol/hr
minj = injection water/steam mass flow, lb/hr

MWH2O = molecular weight of water, lb/mol

Step 2. Calculate the water molar flow in the exhaust
stream as the sum of the water molar flow from the
air, the change inmolar flowofwater from the combustion
of the fuel, and the steam or water injection molar flow
calculated in Step 1.

= + +M M M Mcombprod,H2O air,H2O H2O inj

where
Mair,H2O = molar flow of water in combustion air,

lbmol/hr
Mcombprod,H2O = molar flow of water in combustion

products, lbmol/hr
Minj = injection water/steam molar flow,

lbmol/hr

ΔMH2O = change in molar flow of water due to
combustion

Step 3. Calculate the molar flow for all other exhaust
constituents as the sum of the molar flow from the air
and the change inmolar flowdue to combustionof the fuel.

= +M M Mk k kcombprod air

where
k = subscript denoting a given combustion

products constituent (nonwater in this
case)

Mair = combustion air molar flow, lbmol/hr
Mcombprod = combust ion products molar f low,

lbmol/hr
ΔM = change in molar flow due to combustion

Step 4. Calculate the mass fraction of each gas turbine
combustion products exhaust constituent as the product
of themolar flow and themolecularweight for that consti-
tuent divided by the total combustion productsmass flow.

= + +
= ×

m m m m

mF M mMW /k k k

combprod air,comb fuel inj

combprod combprod combprod

where
k = subscript denoting any combustion

products constituent
mFcombprod = combustion products mass fraction
Mcombprod = combustion products molar flow,

lbmol/hr
MW = constituent molecular weight, lb/lbmol

I-3.2.6 Gas Enthalpy

I-3.2.6.1 General. This section describes the method
for determining the enthalpies in the exhaust gas and air
streams. Thegas or air streamenthalpy is amassweighted
value of the stream constituent enthalpies. The consti-
tuent enthalpy equations and coefficients are adapted
from McBride, Zehe, and Gordon (2002). This database
is periodically updated as new research is completed;
therefore, the user should periodically confirm that the
constants used in the enthalpy equations are consistent
with the latest available research. Updates can be
confirmedonline at theNASAGlenn Chemical Equilibrium
With Applications (CEA) using the available Thermo-Build
function or the CEAgui program. The constants to be used
should be agreed upon prior to conducting a test. An alter-
native source of enthalpy data that the parties may agree
upon is ASME STP-TS-012-1.

I-3.2.6.2 Data Required. The following data is
required:

(a) gas temperature, °F
(b) gas constituent mass fractions
(c) selected enthalpy reference temperature, °F
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I-3.2.6.3 Enthalpy Equation Constants. The
enthalpy is calculated for each constituent in a gas
stream as a function of the gas temperature. The NASA
enthalpy correlations provided here for each constituent
are applicable up to 1,000 K (1,340.33°F), which is suffi-
cient for theobjectivesof thisAppendixand for the current
gas turbine technologies. Higher range correlations are
available from the NASA database. The correlations
require the temperature to be expressed in kelvin.

= [ ] = [° ] +T ttemperature K ( F 459.67)/1.8K

For a givenexhaust constituent, the enthalpy, expressed
as Btu/lb and referenced to zero at 77°F (298.15 K), is
determined by the following equation:

}

= + + +

+ + + + ×
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where
Ax = coefficients as given in Table I-3.2.6.3-1
H° = H°(TK) − H°(298.15 K) = enthalpy (ref = 77°F),

Btu/lb
MW = molecular weight

R = 8.31451 J/mol-K
TK = temperature, K

ΔfH° = heat of formation, J/mol

For instances that require a reference temperature
different from 77°F, the enthalpy relation shall be evalu-
ated twice.

= ° °H T H T H( ) ( ) (NewRef)K K
o

NewRef
o

77 F
o

77 F

I-3.2.6.4 Calculations

Step 1. Calculate the enthalpy for each gas constituent
for the given temperature at the selected reference
temperature using the appropriate correlation coeffi-
cients.

Step 2. Calculate the gas enthalpy for the gas mixture as
the sum of the products of the constituent enthalpy and
constituent weight (mass) fraction for all constituents.

= = [ × ]h H T mF H T( ) ( )nm
o

K mixture
o

K n

I-3.2.7 Fuel Gas Heating Value

I-3.2.7.1ð23Þ General. The heat of combustion used in all
calculations is the lower heating value. This is not to be
confusedwith thehigherheatingvalue,which includes the
heat of vaporization for water. The heating value for fuel

gas is a calculated number based on the fuel gas composi-
tion as described in Section 5. The heating value should
always be calculated based on the latest available publica-
tion of GPA 2145, or other agreed-upon source such as
ASTM D3588 or the GPSA Engineering Data Book. The
reference data presented in this Code is from
GPA2145-03and is basedoncombustion reference condi-
tions of 60°F and 14.696 psia. Other industry publications
provide various combustion reference conditions such as
15°C, 20°C, and25°C. Variations of heat of combustion due
to changes in combustion reference temperature are rel-
atively small (0.0007% per degree Fahrenheit difference
in chosen reference temperature) and generally complex,
so it is not necessary or practical to account for this,
provided the selected data set is agreed by all parties
prior to the test. However, account shall be made for
the sensibleheat differencebetween the selectedenthalpy
reference temperature for the heat balance calculation
and the actual flowing temperature of the fuel.
There are several acceptablemethods thatmay be used

to calculate the sensible heat of the fuel gas. (See
para. 5-4.1.11.)
The most accurate way is to access specific heat or

enthalpy data from NIST or GPSA databases at the
actual temperature and partial pressure of each of the
fuel gas constituents, then combining them to obtain
an overall enthalpy or specific heat value for the
compressed mixture.
A simplified method considers the fuel composition

variance but ignores the pressure effects by determining
enthalpies at 1 atm, which can lead to calculated exhaust
flows thatmay be asmuch as 0.1% lower. This is the same
method used for the air and exhaust gas enthalpies at
atmospheric pressure by applying the NASA formulations
and coefficients adapted fromMcBride, Zehe, and Gordon
(2002). For consistency with the other enthalpy calcula-
tions in this overall heat balance, this method of deter-
mining sensible heat is demonstrated in the sample
calculation in Nonmandatory Appendix C. The NASA coef-
ficients are provided in Table I-3.2.6.3-1.

I-3.2.7.2 Data Required. The following data is
required:

(a) fuel gas constituent analysis
(b) fuel gas temperature, °F
(c) selected reference temperature, °F

I-3.2.7.3 Calculations

Step 1. Calculate the total fuel mass by summing the
products of fuel gas compound mole fraction and
compound molecular weight for all fuel gas compounds.

= ×( )total mass of fuel MF MWf j
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Step 2. Calculate the heating value contribution of each
fuel gas compound by computing the product of the fuel
gas compoundmole fraction, the fuel gas compoundmole-
cular weight, and the fuel gas compound heat of combus-
tion (in Btu/lb) and dividing by the total fuel weight.

= × ×LHV MF MW HC /total mass of fuelj j j j

Step 3. Calculate the fuel gas ideal heating value by
summing the heating value contributions of all fuel gas
compounds.

=LHV LHVjchem

Step 4. Calculate the sensible heat content (specific
enthalpy) of the fuel in accordance with para. I-3.2.7.1.
Calculate the fuel net heating value as the sum of the
fuel gas ideal heating value and the fuel sensible heat,
then adjust from the measured fuel temperature to the
selected reference temperature.

= +LHV LHV LHVchem sens

I-3.2.8 Liquid Fuel Heating Value

I-3.2.8.1 General. The heat of combustion used in all
calculations is the lower heating value. This is not to be
confusedwith thehigherheatingvalue,which includes the

heat of vaporization forwater. The heating value for liquid
fuel is to be determined in accordancewith the Code. Care
should be taken to ensure the liquid fuel heating value is
properly adjusted to the selected reference temperature.
For most liquid fuels (No. 1 through No. 6 fuel oils) in the
typical API gravity range, the empirical approximation
provided in para. 5-4.1.10 is sufficient to determine
the sensible heat above 77°F.

I-3.2.8.2 Data Required. The following data is
required:

(a) liquid fuel ideal lower heating value, Btu/lb
(b) liquid fuel temperature, °F
(c) selected reference temperature, °F

I-3.2.8.3 Calculations

Step 1. Calculate the sensible heat content of the liquid
fuel.

Step 2. Calculate the fuel net heating value as follows:
= +LHV LHV LHVchem sens

I-4 ð23ÞSAMPLE EXHAUST FLOW BY GAS TURBINE
HEAT BALANCE CALCULATION

A sample calculation of exhaust flowby gas turbine heat
balance can be found in Nonmandatory Appendix C.
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NONMANDATORY APPENDIX A
SAMPLE CALCULATIONSð23Þð23Þ

A-1 INTRODUCTION

This Appendix contains sample calculations for heat
input (fuel flow, heating value, and sensible heat), elec-
trical power, and corrected performance (power, heat
rate, exhaust temperature, and exhaust flow).

A-2 CALCULATION OF HEAT INPUT

A-2.1 Gas Fuel Flow Test Data

Table A-2.1-1 shows test data for gas fuel flow.

A-2.2 Gas Fuel Composition

See the following in-text table for gas fuel composition:

Component Formula Molar Fraction, %
Methane CH4 82.78
Ethane C2H6 10.92
Propane C3H8 5.00
Isobutane C4H10 0.50
n-Butane C4H10 0.50
Isopentane C5H12 0.10
n-Pentane C5H12 0.20

A-2.3 Temperature-Compensated Pipe and Orifice
Dimensions

The equations for temperature-compensated pipe and
orifice dimensions are shown below.

= +

= [ + × ] × =

= +

= [ + × ] × =

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ

( )

( )

d T T d

D T T D

1

1 0.00000925 (80 68) 4.3495 4.3500 in.

1

1 0.00000925 (80 68) 7.9991 8.0000 in.

PE f

PP f

meas meas

meas meas

A-2.4 Beta Ratio

= = =d
D

4.35
8

0.54375

A-2.5 Molecular Weight of Gas Mixture
See the following equation and in-text table for mole-

cular weight of gas mixture:

=
=

xMW MW
j

n

j jgas
1

Component
Molar Fraction, xj,

%
Molecular Weight,

MWj xjMWj

Methane 82.78 16.043 13.280
Ethane 10.92 30.069 3.284
Propane 5.00 44.096 2.205
Isobutane 0.50 58.122 0.291
n-Butane 0.50 58.122 0.291
Isopentane 0.10 72.149 0.072
n-Pentane 0.20 72.149 0.144
Total 100 ... 19.567

A-2.6 Isentropic Exponent

For typical natural gas compositions, the isentropic
exponent (k = Cp/CV) can be assumed to be 1.3. A
more detailed calculation can be performed as a function
of the specific heat (Cp) as described in para. A-2.7.

=

=

=

i
k
jjjjj

y
{
zzzzz

( )
k C C/

0.5188/ 0.5188

1.2432

p p
R

MW

1.9859
19.567

gas

A-2.7 Specific Heat at Constant Pressure, Cp
Specific heat at constant pressure is required to calcu-

late the isentropic exponent for the flow equation.
However, mass flow usually has a weak correlation
with Cp. As a result, values for Cp generally can be obtained
from GPSA or NIST publications at atmospheric pressure
and fuel temperature. As amore accuratemeans for deter-
mining Cp, particularly in compositionswhere some of the
higher species are liquid at actual fuel pressure, Cp should
be calculated frommass averaging the specific heat values
at the partial pressure of the constituents. See
Table A-2.7-1.
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A-2.8ð23Þ Expansion Factor

= + +

= + × +

×

=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

i
k
jjjj

y
{
zzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ
( )

( )

)

(

1 0.351 0.256 0.93 1

1 0.351 0.256 0.54375 0.93

0.54375 1

0.9969

P
P

k4 8
1

4

8 395.99
400

1
1.2432

2

1

where
P2 = flowing pressure (downstream)
x = P1 − ΔP

A-2.9 Velocity of Approach Factor

= = =E
1

1

1

1 0.54375
1.0468v 4 4

A-2.10 Gas Fluid Density

=T P
P

Z RT
( , )

MW f

f f

gas

where
R = 10.7316 psi-ft3/(lbmol-°R)
Zf = 0.9246 (from AGA Report No. 8)

= ×
× ×

=T P( , )
19.567 400

0.9246 10.7316 539.67
1.4616

A-2.11 Reynolds Number and Coefficient of
Discharge

The coefficient of discharge for an ASME PTC 22 test
comes from the meter calibration report. Extrapolation
of calibration data, if required, is addressed in ASME
PTC 19.5.
The coefficient of discharge is a function of Reynolds

number and therefore an iterative process. A mass
flow rate is assumed, then Reynolds number calculated,
thencoefficient ofdischargecalculated, then themass flow
rate calculated. It typically only requires one or two itera-
tions to converge on a coefficient from the following cali-
bration report:

Table A-2.1-1
ð23Þ Gas Fuel Flow Test Data

Measurement Symbol Value
Flowing pressure (upstream) P1 400 psia
Flowing temperature Tf 80°F
Differential pressure ΔP 111.56 in. H2O at 68°F
Pipe diameter (measured) Dmeas 7.9991 in.
Orifice diameter (measured) dmeas 4.3495 in.
Coefficient of discharge C 0.6038
Pipe measurement temperature Tmeas 68°F
Coefficient of thermal expansion
for pipe

αPP 0.00000925 in./in.-°F

Orifice measurement
temperature

Tmeas 68°F

Coefficient of thermal expansion
for orifice

αPE 0.00000925 in./in.-°F

Table A-2.7-1
Specific Heat at Constant Pressure

Component
Molar

Fraction, xj, %
Partial

Pressure, xjP
Molecular

Weight, MWj xjMWj

Specific Heat, Cp,
Btu/lbm-°R
[Note (1)] xjMWjCp

Cp = ΣxjMWCp/
ΣxjMWj

Methane 82.78 331.12 16.043 13.280 0.56664 7.5252 …
Ethane 10.92 43.68 30.069 3.284 0.42789 1.4050 …
Propane 5.00 20.00 44.096 2.205 0.40779 0.8991 …
Isobutane 0.50 2.00 58.122 0.291 0.40019 0.1163 …
n-Butane 0.50 2.00 58.122 0.291 0.40787 0.1185 …
Isopentane 0.10 0.40 72.149 0.072 0.39968 0.0288 …
n-Pentane 0.20 0.80 72.149 0.144 0.40003 0.0577 …
Total 100 ... ... 19.567 3.0101 10.1508 0.5188

NOTE: (1) Values for Cp were determined at 80°F and partial pressures from NIST Standard Reference Database 69, March 2003 Release: NIST
Chemistry WebBook.
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